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SYNOPSIS

Two outbreaks of epidemic polyarthritis occurred among 
Australian Defence Force personnel during and follow-
ing short military exercises in the Shoalwater Bay Training 
Area, northeastern Australia, in 2016 and 2017. Ross River 
virus (RRV) IgM was detected in acute-phase serum sam-
ples from most patients (28/28 in 2016 and 25/31 in 2017), 
and RRV was recovered from 4/38 serum samples assayed 
(1/21 in 2016 and 3/17 in 2017). Phylogenetic analyses of 
RRV envelope glycoprotein E2 and nonstructural protein 
nsP3 nucleotide sequences segregated the RRV isolates 
obtained in 2016 and 2017 outbreaks into 2 distinct sub-
lineages, suggesting that each outbreak was caused by a 
different strain of RRV. The spatiotemporal characteristics 
of the 2016 outbreak suggested that some of the infections 
involved human-mosquito-human transmission without any 
intermediate host. These outbreaks highlight the importance 
of personal protective measures in preventing vectorborne 
diseases for which no vaccine or specific prophylaxis exists.

Epidemic polyarthritis (EPA) caused by Ross River virus 
(RRV) infection is the most frequently reported arbovi-

ral disease in Australia; ≈55,000 cases have been reported 
over the past decade (1). RRV is a positive-sense, single-
strand RNA, enveloped virus in the Alphavirus genus of 
the Togaviridae family. Other viruses in this genus include 
chikungunya virus (CHIKV), Barmah Forest virus (BFV), 
Sindbis virus, and Eastern and Western equine encephalitis 
viruses. The prototype strain of RRV (T48) was isolated in 

1959 from Aedes vigilax mosquitoes captured near the Ross 
River in Townsville, Queensland, Australia (2). Since then, 
outbreaks have been recorded in all the states of Australia 
(3) and in the South Pacific and Western Pacific regions, 
including Fiji (4), Samoa (5,6), the Cook Islands (7), New 
Caledonia (8), and Papua New Guinea (9,10). In Australia, 
most RRV infections occur during February–May or after 
periods of high rainfall or spring tides (11).

RRV is endemic and enzootic in Australia and has a 
natural animal-mosquito-animal transmission cycle. Hu-
mans can become infected incidentally by virus spillover, 
resulting in seasonal disease outbreaks. RRV has a com-
plex ecology; >40 different mosquito species have been 
implicated as vectors, and >18 different wild and domestic 
animals and birds could serve as amplifying hosts (12–14). 
Humans can carry the virus from endemic to epizootic re-
gions, and human-mosquito-human transmission is thought 
to be the most common means of transmission during large 
epidemics (15,16).

The RRV disease state varies widely between persons. 
This variation is readily apparent during outbreaks of the 
virus, wherein most persons in an infected population have 
asymptomatic or subclinical infection and only a few pa-
tients are substantially affected by the virus (ratio ≈3:1) (4). 
Among patients reporting clinical symptoms, most will re-
cover in 4–6 weeks. However, in some cases, joint pain, 
muscle pain, and fatigue can persist for several months or 
years (17). RRV-caused EPA is characterized by arthri-
tis, particularly in the small joints of the hands and feet. 
About 20%–60% of patients also have rash, fever, malaise, 
or a combination of these signs and symptoms (18–21). 
Symptoms similar to EPA occur after infection with BFV, 
CHIKV, Epstein-Barr virus (22), rubella virus (23), and 
parvovirus B19 (24). BFV co-circulates with RRV; ≈1,600 
cases of BFV infection are reported each year in Australia 
(1,20). Although transmission of CHIKV does not occur in 
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SYNOPSIS

Australia, clinical infections have been reported in travel-
ers returning to Australia from endemic areas (25,26).

During 2016–2017, two outbreaks of EPA occurred in 
Australian Defence Force (ADF) personnel during and af-
ter short military exercises in the Shoalwater Bay Training 
Area (SWBTA) in northeastern Australia. We conducted 
an investigation to confirm whether the 2 outbreaks of EPA 
among ADF personnel in SWBTA were attributable to 
RRV infection by identifying RRV RNA in patient serum 
samples and to determine whether the viruses were novel 
genotypes (and, if so, their phylogenetic origin).

Material and Methods

Ethics Statement
This study was a retrospective study approved by the ADF 
Joint Health Command Ethics Review Committee (Joint 
Health Command low-risk ethics panel no. 16-021). We 
obtained written formal consent from all participants.

Study Area
SWBTA is a 4,545-km2 expanse of naturally vegetated 
coastal region ≈80 km north of the city of Rockhampton, 
Queensland, in northeastern Australia. ADF and allied 
forces use it regularly for military training. Because of its 
large size, restricted access, and protected ecology, regu-
lar mosquito surveillance or control is not conducted in the 
area. SWBTA is populated with large numbers of mammal 
and bird species, which could serve as hosts for RRV, as 
well as >40 species of mosquitoes, including major RRV 
vectors Aedes vigilax and Culex annulirostris mosquitoes 
(11,18,27). Weather conditions in SWBTA during March–
May are typically hot and humid.

Epidemiologic Data Collection
Laboratory confirmation of a RRV infection is achieved 
by isolating RRV or detecting viral RNA in patient serum 
samples or through observing seroconversion within 8–10 
weeks of onset of symptoms consistent with RRV infection 
(28). Clinical records for patients could not be accessed 
for this investigation, so we collected information about 
clinical symptoms and what personal protective measures 
(PPMs) patients had undertaken during the exercise by us-
ing questionnaires completed by ADF personnel who had 
EPA symptoms and had given their consent to participate 
in this study.

Virus Isolation and Genotyping
We obtained acute-phase serum samples from EPA patients 
who consented to participate in this study from Queensland 
Medical Laboratories on completion of routine RRV test-
ing for RRV IgM and IgG with Panbio ELISA kits (http://
www.panbiosystems.com). We recovered virus by culturing  

100 µL of a patient serum sample on monolayers of C6–
36 cells. We detected RRV infection in these cells 3 days 
postinfection by indirect immunofluorescence using an 
RRV-specific monoclonal antibody D7 (29).

We extracted viral RNA from serum and cell culture 
fluid by using the QIAamp viral RNA Mini Kit (QIAGEN, 
https://www.qiagen.com) according to the manufacturer’s 
instructions. The glycoprotein E2 and nonstructural protein 
nsP3 genes were amplified by using reverse transcription 
PCR, and amplicons were purified from Tris-acetate-ED-
TA (TAE) agarose gels and sequenced at the Australian 
Genome Research Facility, as described previously (30). 
We edited and assembled all sequences by using Ge-
neious 11.2 (https://www.geneious.com). An additional 
20 strains of RRV collected previously by our laboratory 
were sequenced in the same manner and submitted to Gen-
Bank (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/25/10/18-1610-App1.pdf).

Phylogenetic Analysis
We aligned nucleotide sequences of 58 RRV E2 genes 
and 32 nsP3 genes (Appendix Table 1) by using the Clust-
alW program in Geneious. E2 and nsP3 sequences for 24 
of these viruses were derived in this study. We converted 
the alignment file to NEXUS format by using MEGAX for 
use with BEAST (http://beast.community) and associated 
tools to postulate a phylogenetic tree for the RRV E2 and 
nsP3 proteins. We determined the nucleotide-substitution 
model by using the model test capability in MEGAX and 
confirmed the findings by using jModelTest 2.1.3 (31). 
Although the general time reversible plus gamma distribu-
tion with invariant sites (GTR+Γ+I) and Hasegawa–Kis-
hono–Yano (HKY) substitution models were considered in 
BEAST, TN93+Γ had the lowest Bayesian information cri-
terion score (32–34) (Appendix Table 2) and was selected 
for the phylogenetic analysis of the E2 gene.

Isolation dates of RRV at the tips of phylogenetic trees 
were taken from the GenBank “collection date” field and 
estimated to have a precision of +1.5 years. We conducted 
initial analyses assuming a strict molecular clock model 
because the evolutionary timeframe for this study was 
comparatively short. However, we also acknowledged that 
the environmental conditions were sufficiently diverse to 
warrant a relaxed clock (lognormal). We used the Bayes-
ian skyline as the demographic model for the phylogenetic 
trees. We performed Markov chain Monte Carlo analysis 
by using BEAST version 1.8.1 with a 10 million chain 
length and sampling every 1,000 generations and assessed 
convergence of parameters on the basis of the ESS value 
>200, which was viewed by using Tracer 1.6.0. We subse-
quently generated maximum clade credibility trees after a 
10% burn-in protocol by using TreeAnnotator version 1.8.1 
and formatted the final trees in FigTree 1.3.1. We obtained 
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all software for these analyses, except Geneious, from 
http://beast.community.

Results
The first EPA outbreak was reported after a 12-day exercise 
(February 29–March 11, 2016). Forty-four personnel from 
a combat unit of 128 sought care at the Regimental Aid 
Post (RAP) with rash, headache, nausea, fatigue, lethargy, 
and joint and muscle pain at the conclusion of the exercise. 
RRV IgM was detected in acute- or convalescent-phase se-
rum samples collected from 28 of these 44 persons 14–50 
days after symptom onset (Table); attack rates ranged from 
22% (confirmed cases only, 28/128 [22%]) to 34% (all sus-
pected cases, 44/128 [34%]) (Figure 1, panel A).

Troops from the affected unit (referred to hereafter as 
the combat unit) had spent 3 days in heavy rain near Camp 
Growl in the training area (Figure 1, panel B). During the 
following 3 days, the unit moved over varied terrain, in-
cluding dense bushland, in hot and humid conditions to 
an urban operation training facility (UOTF). Once at the 
UOTF, they conducted urban assault maneuvers against 
a 36 member opposition force for an additional 5 days. 
Upon conclusion of the UOTF component of the exercise, 
the combat unit marched back to Camp Growl, where they 
spent the night before returning to Brisbane, ≈630 km south 
of SWBTA. An administration unit of 30 persons was sta-
tioned in SWBTA during the same period but remained at 
Camp Growl throughout the exercise. In addition to the 44 
members of the combat unit affected by EPA, 1 member 

from the administration unit reported symptoms of EPA, 
and RRV IgM was detected in this patient’s serum sample 
upon return to Brisbane (attack rate 3.3%) (Figure 1, panel 
A). None of the 36 members of the opposition force report-
ed symptoms of EPA (Figure 1, panel A). This localized 
EPA outbreak had 2 distinct epidemic curves, with gaps of 
7 days and ≈15 days between the peaks (Figure 1, panel C).

In 2017, a total of 43 members from 3 different units 
had symptoms of EPA during an exercise conducted from 
late April to mid-May in the same area as the combat unit 
affected in the 2016 outbreak. Thirty-one of the 43 patients 
provided a serum sample. Of these, 25 samples contained 
RRV IgM (Table). Neither the advancing routes of these 3 
units through SWBTA nor the epidemiologic timeline of 
the 2017 EPA outbreak could be obtained because of ADF 
operational restrictions. Additional EPA cases might have 
occurred during both outbreaks, given that anecdotal evi-
dence suggests that members who were unwell at that time 
chose not to seek care at the RAP. ADF members were 
not screened for RRV seroconversions over the course of 
the exercise, so asymptomatic RRV infections could not be 
detected. Because most RRV infections are asymptomatic, 
the number of infections during these outbreaks was prob-
ably higher than the number of cases reported.

The most common symptoms experienced in the 2016 
and 2017 outbreaks were, respectively, polyarthritis and 
muscle pain (71% and 88%), arthralgia (67% and 88%), fa-
tigue (71% and 88%), loss of appetite (52% and 75%), stiff 
neck (38% and 71%), fever (33% and 47%), rash (9.5% 
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Table. Epidemiologic characteristics of RRV outbreaks among ADF personnel during and after training in SWBTA, northeastern 
Australia, 2016–2017* 

Characteristic 
Outbreak 

2016 2017 
Total no. reported EPA cases 44 43 
% RRV IgM antibody–reactive cases/tested cases 100 (28/28) 80.6 (25/31) 
No. participants who consented 21 17 
Average age, y (range) ND 27 (20–45) 
Sex, no. ND 16 M, 1 F 
History of arbovirus infection before this infection 0 0 
Outdoor training experience in SWBTA 100 (21) 100 (17) 
Clinical symptoms   
 Severe headache 28.6 (6/21) 41.2 (7/17) 
 Nausea 4.8 (1/21) 17.7 (3/17) 
 Rash 9.5 (2/21) 64.7 (11/17) 
 Fever, chills, or sweats 33.3 (7/21) 47.1 (8/17) 
 Arthralgia 66.7 (14/21) 88.2 (15/17) 
 Muscle pain 71.4 (15/21) 88.2 (15/17) 
 Fatigue 71.4 (15/21) 88.2 (15/17) 
 Loss of appetite 52.4 (11/21) 70.1 (12/17) 
 Stiff neck 38.1 (8/21) 64.7 (11/17) 
 Mosquito bite experiences 100 (21/21) 100 (17/17) 
Personal protection measures   
 Mosquito repellents 100 (21/21) 100 (17/17) 
 Trousers and long-sleeve shirts 85.7 (18/21) 47.1 (8/17) 
 Slept under ADF-issued mosquito nets 57.1 (12/21) 82.4 (14/17) 
 Awareness of permethrin uniform and bed net treatment 100 (21/21) 100 (17/17) 
 Use of ADF-recommended permethrin treatment 0 (0/21) 0 (0/17) 
*Data are % (no. positive/total no.) unless otherwise indicated. ADF, Australian Defence Force; EPA, epidemic polyarthritis; ND, not done; RRV, Ross 
River virus; SWBTA, Shoalwater Bay Training Area. 
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and 65%), headache (28% and 41%), and sore throat (14% 
and 24%) (Table). Most personnel recovered within 4–6 
weeks of symptom onset, except for 3 from the 2016 out-
break who were unfit for deployment 3 months after illness 
onset because of ongoing signs and symptoms.

All study participants were aware of the ADF policy 
of dipping uniforms and bed nets in permethrin, but none 
of the participants, nor their unit commanders, requested 
support from the Preventive Medicine Company to under-
take this procedure before or during either exercise, citing 
time constraints (Table). More than half of the personnel 
failed to comply with the sleeves-down policy because 
of the hot and humid weather conditions. All participants 
stated that they used commercial repellents, which con-
tain relatively low concentrations of N,N-Diethyl-meta-
toluamide (DEET) compared with the repellents issued by 
the ADF. About 57% (2016) and 82% (2017) of personnel 
reported sleeping under bed nets at night but noted that 
nets at times were abandoned because of their incompat-
ibility with the tactical situation. Five soldiers from the 
2017 outbreak reported constantly being assailed with 
mosquito bites (concentrated around their hands and legs) 
during the night even when inside their nets. Gloves and 
socks were worn when sleeping to address this issue. All 
participants reported being bitten by mosquitoes on a  
regular basis.

Bayesian phylogenetic analyses of 58 RRV com-
plete E2 sequences (1,266 nt) were performed by using 
TN93+Γ, HKY+Γ, and the GTR+Γ+I substitution mod-
els with both strict and relaxed clock models. All phy-
logenies placed the ADF RRV isolates collected in 2016 
and 2017 (MIDI13.2016, MIDI4.2017, MIDI9.2017, and 
MIDI32.2017) into 2 distinct sublineages of lineage III 
(IIIE and IIIF). The TN93+Γ substitution model was the 
most highly ranked of those used, having the lowest Bayes-
ian information criterion score (32–34) (Appendix Table 
1), and coupled with the strict clock to produce the E2 phy-
logenetic tree (Figure 2). The remaining trees are provided 
in Appendix Figures 1–5. 

Although the confidence level for the separation of the 
2 sublineages differs depending on the model used (posteri-
or probabilities range from 0.63 for HKY+Γ relaxed clock 
to 0.89 for GTR+Γ+I relaxed clock), the bifurcation of the 
2 sublineages occurs in all of the trees produced (Figure 
2; Appendix Figures 1–5). Furthermore, an analysis of 32 
nsP3 sequences (1,650 nt) similarly demonstrates the bifur-
cation of the 2 proposed sublineages but with high posterior 
probability (≈1) for each of the HKY and GTR+Γ+I sub-
stitutional models with both strict and relaxed clocks. The 
tree for nsP3 based on the HKY substitution model with 
a strict clock (Figure 3) is also presented with alternative 
substitution models and clocks (Appendix Figures 6–8). 
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Figure 1. Characteristics 
of an RRV outbreak among 
Australian Defence Force 
(ADF) personnel during and 
after training in Shoalwater 
Bay Training Area (SWBTA), 
northeastern Australia, 2016. 
A) RRV attack rates among 
3 ADF units. B) Routes of 
ADF units during exercises 
in SWBTA. C) Timeline of 
outbreak. EPA, epidemic 
polyarthritis; RRV, Ross River 
virus; UOTF, urban operation 
training facility.
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Collectively, these results suggest that different lin-
eages of RRV were responsible for the 2016 and 2017 out-
breaks. The 2016 isolate (MIDI13.2016) resembled strains 
of RRV recovered from patients in Brisbane (≈600 km 
south of SWBTA) in 2014 and 2015 and belongs to sub-
lineage IIIE. Lineage III is thought to have evolved from 2 
other lineages of RRV that are believed to be extinct. The 3 
isolates recovered in 2017 (MIDI4.2017, MIDI9.2017, and 
MIDI32.2017) shared 99.8% nucleotide identity in pair-
wise comparisons and have been assigned to sublineage 
IIIF, which contains strains of RRV recovered from the 
east and west coasts of Australia in 2009 and in an isolate 
identified in Brisbane in 2015 (BNE 2885.2015).

We observed 6 amino acid differences between the 
2016 (sublineage IIIE) and 2017 (sublineage IIIF) isolates 
from SWBTA (N132D, Y296H, T369A, I376M, A384T, 
and A389T) of which only 1 (I376M) was a conserva-
tive change. All substitutions are located in the A and C  

domains of the E2 protein, in areas involved in the inter-
action with other proteins (E1, capsid, and 6k), as well 
as in the process of budding of alphavirus envelope pro-
teins from host cell membranes (35,36). The 2 glycosyl-
ation sites on the E2 protein were conserved in all 4 of the 
SWBTA isolates.

Discussion
The state of Queensland, where SWBTA is situated, has the 
highest rates of EPA in Australia, consistently recording 
>1,000 cases each year (1). RRV-caused EPA cases are re-
ported routinely in the areas surrounding Rockhampton (37), 
the nearest city to SWBTA. In 1997, nineteen RRV-caused 
EPA cases were reported among US Navy personnel during 
a joint Australia–US military exercise located at SWBTA 
(27). In 2004, RRV RNA was detected in multiple mosquito 
species collected in this training area (27,38). The most re-
cent common ancestor of RRV (strain T48) originated from 
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Figure 2. Maximum clade credibility tree based on analysis of 58 complete Ross River virus E2 sequences (1,266 nt) from outbreaks 
among Australian Defence Force personnel during and after training in Shoalwater Bay Training Area, northeastern Australia, 2016–2017. 
Isolates were classified into 2 distinct sublineages in lineage III. We used Bayesian phylogenetic analysis method in BEAST software (http://
beast.community) to analyze the aligned E2 sequences, applying the TN93 plus gamma substitution model with a strict clock model, a 
chain length of 10 million, and a 10% burn-in using TreeAnnotator (https://beast.community/treeannotator). Numbers at nodes indicate the 
posterior probability values >0.8 except the value for the bifurcation of the sublineages IIIE and IIIF. The naming convention of the strains 
was name of host/strain/year of isolation/GenBank accession number. B, birds; H, humans; M, mosquitoes; W, wallabies. 
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northeastern Australia (2,18), and this finding is in agree-
ment with our phylogenetic analysis (Figure 2). 

In light of these data, we reasonably believe that RRV 
has established its natural endemic cycle in SWBTA. The 
recurrent outbreaks of RRV infection within SWBTA and 
the intermittent presence of humans in this region suggests 
that the 2016 and 2017 infections were spillover events in 
which the virus was incidentally acquired by ADF soldiers 
from the natural endemic animal-mosquito-animal trans-
mission cycle made possible by large populations of native 
animals (e.g., kangaroos and wallabies) and the wide vari-
ety of RRV vectors (21). However, phylogenetic analyses 
of nucleotide sequences of the E2 and nsP3 genes of RRV 
recovered from the ADF personnel in our study and from 
patients and mosquitoes from other parts of Australia do 
not support the notion of RRV strains being sequestered 
in endemic pockets across Australia. Instead, SWBTA 
isolates bore a remarkable similarity to those circulating 
in the wider community (Figures 2, 3; Appendix Figures 
1–8). A more likely explanation is that strains of RRV are 
not regionally locked but spread around Australia by the 

movement of humans, as most likely occurred in the RRV 
outbreak in the Pacific during 1979–1980 (4–8). More sur-
veillance and exhaustive genetic analysis might help to re-
solve the precise origin and nature of these outbreaks.

The spatiotemporal characteristics of the 2016 out-
break suggested that the virus was transmitted among sol-
diers by local mosquitoes after the initial infection. The first 
wave of soldiers who sought care at the RAP at Gallipoli 
Barracks, Brisbane, did so within a 2-week period of leav-
ing the SWBTA, which is consistent with the 2–15-day 
incubation period proposed for RRV infection in humans 
(18) (Figure 1, panel C). Although this first wave of soldiers 
might have been infected with RRV by spillover from the 
suspected natural, endemic animal–mosquito–animal trans-
mission cycle in SWBTA, few (if any) intermediate host 
macropods exist in Gallipoli Barracks from which soldiers 
would become infected upon their return. Soldiers who 
sought care for EPA signs and symptoms 19–37 days after 
returning to the barracks are indicative of a potential sec-
ondary human-mosquito-human infection cycle in Gallip-
oli Barracks, possibly involving asymptomatic but viremic 
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Figure 3. Maximum clade credibility tree based on analysis of 32 complete Ross River virus nsP3 sequences (1,650 nt) from outbreaks 
among Australian Defence Force personnel during and after training in Shoalwater Bay Training Area, northeastern Australia, 2016–
2017. Isolates were classified into 2 distinct sublineages in lineage III. We used Bayesian phylogenetic analysis method in BEAST 
software (http://beast.community) to analyze the aligned nsP3 sequences, applying the TN93 plus gamma substitution model with 
a strict clock model, a chain length of 10 million, and a 10% burn-in using TreeAnnotator (https://beast.community/treeannotator). 
Numbers at nodes indicate the posterior probability values >0.8. The naming convention of the strains was name of host/strain/year of 
isolation/GenBank accession number. B, birds; H, humans; M, mosquitoes; W, wallabies.
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persons. This conclusion is further supported by the high 
level of homology shared by 3 RRV isolates from 2017. 

No EPA cases were reported (except 1 case from the 
administration unit attached to the combat team at SWB-
TA) from other units at Gallipoli Barracks (a base contain-
ing >5,600 personnel who operate across 30 different units) 
upon the return of the infected personnel. This finding 
might simply reflect the probability of an extremely small 
number of infected mosquitoes finding a susceptible and 
unprotected human host among other units headquartered 
at discrete localities spread over an area of >200 hectares. 
However, without concurrent isolation of the virus from lo-
cal mosquitoes in the vicinity of Gallipoli Barracks, this 
2-wave theory, however plausible, remains speculative. 
Delayed or failed reporting of health concerns or symptoms 
of infected personnel can be a confounding issue when sur-
veying soldiers attached to combat units. This difficulty is 
caused in part by a cultural resistance to seek medical atten-
tion for ailments of low to moderate severity; soldiers often 
opt to press on in the face of adversity.

A previous study based on phylogenies derived from 
short E2 gene sequences identified 2 lineages of RRV (3), 
whereas a more recent study (39) using longer sequences 
identified 3 (1 from eastern Australia, 1 from western Aus-
tralia, and 1 from northeastern Australia). The phylogenetic 
analyses in our study, which used the complete nucleotide 
sequences of RRV E2 and nsP3 genes, confirm the pres-
ence of 3 lineages but suggest that lineage III should be 
divided into 6 sublineages. Lineage I viruses were classi-
fied as the northeastern Australia lineage; examples of this 
lineage have not been isolated since 1977. Lineage II was 
classified as the western Australia lineage; examples of this 
lineage have not been isolated since 1991 (Figures 2, 3; 
Appendix Table 1, Figures 1–8). The virus strain of RRV 
that was responsible for the outbreaks in Fiji, the Cook Is-
lands, and Samoa during 1979–1980 has been classified as 
sublineage IIIA. The results of our study suggest that the 
lineage III viruses have been responsible for outbreaks of 
RRV infection in Australia since 1991. The temporal struc-
ture of the maximum clade credibility trees suggest that 
RRV is continuing to diversify under the pressure of natu-
ral selection and potential for further diversification exists 
given changes in the virus’ ecologic niche, cycles of trans-
mission, or both. The importance of the 5 nonconservative 
changes in the amino acid sequences of the E2 proteins that 
occurred from 2016 to 2017 warrants further investigation 
to determine what role they might play in viral fitness. The 
implementation of continuous and routine viral sequenc-
ing, analysis, and monitoring will increase confidence in 
the proposed delineation of the sublineages within lineage 
III and further clarify the evolutionary process.

With the ADF’s commitment to maintaining the natu-
ral environment in its training areas, an ongoing risk for 

infection with RRV persists for personnel who do not have 
natural immunity through prior exposure to RRV and who 
are required to spend prolonged periods in this RRV-en-
demic area. A further risk is the potential for RRV to be 
exported to other countries through infected, asymptomatic 
personnel participating in multinational exercises, which 
occur on a regular basis in SWBTA. This risk is of par-
ticular concern for countries with mosquitoes known to be 
RRV vectors (40). The largest outbreak of RRV infection 
ever recorded occurred in the Pacific during 1979–1980 (4) 
and is a testament to the epidemic potential of the virus. 
The recent experience with Zika and chikungunya viruses 
underscores the serious threat posed to global health by the 
potential for previously obscure arboviruses to move from 
their historical cycles of transmission (41,42).

In conclusion, this investigation confirmed through 
viral isolation and sequence analysis that the outbreaks 
of EPA in the ADF in 2016 and 2017 were caused by 2 
distinct sublineages of lineage III strains of RRV. Further, 
these outbreaks are most likely attributable to human- 
mosquito-human transmission.
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SYNOPSIS

To investigate a cluster of Middle East respiratory syndrome 
(MERS) cases in a women-only dormitory in Riyadh, Saudi 
Arabia, in October 2015, we collected epidemiologic in-
formation, nasopharyngeal/oropharyngeal swab samples, 
and blood samples from 828 residents during November 
2015 and December 2015–January 2016. We found con-
firmed infection for 19 (8 by reverse transcription PCR 
and 11 by serologic testing). Infection attack rates varied 
(2.7%–32.3%) by dormitory building. No deaths occurred. 
Independent risk factors for infection were direct contact 
with a confirmed case-patient and sharing a room with a 
confirmed case-patient; a protective factor was having an 
air conditioner in the bedroom. For 9 women from whom a 
second serum sample was collected, antibodies remained 
detectable at titers >1:20 by pseudoparticle neutralization 
tests (n = 8) and 90% plaque-reduction neutralization tests 
(n = 2). In closed high-contact settings, MERS coronavirus 
was highly infectious and pathogenicity was relatively low.

Middle East respiratory syndrome (MERS) corona-
virus (CoV) is a zoonotic virus (1). Approximately 

2,266 laboratory-confirmed cases of MERS have been re-
ported to the World Health Organization (WHO) (2) since 
the identification of the first human cases in 2012 (3,4).

Although the primary source of human infections is 
MERS-CoV–infected dromedaries, the modes of transmis-
sion from dromedaries to humans remain unclear (5). Human-
to-human transmission has occurred primarily in healthcare 
settings (6), sometimes resulting in large explosive outbreaks 
(7,8). However, to date, no sustained human-to-human in-
fection has been detected. Few outbreaks of MERS-CoV 
outside of healthcare settings have been documented, and 

limited transmission within families has been reported, but 
secondary attack rates in households or in settings outside of 
healthcare facilities (e.g., farms) seem to be low (9).

The nonspecificity of clinical definitions for MERS-
CoV and the tendency of surveillance to focus on severe 
cases suggest that the prevalence of mild or asymptomatic 
infection cannot be estimated from case-based clinical sur-
veillance alone (10). Mild or asymptomatic cases have been 
identified from contact tracing of laboratory-confirmed 
case-patients in several countries, including Saudi Arabia, 
the United Arab Emirates, Qatar, and South Korea (11–16).

In early October 2015, a cluster of MERS-CoV infec-
tions was identified among expatriate women working for 
a women-only university in Riyadh, Saudi Arabia. At the 
time the outbreak investigation was initiated, Kingdom of 
Saudi Arabia (KSA) Ministry of Health officials had iden-
tified 8 MERS case-patients by reverse transcription PCR 
(RT-PCR) (17); all patients were epidemiologically linked 
through their place of residence, a dormitory that housed 
expatriate women. Two additional laboratory-confirmed 
cases were identified among healthcare workers who had 
been exposed to the first case-patient, who had sought treat-
ment at a medical clinic near the residence (17).

As part of this outbreak investigation, we conducted 
a molecular and seroepidemiologic study of the residents 
of an expatriate dormitory where the initial case-patients 
lived. Our goal was to describe and characterize the out-
break, determine potential source(s) of the outbreak, esti-
mate the extent of MERS-CoV infection among residents, 
and evaluate risk factors for infection among residents.

Methods

Selection and Recruitment of Study Participants
We used the MERS-CoV standardized serologic investiga-
tion protocol developed by WHO and the Consortium for 
the Standardization of Influenza Seroepidemiology (18) 
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and adapted it to the context of this outbreak. All 828 resi-
dents of the women-only expatriate dormitory in Riyadh 
were informed of the purpose of the outbreak investigation 
by KSA Ministry of Health official field teams and asked in 
person to participate. The KSA Ministry of Health, WHO, 
and Institut Pasteur field teams provided information ses-
sions about the study and about MERS-CoV. The response 
team established a nursing station within the residential 
compound and assigned 2 nurses to reside within the com-
pound to follow up with exposed persons and keep a log of 
any medical complaints from the residents throughout the 
outbreak period. Because this outbreak investigation was 
part of a public health response, it was not considered by 
the KSA Ministry of Health, Institut Pasteur, or The Uni-
versity of Hong Kong to be research that was subject to 
review by an institutional review board. As such, written 
informed consent was not required.

Included in the investigation were all residents of the 
dormitory who orally provided consent for completion of 
a questionnaire; collection of a nasopharyngeal or oropha-
ryngeal swab sample, or both; and collection of a blood 
sample for serologic testing. Exclusion criteria included 
being <16 years of age at the time of recruitment, having 
any contraindication to venipuncture, or both.

The interviewers were trained to use the data collection 
forms developed for this investigation; because most resi-
dents were from the Philippines, the questionnaire was trans-
lated into Tagalog (Appendix, https://wwwnc.cdc.gov/EID/
article/25/10/19-0130-App1.pdf). Each question was read 
aloud to women in groups of 15–25 in the dormitory while 
they filled in the questionnaire by hand. A subset of more sen-
sitive questions was administered one-on-one by a member 
of the investigation team over the course of the 3-day field 
investigation. Before study implementation, frontline staff, in-
cluding all outbreak investigation personnel, were trained with 
regard to infection control procedures, including proper hand 
hygiene and the correct use of respiratory face masks, to mini-
mize their own risk for infection when in close contact with 
patients during home visits and elsewhere and to minimize the 
potential risk for MERS-CoV transmission between partici-
pants or between households.

Specimen Collection and Testing for MERS-CoV
Any participant who reported respiratory symptoms during 
the initial investigation (October 19–28, 2015) or during 
a 14-day follow-up period (after last contact with a con-
firmed/suspected MERS-CoV patient) was immediately 
isolated, and nasopharyngeal/oropharyngeal swab samples 
were collected and tested for MERS-CoV by RT-PCR. RT-
PCR testing of human biological specimens was conducted 
at the Riyadh Regional Laboratory by use of standardized 
RT-PCR methods for MERS-CoV testing (19). Any par-
ticipants with a positive MERS-CoV result by RT-PCR  

according to WHO criteria (10) were reported to WHO 
under the requirements of the International Health Regula-
tions (2005) (https://www.who.int/ihr/9789241596664/en).

On November 1–2, 2015, a total of 5 mL of blood was 
collected from consenting residents of the compound. The 
blood was collected in a serum collection tube according to 
standard procedures and labeled with a coded identification 
number linked to the data collection forms. Transport of 
specimens within national borders complied with the ap-
plicable national regulations of Saudi Arabia. International 
transport of MERS-CoV specimens followed applicable 
international regulations (20).

Serologic assays used to detect and confirm seroposi-
tivity in the serum samples were MERS-CoV S1 IgG ELISA 
(EUROIMMUN EI 2604–9601G kit, https://www.euroim-
mun.com), MERS-CoV spike pseudoparticle neutralization 
test (ppNT), and 90% plaque-reduction neutralization test 
(PRNT90). Serologic testing for MERS-CoV antibodies 
was conducted at the University of Hong Kong, as previ-
ously described (21). All serum samples were screened by 
MERS-CoV S1 ELISA, and positive or equivocal samples 
were further tested by ppNT and PRNT90. Serologic results 
were interpreted as positive if PRNT90 or ppNT titer for 
either the first or second serum specimen was >1:20.

Statistical Analyses
We entered all data for analysis in the entry form in Epi 
Info 3.5.4 (https://www.cdc.gov/epiinfo) and exported it to 
statistical software Stata 14 (https://www.stata.com). We 
estimated risk factors for infection among case-patients 
and non–case-patients (risk ratios [RRs] and 95% CIs) and 
within a nested case–control study (odds ratios [ORs] and 
95% CIs) by restricting analyses to residents living in villas 
in which laboratory-confirmed cases had been identified.

Results
The first patient in this cluster who had laboratory-con-
firmed MERS was a 27-year-old woman who worked as a 
janitor in a women-only university in Riyadh. She reported 
experiencing dry cough and fatigue on October 1, 2015; 
she sought care at a private healthcare clinic on October 4 
and was provided treatment and sent home the same day. 
On October 7, after signs and symptoms worsened to in-
clude fever, shortness of breath, productive cough, and 
signs of pneumonia, she again sought care in the same 
healthcare clinic, and a diagnosis of MERS was suspected. 
On October 8, a nasopharyngeal sample was collected and 
the patient was transferred to a public hospital in Riyadh, 
designated for isolation and treatment of MERS patients. 
MERS-CoV infection was confirmed on October 9. A sec-
ond case in this cluster has recently been described (22).

The first patient resided in an enclosed, women-only, 
expatriate dormitory composed of 24 villas (Figure 1). Each 
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villa is a 3-story building with 7 bedrooms (2 on the ground 
floor, 3 on the first floor, and 2 on the second floor) and is 
inhabited by 24–50 women. On inspection of the living quar-
ters, the field team found that most of the windows in the 
bedrooms were closed and sealed and that ventilation within 
the bedrooms was poor. Initial open-ended interviews with 
some residents informed the study team that residents shared 
the same kitchen and dining room within the villa but did not 
typically eat together or share food at mealtimes. There were 
no designated social spaces; however, residents reported 
gathering around laptops to watch movies together.

A total of 828 women who lived in the residence com-
plex were included in the seroepidemiologic study; none of 
the eligible women refused to participate. All participants 
were female, and median age was 35.1 (26.6–41.3) years. 
None were Saudi Arabia nationals; they were from the 
Philippines (84.6%), Sri Lanka (6.4%), Indonesia (2.9%), 
Nepal (1.6%), and India (1.1%) (Table 1). A total of 49 par-
ticipants (1 case-patient and 48 non–case-patients) reported 
having >1 chronic condition (e.g., asthma, diabetes, heart 
disease, hypertension, breast cancer) (Table 1). The MERS 
case-patient reported having asthma; among non–case-pa-
tients, the most common chronic conditions reported were 
asthma (31%), diabetes (25%), and hypertension (18%).

In terms of occupation, almost half (49.1%) of par-
ticipants reported working at the women-only university in 
Riyadh, including 17 (89.5%) of the MERS case-patients 
(Table 1). Participants reported working in 1 of 4 hospitals 
as either their primary or secondary occupation (Table 1).

Contact tracing of the initial patient and molecular and 
serologic laboratory test results identified an additional 18 
MERS-CoV infections (Figure 2; Table 2). Of the 19 total 
case-patients, 12 (63.2%) were from villa 2A; 2 (10.5%) 
were from a facing villa (1B); and 1 case (5.3%) was re-
ported from each of 5 villas either close to the mostly  

affected villa (2A) or 2 other villas (10A and 7A) populated 
with residents from the Philippines (Figure 1).

Among the 8 MERS-CoV cases positive by PCR, 8 
were also serologically positive for MERS-CoV (Table 2). 
According to PRNT90 or ppNT serology results for either 
the first or second serum sample, an additional 11 persons 
were serologically positive for MERS-CoV infections. 
Therefore, a total of 19 of the 828 dormitory residents had 
evidence of MERS-CoV infection by molecular or sero-
logic testing or both; the infection attack rate [IAR] for the 
cohort was 2.3%.

Of the 9 patients from whom a second sample was col-
lected in March 2016, a total of 8 had ppNT titers of >1:20, 
and only 2 of these had PRNT90 titers of >1:20. For 2 of 
these 8 patients, ppNT indicated a >4-fold fall in antibody 
titer; for the others, ppNT antibody levels remained within 
2-fold that of the initial serum sample.

Bivariate analyses indicated significant assocations be-
tween MERS and the following risk factors: having direct 
contact with a known MERS patient (RR 10.9, 95% CI 6.7–
17.6); sharing a bedroom (RR 25.5, 95% CI 10.3–63.1), 
kitchen (RR 15.5, 95% CI 5.4–44.2), bathroom (RR 25.5, 
95% CI 10.3–63.1), meal (RR 19.4, 95% CI 7.5–50.3), or 
transportation vehicle (RR 11.8, 95% CI 4.9–28.5); and 
having indirect contact with a known patient (RR 15.5, 
95% CI 5.4–44.2) (Table 3). The presence of a chronic 
condition did not vary by MERS infection status. Accord-
ing to multivariate analyses, direct contact with a known 
MERS patient (OR 27.6, 95% CI 8.4–91.0) and sharing a 
bedroom with a MERS patient (OR 5.7, 95% CI 1.5–22.5) 
remained statistically significant. Having a functioning air 
conditioner in the bedroom was protective (OR 0.15, 95% 
CI 0.03–0.82). None of the women reported traveling out-
side of Saudi Arabia in the 14 days before symptom onset 
(data not shown).
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Figure 1. Schematic of expatriate 
dormitory (the residence, buildings 
1–12) and MERS-CoV infection 
attack rates (IARs), Riyadh, Saudi 
Arabia, 2015. Each building 
contained 2 villas on 3 floors. The 
distance between buildings is ≈5 
m. During the initial investigation 
(October 2015), 8 residents were 
positive for MERS-CoV by PCR 
(indicated by black boxes); they 
lived in buildings 1B, 2A, and 5B. 
A vegetable garden separated 
buildings 3 and 10, and a 
convenience store (shop) separated 
buildings 6 and 7. IARs are shown 
as percentages inside each villa. 
MERS-CoV, Middle East respiratory 
syndrome coronavirus; PRNT, 
plaque-reduction neutralization test.
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Discussion
This study details the comprehensive investigation of a 
cluster of MERS cases reported outside a healthcare-asso-
ciated or camel industry–associated occupational setting. 
In this women-only, expatriate worker dormitory in Ri-
yadh, Saudi Arabia, the overall IAR of 2.3% is similar to 
that found in a household contact study conducted in 2014 
(IAR of 4.3%) (9). However, in this outbreak, the residen-
tial setting was more crowded than typical single-family 
households. Although we found the IAR in some villas to 
be low, we identified IARs as high as 35.3% (12/34) in 1 
villa (2A), probably because of the exceptionally crowded 
living and sleeping conditions. Within this villa, 12 women 
were infected with MERS-CoV but only 10 reported any 
symptoms. Rates of IAR were not affected by the presence 
or absence of underlying conditions or the median age of 
residents by villa.

This study identified the independent risk factors for 
infection to be direct contact and sharing a bedroom with 
a MERS patient. Findings from other serologic studies 
have been similar (23). We hypothesize that the increased 
human-to-human transmission within villas resulted from 

the clustering of the women’s activities. For example, the 
same women who lived together typically ate and social-
ized together, worked together, and traveled to and from 
work together. These activities added to the likelihood of 
intense direct physical contact among the women and prob-
ably led to limited but effective human-to-human transmis-
sion within their residence.

Globally, the extent of human-to-human transmission 
outside of healthcare facilities is uncertain, and whether 
MERS-CoV has the potential for sustained community trans-
mission is unclear. Transmission among family members 
seems to be limited but can be amplified in healthcare set-
tings (24,25) among persons with underlying medical con-
ditions and to healthcare workers. Contributors to propaga-
tion of MERS-CoV infection in healthcare facilities include 
aerosol-generating procedures such as intubation, suction, 
and collection of nasopharyngeal swabs (26). Compared 
with the total number of MERS-CoV infections reported to 
WHO to date, patients in our study cohort were significantly 
younger (median age 32 vs. 52 years, respectively), healthier 
(6.3% vs. 41.0% reporting >1 chronic condition), and more 
likely to be female (0 vs. 68.1% male) (27).
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Table 1. Demographic characteristics of participants with and without MERS-CoV infection in study of MERS-CoV transmissibility in a 
closed setting, Riyadh, Saudi Arabia, 2015* 

Characteristics 
All participants,  
no. (%), n = 828 

Case-patients,  
no. (%), n = 19† 

Non–case-patients, 
no. (%), n = 809 

Sex    
 F 814/814 (100)‡ 19/19 (100)‡ 795/795 (100)‡ 
 M 0 0 0 
Nationality 779 19 760 
 Filipino 659 (84.6) 19 (100) 640 (84.2) 
 Sri Lankan 50 (6.4) 0 50 (6.6) 
 Nepali 12 (1.5) 0 12 (1.6) 
 Bangladeshi 28 (3.6) 0 28 (3.7) 
 Indonesian 22 (2.8) 0 22 (2.9) 
 Indian 8 (1.0) 0 8 (1.0) 
Highest level of education reached 779 19 761 
 Primary school 80 (10.3) 1 (5.3) 79 (10.4) 
 High school 377 (48.4) 10 (52.6) 368 (48.4) 
 University/diploma 234 (30.0) 4 (21.1) 230 (30.3) 
 Postgraduate degree 77 (9.9) 4 (21.1) 73 (9.6) 
 No education 11 (1.4) 0 11 (1.4) 
Primary occupation 770 19 751 
 Women-only university 378(49.1) 17 (89.5) 361 (48.1) 
 Public university 12 (1.6) 0 12(1.6) 
 Hospital A 32 (4.2) 0 32 (4.3) 
 Hospital B 238 (30.9) 2 (10.5) 236 (31.4) 
 Hospital C 54 (7.0) 0 54 (7.2) 
 Hospital D 56 (7.3) 0 56 (7.5) 
Secondary occupation 83/805 (10.3) 3 (15.8) 80 (10.7) 
 Hospital A NA 2 (10.5) 17 (2.3) 
 Hospital D NA 1 (5.3) 10 (1.3) 
 Other (health club) NA 0 53 (7.0) 
Any underlying medical conditions 49/780 (6.3) 1 (5.0) 48/761 (6.3) 
 Regularly smoke (% daily) 10/773 (1.3) 1/19 (5.6) 9/755 (1.2) 
 Current chronic conditions§ 49/780 (6.3) 1/19 (5.3) 48/761 (6.3) 
*Median age (interquartile range): for all, 35.1 (26.6–41.3) years; for case-patients, 29.8 (28–37.2) years; for non–case-patients, 35.2 (29.6–41.4) years. 
CoV, coronavirus; MERS, Middle East respiratory syndrome; NA, not applicable. 
†Molecular or serologic evidence of MERS-CoV infection.  
‡Denominator indicates the number of women who answered the question. 
§Included asthma, diabetes, heart disease, hypertension, and breast cancer. 
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Healthcare staff can prevent human-to-human trans-
mission of MERS-CoV through stringent adherence and 
implementation of detailed and clear protocols for stan-
dard, droplet, and aerosol infection prevention and control 
(IPC) measures among the various persons within a health-
care setting (i.e., healthcare workers, patients, and visitors) 
(28). Such IPC measures were not followed by the inhabit-
ants of the dormitory in this study.

Although we were able to rule out a connection to drom-
edary camels, we were not able to specifically determine the 

source of this outbreak. Of the 19 laboratory-confirmed case-
patients, 17 reported working at the same women-only uni-
versity in Riyadh and the other 2 worked primarily as clean-
ers at the same healthcare facility in Riyadh (hospital B). Of 
these 19 case-patients, 3 also reported having a secondary 
place of employment, including working as cleaners at 2 oth-
er hospitals in Riyadh (hospitals A and D). We hypothesize 
that 1 of the 19 infected women identified in this investiga-
tion may have been exposed to and infected with MERS-
CoV while working as a cleaner in a healthcare facility  
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Figure 2. Epidemiologic curve 
for symptomatic laboratory-
confirmed case-patients 
with Middle East respiratory 
syndrome coronavirus infection, 
Riyadh, Saudi Arabia, 2015. 
The curve includes only the 12 
case-patients for whom symptom 
onset was reported, not the 7 
case-patients for whom infection 
was serologically confirmed but 
no symptoms were reported in 
the preceding 4 weeks.

 
Table 2. Characteristics of MERS-CoV–positive participants identified from molecular and serologic assay results in study of MERS-
CoV transmissibility in a closed setting, Riyadh, Saudi Arabia, 2015* 

Age, y 
Bldg 
no. 

Signs/ 
symptoms† 

Symptom 
onset date RT-PCR‡ 

Serologic test 
SI ELISA 

 

ppNT 

 

PRNT90 Serologic 
test 

result§ 
First 

sample 
Second 
sample 

First 
sample 

Second 
sample 

First 
sample 

Second 
sample 

23 1B Yes Oct 11 + 1.586 0.523  80 20  20 10 + 
28 5B Yes Oct 14 + 2.225 NA  80 NA  40 NA + 
29 2A Yes Oct 13 + 1.181 NA  20 NA  10 NA + 
29 2A Yes Oct 14 + 4.57 NA  160 NA  80 NA + 
28 2A Yes Oct 1 + 3.154 2.741  160 160  40 40 + 
26 2A Yes Oct 7 + 3.154 NA  160 NA  40 NA + 
39 2A Yes Sep 30 + 1.553 NA  40 NA  20 NA + 
53 2A No NS + 4.242 NA  160 NA  80 NA + 
41 1B No NS NA 1.311 0.33  20 10  10 <10 + 
37 2A Yes Oct 10 – 1.214 0.569  40 20  10 <10 + 
30 2A Yes Oct 22 – 0.759 0.605  20 20  0 <10 + 
24 2A Yes Oct 1 – 1.422 NA  80 NA  20 NA + 
32 2A Yes Sep 26 – 3.381 1.012  80 20  20 10 + 
28 2A Yes Sep 19 – 1.999 1.654  40 40  10 20 + 
30 1A No NS NA 3.295 1.496  40 20  10 <10 + 
36 2B No NS – 1.419 NA  20 NA  20 NA + 
42 7A No NS NA 0.576 NA  10 NA  20 NA + 
37 10A No NS NA 1.115 NA  80 NA  80 NA + 
45 2A No NS – 1.111 0.563  20 20  <10 <10 + 
*First samples collected November 13, 2015; second samples collected March 22, 2015. Bldg, building; CoV, coronavirus; MERS, Middle East respiratory 
syndrome; NA, not available/not collected; NS, no signs/symptoms reported; ppNT, pseudoparticle neutralization test; PRNT90, 90% plaque-reduction 
neutralization test; RT-PCR, reverse transcription PCR; +, positive; –, negative.  
†Self-reported or observed signs/symptoms in the 14 d before epidemiologic interview. 
‡According to World Health Organization criteria (http://www.who.int/csr/disease/coronavirus_infections/mers-laboratory-testing). 
§Serologic test result was defined as positive if either PRNT90 or ppNT titers were >20. S1 ELISA results are shown for information only; they were not 
used in designating infection status. 
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where persons with undiagnosed MERS had been cared for. 
In August 2015, hospital B, reportedly the primary occupa-
tion location for 2 women who were MERS-CoV positive 
according to PCR, was the location of a small cluster of 
laboratory-confirmed MERS cases (n = 5). Unfortunately, 
viral genetic sequencing was conducted on only 1 of those 
patients (22); without further epidemiologic and sequencing 
data from other patients in this cluster, or from the labora-
tory-confirmed patients in the small cluster in hospital B in 
August 2015, we cannot surmise further.

The time lag between identification of MERS patients 
in hospital B in August 2015 and the timing of this out-
break in October 2015 suggests that persons with subclini-
cal cases may have been in or working in this hospital dur-
ing August–October 2015; however, because testing for 
MERS-CoV in Saudi Arabia was substantial (29), missing 
symptomatic cases was unlikely. A subject of some de-
bate and recent focus has been the potential role of mildly 
symptomatic or asymptomatic infections and possible en-
vironmental contamination in the spread of MERS-CoV 
in healthcare facilities (22,30–33). The rapid initiation of 
this investigation and use of an existing protocol (34) (de-
veloped for such use after the rapid isolation of close con-
tacts regardless of the development of symptoms and the 
implementation of a no-fly policy among residents of the 
compound until the full 14-day follow-up was completed) 
probably limited further human-to-human transmission in-
side and potentially outside of Saudi Arabia.

Our study highlights the potential role of healthcare 
workers not responsible for direct patient care (e.g., hospi-
tal cleaners) in the spread of MERS-CoV. Often, hospital 
cleaning staff may be from other countries, may speak sev-
eral languages, and may be missed by efforts to increase 
IPC specific to MERS-CoV. Specific MERS-CoV IPC 
training should be directed to cleaning staff in healthcare 
facilities, in addition to healthcare providers, in appropriate 
languages, particularly to protect them from infection and 
from facilitating virus spread within the healthcare facility.

For the 8 women with RT-PCR–confirmed infection, an-
tibody titers ranged from 1:10 to 1:80 by PRNT and from 1:20 

to 1:160 by ppNT. For 9 of the 19 women with confirmed  
evidence of infection by RT-PCR, serologic testing, or both, 
for whom follow-up serum samples were available 3 months 
after the putative exposure, 7 women had PRNT titers of <1:20 
and 1 woman had ppNT titers of <1:20. Thus, the ppNT anti-
body test was somewhat more sensitive for detecting evidence 
of past infection. A ppNT titer of 1:20 is therefore an optimal 
indicator of past infection in seroepidemiologic assays. The 
ppNT, although more sensitive, correlated well with PRNT 
among persons with RT-PCR–confirmed MERS-CoV infec-
tion (35) and was uniformly negative in serum from persons 
in areas where MERS-CoV is not endemic (e.g., Hong Kong 
[36]). For this study, we categorized those without RT-PCR 
evidence of MERS-CoV infection but PRNT or ppNT anti-
body titers >1:20 as being MERS-CoV infected.

Of the 8 women who had RT-PCR–confirmed infection, 
2 were asymptomatic, as were 6 of the 11 women whose diag-
nosis was made solely by serologic testing. Serologic studies 
of cohorts of patients positive for MERS-CoV by RT-PCR 
have shown that milder disease and asymptomatic infections 
may not be associated with detectable serologic responses 
(37). Thus, our serologic testing probably underestimates 
the true number of MERS-CoV infections that may have oc-
curred. However, our data provide evidence that even asymp-
tomatic infections can sometimes lead to detectable serologic 
responses and that such investigations are useful. Further-
more, the serologic results at 5 months after putative exposure 
show evidence of antibody titers waning to below diagnostic 
limits in some patients but also show that antibodies may re-
main detectable in others. This information is useful when in-
terpreting seroepidemiologic studies in high-risk populations.

Our study had several limitations. Because of multicol-
linearity of the exposure variables (38), the accuracy of indi-
vidual predictors may be compromised. The lack of collec-
tion of acute blood samples during the outbreak limited our 
ability to detect seroconversion. In addition, we were not able 
to conduct sequencing for patients of this outbreak and there-
fore were not able to use this information to potentially con-
firm that all 19 infected women acquired their infection from 
a common source or to identify the source of the outbreak.
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Table 3. Bivariate analyses of reported exposures to known MERS patient, including overall cohort, in study of MERS-CoV 
transmissibility in a closed setting Riyadh, Saudi Arabia, 2015* 

Reported exposure  
Case-patients, 
no. (%), n = 19 

Non–case-patients, 
no. (%), n = 809 p value† RR (95% CI) 

Direct contact with known (symptomatic) MERS-CoV case-patient 11 (57.9) 43 (5.3) <0.001 10.9 (6.7–17.6) 
Shared bedroom with known case-patient 6 (31.6) 10 (1.2) <0.001 25.5 (10.3–63.1) 
Shared kitchen with known case-patient 4 (21.1) 11 (1.4) <0.001 15.5 (5.4–44.2) 
Shared bathroom with known case-patient 6 (31.6) 10 (1.2) <0.001 25.5(10.3–63.1) 
Shared meal with known case-patient 5 (26.3) 11 (1.4) <0.001 19.4 (7.5–50.3) 
Shared transportation to/from place of employment with known 
case-patient 

5 (26.3) 18 (2.2) <0.001 11.8 (4.9–28.5) 

Reported nondirect contact with case-patient‡ 4 (21.1) 11 (1.4) <0.001 15.5 (5.4–44.2) 
*CoV, coronavirus; MERS, Middle East respiratory syndrome; RR, risk ratio. 
†By χ2 test. 
‡No physical contact, nonphysical contact (including talk to the known case-patient). 

 



SYNOPSIS

The rapid initiation of contact tracing, isolation, and 
subsequent investigation probably contributed to the quick 
halt of human-to-human transmission in this outbreak. 
On the basis of the possible source of infection, to reduce 
secondary human-to-human transmission outside the oc-
cupational setting, our study indicates that IPC measures 
introduced in healthcare facilities should focus on not only 
healthcare personnel but also those working within the 
wider facility, including cleaners.
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Canine influenza virus (CIV) A(H3N2) was identified in 104 
dogs in Ontario, Canada, during December 28, 2017–Octo-
ber 30, 2018, in distinct epidemiologic clusters. High mor-
bidity rates occurred within groups of dogs, and kennels and 
a veterinary clinic were identified as foci of infection. Death 
attributable to CIV infection occurred in 2 (2%) of 104 diag-
nosed cases. A combination of testing of suspected cases, 
contact tracing and testing, and 28-day isolation of infected 
dogs was used, and CIV transmission was contained in 
each outbreak. Dogs recently imported from Asia were im-
plicated as the source of infection. CIV H3N2 spread rap-
idly within groups in this immunologically naive population; 
however, containment measures were apparently effective, 
demonstrating the potential value of prompt diagnosis and 
implementation of CIV control measures.

Canine influenza virus (CIV) is a regional cause of dis-
ease in dogs that has emerged from other host species 

of influenza A viruses (IAVs) as a result of adaptation and 
subsequent transmission within the naive dog population 
(1,2). Two main CIV strains are currently recognized. CIV 
A(H3N8) is an equine-origin virus that was identified in  

dogs in the United States in the early 2000s (1) but that is 
rarely identified now. In contrast, CIV H3N2 emerged in 
Asia from an avian influenza virus (H3N2) (2,3) and can 
be found in different regions in Asia (2–4). It was subse-
quently introduced to the United States on multiple occa-
sions through importation of dogs from South Korea and 
China (5,6). Within an immunologically naive canine pop-
ulation, CIV can spread widely when introduced to a new 
dog population, and result in widespread illness and spo-
radic death. There is also some concern about the potential 
for CIV H3N2 to recombine with other IAVs (7), including 
human IAVs, potentially resulting in antigenic shift and 
creating relatively novel IAVs with broader host range and 
pandemic potential.

Novel CIVs are of concern for canine health because of 
the naive population and potential for rapid and widespread 
transmission. International, including transcontinental, 
movement of dogs is common, and CIV is one of many 
pathogens that can accompany transported dogs. In 2015, 
CIV H3N2 was introduced into the United States through 
the importation of dogs from Asia; the virus continues to 
circulate in the canine population within the country from 
that or subsequent importations (5,6,8). Despite its pres-
ence in the United States, CIV H3N2 had not been identi-
fied in Canada until the end of 2017. We describe the intro-
duction and containment of CIV H3N2 in Ontario, Canada.

Outbreak Investigation
Clinical testing identified CIV H3N2 in Ontario in December 
2017, prompting prospective surveillance and interventions. 
Initial clinical diagnoses were based on positive H3N2 PCR 
results from a commercial respiratory PCR panel (IDEXX 
Laboratories, https://ca.idexx.com). Subsequent testing was 
performed at the Animal Health Laboratory, University 
of Guelph (Guelph, ON, Canada), using IAV matrix gene 
real-time PCR (rPCR) testing of nasal or pharyngeal swab 
specimens or a repeat of the respiratory PCR panel test. 
H3N2-specific hemagluttination inhibition (HI) testing was 
performed at the Animal Health Diagnostic Center, Cornell  
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University (Ithaca, NY, USA), on serum samples collected 
from dogs that were suspected to have been infected re-
cently but whose PCR results might have been negative 
by the time testing was performed. After identification of 
cases (dogs with CIV-positive PCR results), contact trac-
ing was performed, with potentially exposed dogs tested 
whenever possible. Longitudinal testing was performed 
whenever possible, and an attempt was made to get weekly 
samples from all positive dogs until 2 negative results were 
obtained. Partial sequencing of the hemagglutinin gene was 
performed as previously described (9).

Outbreak Cluster 1
Two dogs received diagnoses of CIV H3N2 shortly after 
their arrival in southwestern Ontario (Figure 1) from South 
Korea. The dogs had been part of a larger group flown to 
Chicago, Illinois, USA; the 2 affected dogs were driven 
to Canada immediately after arrival. Both dogs had signs 
consistent with upper respiratory disease, characterized 
by fever, productive cough, and purulent nasal discharge. 
Samples were collected on December 28, 2017, within 24 
hours of arrival in Canada.

The 2 imported dogs went to separate foster homes; all 
6 canine contacts in those homes were identified on Janu-
ary 5, 2018, as infected with CIV H3N2. Two feline house-
hold contacts were negative. A 28-day isolation period 
was recommended; compliance was good, and no further 
cases were identified. Two dogs were clinically normal but 
still shedding CIV on January 18, but all were negative by 
January 31.

Outbreak Cluster 2
This cluster occurred in a nearby community in south-
western Ontario; CIV H3N2 was identified in a dog with 
upper respiratory illness. Disease was first noted on 
January 20, 2018; samples were collected for an upper 
respiratory disease PCR panel on January 22. There was 
no known contact with dogs from cluster 1. The owner 
was a veterinary clinic employee who had handled a dog 
with severe and presumably infectious respiratory tract 
disease a few days before the onset of disease. That dog 
had died without testing being performed. Both canine 
household contacts developed respiratory disease that 
was diagnosed as CIV H3N2 from samples collected 
January 31.

The index case dog also had contact with a group of 
other dogs as part of a recurring canine group activity. Ten 
contacts were tested, and 1 dog tested positive. That dog 
developed mild respiratory disease; CIV H3N2 was detect-
ed on January 31.

Because the source of exposure of the index case was 
unclear, serologic testing was performed on the group of 
canine contacts in an attempt to determine whether other 
dogs might have been previously infected but had ceased 
shedding by the time of investigation. The only seroposi-
tive dogs were the affected household dogs and a single 
affected contact, which developed disease well after the 
index case.

The local public health unit implemented a mandatory 
28-day confinement order for the affected dogs. No further 
cases were identified, and all dogs recovered uneventfully.
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Figure 1. Approximate locations 
and number of dogs with 
diagnoses of canine influenza 
virus infection, Ontario, Canada, 
2017–2018.
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Outbreak Cluster 3a
This cluster was initially identified in central Ontario, start-
ing February 26, 2018 (Figures 2, 3), during testing of a 
high-morbidity respiratory disease outbreak in a boarding 
kennel. Fourteen dogs at that kennel were infected.

Contact tracing raised suspicion of a rescue facility 
(rescue A) that had recently imported dogs from China as 
the source, because 1 of the imported dogs was fostered by 
the owner of 3 dogs that went to the affected kennel. Those 
3 dogs developed upper respiratory tract disease on Febru-
ary 17, four days after contact with the imported dog. 

The rescue facility also offered boarding and dog 
walking services. One dog that was walked by rescue A 
tested positive for CIV (February 23 and March 1); CIV 
was then transmitted to a household canine contact, which 
transmitted CIV to a grooming service it visited. Two of 
the groomer’s own dogs were infected; 1 was euthanized 
because of severe respiratory disease. One additional dog 
was then infected at the groomer’s.

Other cases linked to the rescue facility were identified, 
including 5 dogs (diagnosed March 2 and 5) whose owner 
resided adjacent to rescue A, 1 dog (diagnosed March 2) 
that had boarded at the rescue during February 17–24, a 
dog that had been at rescue A for day care, another dog 
that had visited for dog walking (diagnosed March 3), and 
a dog that became sick shortly after being adopted from the 
rescue facility. One additional case without a known origin 
was identified in a dog that developed respiratory disease 
around March 12; CIV was diagnosed on March 19. This 

dog had no known contact with other affected dogs but was 
regularly walked along a public trail. Follow-up informa-
tion was not available for the remaining 3 infected dogs.

Another linked case was identified in a different city 
≈300 km away. A dog imported from China in the same 
shipment that went to rescue A was transferred to another 
group (rescue B); respiratory disease subsequently devel-
oped in an unclear number of contacts. Nasal swab speci-
mens were collected from 15 dogs associated with rescue B 
on March 9, and 1 was CIV positive. It was suspected that 
other dogs were also infected but had ceased shedding by 
the time of sampling (24 days after the imported dog ar-
rived), given the delay in identifying this group.

With 9 separate epidemiologic links and a history of 
importation of dogs from China, rescue A was the pre-
sumed source of CIV H3N2. It had received imported dogs 
from China on February 13. Upper respiratory tract disease 
was reported in 42/64 (66%) dogs at the rescue during Feb-
ruary 16–March 2. Testing of 10 dogs at the facility was 
performed until March 8, at which point none of the dogs 
were found to be shedding CIV. One death attributable to 
respiratory disease was reported at rescue A, but testing 
was not performed.

A 28-day isolation period was recommended for all in-
fected dogs; owners were receptive to isolation and infection 
control recommendations. The affected boarding kennel was 
closed until all dogs tested negative. The affected grooming 
facility was also closed until the owner’s dogs tested nega-
tive and the facility had been cleaned and disinfected.
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Figure 2. Time series of 
canine influenza diagnoses in 
clusters 3a and 3b, Ontario, 
Canada, 2017–2018. 
Transmission events within 
households are not depicted.
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Outbreak Cluster 3b
A secondary cluster was identified in eastern Ontario, ≈250 
km from the central Ontario outbreak. The first diagnosed 
case was from a group of 3 orphaned puppies that were 
being cared for by personnel from a veterinary clinic, but 
infection was ultimately linked to a dog (dog A) from a 
humane society ≈250 km away (Figure 4). A local rescue 
group (rescue C) had obtained dog A from a shelter in the 
Niagara, Ontario, region (≈300 km away from cluster 3a 
and 250 km from the veterinary clinic, but only 25 km from 
where 1 of the imported dogs was transferred). Dog A was 
surrendered to the shelter on February 12 and transferred 
to rescue C on February 21. This dog was taken to the vet-
erinary clinic after arrival at rescue C, at which time nasal 
discharge, sneezing, and coughing were noted. Testing was 

not performed, and the dog was not available for testing 
until March 18. Serologic testing was performed because 
of the time that had passed, and the dog was seropositive 
(hemagglutinin inhibition [HI] titer 1:256; >1:16 indicates 
exposure). Because this dog had no history of travel outside 
Canada or CIV vaccination, this result provided a presump-
tive CIV diagnosis. Two dogs at rescue C that developed 
respiratory disease after dog A arrived were also seroposi-
tive on samples collected March 18; HI titers were 1:64 
and 1:1,024.

Furthermore, it was reported that an outbreak of upper 
respiratory tract disease had occurred in dogs at rescue C 
shortly after dog A left. Five dogs at the shelter were tested 
by PCR; however, testing occurred March 9, which was 16 
days after departure of the affected dog, and all tests were 
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Figure 3. Suspected transmission 
pathways for canine influenza 
cluster 3a, Ontario, Canada, 
2017–2018. Numbers in each box 
denote the number of confirmed 
(PCR positive) CIV infections.

Figure 4. Suspected 
transmission pathways for 
canine influenza cluster 3b, 
Ontario, Canada, 2017–2018. 
Numbers in each box denote 
the number of confirmed  
(PCR positive) CIV infections.
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negative. Serologic testing performed on 1 of those dogs 
was positive (HI titer of 1:1,024), supporting the presence 
of a CIV H3N2 cluster in that shelter, with transmission to 
rescue C by dog A.

The origin of CIV was unclear. Given the timing of 
arrival at the shelter and onset of disease, it is possible that 
dog A was infected at the shelter or shortly before arrival. 
No source of infection was identified; however, the dog 
was surrendered to the shelter from an area close to rescue 
B at the same time as the localized cluster associated with 
that group was active.

Dog A was at the veterinary clinic at the same time as 
another dog (dog B) owned by an employee of the clinic. 
CIV was diagnosed in dog B on February 28, and dog B’s 
5 household canine contacts were subsequently infected. 
Prior to the onset of signs of respiratory disease, dog B at-
tended the veterinary clinic with its owner when the litter 
of 3 orphan puppies was in the clinic. The puppies started 
showing signs of respiratory tract disease on March 2; a 
sample was collected from 1 puppy the next day, and CIV 
was diagnosed by PCR.

One dog that had been at the clinic for elective surgery 
was infected. That dog then visited a local doggy day care. 
Cough was noted on the first day of stay (March 6), and 
the dog visited the facility for the next week. Twenty-one 
dogs that visited the facility were infected, along with 2 
of the facility owner’s dogs. A 15-year-old dog with renal 
disease died, with the cause attributed to CIV. The kennel 
was closed to all but infected dogs for the next 3 weeks 
and underwent thorough cleaning and disinfection; 28-day 
isolation of all exposed or infected dogs was recommended. 
To reduce the number of potential exposed animals and fa-
cilitate cleaning and disinfection, the veterinary clinic tem-
porarily restricted elective admissions for 1 week.

Outbreak Cluster 4
In October 2018, another 2 infected dogs were identified. 
Both had had contact with rescue A, and it was subsequently 
learned that another group of dogs had been imported from 
China ≈3 weeks earlier. Seven H3N2 infections among non-
imported dogs were then confirmed at rescue A. Five ad-
ditional H3N2-infected dogs were identified, all of which 
had contact with rescue A through boarding or walking. 
Sixty-two dogs were tested as part of the investigation and 
response, and no further cases were identified. Nine of the 
infected dogs had been vaccinated against CIV H3N2 in the 
spring and had received the required 2-dose initial series.

Other Cases
During the time of cluster 3, another potential case was 
identified in a town >200 km from the nearest affected 
area. The dog had mild respiratory tract disease; matrix 
gene rPCR testing yielded a result at the upper end of the 

inconclusive range (40 cycles; reference range, positive 
<36 cycles, inconclusive >36 but <40). An affected house-
mate was negative, and there were no reported contacts 
with imported dogs or dogs from affected areas. Therefore, 
a false-positive result was suspected.

Sequence Analysis
Partial hemagglutinin (H) gene was amplified from 32 sam-
ples that tested positive on matrix gene rPCR for Sanger se-
quencing. One sample each were from clusters 1 and 2, and 
those samples were identical. All 20 samples from cluster 
3a were genetically identical and were 99.7% identical to 
clusters 1 and 2. Five samples from cluster 3b were iden-
tical and were 99.5% identical to clusters 1 and 2. Three 
samples from cluster 3b were identical to those from cluster 
3a; all 3 were from dogs in the first group of dogs in cluster 
3b, suggesting that genetic drift occurred between the dogs 
in this household and the later cases.

Subsequent Surveillance
Overall, 104 infected dogs were identified during Decem-
ber 28, 2017–October 30, 2018; however, it is likely that 
many more dogs were infected, as testing of all affected 
dogs in a group was not always performed. As part of this 
investigation, we tested 263 dogs.

Cluster 3 was considered to be over on May 1, which 
was 28 days after the last known positive result. No ad-
ditional cases of CIV were identified in Ontario until Oc-
tober 16, 2018, when cluster 4 was identified. Because a 
regulatory requirement for veterinarians and diagnostic 
laboratories to report novel influenza (which would include 
CIV) infection in animals to local public health units went 
into effect on January 1, 2018, it is likely that all diagnosed 
cases were identified. Although only a subset of dogs with 
respiratory disease are currently tested for CIV, the high in-
fection rate of CIV would be expected to result in a greater 
impetus to test, given the obvious clusters of disease that 
can occur. Although we cannot state definitely that CIV 
was eradicated, no infections were identified for at least 6 
months after the final cases ceased shedding CIV.

Outcome and Duration of Shedding
Deaths attributed to CIV were reported in 2 (2%) of the 
diagnosed cases, both of which were in older dogs with 
underlying diseases. CIV was also suspected in at least 1 
additional death.

Multiple samples were collected from 44 CIV-positive 
dogs (range 2–5 samples, median 2). Of the 22 (50%) that had 
>1 positive sample, the interval between the 2 positive results, 
representing the minimal shedding period, ranged from 4 to 
20 days (median 12 days). The duration from first positive 
to first negative ranged from 4 to 30 days (median 18 days). 
Two dogs had a negative sample between 2 positive samples.
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Human Surveillance
In all clusters, public health units requested that potentially 
exposed persons report influenza-like illness so that test-
ing could be performed. No human illnesses were reported 
from the undefined number of exposed human contacts.

Discussion
Multiple introductions of CIV H3N2 have occured in On-
tario, Canada, with subsequent transmission within the ca-
nine population. A unique aspect of this investigation was 
the degree of contact tracing and active surveillance, such 
that a source of exposure was identified for almost all CIV-
positive dogs. The source of infection was discerned for 
all dogs identified after the index cases in clusters 1, 2, 3b, 
and 4. In cluster 3a, 1 case had no known exposure, but 
the dog had been walked on public trails. No information 
was available for 3 dogs; contact tracing identified clear or 
plausible links for all other cases.

The first cluster was clearly associated with importa-
tion from South Korea, because the index cases were in 
dogs that had been imported within days of diagnosis. The 
origin of the second cluster is unclear. The timing, location, 
and sequence data suggest a link to cluster 1, but a separate 
introduction cannot be excluded. The third and fourth clus-
ters presumably originated from separate groups of dogs 
imported from China, given the number of epidemiologic 
links to that facility and the timing and sequence data.

Although virtually the entire dog population of Can-
ada is presumably immunologically naive to CIV H3N2 
because of a lack of previous exposure and very low CIV 
vaccination rates, this highly transmissible virus was con-
tained. Illness rates were high within groups, but a rela-
tively small number of distinct groups was infected. It is 
possible that other clusters of disease were ongoing, but the 
high illness rate associated with CIV, the high awareness 
through media reports and other communications when 
the outbreak was under way, and the reportable nature of 
the disease suggest that unidentified clusters (at least large 
clusters) are unlikely.

It was encouraging that CIV H3N2 was apparently 
eradicated multiple times. Although it is impossible to de-
termine what actions were effective, the combination of 
rapid response, active surveillance of contacts, widespread 
communication, voluntary closure of affected facilities, and 
28-day isolation of infected and exposed dogs appeared to 
contain this highly transmissible virus, even in an immuno-
logically naive population. Time of year might have facili-
tated control; the cases occurred during periods of cold or 
otherwise inclement weather, something that likely reduced 
contact between dogs during walking, visits to parks, and 
similar activities. The ability to control these CIV introduc-
tions is in contrast to reports from the United States, where 
larger, more sustained outbreaks have occurred, perhaps  

largely the result of a lack of a coordinated effort to identify 
and contain the disease. Although the cost–benefit ratio of 
CIV containment can be debated, the experience in Ontario 
suggests that an active approach can be effective, provided 
appropriate personnel and resources are available.

Information about CIV H3N2 mortality rates is lim-
ited. The 2% mortality rate reported here is consistent with 
the 2.5% (1/40) rate reported in a metropolitan US outbreak 
(8). Mortality rates for CIV can be overestimated if animals 
with serious illness are more likely to be tested; however, 
testing bias is less of a concern in this study, given the 
scope of the investigation. Both dogs that died were older 
animals, consistent with the presumed increased risk in this 
population. Although the true mortality rate may be lower 
because of lack of testing of mildly affected animals, seri-
ous respiratory disease, including death, can occur.

A bivalent CIV H3N2/H3N8 vaccine was available 
in Canada during the period of this investigation, but vac-
cination coverage is anecdotally very low because of the 
foreign nature of CIV. Vaccination played little role in 
containment of these outbreaks. Few dogs from affected 
areas were vaccinated, and the need for 2 doses, 14–28 
days apart, reduces the potential for vaccination to help 
during active outbreaks. Nevertheless, vaccination of dogs 
in affected and adjacent communities was recommended 
to reduce the risk of continued spread if initial contain-
ment had failed. Most infected dogs in cluster 4 had been 
properly vaccinated against CIV H3N2. This raises con-
cern about vaccine efficacy; however, interpretation is dif-
ficult because CIV vaccines are labeled as an aid for con-
trol of disease, focused on reduction of severity of disease. 
It is possible that vaccination reduced severity of disease. 
These data do not mean that vaccination is not warranted 
but serve as a reminder that CIV vaccination cannot be re-
lied on as a tool to prevent entrance or dissemination of 
CIV in dog populations.

Sun et al. expressed concern about the potential that 
dogs could act as mixing vessels between human and non-
human influenza viruses (7). No humans were tested as part 
of the surveillance of these canine cases. Response varied 
by health unit, but human contacts of infected dogs were 
generally asked to report whether they developed signs and 
symptoms consistent with influenza. Despite widespread 
human exposure in the ongoing CIV H3N2 outbreak in 
the United States, human cases have not been identified, 
suggesting that the public health risk from CIV H3N2 is 
limited. However, because dogs are susceptible to some in-
fluenza viruses, such as pandemic influenza A(H1N1) (10), 
co-infection of dogs and humans in households raises con-
cern about the potential for reassortment.

In summary, CIV H3N2 is a highly transmissible vi-
rus with the potential to cause high-morbidity outbreaks, 
along with economic and social disruption in the canine 
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and veterinary industries. Even though human health risks 
are believed to be low, endemic circulation of a nonhuman 
influenza A virus, particularly in an animal population with 
such close human contact, raises concern. Clarifying trans-
mission routes and control options is critical for CIV con-
trol; this outbreak demonstrates the likely effectiveness of 
a concerted approach focusing on testing, contact tracing, 
voluntary isolation, and communication.
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Edwardsiella tarda is primarily associated with gastrointes-
tinal disease, but an increasing number of cases involving 
extraintestinal disease, especially E. tarda bacteremia, have 
been reported. Using clinical information of E. tarda bactere-
mia patients identified during January 2005–December 2016 
in Japan, we characterized the clinical epidemiology of E. tar-
da bacteremia. A total of 182,668 sets of blood cultures were 

obtained during the study period; 40 (0.02%) sets from 26 
patients were positive for E. tarda. The most common clinical 
manifestations were hepatobiliary infection, including cholan-
gitis, liver abscess, and cholecystitis. Overall 30-day mortality 
for E. tarda bacteremia was 12%, and overall 90-day mor-
tality was 27%. The incidence of E. tarda infection did not 
vary by season. We more frequently observed hepatobiliary 
infection in patients with E. tarda bacteremia than in patients 
with nonbacteremic E. tarda infections. E. tarda bacteremia 
is a rare entity that is not associated with high rates of death.

Edwardsiella tarda Bacteremia, 
Okayama, Japan, 2005–2016

Shinya Kamiyama, Akira Kuriyama, Toru Hashimoto
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SYNOPSIS

Edwardsiella tarda, a gram-negative, facultative anaer-
obe that is a member of the family Enterobacteria-

ceae, typically is isolated from water environments and 
animals that inhabit water. It is primarily associated with 
gastrointestinal disease, but the number of reports of ex-
traintestinal disease, such as septicemia, meningitis, cho-
lecystitis, and osteomyelitis, has increased (1). However, 
little is known about the clinical epidemiology of E. tarda 
bacteremia. Therefore, we aimed to document the clinical 
epidemiology of E. tarda bacteremia, including common 
sources of infection, antimicrobial susceptibility, and sea-
sonal distribution.

Materials and Methods
We retrospectively reviewed electronic medical records and 
clinical microbiology records in Kurashiki Central Hospital 
(Okayama, Japan), a 1,166-bed, tertiary-care hospital that 
provides care to ≈300,000 persons annually. Clinical speci-
mens submitted to the microbiology laboratory included 
blood, sputum, urine, bile, ascites, feces, placenta, tissue, 
and pus. Information about identified bacteria and antimi-
crobial susceptibility were kept as microbiology laboratory 
records for each specimen. We considered bacteremia to 
exist when >1 set of blood cultures was positive. We identi-
fied all cultures growing E. tarda from clinical specimens 
submitted during January 2005–December 2016.

We processed blood culture samples using the BacT/
Alert system (Sysmex bioMérieux Co. Ltd., https://www.
biomerieux.com) and conducted microbial culture using 
KBM Chocolate HB Agar (Kohjin Bio Co. Ltd., http://
www.kohjin-bio.jp/english), KBM Sheep Blood Agar 
(Kohjin Bio Co. Ltd.), and BTB agar (Kyokuto Pharma-
ceutical Co. Ltd., https://ssl.kyokutoseiyaku.co.jp/english/
index.html). We used different bacterial identification and 
antimicrobial susceptibility testing methods in our hospital 
throughout the study period. We used ID test EB-20 Nis-
sui (Nissui Pharmaceutical Co. Ltd., https://www.nissui-
pharm.co.jp/english) for bacterial identification and Kirby–
Bauer disk (Eiken Chemical Co. Ltd., http://www.eiken.
co.jp) for antimicrobial susceptibility testing from Janu-
ary 2005 through June 2007. EB-20 is a system to iden-
tify glucose-fermenting gram-negative rods by 20 patterns 
of biochemical properties, using hydrogen sulfide, indole, 
lysine, ONPG (2-nitrophenyl-β-D-galactopyranoside), 
adunit, inositol, rhamnose, mannit, esculin, Voges-Pros-
kauer, arginine, urea, inositol, sorbitol, arabinose, phenyl-
pyruvic acid, citric acid, ornithine, malonic acid, raffinose, 
and sugar. Thereafter, automatic systems were introduced 
at our hospital: DPS192 (Eiken Chemical Co. Ltd, http://
www.eiken.co.jp) during July 2007–February 2013 and 
MicroScan WalkAway (Beckman Coulter, Inc, https://
www.beckmancoulter.com/en) during March 2013–March 
2014. Since April 2014, we have used MALDI Biotyper 

(Bruker Daltonics GmbH, https://www.bruker.com), using 
the manufacturer-provided database, for bacterial identifi-
cation. We judged the drug susceptibility of a microorgan-
ism based on clinical breakpoints set by the Clinical and 
Laboratory Standards Institute; in particular, we used the 
document M100-S22 (2) during June 1, 2013–December 
31, 2016.

We collected all clinical information of patients with 
positive E. tarda bacteremia results from electronic medi-
cal records, including age, sex, underlying diseases, source 
of infection, antimicrobial drug administered, treatment 
period, and outcome. We defined chronic kidney disease 
as a serum creatinine level of >2.0 mg/dL (reference range 
0.65–1.07 mg/dL) and chronic liver disease as liver cir-
rhosis or chronic hepatitis B or C infection. We defined 
nosocomial bloodstream infection, healthcare-associated 
bloodstream infection, community-acquired bloodstream 
infection, and febrile neutropenia according to the previ-
ous study and guideline (3,4). We defined 30-day mortality 
as patient death within 30 days after the onset of E. tarda 
bacteremia and 90-day mortality as patient death within 90 
days after onset. We also collected information of patients 
with E. tarda nonbacteremic infections.

We described the clinical characteristics and 30-day 
mortality of patients with E. tarda bacteremia, along with 
the source of infection and antimicrobial susceptibility. 
We then compared the characteristics of patients with 
E. tarda bacteremia by 30-day mortality. We also com-
pared the characteristics of patients with bacteremic and 
nonbacteremic E. tarda infections. We also conducted 
an exploratory multivariable logistic regression analysis 
to investigate the risk for E. tarda bacteremia incidence 
among all E. tarda infections.

Because a previous literature review suggested season-
al variation in the occurrence of E. tarda bacteremia (5), 
we thus examined whether such variation or trend existed 
in the cases in our study by using Cochran-Armitage test. 
We tested dichotomous variables with Fisher exact test and 
and continuous variables by Wilcoxon signed-rank test. 
Statistical analysis was performed using Stata version 15.1 
(StataCorp, http://www.stata.com). We considered p<0.05 
to be statistically significant.

The Ethics Committee of Kurashiki Central Hospital 
approved this study (no. 2,527). Only persons with appro-
priate authorization had access to participants’ records, and 
patient confidentiality was maintained. Given the nature of 
a retrospective chart review, written consent from the pa-
tients was waived.

Results
We obtained 182,668 sets of blood cultures during the study 
period, of which 19,234 sets were positive for some organ-
isms and 40 sets from 26 patients were E. tarda–positive.  
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E. tarda bacteremia was diagnosed in 26 patients (13 men 
and 13 women); their median age was 75 years (range 45–
101 years) (Table 1).

Clinical Characteristics
Some patients had >1 underlying disease: solid tumors 
(12 patients), cardiovascular diseases (4 patients), diabetes 
mellitus (3 patients), gallstone disease (3 patients), chronic 
liver disease (2 patients), cerebrovascular disease (2 pa-
tients), and hematologic malignancy (1 patient) (Table 1). 
Four patients had no underlying disease. Sites of solid tu-
mors included pancreas (3 patients), gallbladder/bile duct 
(3 patients), colon (2 patients), and esophagus, gastric, 
liver, and thyroid (1 patient each). Of the 12 patients with 
solid tumors, 4 were receiving chemotherapy for their can-
cer when E. tarda bacteremia occurred.

Clinical diagnoses by the site of infection were chol-
angitis (9 patients); liver abscess (6 patients); enterocoli-
tis (4 patients); cholecystitis (3 patients); and spontaneous  

bacterial peritonitis, mycotic aneurysm, necrotizing fas-
ciitis, empyema, osteomyelitis, and secondary perito-
nitis (1 patient each) (Table 2). Seventeen patients had 
community-acquired bloodstream infections. The source 
of infection was not identified in 5 patients, including 
1 with febrile neutropenia; 3 patients had nosocomial 
bloodstream infections, and 6 had healthcare-associated 
bloodstream infections.

Patients with E. tarda bacteremia were older and more 
likely to have solid tumors than were patients with E. tarda 
nonbacteremic infections (Table 3). In addition, we ob-
served hepatobiliary infection, such as cholangitis and liver 
abscess, more frequently in patients with bacteremia.

Because the cohort included 26 E. tarda bacteremia 
patients, we conducted a multivariable logistic regression 
analysis adjusted with 2 explanatory variables. We hypoth-
esized that underlying liver disease and old age could be 
associated with the incidence of E. tarda bacteremia and 
selected these 2 variables as the covariates. Our analysis 
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Table 1. Characteristics of patients with Edwardsiella tarda bacteremia, Kurashiki Central Hospital, Okayama, Japan, 2005–2016* 

Characteristic Total, N = 26 Survivors, n = 23 

Patients who died 
within 30 d after 

bacteremia onset, n = 3 p value 
Median age, y (IQR) [range] 75 (63–85) [45–101] 75 (64–85) [45–101] 63 (30–87) [60–87] 0.55 
Sex, no. patients 

 
   

 M 13 11 2 1.00 
 F 13 12 1  
Underlying disease, no. patients 

 
   

 Solid tumor 12 10 2 0.58 
 Cardiovascular disease 4 4 0 1.00 
 Diabetes mellitus 3 3 0 1.00 
 Gallstone 3 3 0 1.00 
 Chronic liver disease 2 1 1 0.22 
 Cerebrovascular disease 2 2 0 1.00 
 Hematologic malignancy 1 1 0 1.00 
 Chronic kidney disease 0 0 0 NE 
 Ulcerative colitis 0 0 0 NE 
 Crohn disease 0 0 0 NE 
 None 4 2 2 0.052 
 Other 0 0 0 NE 
Behavioral/dietary risk factors, no. patients     
 Alcoholism 4 2 2 0.052 
 Exposure to raw food 3 3 0 1.00 
 Exposure to fresh or marine water, animal feces 1 1 0 1.00 
Clinical diagnosis, no. patients     
 Cholangitis 9 9 0 0.53 
 Liver abscess 6 6 0 1.00 
 Enterocolitis 4 4 0 1.00 
 Cholecystitis 3 3 0 1.00 
 Spontaneous bacterial peritonitis 1 0 1 0.115 
 Mycotic aneurysm 1 1 0 1.00 
 Necrotizing fasciitis 1 0 1 0.115 
 Empyema 1 0 1 0.115 
 Febrile neutropenia 1 1 0 1.00 
 Osteomyelitis 1 1 0 1.00 
 Secondary peritonitis 1 1 0 1.00 
 Focus unknown 5 4 1 0.49 
 Receipt of chemotherapy for cancer 4 4 0 1.00 
Median duration of treatment for infection, d (IQR) 
[range]† 

12 (7–27) [1–77] 13 (8–30) [1–77] 5 (2–11) [2–11] 0.084 

*IQR, interquartile range; NE, not evaluated. 
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Table 2. Clinical characteristics of 26 patients with Edwardsiella tarda bacteremia, Kurashiki Central Hospital, Okayama, Japan,  
2005–2016* 
Patient 
no. 

Age, 
y/sex 

Clinical 
diagnosis Underlying disease Treatment 

Treatment 
duration, d 

Concurrent 
organisms (source) Outcome 

1 77/M Focus unknown Cerebrovascular 
disease 

LVX 3 E. coli, B. fragilis 
(pus) 

Recovered 

2 79/M Liver abscess Cardiovascular disease CFP/SULIPM/CIL
PIPMEP, 
CLIMEM 

38 
 

Recovered 

3 70/F Cholangitis, 
cholecystitis 

None CFP/SUL 8 
 

Recovered 

4 87/M Focus unknown Hepatocellular 
carcinoma 

FEP 11 
 

Died at 12 d 

5 62/M Mycotic 
aneurysm, 

liver abscess, 
osteomyelitis 

Diabetes mellitus IPM/CILAMP, 
GENSAMVCM, 
PNPVCSPZX 

30 
 

Died at 39 d 

6 92/F Focus unknown Colon cancer CRO 30 
 

Died at 32 d 
7 89/F Focus unknown Colon cancer CROMEM 16 

 
Recovered 

8 85/F Liver abscess, 
enterocolitis 

Thyroid cancer MEM, 
CLIMEMIPM/CIL 

21 
 

Recovered 

9 88/F Cholangitis Cholangiocarcinoma IPM/CIL 7 
 

Died at 40 d 
10 75/F Cholecystitis None PZX 3 Klebsiella sp., 

E. coli (bile) 
Recovered 

11 101/F Cholangitis None CFP/SUL 10 
 

Recovered 
12 61/M Enterocolitis Cardiovascular disease CROLVX 10 

 
Recovered 

13 58/M Liver abscess Gallbladder cancer、 
invasion of liver 

CFP/SULMEMMI
NAMP, MIN 

77 E. faecalis, 
E. faecium, 
C. freundii, 

Bacteroides sp. 
(pus) 

Recovered 

14 84/F Cholangitis Cardiovascular 
disease, 

cerebrovascular 
disease 

CRO 6 
 

Recovered 

15 83/F Cholangitis Pancreatic cancer CFP/SUL 1 
 

Recovered 
16 66/M Liver abscess Pancreatic cancer CFZLEX 46 

 
Recovered 

17 85/M Enterocolitis Cardiovascular disease CROLVX 12 
 

Recovered 
18 64/F Enterocolitis Chronic liver disease, 

diabetes mellitus 
CMZAMP 13 

 
Recovered 

19 74/F Secondary 
peritonitis 

Diabetes mellitus CMZTZP 27 E. coli, 
K. pneumoniae, 
S. anginosus, 
F. nucleatum 

(ascites) 

Recovered 

20 63/M Necrotizing 
fasciitis 

None MEM, CLI 2 
 

Died at 2 d 

21 45/F Liver abscess, 
cholangitis 

Pancreatic cancer CFP/SULAMP 31 S. anginosus 
(blood) 

Died at 45 d 

22 65/M Cholangitis, 
cholecystitis 

Gastric cancer, 
gallstone 

CFP/SULAMP 13 S. gallolyticus 
(blood) 

Recovered 

23 81/M Cholangitis Gallstone, 
esophageal cancer 

CFP/SULAMP 16 
 

Recovered 

24 64/M Cholangitis Cholangiocarcinoma, 
gallstone 

CFP/SULAMP 8 
 

Recovered 

25 59/M Focus 
unknown, 

febrile 
neutropenia 

Peripheral T-cell 
lymphoma 

CZO 12 
 

Recovered 

26 60/F Spontaneous 
bacterial 

peritonitis, 
empyema 

Chronic liver disease TZPAMP 5 
 

Died at 6 d 

*AMP, ampicillin; B. fragilis, Bacteroides fragilis; CFP/SUL, cefoperazon–sulbactam; C. freundii, Citrobacter freundii; CFZ, cefazolin; CLI, clindamycin; 
CMZ, cefmetazole; CRO, ceftriaxone; CZO, cefozopran; E. faecalis, Enterococcus faecalis; E. faecium, Enterococcus faecium; E. coli, Escherichia coli; 
FEP, cefepime; F. nucleatum, Fusobacterium nucleatum; GEN, gentamycin; IPM/CIL, imipenem–cilastatin; K. pneumoniae, Klebsiella pneumoniae; LEX, 
cephalexin; LVX, levofloxacin; MEM, meropenem; MIN, minocycline; PNP, panipenem; PIP, piperacillin; PZX, pazufloxacin, SAM, ampicillin sulbactam; S. 
anginosus, Streptococcus anginosus; S. gallolyticus, Streptococcus gallolyticus; Tx, treatment; TZP, piperacillin tazobactam. Arrows indicate the order of 
antimicrobial drugs used. Blank cells indicate no other concurrent organisms. 
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suggested that age >65 years was significantly associated 
with an increased risk for E. tarda bacteremia incidence 
(odds ratio 2.70; 95% CI 1.11–6.55; p = 0.028). However, 
underlying chronic liver disease was not the risk factor for 
E. tarda bacteremia (odds ratio 2.48; 95% CI 0.41–14.99; 
p = 0.32).

Treatment and Outcomes
All E. tarda strains isolated from blood cultures were sus-
ceptible to all tested antimicrobial drugs. E. tarda bacte-
remia patients were treated with a variety of antimicro-
bial drugs according to the treating physicians’ discretion 
(Table 3). The median duration of treatment was 12 days 

(range 1–77 days). Overall 30-day mortality for E. tarda 
bacteremia was 12% (3/26) and overall 90-day mortality 
27% (7/26).

Patient 4 had end-stage hepatocellular carcinoma and 
liver failure. On day 2 after admission, E. tarda bacteremia 
developed; the source of infection was unidentified. He was 
treated with cefepime and promptly became afebrile. E. 
tarda bacteremia was considered controlled by cefepime; 
however, the patient died of hepatic failure on day 11.

In patient 20, necrotizing fasciitis was diagnosed, and 
E. tarda was detected from wound and blood cultures. Al-
though meropenem and clindamycin were administered, he 
died on day 2.
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Table 3. Comparison of characteristics of patients with bacteremic and nonbacteremic Edwardsiella tarda infection, Kurashiki Central 
Hospital, Okayama, Japan, 2005–2016* 

Patient characteristic 
Patients with bacteremic 

infection, n = 26 
Patients with nonbacteremic 

infection, n = 124 p value 
Median age, y (IQR) [range] 75 (63–85) [45–101] 56 (12–73) [0- 89] <0.001 
Sex, no. patients 

 
  

 M 13 82 0.178 
 F 13 42  
Underlying disease, no. patients 

 
  

 Solid tumor 12 22 0.004 
 Cardiovascular disease 4 22 1.00 
 Diabetes mellitus 3 13 1.00 
 Gallstone 3 13 1.00 
 Chronic liver disease 2 7 0.65 
 Cerebrovascular disease 2 1 0.078 
 Hematologic malignancy 1 1 0.32 
 Chronic kidney disease 0 1 1.00 
 Ulcerative colitis 0 14 0.13 
 Crohn disease 0 1 1.00 
 None 4 52 0.013 
 Other 0 2 1.00 
Behavioral/dietary risk factors, no. patients    
 Alcoholism 4 9 0.24 
 Exposure to raw food 3 7 0.38 
 Exposure to fresh or marine water, animal feces 1 0 0.173 
Clinical diagnosis, no. patients    
 Cholangitis 9 8 <0.001 
 Liver abscess 6 1 <0.001 
 Enterocolitis 4 74 0.076 
 Cholecystitis 3 9 0.44 
 Spontaneous bacterial peritonitis 1 0 0.173 
 Mycotic aneurysm 1 1 0.32 
 Necrotizing fasciitis 1 0 0.173 
 Empyema 1 0 0.173 
 Febrile neutropenia 1 0 0.173 
 Osteomyelitis 1 0 0.173 
 Secondary peritonitis 1 0 0.173 
 Focus unknown 5 1 0.001 
 Endometriosis 0 1 1.00 
 Appendicitis 0 4 1.00 
 Congenital infection 0 1 1.00 
 Cystitis 0 1 1.00 
 Intraabdominal abscess 0 1 1.00 
 Perianal abscess 0 1 1.00 
 Pneumonia 0 2 1.00 
 Pyometra 0 1 1.00 
 Secondary peritonitis 0 2 1.00 
 Superficial surgical site infection 0 1 1.00 
Receipt of chemotherapy for cancer, no. patients 4 7 0.099 
Median duration of treatment for infection, d (IQR) [range] 12 (7–27) [1–77] 5 (3–9) [0–36] <0.001 
*IQR, interquartile range. 
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Patient 26, who had end-stage alcoholic liver cirrho-
sis, was admitted for massive pleural effusion and ascites. 
E. tarda was detected from pleural effusion but not from 
ascites. Empyema and spontaneous bacterial peritonitis 
caused by E. tarda were diagnosed. Although these fluids 
were drained and antimicrobial drugs were given, she died 
on day 5.

Patient 5 was admitted for evaluation of fever and back 
pain. Blood cultures drawn on admission day revealed E. 
tarda, and he was treated with imipenem–cilastatin. How-
ever, his fever persisted. Computed tomography scan of the 
chest and abdomen revealed mycotic thoracic aneurysm, 
liver abscess, and vertebral osteomyelitis. He was treated 
with multiple antimicrobial drugs but died of a ruptured 
mycotic aneurysm on day 39.

In patients 6, 9, and 21, E. tarda bacteremia developed 
and improved with antimicrobial therapy. However, these 
patients died of underlying diseases.

Seasonal Variation in E. tarda Bacteremia
The incidence of E. tarda infection did not vary by sea-
son (Figure). We found no trend of E. tarda bacteremia 
incidence among all E. tarda infections when we examined 
them by month (p = 0.46) or by season, defined as a set of 
3 months (p = 0.53).

Discussion
E. tarda is associated with freshwater and marine life, in-
cluding fish, reptiles, and amphibians (1). The organism 
resembles Salmonella biochemically and clinically (1). 
Salmonella usually ferments D-mannitol, urease, oxidase, 
and D-sorbitol, whereas E. tarda produces hydrogen sul-
fide and indole (6).

E. tarda is a rare human pathogen and is primarily 
associated with gastrointestinal diseases, including the 

asymptomatic carrier state (1). Approximately 80% of 
infections are intestinal. E. tarda causes a Salmonella-
like gastrointestinal infection, usually self-limited en-
teritis, with intermittent watery diarrhea and low-grade 
fever (1,7).

The pathogenesis of E. tarda and its disease-causing 
mechanism remain unclear. Twelve classes of bacterial 
protein secretion systems are known; these systems trans-
port virulence proteins into the cell and, in some cases, di-
rectly into the cytoplasm of a target cell (8). The bacterial 
type III and type VI secretion systems (T3SS and T6SS) 
are believed to play an essential role in E. tarda survival, 
replication, and virulence inside the host. In particular, 
T6SS is proposed to enable E. tarda to establish inside the 
host, cause severe systemic infection, and eventually kill 
the host.

We reviewed 26 cases of E. tarda bacteremia. Clini-
cal diagnoses included 15 (58%) biliary tract infections 
(cholangitis, cholecystitis, and liver abscess). Eight of 
these patients had hepatobiliary diseases including chol-
angiocarcinoma, gallbladder cancer, pancreatic cancer, 
gallstone disease. Therefore, hepatobiliary diseases 
may be a predisposing factor of E. tarda biliary tract 
infections. However, our multivariable logistic regres-
sion found that only age >65 years was associated with 
the incidence of E. tarda bacteremia. We acknowledge 
that the sample size of our study and the number of E. 
tarda bacteremia incidence were still small, and thus 
the finding from our multivariable analysis might be  
only exploratory.

Previous studies reported high rates of death for E. 
tarda bacteremia, ranging from 22.7% to 44.6% (1,5,9). In 
contrast, the death rate for patients with E. tarda bacteremia 
in the cohort reported here was low at 12%. However, 2 of 
these 3 patients had end-stage liver disease; only 1 death 
among these patients was attributed to E. tarda bacteremia.

E. tarda is susceptible to most antimicrobial drugs, 
including tetracyclines, aminoglycosides, quinolones, 
antifolates, chloramphenicol, nitrofurantoin, fosfomy-
cin, and most β-lactams (10), and is naturally resistant to 
benzylpenicillin, colistin, and polymyxin B (1,11). In our 
study, E. tarda was susceptible to most commonly used 
antimicrobial drugs. E. tarda susceptibilities to colistin 
and polymyxin B are unknown because susceptibility 
testing is not routinely performed for these drugs in our 
institution. Previous studies have shown that all strains of 
E. tarda were positive for β-lactamase production exam-
ined with nitrocefin β-lactamase disks, but an ampicillin-
resistant E. tarda strain has not been reported (10,11). 
Whether E. tarda isolates detected in our institution pro-
duced β-lactamase is not clear because we did not perform 
the β-lactamase test, but 5 cases were successfully treated 
with ampicillin.
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Figure. Seasonal variation in the incidence of Edwardsiella 
tarda infection, Kurashiki Central Hospital, Okayama, Japan, 
2005–2016. Black bars, blood culture; gray bars, all specimens 
(including blood cultures).
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Hirai et al. suggested that E. tarda bacteremia is like-
ly to develop during summer and autumn months in the 
Northern Hemisphere (8). The authors conducted a litera-
ture review of 77 E. tarda bacteremia cases reported from 
diverse areas and suggested seasonal variation in incidence 
for 22 cases. Our study of 26 E. tarda bacteremia cases 
suggests no such seasonal distribution. Several possible 
reasons might account for this discrepancy. First, E. tarda 
can colonize. In our study, hepatobiliary infection (such as 
cholangitis, cholecystitis, and liver abscess) was diagnosed 
in 58% (15/26) patients, and patients colonizing E. tarda 
developed E. tarda bacteremia. Second, diversity might 
exist in the patients’ dietary patterns. E. tarda frequently 
infects fish. Hirai et al. included patients from many parts 
of the world, so the intake of fish might have differed ac-
cording to the season or geographic area across reports. In 
contrast, our study included only people in a single area 
of Japan who habitually ate raw seafood, such as sashimi, 
throughout the year; this tendency might have led to no sea-
sonal variation of E. tarda bacteremia incidence. Third, our 
study had no missing clinical data for any patients, whereas 
Hirai et al. examined 22 of all 77 eligible patients, which 
might have rendered their analysis vulnerable to informa-
tion bias. 

Our study had some strengths. First, we elucidated 
that no seasonal variation existed in E. tarda bacteremia 
in this population. Second, we described the characteris-
tics of each patient with E. tarda bacteremia and provided 
risk factors for E. tarda bacteremia incidence among all E. 
tarda infections.

Our study also had some limitations. First, the num-
ber of blood cultures submitted increased in recent years 
in our hospital. The number of blood cultures submitted 
in 2016 nearly doubled that for 2005. This increase might 
have resulted in the underestimation of E. tarda bactere-
mia in the earlier years of our study period. Second, ours 
was a retrospective and single-center study. However, our 
study had no missing data regarding clinical information. 
Furthermore, we successfully presented a particularly large 
case series of E. tarda bacteremia.

In conclusion, E. tarda bacteremia is a rare disease 
that is not associated with high rates of death. E. tarda 
bacteremia patients in our cohort in Japan had more se-
vere underlying diseases, such as hepatobiliary disease and 
solid tumors, than did patients in previous studies. Hepa-
tobiliary infections, such as cholangitis, cholecystitis, and 
liver abscess, are the most common clinical manifestations 
in patients with E. tarda bacteremia. The major underly-
ing diseases in this study were hepatobiliary diseases and 
malignancy. Furthermore, E. tarda strains we isolated 
were susceptible to most antimicrobial drugs, includ-
ing β-lactams, aminoglycoside, tetracycline, fosfomycin, 
fluoroquinolone, and trimethoprim/sulfamethoxazole, and  

E. tarda bacteremia was successfully treated with ampicil-
lin. Finally, we observed no seasonal distribution of E. tar-
da bacteremia. Risk factors for E. tarda bacteremia–related 
death remain to be investigated.
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Pneumococcal Septic Arthritis in Adults

We conducted a retrospective study on all cases of pneu-
mococcal septic arthritis (SA) in patients >18 years of age 
reported to the Picardie Regional Pneumococcal Network in 
France during 2005–2016. Among 1,062 cases of invasive 
pneumococcal disease, we observed 16 (1.5%) SA cases. 
Although SA is uncommon in adult patients, the prevalence 
of pneumococcal SA in the Picardie region increased from 
0.69% during 2005–2010 to 2.47% during 2011–2016 after 
introduction of the pneumococcal 13-valent conjugate vac-
cine. We highlight the emergence of SA cases caused by 
the 23B serotype, which is not covered in the vaccine.

Septic arthritis (SA) constitutes a medical emergency 
and is associated with high rates of illness and death 

(1–3). The annual incidence of proven or probable SA in 
industrialized countries is 4–10/100,000 patients in the 
general population and 30–70/100,000 in patients with 
rheumatoid arthritis or history of prosthetic joint replace-
ment surgery (1–3). The increasing prevalence over recent 
decades is related to an aging population, use of immuno-
suppressive drugs, and the growing number of orthope-
dic procedures (1–3). Large studies of SA have identified 
Staphylococcus aureus as the most common is organism 
involved, along with Streptococcus pyogenes to a lesser 
degree (1–4). Streptococcus pneumoniae is considered an 
uncommon cause of SA in adults (3–11).

S. pneumoniae is a common cause of bacterial commu-
nity-acquired pneumonia, acute otitis, maxillary sinusitis, 
and severe invasive infections, especially in patients <2 
or >65 years of age and in patients with underlying con-
ditions, such as diabetes, malignancy, immune deficiency, 
chronic alcoholism, and splenectomy (12–15). Invasive 
pneumococcal disease (IPD) is a major public health con-
cern worldwide, with a reported incidence of 7–97/100,000 
persons >18 years of age annually (14). IPD is defined as 
isolation of pneumococci from normally sterile body fluids. 
According to a review from 1952–2008, pneumococcal SA 
occurred in 0.6%–2.2% of all cases of IPD (14). Similarly, 
in a large case study published by Marrie et al. (16), 1.6% 
of patients with IPD had pneumococcal SA.

Antimicrobial drug therapy and vaccination have been 
central elements of the clinical approach to pneumococ-
cal disease. Literature from the 1990s also emphasized the 
spread of pneumococcal strains resistant to β-lactams and 
other antimicrobial agents (1,2,5–10,12–15). Pneumococ-
cal vaccination has since become a global public health 
focus (15,17–21).

We analyzed all cases of pneumococcal SA in pa-
tients >18 years of age reported to the Picardie Regional 
Pneumococcal Network in France during 2005–2016. We 
also reviewed scientific publications on SA from the 1950s 
through 2017. Our aim was to the determine prevalence of 
S. pneumoniae in SA and assess whether introduction of 

pneumococcal 13-valent conjugate vaccine (PCV13) might 
contribute to increased rates of pneumococcal SA.

Patients and Methods
The Picardie region of France has a population of ≈2 mil-
lion. Cases of IPD are reported to the Picardie Regional 
Pneumococcal Network, a collection of 12 public hospital-
based clinical bacteriology departments across the region. 
We conducted a retrospective study of pneumococcal SA 
in patients >18 years of age reported to the network dur-
ing January 1, 2005–December 31, 2016. We defined cases 
by either an S. pneumoniae–positive culture from synovial 
fluid, an S. pneumoniae–positive blood culture with puru-
lent or inflammatory joint fluid, medical imaging consistent 
with the diagnosis of arthritis, or a combination of these.

We collected patient demographic characteristics, in-
cluding age, sex, and underlying conditions; clinical signs 
and symptoms; whether patients had other sites of pneu-
mococcal infection; laboratory findings; antimicrobial 
therapy; and clinical outcomes. We performed statistical 
analyses by using SAS version 9.4 (SAS Institute Inc., 
https://www.sas.com) software, and estimated p values 
for comparison of relative frequencies by using χ2 test. 
We considered p<0.05 the threshold for statistical sig-
nificance. This study was conducted in compliance with 
French legislation and the Declaration of Helsinki regard-
ing ethics principles for medical research involving hu-
man subjects.

We also conducted a review of the largest case studies 
(>3 patients) of pneumococcal SA in patients >18 years of 
age published in the medical literature during 1950–2017 
by using the search terms “Streptococcus pneumoniae in-
fection” and “Septic arthritis” in the PubMed database. We 
excluded studies reporting on patients <18 years of age, in 
vitro and animal studies, and other factors. We retrieved 15 
studies for full-text review and identified 7 studies meeting 
our inclusion criteria (Figure).

Results
During January 1, 2005–December 31, 2016, we observed 
16 (1.5%) cases of pneumococcal SA out of 1,062 cases of 
IPD reported (Table 1). The prevalence of pneumococcal 
SA increased during the study period, ranging from 0.69% 
during 2005–2010 to 2.47% during 2011–2016 (p = 0.02).

Of patients with pneumococcal SA, the mean age was 
69.7 (34–93) years, and 62.5% were >65 years of age; 9 
were women and 7 were men. Fourteen (87.5%) patients 
had monoarticular infection; the other 2 (12.5%) cases 
had polyarticular infection, 1 case involving the knee and 
shoulders and the other sacroiliac joints. 

For 14 patients, data on medical history, clinical char-
acteristics, and time to diagnosis were available (Table 2). 
We found that 11 (78.57%) patients had 1–2 underlying  
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conditions predisposing them to pneumococcal SA, 5 
(35.71%) had 1 condition, and 6 (42.86%) had >1 condi-
tion; 3 (21.42%) had no risk factors but were among the 
oldest patients, and 5 (35.71%) had concurrent respiratory 
tract infections. Most joint infections involved the knee, 
11/16 (68.75%) SA cases; 9 (56.25%) patients had native 
joint infections; and 5 (31.25%) patients had infections af-
ter prosthetic joint surgery, 4 involving a knee and 1 in-
volving a hip. 

Of note, 1 patient had undergone surgery for inguinal 
hernia, which was complicated by abdominal wall hema-
toma and pneumococcal SA with concomitant crystal-in-
duced arthritis (gout). Another patient received a diagnosis 
of multiple myeloma while hospitalized for pneumococcal 
SA. An additional patient developed pneumococcal SA 2 
years after the joint infection. 

Vaccination status was available for 11 (78.57%) of 
the 14 patients with clinical data. Only 2 patients had been 
vaccinated against pneumococci, both after splenectomy. 

Two patients were admitted to the intensive care unit 
with septic shock and severe renal failure. All patients 
reported pain of the infected joint; only half were febrile 
(>38°C) at admission; and 10 (71.42%) patients had joint 
swelling. The median interval between admission and diag-
nosis was 1 day (range 1–60 days). The patient with infec-
tion of the prosthetic hip joint had few symptoms, which 
might explain the delay in diagnosis of pneumococcal SA, 
which took 60 days.

Leukocyte scintigraphy was helpful for 3 patients, 1 
with prosthetic hip joint infection and 2 with sacroiliac 
joint infection. Positron emission tomography was per-
formed for a patient with infection of a single sacroiliac 
joint, which showed increased radionuclide uptake.

We noted increased white cell count, >10,000/mm3, in 
13 (81.25%) cases with a mean of 13,800 cells/mm3 (range 
6,020–78,000 cells/mm3). Fourteen patients had serum C-
reactive protein (CRP) results, and 13 (92.82%) had CRP 
>100 mg/L (mean 325 mg/L [range 28–552 mg/L]) (Table 
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Figure. Selection process for 
systematic review of published 
data on pneumococcal septic 
arthritis in adults.

 
Table 1. Cases of septic arthritis and IPD, Picardie region, France, 2005–2016* 
Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 
IPD cases, no. 130 39 108 92 141 67 83 58 106 60 89 89 
No. (%) pneumococcal SA  0 0 3 (2.8) 0 0 1 (1.5) 1 (1.2) 3 (5.2) 1 (0.9) 2 (3.3%) 0 5 (5.6) 
*IPD, invasive pneumococcal disease; SA, septic arthritis 
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3). Procalcitonin test (PCT) was performed on 8 patients, 
and 6 (75%) had levels >0.5 ng/mL. Urinary pneumococ-
cal antigen detection was performed for 5 patients, and 4 
(80%) patients had positive results. 

Joint aspiration was performed in 15 cases; a patient 
with sacroiliac joint SA was excluded. All joint aspirates 
had white blood cell counts >10,000/mm3 on cytological 
analysis and were purulent in 10 (66.67%) cases. Gram 
staining showed gram-positive cocci in 11 (73.33%) cases. 
Joint fluid was cultured for S. pneumoniae, and 14 (93.33%) 
cases had positive cultures; S. pneumoniae strains were re-
covered from both joint aspirate and blood cultures from 9 
(56.25%) cases. In 2 (12.5%) cases, bacteriological diagno-
sis of arthritis was made exclusively on the basis of blood 
culture, and in 5 (31.25%) cases, the positive culture was 
only obtained for joint aspirate.

Of the 16 S. pneumoniae strains we recovered, 4 (25%) 
had low-level penicillin resistance, 1 (6.25%) also had low-
level ceftriaxone resistance, and 1 (6.25%) had high-level 
ceftriaxone resistance (MIC 4 mg/L). Three (75%) of 4 

strains from 2005–2010 had low-level penicillin resistance, 
whereas only 1 (8.3%) of 12 strains from 2011–2016 had 
low-level penicillin resistance (p<0.01). All strains isolated 
from cases of nonbacteremic SA were penicillin suscep-
tible. We serotyped 15 isolates and found 33.33% were 
strain 23B, 13.33% were 19F, and 13.33% were serotype 1 
(Table 3). Serotype 23B was always penicillin susceptible, 
but other the serotypes had low-level penicillin resistance.

All patients were treated with a combination of 2 in-
travenous antimicrobial drugs, mainly amoxicillin and 
gentamicin (68.75%). The median duration for intravenous 
antimicrobial therapy was 6 days (range 1–27 days). Af-
ter intravenous antimicrobial drug therapy, patients were 
prescribed oral antimicrobial drugs, such as amoxicillin, 
rifampin, levofloxacin, or clindamycin, alone or in combi-
nation (Table 4). The median overall duration of antimicro-
bial therapy was 42 days (range 42–84 days) for patients 
with native joint infection and 47 days (range 42–120 days) 
for patients with infection in prosthetic joints. In addition 
to antimicrobial therapy, all patients with prosthetic joint 
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Table 2. Demographic data, clinical characteristics, underlying conditions, and other sites of pneumococcal infection for 16 patients 
with pneumococcal septic arthritis in the Picardie region, France, 2005–2016* 
Patient 
age, y/sex Affected joint 

Days from admission 
to diagnosis 

Underlying conditions, 
risk factors 

Vaccination, 
type 

Clinical signs and 
symptoms Other infection 

90/M Hip, prosthetic joint 
surgery 1 y before 

SA 

60 Multiple myeloma 
diagnosed 2 y after septic 

arthritis 

ND Joint pain None 

93/F Knee, prosthetic 
joint surgery 5 y 

before SA 

2 None ND Joint pain and 
swelling 

Pneumonia 

34/M Hip 1 Chronic alcoholism N Fever, joint pain None 
68/M Knee 4 Gout, heart disease N Fever, joint pain 

and swelling 
Hematoma in 

abdominal 
muscles 

75/M Knee 1 Diabetes mellitus, heart 
disease 

N Joint pain and 
swelling 

None 

42/F One knee, both 
shoulders 

1 Splenectomy, 
Immunosuppressive drug 

Y, PPV23 Joint pain and 
swelling 

None 

80/F Knee 1 Chronic alcoholism N Joint pain and 
swelling 

None 

61/F Knee 2 COPD, multiple myeloma 
diagnosed while 

hospitalized for septic 
arthritis 

N Fever, joint pain 
and swelling 

None 

57/F Shoulder 1 COPD, MGUS N Joint pain and 
swelling 

Bronchitis 3 
weeks prior 

82/F Knee, prosthetic 
joint 

ND ND ND ND ND 

90/F Knee ND ND ND ND ND 
53/F Both sacroiliac 

joints 
2 Splenectomy Y, PCV13 Fever, joint pain Sinusitis 3 

weeks prior 
69/M Knee, prosthetic 

joint surgery 1 mo 
before SA 

1 Malignant disease 
MGUS 

N Fever, joint pain 
and swelling 

None 

82/F Knee, prosthetic 
joint surgery 1 y 

before SA 

1 None N Fever, joint pain 
and swelling 

Pneumonia 

57/M Knee 1 Chronic alcoholism ND Fever, joint pain 
and swelling 

None 

82/M Sacroiliac joint 5 None N Joint pain Pneumonia 
*COPD, chronic obstructive pulmonary disease; MGUS, monoclonal gammopathy of undetermined significance; SA, septic arthritis; ND, no data.  
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infection also underwent surgical drainage, and 1 patient 
also required replacement of the prosthetic hip joint.

Most patients survived, but 1 (6.25%) patient died 
from colchicine-related multiorgan failure 2 days after ad-
mission. The remaining patients recovered well 8 (57.14%) 
of 14 patients completely recovered, and 5 (35.71%) had 
moderately reduced range of motion in the affected joint 
(Table 4).

Literature Review
We reviewed the largest case studies published during 
1950–2017 (Table 5) and identified 121 cases of S. pneu-
moniae SA in adults in the literature (4,6–10,16). The age 
of affected patients was 47–75 years. Case-patients includ-
ed 71 men and 50 women, 87.6% (106/121) of whom had 
underlying conditions that might have been predisposing 
factors for pneumococcal SA, including rheumatoid arthri-
tis, gout and degenerative joint disease, diabetes, alcohol-
ism, immunosuppression, cardiovascular disease, chronic 
obstructive pulmonary disease, malignancy, corticosteroid 
use, and splenectomy.

The clinical characteristics of pneumococcal infection, 
laboratory findings, antimicrobial therapy, and clinical out-
comes were not available for all cases, and immunization 
status rarely was described. Among 70 patients for whom 
clinical characteristics were available, 36 (51.42%) had 
either prior or concurrent pneumococcal infections other 
than SA, including 24 (35.71%) cases of pneumonia, 10 
(14.29%) cases of meningitis, and 4 (5.71%) cases of endo-
carditis. The knee was the joint most commonly involved in 
SA (66/121), but other affected sites included the shoulder 

(19/105), ankle (11/105), hip (10/112), and elbow (9/105). 
Polyarticular involvement was reported in 23% of patients 
(28/121). Of 70 patients with prosthetic joint replacement, 
4 (5.71%) had S. pneumoniae infections and 61 (87.14%) 
had joint cultures that were positive for bacteremia. 

Concomitant bacteremia was documented in 98/119 
(82.35%) patients for whom blood culture results were re-
ported. Of 59 documented isolates, 5 (8.47%) demonstrated 
low-level penicillin resistance and 3 (5.1%) had low-level 
ceftriaxone resistance. Serotype data were seldom avail-
able, but a study by Marrie et al. (16) listed serotypes 4, 8, 
and 22F as the most commonly isolated. 

Of the 121 patients we identified, 117 (96.7%) received 
antimicrobial therapy. Of those, 41 cases had detailed data 
on treatment regimens. Penicillin was the first-line treatment 
in 29 (70.7%) cases; third-generation cephalosporins, van-
comycin, and rifampin were administered less frequently. 

Among the 63 patients for whom clinical outcome data 
were available, 58 (92.1%) underwent joint drainage, and 
11.1%–66.7% experienced sequelae of the joint infection. 
Death rates were variable among the studies but ranged as 
high as 32%.

Discussion
We report 16 (1.5%) cases of pneumococcal SA in a 
cohort of 1,062 IPD patients in France. Our study only 
includes data on S. pneumoniae–positive cultures from 
patients who were treated in public-sector hospitals. 
The true number of cases of pneumococcal SA in the 
region likely would be higher if data from private-sector 
hospitals were included. We found that the prevalence 
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Table 3. Laboratory findings, joint analysis, antimicrobial susceptibility, and serotypes of Pneumococcus-positive cultures for 16 
patients with pneumococcal septic arthritis, Picardie region, France, 2005–2016* 
Patient 
age, y/sex 

Laboratory findings 
 

Joint analysis 
 

MIC, mg/L 
Serotype CRP† Leuk‡ PCT§ Bact Ag U Characteristics Gram stain Culture PEN AMOX CEF 

90/M 100 10,400 0.14 Y +  Inflammation – +  2 2 0.5 19F 
93/F 505 11,900 5.6 Y +  Purulent + +  0.016 0.016 0.016 3 
34/M 290 14,000 0.36 N NA  Purulent + +  0.016 0.016 0.016 10A 
68/M 28 78,000 NA Y NA  Purulent + +  0.5 0.25 0.25 1 
75/M 360 13,800 NA Y NA  Purulent + +  0.064 0.016 0.016 NA 
42/F 203 44,000 13 Y NA  Inflammation  – +  0.016 0.016 0.016 23B¶ 
80/F 385 18,200 NA Y NA  Purulent + +  0.016 0.016 0.032 23B¶ 
61/F 552 6,020 155 Y NA  Purulent + +  0.5 0.5 1 1 
57/F 391 11,310 NA N NA  Inflammation NA +  0.008 0.016 0.016 23B¶ 
82/F NA 12,200 NA N NA  Inflammation + +  0.016 0.016 0.032 6A# 
90/F NA NA NA Y +  Purulent + –  1 0.5 4 19F 
53/F 110 12,800 69.9 Y –  NA NA NA  0.016 0.016 0.016 24F¶ 
69/M 552 8,740 NA Y NA  Purulent + +  0.016 0.016 0.016 9N 
82/F 178 19,480 3.72 Y NA  Purulent + +  0.016 0.016 0.016 8 
57/M 450 15,550 NA N NA  Purulent – +  0.032 0.016 0.016 23B¶ 
82/M 240 21,000 0.96 N +  Inflammation + +  0.016 0.016 0.016 23B¶ 
*Ag U, pneumococcal antigen in urine; AMOX, amoxicillin; Bact, bacteremia; CEF, ceftriaxone; CRP, C-protein reactive; leuk, leukyocytes; NA, not 
available; PCT, procalcitonin; PEN, penicillin; PCV13, pneumococcal 13-valent conjugate vaccine; PPV23, pneumococcal 23-valent polysaccharide 
vaccine; +, positive; –, negative. 
†In mg/L. 
‡In cells/mm3. 
§In ng/mL. 
¶Serotypes not covered by PCV13 or PPV23.  
#Serotype covered by PCV13 but not by PPV23. 
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of pneumococcal SA reported to the Picardie Regional 
Pneumococcal Network increased 4-fold after introduc-
tion of PCV13 in 2010.

We observed slight female predominance in our case-
patients, which is in line with other studies (8,9). However, 
some studies describe male predominance (4,7,10,16). We 
found that older adults were more susceptible to pneumo-
coccal SA; 62.5% of our patients were >65, but this pro-
portion was lower than reported in previous studies (4,6–
10,16,22). Underlying conditions that could predispose 
patients to pneumococcal SA were observed in 79% of 
cases, and 21% of pneumococcal joint infections occurred 
in apparently healthy patients, which is in line with the re-
sults reported by others (23).

Among our cohort, 2 cases of multiple myeloma were 
revealed by pneumococcal SA. Because multiple myeloma 
causes immunosuppression, patients with multiple my-
eloma are more likely to become infected by encapsulated 
bacteria. Clinicians should consider multiple myeloma 
when pneumococcal SA is diagnosed in patients with no 
apparent predisposing factor (24,25). 

Some studies report a history of concomitant extra-ar-
ticular infection in 40%–60% of patients with pneumococcal 
joint infection (6–8,10). We noted pneumococcal respiratory 
tract infection in 36% of our cohort, but the respiratory tract 
was the only site of concomitant extra-articular infection 
reported. The knee was the joint affected most commonly. 
Among our cohort, 62.5% had SA in the knee and 12.5% 
had SA in the hip, a site reported less commonly overall; 
only 1%–7.8% of SA cases in the literature involved the hip 
(9,10,26). SA involved a prosthetic joint in 31% of cases, 
a higher rate than previously reported (6,7,9,10,26). Joint 
prosthesis in older adults appears to be an added risk factor 
for SA.

For most patients, the time to diagnosis was a few 
days. However, the diagnosis of prosthetic joint SA, par-
ticularly in the hip, was sometimes longer, as seen in previ-
ous findings (4,9,26).

Clinical signs and conventional laboratory markers, 
such as elevated white blood cell count, and CRP cannot dif-
ferentiate infectious from noninfectious inflammation, and 
these tests should not be used alone to diagnose SA. Serum 
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Table 4. Clinical data on 16 patients with pneumococcal septic arthritis, Picardie region, France, 2005–2016* 

Patient age, 
y/sex 

Antimicrobial drugs, initial 
intravenous therapy; duration, d 

Antimicrobial drugs, 
change to oral therapy 

Surgical 
intervention 

Duration of 
antimicrobial 

therapy, d Clinical outcome 
90/M Ceftriaxone and rifampin; 4 Levofloxacin and 

rifampin 
Arthrotomy and 
replacement of 
prosthetic joint 

42 Recovered, regained 
baseline joint function 

93/F Ceftriaxone and gentamicin; 5 Levofloxacin and 
clindamycin 

Arthrotomy and 
synovectomy 

120 Recovered, regained 
baseline joint function 

34/M Amoxicillin and gentamicin; 4 Levofloxacin and 
amoxicillin 

None 42 Recovered, moderately 
reduced range of motion 

68/M Amoxicillin and gentamicin; 2 NA None 2 Died 2 d after admission 
from multiorgan failure 
related to colchicine 

overdose 
75/M Amoxicillin and gentamicin,  

then amoxicillin and 
levofloxacin; 11 

Levofloxacin None 42 Recovered, regained 
baseline joint function 

42/F Vancomycin and gentamicin; 6 Levofloxacin and 
rifampin 

Arthrotomy 42 Recovered, moderately 
reduced range of motion 

80/F Ofloxacin and cloxacillin; 1 Amoxicillin None 42 Recovered, regained 
baseline joint function 

61/F Amoxicillin and levofloxacin and 
rifampin; 7 

Amoxicillin and 
rifampin 

Arthrotomy 42 Recovered, regained 
baseline joint function 

57/F Amoxicillin and gentamicin; 5 Amoxicillin None 42 Recovered, moderately 
reduced range of motion 

82/F ND ND ND ND ND 
92/F ND ND ND ND ND 
53/F Ceftriaxone and gentamicin; 15 Levofloxacin None 84 Recovered, regained 

baseline joint function 
69/M Amoxicillin and gentamicin; ND ND ND ND Recovered, regained 

baseline joint function 
82/F Cefotaxime and gentamicin; 7 Levofloxacin and 

rifampin 
Arthrotomy 47 Recovered, moderately 

reduced range of motion 
57/M Amoxicillin and gentamicin; 27 Amoxicillin Arthrotomy and 

synovectomy 
42 Recovered, moderately 

reduced range of motion 
82/M Amoxicillin and gentamicin; 10 Amoxicillin None 42 Recovered, regained 

baseline joint function 
*NA, not applicable; ND, no data. 
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PCT levels also increase in various forms of inflammation 
and microbial infections. PCT is <0.5 ng/mL in healthy 
patients but rapidly increases with systemic bacterial  
infections, such as SA (27). Some studies have reported 
falsely low PCT during the early phase of infection or in 
localized infections, such as SA (27). In our study, all 
patients had elevated CRP and 75% had elevated PCT. 
Synovial fluid almost always had an inflammatory ap-
pearance and often was purulent, as also described in 
prior studies (4,6–10,28). Positive gram staining results 
were reported in 80% of cases, and positive culture was 
reported in 93% of cases, similar to the rates from previ-
ous studies (4,6–10).

In the literature, pneumococcal bacteremia was 
complicated by joint infection in 0.3%–0.6% of cases 
(10,29,30); bacteremia was observed in 55%–100% of 
adults with pneumococcal SA (4,6,8–10,16) and appeared 
to be more frequent when a prosthetic joint was infected 
(6). In our study, we observed bacteremia in 69% of cases 

of native SA and in 80% of cases of prosthetic joint infec-
tion. The frequency of documented concurrent bacteremia 
emphasizes the importance of obtaining blood cultures in 
addition to joint fluid cultures before initiating antimicro-
bial therapy. Isolation of pathogenic microorganisms from 
both synovial fluid and blood culture can be considered the 
gold standard for SA diagnosis.

Most reported pneumococcal SA strains for which 
antimicrobial susceptibility data were available were sus-
ceptible to penicillin (6–10,28). A few strains with low- or 
high-level penicillin and ceftriaxone resistance have been 
reported in the literature (6,7,10); in our study, 25% of the 
strains had low-level penicillin resistance, and 12.5% had 
low- or high-level ceftriaxone resistance. Regardless, the 
frequency of low-level β-lactam resistance decreased from 
2005–2010 to 2011–2016 (p<0.01). Despite the poor im-
munization coverage in this population, the decreased rate 
of resistance is related to a reduction in resistant serotypes, 
achieved by herd immunity.
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Table 5. Detailed analysis of reports of septic arthritis in patients >18 years of age reported in medical literature during 1950–2019* 

Study details 

Study authors, year published (reference) 

This study 
Ros, et al., 
2003 (10) 

Ispahani et 
al., 1999 (8) 

Dubost et 
al., 2004 (4) 

Raad et al., 
2004 (6) 

James et 
al., 2000 (7) 

Belkhir et 
al., 2014 (9) 

Marrie et al., 
2017 (16) 

No. patients 16 11 25 7 4 14 9 51 
Median age, y (IQR) 69.7 (+25) 60 (+18.5) 69 (NA) 63 (NA) 47 (+3.25) 63 (+21.75) 75 (+26) 56 (+17) 
Sex, M/F 7/9 6/5 11/14 4/3 2/2 9/5 4/5 35/16 
Impaired joints, no.         
 Knee 11 6 12 4 0 10 7 26 
 Hip 2 0 0 0 2 0 0 0 
 >1 joint 2 3 5 0 3 6 0 9 
 Prosthetic joint 5 2 2 0 0 0 0 NA 
Extraarticular 
infections, no. 

6† 5 11 1 2 7 5 NA 

Underlying conditions, 
no. 

11† 9 23 5 4 10 3 48 

Known vaccination 
status, no. 

11 0 0 0 0 0 1 0 

 No. immunized 2 – – – – – 0 – 
Laboratory data, no. positive/no. tested 
 Bacteremia  11/16 9/11 20/24 4/6 1/4 8/14 5/9 51/51 
 Gram stain 11/14 NA 23/25 4/5 NA NA 5/9 NA 
 Culture 14/15 11/11 19/25 7/7 4/4 13/14 7/9 NA 
Serotypes, no. 6 1 1 NA NA NA 4 29 
 Strains 23B and 

24F 
6A 24F – – – NA NA 

 Covered by PCV13 
 and PPV23 

N Y N – – – Y  

Susceptibility 
 Penicillin S 4 3 25 NA 2 NA 5 NA 
 Ceftriaxone S 1 1 25 NA 1 1 NA NA 
 Ceftriaxone R 1 – – – – – NA NA 
Median duration of 
antimicrobial therapy, d 

42 42 49 27 49 NA 44.7 NA 

Surgical intervention, 
no.‡ 

6† 8† 21 3 2 11 6 NA 

Clinical outcome 
 Death 1 2 8 0 0 3 1 6 
 Sequelae 5 4 10 4 1 2 1 NA 
*IQR, interquartile range; NA, not available; PCV13, pneumococcal 13-valent conjugate vaccine; PPV23, pneumococcal 23-valent polysaccharide 
vaccine; R, resistant; S, susceptible. 
†Data not available for all patients in study. 
‡Including arthrotomy or synovectomy of affected joint or prosthetic joint replacement. 
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Radiography, computed tomography, scintigraphy, 
and magnetic resonance imaging can be useful to assess 
the presence and extent of bone and joint inflammation 
and destruction but cannot distinguish between infec-
tions and other causes of acute inflammatory arthritis 
(3). Septic inflammation of a joint also can lead to radio-
nuclide uptake in scintigraphy (31). However, diagnosis 
of pyogenic sacroiliitis often was made on the basis of 
patient history, physical examination, and positive skel-
etal scintigraphy or computed tomography of the sacro-
iliac joint.

No consensus has been reached concerning the opti-
mal duration of intravenous antimicrobial therapy and the 
role of switching to oral therapy (3,28). The median dura-
tion reported in the literature ranged from 17–30.1 days for 
intravenous therapy and 30.6–49 days for oral antimicro-
bial agents (4,6,8–10). The median duration of intravenous 
therapy in our study was shorter, 1–23 days with a mean of 
5.5 days, but the overall duration of antimicrobial therapy 
was comparable to reports in the literature. In several stud-
ies, penicillin was the most commonly used antimicrobial 
drug, then third-generation cephalosporins; gentamicin 
rarely was used (7,8,10,28). In contrast, 68.75% of cases 
in our study received a combination therapy of a β-lactam 
antimicrobial drug and gentamicin.

Antimicrobial therapy in the absence of drainage can 
be successful in certain patients. However, arthrotomy in 
combination with antimicrobial therapy typically is consid-
ered the best treatment for SA (4,6–10). In our cohort, ar-
throtomy was performed in 46% of cases. In the literature, 
when information regarding management was available, 
joint drainage always was performed on patients with SA 
in a prosthetic joint. Several cases of pneumococcal pros-
thetic joint SA required extended courses of antimicrobial 
drugs or even lifetime antimicrobial therapy, open surgi-
cal drainage, and sometimes replacement of the prosthetic 
joint (3,7,8,26,28).

Pneumococcal SA usually has a favorable prognosis 
when appropriate treatment is instituted rapidly (3,28). 
In our study and others we reviewed, most patients re-
covered and achieved their initial joint range of motion 
or had only minor sequelae with mildly reduced range of 
motion (7,9,10). Nevertheless, extensive physical damage 
sometimes was described (4), and mortality rates of up to 
32% were reported in patients with pneumococcal SA (6–
8,10,16). Risk of death appeared to be higher in cases of 
pneumococcal SA associated with bacteremia (24%) than 
those without bacteremia (6%) (15). In our study, 1 (7%) 
patient died with SA infection caused by a strain with low-
level penicillin resistance.

Because the prevalence of antimicrobial drug–resistant 
S. pneumoniae has increased, pneumococcal vaccination 
has become a greater focus for public health (12,15,17–

21). In the Picardie region, and in France as a whole, 
both PCV13 and pneumococcal 23-valent polysaccharide 
vaccine (PPV23) are indicated in adults with underlying 
conditions that predispose them to pneumococcal disease 
(15,17). In the Picardie Regional Pneumococcal Network, 
82% (9/14) of patients with known vaccination status had 
not been vaccinated; of those, 5 (55.5%) had underlying 
conditions that would have justified pneumococcal vac-
cination. Of the strains isolated, 60% are covered by ei-
ther PCV13 or PPV23. Of the 40% not covered by either 
vaccine, 5 were 23B serotype and 1 was the 24F serotype. 
Although several studies have demonstrated the effective-
ness of pneumococcal vaccines in preventing IPD in adults 
(17,18,20,21), a large retrospective study of patients with 
pneumococcal SA reported S. pneumoniae serotypes 22F 
and 12F, both of which are covered by PPV23, frequently 
occur (16), findings that emphasize the importance of fol-
lowing the immunization guidelines.

In June 2010, health authorities in France introduced 
PCV13 for children <2 years of age; older children with 
>1 underlying conditions, such as innate or acquired im-
munodeficiency, malignancy, impaired splenic function, 
cochlear implants, cerebrospinal fluid leakage, or recurrent 
IPD; and adults at risk for pneumococcal infections, such 
as those with immunosuppression or history of splenecto-
my. According to studies in France, after the introduction 
of PCV13, the incidence of all IPD types decreased dur-
ing 2008–2012 by 20% in adults 16–64 years of age and 
by 15% in patients >65 years of age (17). Decreases in S. 
pneumoniae isolates with reduced antimicrobial sensitivity 
also were noted (15), but the frequency of serotypes not 
covered by the vaccine increased (15,17). 

In our study, serotype 23B in pneumococcal SA or IPD 
emerged 2 years after the introduction of PCV13 (data not 
shown), and these strains were always penicillin suscep-
tible. The 2 patients in our study who had S. pneumoniae 
vaccination after splenectomy were not protected against 
infection by serotypes 23B and 24F. Our data are consis-
tent with trends observed in other countries (32–35). For 
example, Germany and the United States report a rise in 
serotype 23B after implementation of PCV13 (32–35) and 
a high proportion of the 23B isolates displayed a low-level 
penicillin resistance. However, the serotype 23B strain we 
saw in the Picardie region was always penicillin-suscepti-
ble. If confirmed by future studies, 23B and 24F serotypes 
should be considered when developing next-generation 
PCVs (36).

In conclusion, the prevalence of pneumococcal SA in 
adults in the Picardie Regional Pneumococcal Network of 
France increased over the 5 years reported, apparently in 
relation to emergence of serotype 23B. Vaccination in the 
region might not comply fully with the current guidelines; 
60% of the strains isolated from patients in this study are 
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covered by PCV13 and PPV23, suggesting that these pneu-
mococcal infections could have been prevented.
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In 1965, a group of CDC research-
ers described a species of gram-

negative, facultatively anaerobic 
bacteria in the family Enterobacteri-
aceae, which they named Edwardsi-
ella (for CDC microbiologist Philip 
R. Edwards) tarda (Latin, “slow,” re-
ferring to biochemical inactivity and 
the fact that it ferments few carbo-
hydrates). These organisms infect a 
variety of fish, reptiles, and amphib-
ians and are opportunistic pathogens 
for humans.

Dr. P.R. Edwards of 
the US Public Health 
Service, seated in the 
background, and George 
Herman working in the 
Enteric Bacteriology Unit 
Laboratory.  
Dr. Edwards joined 
the staff of the 
Communicable Disease 
Center of the Public 
Health Service in 1948 
and served as Chief of 
the Enteric Bacteriology 
Unit until June 1962 
when he accepted the 
post of Chief of the Bacteriology Section at CDC. Image source, Public Health 
Image Library.



In 2017, a total of 8,819 cases of diphtheria were reported 
worldwide, the most since 2004. However, recent diphthe-
ria epidemiology has not been well described. We analyzed 
incidence data and data from the literature to describe 
diphtheria epidemiology. World Health Organization surveil-
lance data were 81% complete; completeness varied by re-
gion, indicating underreporting. As national diphtheria–teta-
nus–pertussis (DTP) 3 coverage increased, the proportion 
of case-patients <15 years of age decreased, indicating in-
creased protection of young children. In countries with high-
er case counts, 66% of case-patients were unvaccinated 
and 63% were <15 years of age. In countries with sporadic 
cases, 32% of case-patients were unvaccinated and 66% 
were >15 years of age, consistent with waning vaccine im-
munity. Global DTP3 coverage is suboptimal. Attaining high 
DTP3 coverage and implementing recommended booster 
doses are necessary to decrease diphtheria incidence. Col-
lection and use of data on subnational and booster dose 
coverage, enhanced laboratory capacity, and case-based 
surveillance would improve data quality.

Diphtheria was a leading cause of childhood death in the 
prevaccine era (1). Incidence in industrialized countries 

decreased rapidly with diphtheria–tetanus–pertussis (DTP) 
vaccine introduction after World War II. Incidence in less 
developed countries also decreased after the launch of the 
World Health Organization (WHO) Expanded Programme 
on Immunization in 1974 (2), which recommended that all 
infants receive a 3-dose series of DTP vaccine by 6 months 
of age. A spike in incidence in the newly independent states 
of the former Soviet Union occurred in the 1990s (Figure 1), 
resulting in >157,000 cases and 5,000 deaths (1). This spike 
demonstrated the potential for severe outbreaks of diphtheria 
in communities that have a large population of nonimmune 
adults and poor vaccination coverage for children.

Although several comprehensive reviews were pub-
lished after that outbreak peaked (3–5), only sporadic 

documentation of diphtheria outbreaks has been pub-
lished since, and no examination of global epidemiologic 
trends has been published. During 2016–2019, diphtheria 
outbreaks were reported in multiple countries, including 
Bangladesh, Yemen, and Venezuela. Several outbreaks 
were among vulnerable populations or in areas of social 
disruption and conflict. Authors in some low- and mid-
dle-income countries have reported a resurgence of the 
disease or a shift to older populations (6–8). However, 
the quality of reported surveillance data varies; 26 of 130 
responding countries report no diphtheria surveillance 
system, and only 55 report case-based surveillance with 
laboratory confirmation (9). In this context, a review of 
recent epidemiologic trends is needed to better character-
ize recent outbreaks.

Given a previous lack of global guidance on diph-
theria-containing booster doses after the 3-dose primary 
series, a wide variety of schedules had been adopted by 
different countries as of 2018 (10–12). Twenty-four per-
cent of countries used the 3-dose series alone, and other 
countries offered 1–3 booster doses on varying schedules; 
24% of countries also included >1 adult booster doses, 
defined as a dose recommended at or after 18 of years of 
age (Figure 2). Although there are no global estimates of 
coverage for booster doses, available data suggest cov-
erage is lower than that for the primary series in many 
countries (13).

In August 2017, WHO released revised recommen-
dations for diphtheria vaccination (14). In addition to the 
3-dose primary series in infancy, new recommendations 
include 3 diphtheria toxoid–containing booster doses given 
at 12–23 months of age, 4–7 years of age, and 9–15 years 
of age. These recommendations, which harmonize with the 
updated recommendations for tetanus boosters released in 
February 2017 (15), emphasize the need for a life course 
vaccination approach and present new opportunities for 
synergies with other vaccines and healthcare activities, 
such as measles second dose, preventive care at school  
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entry, and human papillomavirus vaccination. In addition, 
it is now recommended that the combined tetanus toxoid 
and diphtheria toxoid vaccine be used during pregnancy 
and when tetanus prophylaxis is required because of injury, 
rather than using tetanus toxoid alone. The objective of this 
study was to review the epidemiology of diphtheria since 
2000, including global aggregate surveillance data, vacci-
nation coverage data, and available data regarding the age 
and vaccination status of infected persons.

Methods
We examined aggregate diphtheria surveillance data re-
ported annually to WHO and the United Nations Children’s 
Fund (UNICEF) from each country through the Joint Re-
porting Form (JRF) for global and regional epidemiologic 
incidence trends during 2000–2017. JRF data include the 

aggregate number of cases of diphtheria reported by coun-
tries in a given year and do not provide information on 
case-patient age or vaccination status.

We obtained information on the age or vaccination 
status of diphtheria case-patients from accessible pub-
lished or gray literature (publications produced by organi-
zations outside traditional commercial or academic pub-
lishing and distribution channels), presentation reports, 
and regional case-based surveillance data. We performed 
systematic searches covering publication dates during 
January 2000–September 2018 (Table 1). Searches re-
turned 1,080 unique abstracts; 2 researchers reviewed 
each abstract to determine relevance. Discrepancies were 
discussed until consensus was reached. To meet inclu-
sion criteria, manuscripts had to contain data about the 
age or vaccination status of case-patients with respiratory 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1835

Figure 1. Cases of diphtheria 
as reported to the World Health 
Organization and the United 
Nations Children’s Fund, 
through the Joint Reporting 
Form, worldwide, 1980–2017.

Figure 2. Percentage (number) 
of countries reporting each 
diphtheria vaccination schedule, 
2018. The number after the plus 
sign indicates the number of 
booster doses on the national 
schedule after the 3-dose 
primary series and before the 
age of 18 years.
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diphtheria caused by Corynebacterium diphtheriae dur-
ing 2000–2017, with availability of full text in English 
or Spanish. Twenty-nine abstracts were excluded for lan-
guage, as were 779 abstracts not relevant to the review. 
Two additional articles were not retrievable in full text.

Of 107 manuscripts reviewed in full text, 28 met inclu-
sion criteria for the analysis (Appendix references 1–28, 
https://wwwnc.cdc.gov/EID/article/25/10/19-0271-App1.
pdf). The full text of each manuscript was reviewed by 2 
investigators, and relevant data were compiled in an Excel 
(Microsoft, https://www.microsoft.com) database. An ad-
ditional 19 published manuscripts were identified through 
the reference lists (Appendix references 29–47). A review 
of the gray literature resulted in 12 additional sources (Ap-
pendix, references 48–59), and communications with col-
leagues resulted in access to 11 unpublished reports (Pan 
American Health Organization: T.S.P. Tiwari [2]; R. Kai-
ser; Centers for Disease Control and Prevention; WHO 
Punjab; J. Crucena; Republic of Philippines Epidemiology 
Bureau; T. Nguyen; A. Nihal; and L. Sangal).

Diphtheria data from the European Surveillance 
System were provided by Spain, Latvia, Germany, Italy, 
Lithuania, the Netherlands, the United Kingdom, Finland, 
Sweden, France, Austria, and Belgium and released by 
the European Centre for Disease Prevention and Control 
(Stockholm, Sweden) (Appendix reference 60). Similar 
case-based diphtheria data were not available from other 
regions. Because of multiple data sources, we conservative-
ly excluded cases identified as potential duplicates when 
matching by age group, location, and year. The final dataset 

consisted of 15,380 cases of diphtheria (15,068 including 
age data and 7,242 including vaccination status data) from 
34 countries.

We compared cases included in the final dataset 
with the number of cases in the aggregate JRF data for 
each country over the same period to cross-reference the 
completeness of the diphtheria data reported in the JRF. 
Because DTP 3 coverage is a major risk factor for dis-
ease transmission in a population, we took the average 
of the national WHO–UNICEF estimates of DTP3 cov-
erage (16) for the 5 years previous to the cases for each 
set of reported cases. For analysis, we classified countries 
with data included in the review as either countries with 
higher case counts (defined as reporting >10 cases in each 
of >3 years of JRF incidence data during 2000–2017, or 
reporting >100 cases in a single year) or as countries with 
sporadic cases.

The age distribution analysis was complicated by 
the diverse ways in which age data were aggregated in 
different manuscripts. Our analysis used an age of 15 
years for disaggregation of age data because this age was 
most frequently mentioned in the historical literature as a 
benchmark for the age shift in diphtheria incidence over 
time. However, on the basis of availability of age data 
from source documents, we made classifications by using 
heterogeneous age cutoffs in the initial analysis. To ad-
dress this limitation, we compiled a more precise dataset 
(n = 9,334 cases from 32 countries) for sensitivity analy-
ses that contained only data that classified case-patients as 
>15 or <15 years of age (± 1 year).
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Table 1. Strategy for systematic literature search for diphtheria, January 1, 2000-September 18, 2018* 
Database Initial search strategy 
Medline (Diphtheria/ AND Disease Outbreaks/) OR (diphtheria.ti AND (outbreak* OR cluster*  

OR epidemic*).ti,ab.) OR (diphtheria ADJ3 (outbreak* OR cluster* OR epidemic*)).ab. 
Embase (Diphtheria/ AND Disease Outbreaks/) OR (diphtheria.ti AND (outbreak* OR cluster*  

OR epidemic*).ti,ab.) OR (diphtheria ADJ3 (outbreak* OR cluster* OR epidemic*)).ab. 
Scopus TITLE-ABS-KEY(diphtheria W/2 outbreak*) 
Database Secondary Search Strategy 
Medline *diphtheria/ or diphtheria.ti,ab. AND Epidemics/ OR Disease Outbreaks/ OR (outbreak*  

OR cluster* OR epidemic*).ti,ab. AND Limit 2000– 
Embase *diphtheria/ or diphtheria.ti,ab. AND Epidemic/ OR (outbreak* OR cluster* OR epidemic*).ti,ab. AND Limit 2000– 
Global Health diphtheria/ OR diphtheria.ti,ab,sh. AND Epidemics/ OR (outbreak* OR cluster*  

OR epidemic*).ti,ab,sh. AND Limit 2000– 
CINAHL (MJ diphtheria) or (TI diphtheria) OR (AB diphtheria) AND (MH “Disease Outbreaks”)  

OR (MH Epidemics) OR (TI (outbreak* OR cluster* OR epidemic*)) OR (AB (outbreak*  
OR cluster* OR epidemic*)) AND Limit 2000- ; Exclude Medline records 

Cochrane Library [mh diphtheria] or diphtheria:ti,ab AND [mh “Disease Outbreaks”] OR [mh Epidemics]  
OR (outbreak* OR cluster* OR epidemic*):ti,ab AND Limit 2000– 

LILACS Diphtheria AND (outbreak* OR cluster* OR epidemic*) 
Scopus INDEXTERMS(Diphtheria) AND INDEXTERMS(“disease outbreak*” OR epidemic*) AND (LIMIT-

TO(PUBYEAR,2015) OR LIMIT-TO(PUBYEAR,2014) OR LIMIT-TO(PUBYEAR,2013) OR LIMIT-
TO(PUBYEAR,2012) OR LIMIT-TO(PUBYEAR,2011) OR LIMIT-TO(PUBYEAR,2010) OR LIMIT-
TO(PUBYEAR,2009) OR LIMIT-TO(PUBYEAR,2008) OR LIMIT-TO(PUBYEAR,2007) OR LIMIT-
TO(PUBYEAR,2006) OR LIMIT-TO(PUBYEAR,2005) OR LIMIT-TO(PUBYEAR,2004) OR LIMIT-
TO(PUBYEAR,2003) OR LIMIT-TO(PUBYEAR,2002) OR LIMIT-TO(PUBYEAR,2001) OR LIMIT-

TO(PUBYEAR,2000)) AND (LIMIT-TO(DOCTYPE,”ar”) OR LIMIT-TO(DOCTYPE,”re”)) AND (LIMIT-
TO(EXACTKEYWORD,”Diphtheria”)) 

*CINAHL, Cumulative Index to Nursing and Allied Health Literature; LILACS, Latin American and Caribbean Health Sciences Literature. 
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Sources also aggregated vaccination status data differ-
ently and had varying definitions for fully vaccinated de-
pending on the vaccination schedule of the country or cri-
teria of the investigators. For this review we defined fully 
vaccinated, at a minimum, as having received all 3 doses 
of the primary series. Cases with partial vaccination (>1 
dose of infant DTP) were grouped with fully vaccinated 
cases in several sources; we conservatively designated 
these cases as partially vaccinated in the full dataset. Re-
ports of cases with unknown or partial vaccination status 
were grouped with unvaccinated cases in other sources; we 
conservatively designated these cases as unvaccinated in 
the full dataset. To address this limitation, we compiled a 
dataset (1,534 cases from 27 countries) that contained only 
cases that were reported in >3 different groups (unvacci-
nated, partially vaccinated, or fully vaccinated). We also 

provide additional information on datasets compiled from 
the literature and gray literature review (Table 2).

We analyzed distribution of case-patients by age and 
vaccination status by using descriptive methods in Excel 
2016. We performed sensitivity analysis to test for consis-
tency of findings between those analyses performed by us-
ing the full dataset and those performed by using a dataset 
with enhanced precision around the variable of interest. 
Because cases from India represented >50% of cases in 
the full dataset, we conducted a final sensitivity analysis to 
check for consistency of trends for all analyses when data 
from India were excluded.

Finally, to examine the relationship between vaccina-
tion coverage with the primary series and age distribution, 
we combined the total number of cases for each country in 
the dataset. We compared the proportion of case-patients 
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Table 2. Overview of datasets with information on age and vaccination status compiled from review compared with aggregate 
diphtheria incidence data reported by countries on the joint reporting form over the same period, 2000–2017* 

Country Classification 

Full dataset,  
n = 15,380 

 

Datasets for sensitivity analysis 
Age data,  
n = 9,334† 

 

Vaccination status 
data, n = 1,534‡ 

 

Joint reporting form data 
2000–2017, n = 103,138 

Years of 
data 

Total 
cases 

Years of 
data 

Total 
cases 

Years of 
data 

Total 
cases 

Years ≥1 case 
reported 

Total 
cases 

Afghanistan Higher case count 1 50  1 37  NA NA  8 1,380 
Australia Sporadic 1 1  1 1  1 1  7 26 
Austria Sporadic 1 2  1 2  NA NA  2 4 
Bangladesh§ Higher case count 1 3,581  1 3,567  NA NA  18 804 
Belgium Sporadic 2 2  2 2  1 1  7 15 
Brazil Higher case count 3 32  2 28  3 32  16 331 
Colombia Sporadic 1 8  1 8  1 6  4 17 
Dominican Republic Higher case count 2 82  2 82  1 1  15 372 
Finland Sporadic 2 2  2 2  2 2  3 3 
France Sporadic 7 22  7 22  4 4  10 54 
Germany Sporadic 7 24  7 24  3 3  13 77 
Haiti Higher case count 6 314  3 92  3 41  14 230 
India¶ Higher case count 20 8,720  18 3,303  12 544  18 79,034 
Indonesia Higher case count 2 582  2 566  1 52  17 7,160 
Italy Sporadic 1 1  1 1  NA NA  1 1 
Laos Higher case count 2 62  2 62  2 27  15 578 
Latvia Higher case count 10 133  10 133  6 45  18 612 
Lithuania Sporadic 2 3  2 3  NA NA  4 10 
Malaysia Higher case count 1 1  1 1  NA NA  14 106 
Myanmar Higher case count 2 156  2 154  1 50  17 512 
Netherlands Sporadic 3 5  3 5  3 4  5 12 
Nigeria Higher case count 6 118  6 118  3 8  4 7,565 
Norway Sporadic 3 8  3 8  1 3  3 5 
Pakistan Higher case count 2 406  2 406  2 372  18 1,176 
Paraguay Sporadic 1 47  NA NA  1 12  5 59 
Philippines Higher case count 7 553  7 512  6 280  15 1,019 
South Africa Sporadic 1 15  1 15  1 8  6 26 
Spain Sporadic 2 2  2 2  2 2  2 2 
Sweden Sporadic 6 12  6 12  5 7  6 12 
Thailand Higher case count 2 47  2 35  NA NA  18 342 
United Kingdom Sporadic 8 23  8 22  4 4  13 40 
United States Sporadic 1 1  1 1  1 1  5 6 
Venezuela Higher case count 2 244  NA NA  1 11  3 818 
Vietnam Higher case count 2 121  1 108  1 13  18 730 
*NA, not available. 
†Includes all case-patients for which age was clearly designated as above or below an age cutoff point of 15 y (± 1 y). 
‡Includes all cases for which vaccination status was clearly designated as fully vaccinated, partially vaccinated, or unvaccinated. 
§Population of Rohingya refugees from Myanmar housed in a refugee camp in Bangladesh. 
¶Data from India include 2 articles with aggregate data including the late 1990s (Appendix references 15,18, https://wwwnc.cdc.gov/EID/article/25/10/19-
0271-App1.pdf). 
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>15 years of age in each country with the average of DTP3 
coverage for the 5 years preceding the year(s) when the cases 
were reported. We excluded countries with <5 cases in the 
dataset from this analysis, leaving 24 countries in the pri-
mary analysis and 23 countries in the sensitivity analysis.

Results

General Epidemiologic Trends
Since 2000, the number of reported diphtheria cases 
worldwide in JRF data initially decreased, then leveled at 
4,300–5,700 reported cases/year during 2006–2013. Sub-
sequently, the annual number of reported cases became 
more variable; 8,819 cases were reported in 2017, the most 
cases in a single year since 2004 (Figure 3). The average 
number of annual cases reported worldwide over the most 
recently reported 5-year period (2013–2017) was 6,582, an 
increase of 37% compared with the previous 5-year aver-
age of 4,809 cases during 2008–2012.

Since 2000, the WHO South-East Asia region has re-
ported most of the global diphtheria incidence each year. 
India has reported the largest proportion of diphtheria cases 
in aggregate JRF data since 2000 (64%); similarly, in data 
compiled from the literature review, >50% of cases with 
age and vaccination status were from India in the full data-
set (8,720 [57%]). Collectively, India, Nepal, and Indone-
sia have reported 96%–99% of the cases in the South-East 
Asia region since 2000. Meanwhile, cases reported from 
the WHO Europe region decreased as the impact of the 
large outbreak in the former Soviet Republics during the 
1990s attenuated.

Surveillance Data Completeness and Accuracy
During 2000–2017, each country (except South Sudan) 
had the opportunity to submit 18 years of JRF data on  

diphtheria incidence to WHO, which provided a maxi-
mum of 3,481 potential country-years of data. Although 
these surveillance data are known to have limitations (17), 
they represent the most complete existing database for 
worldwide disease incidence. However, 19% of country-
years were missing globally. Missing JRF diphtheria data 
were not equally distributed among regions. The Africa 
region had the highest percentage of missing country-
years (40%); this percentage included substantial periods 
of missing data from populous countries, including Nige-
ria (66% of country-years missing data), Kenya (78%), 
Uganda (89%), and Ethiopia (100%). The Western Pacific 
(22%) and Eastern Mediterranean (22%) regions also had 
an above average proportion of missing country-years. 
In the remaining regions, 2%–11% of country-years  
were missing.

We cross-referenced the years and countries with cas-
es in the full review dataset with JRF data. Overall, when 
data were cross-checked between aggregate JRF data and 
case data compiled from manuscripts and outbreak reports, 
we identified 36 instances in which diphtheria data report-
ed through the JRF were inconsistent with those reported 
in the published literature. In 20 instances, we found case 
data during the review from countries with missing JRF 
data for diphtheria in the corresponding year(s); in 7 in-
stances, countries had reported 0 cases for the correspond-
ing year(s); and in 9 additional instances, the number of 
cases found in the review exceeded the number reported 
in the JRF.

Vaccination Status of Diphtheria Case-Patients
Analysis showed that 65% of case-patients in the full da-
taset were unvaccinated, 13% were partially vaccinated, 
and 22% were vaccinated with >3 doses of diphtheria  
toxoid–containing vaccine. In a sensitivity analysis that 
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Figure 3. Reported cases of 
diphtheria per Joint Reporting 
Form, by World Health 
Organization region and worldwide, 
2000–2017.
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only included cases that had more precise data on vaccina-
tion status, we found that the proportion of unvaccinated 
case-patients increased to 72%.

In countries with higher case counts, most case-pa-
tients were unvaccinated (Figure 4). Among case-patients 
with known vaccination status in the full review dataset (n = 
7,242), 66% were unvaccinated in higher case count coun-
tries; this percentage was 73% in the sensitivity analysis 
restricted to case-patients with precise vaccination status 
data (n = 1,534). Excluding cases from India showed that 
these percentages were similar (63% in the primary dataset 
and 66% in the sensitivity analysis dataset). In countries 
with sporadic incidence, vaccination status of case-patients 
was more evenly distributed; the largest proportion was in 
the partially vaccinated category in both the main analysis 
(46%) and the sensitivity analysis (38%).

Age of Diphtheria Case-Patients
In the dataset overall (15,068 case-patients with age data), 
37% of case-patients were >15 years of age. In a sensitiv-
ity analysis of the dataset with more precise age data, we 
found that 34% were >15 years of age.

Proportions of case-patients >15 years of age differed 
markedly between countries with sporadic incidence and 
those with higher case counts (Figure 5); this finding was 
consistent across the primary and sensitivity analyses. In 
higher case-count countries, there was a lower proportion 
of cases >15 years of age when examined in the full dataset 
(37%) and the dataset with more precise age data (34%). 
When data from India were further excluded among higher 
case count countries, there was an even lower proportion 
of case-patients >15 years of age in the main dataset (25%) 
and the dataset with more precise age data (34%). Con-
versely, in sporadic incidence countries, 66% of the case-
patients were >15 years of age in the full dataset and on 
sensitivity analysis.

Relationship between Age of Case-Patients  
and Vaccination Coverage
When we examine the relationship between vaccination 
coverage with the primary series and age distribution, we 
found a visible trend toward a higher percentage of case-
patients >15 years of age in countries with higher DTP3 
coverage in both the full dataset (Figure 6) and a sensi-
tivity analysis on the dataset with more precise age data. 
In particular, in almost all countries with DTP3 coverage 
>90%, >50% of diphtheria cases occurred among persons 
>15 years of age.

Discussion
It is clear from aggregate incidence data that progress in 
decreasing diphtheria incidence worldwide has stalled, 
and reported cases have recently increased. Larger societal  

factors, such as population migration or political instabil-
ity, can create conditions favorable to an outbreak; the 
largest recent outbreaks (January 2016–February 2019) 
were reported in the Rohingya refugee population in Ban-
gladesh (8,403 cases), as well as areas experiencing con-
flict or social disruption, such as Yemen (3,340 cases) and 
Venezuela (2,512 cases) (19). The South-East Asia region 
has reported most of the diphtheria cases since 2000, which 
might be caused by the large populations of several coun-
tries in the region that have endemic disease. However, in-
complete data from other regions could be obscuring addi-
tional major foci of disease incidence. Global and regional 
trends can be shaped by incomplete data, including years 
of nonreporting or underreporting by populous and high-
incidence countries.

The diphtheria data reported annually to WHO and 
UNICEF on the JRF have substantial limitations in terms 
of quality and reflect opportunities to improve disease 
surveillance. We found these data to be incomplete when 
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Figure 4. Vaccination status of diphtheria cases in higher case 
count versus sporadic incidence countries (full dataset, 34 
countries), 2000–2017.

Figure 5. Proportion of diphtheria case-patients <15 years and 
>15 years of age in higher case count versus sporadic incidence 
countries (full dataset, 34 countries), 2000–2017.
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cross-referenced with the literature, indicating a likely un-
derestimate of incidence worldwide and a decreased un-
derstanding of the burden of disease. However, in some 
countries with lower laboratory capacity, only a small 
proportion of cases are laboratory confirmed, which could 
result in overreporting in some settings (19). The ability 
to use aggregate data for action is limited by the lack of 
key variables, including vaccination status, age, and sub-
national location.

Implementation of case-based surveillance for diph-
theria, combined with availability of subnational coverage 
data, would result in improved understanding of diphthe-
ria epidemiology and enhanced capability to prevent and 
respond to outbreaks. A 2017 gap analysis of diphtheria 
diagnostic capacity in the European Union found substan-
tial gaps, including lack of sufficient laboratory systems 
with methods to determine toxigenicity, difficulty ob-
taining primary media culture, and challenges to obtain-
ing diphtheria antitoxin for both laboratory diagnosis and 
clinical management of cases (20). Similar assessments 
are currently being conducted to more fully understand the 
scope of challenges in other regions (A. Efstratiou, Na-
tional Infection Service, London, UK, pers. comm., 2019 
Aug 1). Worldwide, only 55 countries report conducting 
national, case-based surveillance for diphtheria with labo-
ratory confirmation (9). In response to the limitations of 
current disease surveillance systems, WHO has released 

new comprehensive surveillance recommendations (21). 
For diphtheria, immediate investigation and collection of 
case-based data are recommended for all outbreaks. These 
guidelines provide a set of recommended minimum data 
elements to collect, as well as recommended analyses and 
uses of data collected. These standards represent an op-
portunity to improve and standardize available data with 
widespread implementation but will require investments in 
both surveillance and laboratory capacity.

Accounts of outbreaks in the peer-reviewed literature, 
gray literature, presentations, and other reports were com-
piled as the best available sources of information on case-
patient age and vaccination status. When examining these 
data, we found that most diphtheria cases occur in unvac-
cinated persons, particularly in countries with higher case 
counts where most disease is among children <15 years of 
age. Therefore, achieving adequate coverage with the pri-
mary series is urgently needed. Ensuring high primary se-
ries coverage is especially useful in the context of vaccine 
hesitancy, which has wide variability among countries and 
regions (22). DTP3 coverage worldwide has stagnated at 
84%–85% since 2010 (23), and improving this coverage 
through increased equity of and access to routine immu-
nization services is key to the efforts to combat diphthe-
ria. Countries with sporadic incidence of diphtheria have a 
more even distribution of vaccination status among cases. 
Age data from these countries also reflect a higher propor-
tion of cases in the adolescent and adult populations. The 
predominance of older case-patients in these countries, tak-
en together with the higher proportion of case-patients who 
have received, at a minimum, 3 doses of diphtheria-con-
taining vaccine in infancy, indicate that waning immunity 
is also a major issue. This issue can be addressed through 
widespread adoption of the 3 diphtheria toxoid–containing 
booster doses recommended in 2017 by WHO and recently 
approved as a future investment in the 2021–2025 Gavi 
Vaccine Investment Strategy (24).

In our dataset, as vaccination coverage in a country 
increased, the percentage of case-patients >15 years of 
age also increased. This increase in the proportion of older 
case-patients is not unique to diphtheria because similar 
changes have been seen in the epidemiology of other vac-
cine-preventable diseases as coverage increased (25). This 
finding indicates that the large proportion of case-patients 
>15 years of age in countries with sporadic incidence prob-
ably represents a proportional, rather than an absolute, in-
crease because high vaccination coverage in childhood re-
sulted in fewer susceptible persons in this age group. Many 
adults might have grown up during a time when no or fewer 
booster doses were given, although information on his-
torical changes to vaccination schedules is incomplete. As 
countries implement or modify booster dose schedules ac-
cording to the new WHO recommendation, data on booster 
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Figure 6. Percentage of diphtheria case-patients >15 years 
of age, by national DTP3 coverage, 2000–2017. Each circle 
represents a country, and its size is proportionate to the average 
number of cases reported from the country per year of data in 
the dataset. The largest data point represents a large number of 
cases in a single year among Rohingya refugees from Myanmar. 
The vaccination coverage of the Rohingya population is unknown; 
therefore, the average of DTP3 coverage of Rakhine State in 
Myanmar from 2016–2017 was used (18). DTP3, diphtheria–
tetanus–pertussis vaccine; UNICEF, United Nations Children’s 
Fund; WHO, World Health Organization.
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dose coverage would improve understanding of suscepti-
bility to disease in different age groups.

Limitations of this analysis include heterogeneous 
methods used by available sources to aggregate data 
on case-patient age and vaccination status. Because the 
available data might not be representative, findings might 
not be generalizable to all contexts. Because of lack of 
laboratory capacity in some settings, many cases in the 
literature are not confirmed by culture. Strengths of the 
analysis include the compilation of all known available 
data on the age and vaccination status of diphtheria case-
patients, which highlight that data from published disease 
outbreaks are a useful resource for describing epidemio-
logic changes and to triangulate with other existing data 
sources. Limitations of the dataset were addressed as 
comprehensively as possible through sensitivity analy-
ses of subsets of cases with more precise data to validate 
trends observed on analysis of the full dataset.

In light of a recent increase in reported cases, ac-
tion is needed to make progress in combating diphtheria. 
However, many national immunization schedules lag be-
hind current recommendations, and the lack of case-based 
diphtheria data limits the ability to take targeted action. 
Intensified efforts to improve routine immunization cov-
erage with DTP3 and to implement recommended booster 
doses would help to decrease diphtheria cases by both 
decreasing the susceptibility of children and addressing 
the problem of waning immunity among adolescents and 
adults. Implementing new WHO guidelines (21) would 
result in case-based diphtheria surveillance data with 
laboratory confirmation that could be analyzed by using 
standardized age categories. This implementation would 
greatly enhance available data and highlights the need for 
enhanced laboratory capacity to provide these case con-
firmations, particularly in countries with endemic disease 
and other lower-middle-income and low-income coun-
tries. Increased availability of booster dose coverage data, 
subnational coverage data, and more complete historical 
records of changes to immunization schedules would lend 
context to data on incidence and epidemiologic trends. 
An improvement in the quality and consistency of data 
collected on diphtheria would create a stronger evidence 
base for future research, timely interventions, and recom-
mendations to combat this deadly disease.
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While caring for patients in North Carolina, Dr. Ross 
Boyce began to suspect that tickborne Ehrlichia was 

being underdiagnosed. His study showed that  
Ehrlichia, despite being relatively common, was  

only tested for in about a third of patients  
thought to have a tickborne illness. 

In this EID podcast, Dr. Ross Boyce, an infectious  
disease physician at the University of North Carolina  

at Chapel Hill, examines the prevalence and  
diagnosis of Ehrlichia in North Carolina.



The economic burden of West Nile virus (WNV) infection is 
not known for Canada. We sought to describe the direct and 
indirect costs of WNV infection in the province of Quebec, 
Canada, up to 2 years after onset of signs and symptoms. 
We conducted a retrospective cohort study that included 
WNV cases reported during 2012 and 2013. For 90 persons 
infected with WNV, persons with encephalitis accounted for 
the largest proportion of total cost: a median cost of $21,332 
per patient compared with $8,124 for West Nile meningitis 
(p = 0.0004) and $192 for West Nile fever (p<0.0001). When 
results were extrapolated to all reported WNV patients, the 
estimated total cost for 124 symptomatic cases was ≈$1.7 
million for 2012 and that for 31 symptomatic cases was 
≈$430,000 for 2013. Our study provides information for the 
government to make informed decisions regarding public 
health policies and infectious diseases prevention and con-
trol programs.

West Nile virus (WNV) infection is endemic to North 
America. More than 41,000 cases of WNV-related 

illnesses and 2,000 deaths were reported in the United 
States between the introduction of the virus in 1999 and 
2015 (1). During the same period, 5,310 cases were report-
ed in Canada (2). In Quebec, the first cases were document-
ed in 2002. After a quiet period (2004–2010), this province 
experienced an outbreak in 2012 (124 symptomatic cases); 

since 2013, the number of cases has remained stable (aver-
age of 30 cases/year) (3).

WNV causes an asymptomatic infection in 80% of 
cases, but in <1% of cases, a severe illness occurs with neu-
rologic involvement, such as aseptic meningitis, encepha-
litis, or acute flaccid paralysis (4,5). WNV infection and 
particularly neurologic disease have been associated with 
mild to severe clinical manifestations, might require hos-
pitalization, and lead to long-term sequelae and death (6).

To date, 3 studies in the United States have estimated 
the economic burden of WNV disease (7–9). These esti-
mates can be used in assessing the cost-effectiveness of 
various interventions designed to decrease WNV disease 
risk (8). In the province of Quebec, Canada, a cost-effec-
tiveness analysis was conducted during 2006 (10). How-
ever, this study was based on a hypothetical simulation of 2 
scenarios (high activity of the virus versus low-activity sea-
son); therefore, the cost estimations could be speculative. 
Thus, in Canada, no data are available on the actual costs of 
WNV disease, and results from the United States cannot be 
extrapolated because of differences in the organization of 
the heathcare systems and costs, WNV disease prevention 
programs, mean income, and standards of living. Further-
more, exchange rate differences do not accurately reflect 
real differences in purchasing power (11). The objective of 
this study was to estimate direct and indirect costs of WNV 
disease cases in the province of Quebec, Canada, up to 2 
years after symptom onset.

Materials and Methods

Study Population
WNV infection is a reportable disease in Quebec. Physi-
cians and laboratories must report all WNV-positive cases 
to regional public health boards, which conduct epidemio-
logic investigations to document the infection; determine 
the likely place of acquisition; and collect sociodemo-
graphic and clinical information, such as date of illness 
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onset and clinical syndrome (i.e., uncomplicated fever, 
meningitis, encephalitis, and acute flaccid paralysis). The 
data are entered into the integrated system for public health 
monitoring of West Nile virus, a provincial electronic sur-
veillance system for WNV disease that includes informa-
tion on humans, mosquitoes, and animals (12). During 
2012–2013, a total of 155 symptomatic WNV cases were 
reported in Quebec.

We asked regional public health boards to contact 
each of the case-patients to see whether they were willing 
to participate in a study. A research nurse obtained written 
consent from all eligible case-patients to participate in a 
telephone interview and to enable access to their medical 
charts. Consent was obtained from parents or family of pa-
tients who were <18 years of age and for patients who had 
died. More details on the methods are available in a pre-
vious article (6). The study protocol was submitted to the 
public health research ethics board of the Institut National 
de Santé Publique du Quebec, which provided a favorable 
recommendation for the study (13).

Case Definitions
A WNV-positive case includes a laboratory diagnosis of 
WNV infection by IgM capture enzyme immunoassays for 
either serum or cerebrospinal fluid samples. In Quebec, af-
ter a first IgM-positive case has been confirmed by using a 
plaque reduction neutralization test, all other IgM-positive 
cases in the same season are considered to be laboratory 
confirmed. Cases are further classified according to their 
clinical manifestations: West Nile fever (WNF, an acute 
systemic febrile illness), West Nile meningitis (WNM, with 
stiff neck and cerebrospinal fluid pleocytosis), West Nile 
encephalitis (WNE, with altered mental status), West Nile 
meningoencephalitis, and acute flaccid paralysis (AFP, po-
lio-like myelitis, or Guillain-Barré syndrome) (14).

Data Collection
For all eligible patients, we administered a telephone ques-
tionnaire 24 months after sign or symptom onset to docu-
ment medical service, productivity losses, and expenses up 
to 2 years after the acute phase of WNV disease. We devel-
oped the questionnaire on the basis of the study by Staples 
et al. (8). Participants were asked to document the following 
items related to their WNV disease after initial hospitaliza-
tion or consultation: subsequent hospitalization, stay in a 

rehabilitation center, physiotherapy, occupational therapy, 
speech therapy, home care, primary care physician con-
sultations, neurologist consultations, medications, medical 
equipment, recruitment for household chores, and all other 
personal expenses incurred by the WNV disease. We also 
considered time off from work for the patient and for family 
members (to care for the patient). For hospitalized patients, 
we obtained data for hospital stay, intensive care unit ad-
mission, and inpatient rehabilitation from medical records.

Costs Estimation
We based the estimation of costs on the principle of human 
capital and a societal perspective (relevant costs regardless 
of who paid) (15). For their initial care, eligible patients ei-
ther were hospitalized (n = 71), were seen in an emergency 
department but not hospitalized (n = 10), or consulted with 
doctor in a clinic (n = 12). For the third group, we did not 
collect any costs associated with their initial care.

Hospitalization
We obtained costs for initial hospitalization (no subse-
quent hospitalization was reported) by using the All Patient 
Refined–Diagnosis-Related Groups (APR-DRG) and the 
relative use of resources. The APR-DRG provides average 
costs incurred for inpatient services. These costs include 
all inpatient allied healthcare, surgical and medical proce-
dures, medication, and laboratory tests. Because permission 
to access individual costs data was not obtained, we created 
19 groups of patients on the basis of  4 criteria: the principal 
diagnosis of each patient (by using the International Clas-
sification of Diseases, 10th Revision), patient’s age (<60 
vs. >60 years of age), admission to intensive care unit (yes 
or no), and diagnostic year (2012 or 2013). Nearly 60% of 
hospitalized participants had specific principal Internation-
al Classification of Diseases, 10th Revision, diagnosis code 
of WNV (A923) (Table 1). For other participants with no 
specific principal diagnosis code of WNV, WNV infection 
had to be coded as secondary diagnosis in the APR-DRG 
database to ensure specificity. The mean and median costs 
in the APR-DRG for each group were attributed to each 
patient in the group.

Inpatient Rehabilitation
Cost for inpatient rehabilitation was based on the average 
daily cost of services in a rehabilitation center for physical 
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Table 1. Principal diagnoses for 71 hospitalized case-patients with West Nile virus infection, Quebec, Canada* 
Principal diagnosis ICD-10 code No. (%) patients 
West Nile virus infection A923 42 (59) 
Viral meningitis, unspecified A879 16 (23) 
Viral infection, unspecified B349 7 (10) 
Unspecified viral encephalitis A86 3 (4) 
Guillain–Barré syndrome G610 2 (3) 
Headache R51 1 (1) 
*ICD-10, International Classification of Diseases, 10th Revision. 
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disabilities in 2012–2013. This factor was multiplied by the 
number of days spent in a center, which was obtained from 
the medical record.

Emergency Department Consultations
For patients seen in an emergency department, the physi-
cian service claims database was used to estimate the cost 
of medical consultations in the emergency department (Ca-
nadian $109.90) (16). This rate includes only the physician 
remuneration. Costs associated with emergency depart-
ment stays and laboratory examinations and accommoda-
tions were not included.

Medical and Paramedical Care up to 2 Years  
after Sign/Symptom Onset
During the telephone interview, patients were asked to 
provide information on types and numbers and duration 
of outpatient medical and paramedical services that they 
sought after the acute-care period. We obtained estimated 
costs for these services by multiplying type-specific cost 
estimates by the number of visits reported (Table 2) (16). 
The number of follow-up physician visits was missing for 
2 participants; a minimum of 1 visit was used for those 
case-patients.

Medical Equipment
Patients were asked about the acquisition of specific 
equipment and associated costs. Costs were assigned a 
value of 0 if the equipment was provided by government 
or was borrowed.

Recruitment for Household Chores
We obtained information for patients who needed aids for 
household chores. We also asked them to provide associ-
ated costs.

Absence from Work
We obtained information about missed workdays by pa-
tients or family members to care for a patient. Patients or 
family members having a job at the time of their WNV 
infection were asked to provide their occupation, the 
number of days they worked per week, and the num-
ber of days they missed work (including hospital stay). 

Income data for each patient or family member were 
obtained from the wage guide by occupation in Quebec 
according to their occupation. Productivity losses were 
estimated by multiplying the time taken off work by a 
weekly wage.

Occupation data were missing for 2 patients and 2 
family members. For these 4 persons, we used the mini-
mum wage. One patient reported stopping work because 
of his WNV infection. For this patient, we estimated the 
associated cost as the number of potential years of lost em-
ployment (65 minus age at infection). All persons (n = 11) 
who died during their initial hospitalization were >65 years 
of age. Therefore, productivity losses caused by death were 
not taken into account.

Other Personal Expenses
Patients were asked about other costs that they had to as-
sume. For ambulance transportation, the basic cost of Ca-
nadian $125 was used.

Data Analysis
For data analysis, we combined West Nile meningoen-
cephalitis cases (n = 18) and AFP cases (n = 2) with WNE 
cases (n = 28) because of similar clinical manifestations; 
1 case with missing information about clinical syndrome 
was excluded. All analyses were performed according to 
3 clinical categories (WNF, WNM, and WNE). We com-
pared proportions by using the χ2 test or Fisher exact test 
when appropriate. We compared distributions of age and 
hospital stay by using nonparametric tests (Wilcoxon rank-
sum or Kruskal-Wallis tests).

Because cost distributions were not normal, we cal-
culated mean and median values with the interquartile 
range (IQR). In this study, participants and nonpartici-
pants were comparable with regard to demographic and 
illness severity (see Results). Thus, we assumed that 
participants were representative of the total number of 
WNV cases during 2012 and 2013, and we extrapolated 
estimated costs to all reported WNV cases according to 
clinical syndrome, cost category, and year. For each cat-
egory, we estimated total number of cases (except for 
hospitalization, for which the exact number of cases was 
known) and total cost. For example, the total number of 
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Table 2. Physician service claims billing codes and costs for outpatient paramedical services, Quebec, Canada, 2012–2013* 

Medical/paramedical service 
Régie de l’Assurance maladie du Québec 

billing code Patient age, y: rate in 2014/visit 
Primary care physician visit 08874 <60: $40.00 
 00074 60–69: $42.05 
 08879 70–79: $48.60 
 08881 >80: $50.80 
Neurologist visit 09162: initial visit $70.60 
 09164: control visit $40.00 
Physiotherapy, occupational and speech therapy None $79.00 
Home care 09171 $44.00 
*Costs are in Canadian dollars. 
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WNE case-patients admitted to inpatient rehabilitation 
(Nt) = total number of WNE case-patients × proportion 
of WNE case-patients admitted to inpatient rehabilita-
tion. The total cost for this category = Nt × Cp, in which 
Cp is the inpatient rehabilitation median costs per WNE 
case-patient.

We performed analyses by using SAS version 9.1 (SAS 
Institute Inc., https://www.sas.com). A 2-sided p<0.05 was 
considered statistically significant.

Results
Of the 155 symptomatic WNV patients during 2012–2013, 
a total of 93 (60%) agreed to participate in the study, but 
2 of them could not be reached for the telephone interview 
and 1 with missing information about clinical syndrome 
was excluded from analyses. Medical records were avail-
able for 81 (87%) patients (71 hospitalizatons and 10 emer-
gency department visits). Participants and nonparticipants 
were comparable with regard to demographics (except for 
sex; more women agreed to participate [54% vs. 36%; p = 
0.026]) and illness severity (hospitalization, clinical syn-
drome, and death).

Demographic and Clinical Characteristics
We obtained demographic and clinical characteristics of pa-
tients (Table 3). For 90 patients, WNF accounted for 27%, 
WNM 20%, and WNE 53%. Patients with WNE were sig-
nificantly older than patients with WNM or WNF; 71% of 
WNE patients were >60 years of age compared with 22% 
of WNM patients and 29% of WNF patients (p<0.0001). 
Most patients with neurologic syndrome were hospitalized. 
The median hospital stay was longer for WNE patients than 
for WNM patients (p<0.0001) or WNF patients (p = 0.010). 
Ten (21%) WNE patients and 1 (6%) WNM patient died 
during hospitalization. In addition, 3 WNE patients, 2 who 
were  discharged to home with support and 1 requiring re-
habilitation services, died during the follow-up period, but 
their deaths were not considered to be directly related to 
WNV infection.

Use of Medical and Paramedical Services  
and Absence of Work
We obtained data for use of medical and paramedical 
services up to 2 years after the acute phase of WNV dis-
ease (Table 4). When we excluded in-hospital deaths, 
the most common services used by participants were 
physician visits (66%), followed by medications (41%) 
and neurologist visits (26%). In general, WNE and 
WNM patients used more services and WNM partici-
pants needed more physician (p = 0.016) and neurologist 
(p = 0.029) visits. Six WNE patients were admitted to 
rehabilitation (median length of stay 75 days, range 30–
120 days). Most patients who had a job missed work be-
cause of their infection (median absence 60 days, range  
5–365 days).

Although 41% of patients reported outpatient medica-
tion expenses, they could not accurately recall the names 
and amounts of medication taken. Therefore, we did not 
compute medication costs.

Direct and Indirect Costs
We determined direct and indirect costs according to ill-
ness severity (Table 5). WNE patients accounted for the 
largest proportion of total cost (median cost $21,332, 
IQR $12,131–$28,101) per participant compared with 
$8,124 (IQR $4,025–$13,631) for WNM patients (p = 
0.0004) and $192 (IQR $20–$5,359) for WNF patients 
(p<0.0001). For WNE patients, costs were attributable 
mostly to hospitalization, which accounted for 65% 
of the total cost, followed by inpatient rehabilitation 
(20%). For WNM patients, indirect costs (47%), fol-
lowed by hospitalization (38%), contributed to the larg-
est proportion of total costs. For WNF patients, hospital-
ization (44%) and indirect costs (44%) contributed to the 
same proportion of total cost. Median indirect costs were 
significantly higher for WNM patients than for WNE (p 
= 0.004) or WNF (p = 0.0005) patients. Physician visit 
costs were also significantly higher for WNM patients 
than for WNE (p = 0.041) or WNF (p = 0.038) patients.
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Table 3. Demographic and clinical characteristics of 90 WNV patients by clinical syndrome, Quebec, Canada, 2012–2013* 
Characteristic WNF, n = 24 WNM, n = 18 WNE, n = 48† 
Age group, y    
 <50 7 (29) 7 (39) 6 (12) 
 50–59 10 (42) 7 (39) 8 (17) 
 ≥60 7 (29) 4 (22) 34 (71) 
Sex    
 M 7 (29) 8 (44) 24 (50) 
 F 17 (71) 10 (56)) 24 (50) 
Hospitalization 5 (21) 17 (94) 47 (98) 
 Days hospitalized, median (range) 4 (2–12) 4 (1–36) 12 (3–663) 
  Intensive care 0 0 22/47 (47) 
  Complications 0 3/17(18) 21/47 (45) 
  Death in hospital 0 1/17 (6) 10/47 (21) 
*Values are no. (%) or no. occurrences/no. hospitalized (%) unless otherwise indicated. WNE, West Nile encephalitis; WNF, West Nile fever; WNM, West 
Nile meningitis; WNV, West Nile virus. 
†Includes WNE (n = 28), meningoencephalitis (n = 18), and acute flaccid paralysis (n = 2). 
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During 2012, a total of 124 symptomatic WNV pa-
tients were reported in the province of Quebec, and dur-
ing 2013, a total of 31 symptomatic WNV patients were 
reported. Based on our study, the estimated total cost of 
these cases was ≈$1.7 million for 2012 and ≈$430,000 for 
2012. We determined the estimated total cost by category 
(Table 6). For both years, WNF accounted for <5% of the 
total, and WNM accounted <10% of the total, and WNE 
accounted for >85% of extrapolated costs.

Discussion
In  this study, we estimated direct and indirect costs of 
WNV disease cases in Quebec, Canada, up to 2 years af-
ter the acute phase of WNV disease. We found that costs 
varied considerably according to disease manifestations. 
Patients with WNE accounted for the largest proportion 
of the total cost, which could be attributable mainly to 
their worse hospital course, including severe clinical 
manifestations, longer stay in the hospital, admission to 

the intensive care unit, and complications (6). When we 
compared WNM with WNE patients, we found that WNE 
patients had lower indirect costs (absence from work), 
which could be explained by their older age (≈70% were 
retired at the time of their WNV infection vs. only 17% of 
patients with WNM).

Although most WNM patients were hospitalized, 
hospital costs accounted for only 38% of the total cost. 
WNM is generally associated with a favorable outcome 
and shorter hospital stay. However, in our study, WNM 
patients required more physician visits after hospitaliza-
tion than patients with WNE or WNF. WNF patients ac-
counted for only 3% of the total cost, which was mostly 
associated with the 5 hospitalized case-patients. For these 
patients, the median cost of hospitalization was similar 
to that for the 17 hospitalized WNM patients (p = 0.901) 
(Table 7). In our previous study (6), we showed that hos-
pitalized WNF patients had similar demographic and 
clinical profiles as WNE patients, and we assumed that 
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Table 4. Characteristics for 79 WNV patients needing medical and paramedical services and other expenses by clinical syndrome <2 y 
after the acute phase of infection Quebec, Canada, 2012–2013* 
Characteristic WNF, n = 24 WNM, n = 17 WNE, n = 38† 
Inpatient rehabilitation    
 No. (%) 0 1 (6) 6(13) 
 No. days, median (range) 0 21 75 (30–120) 
Physiotherapy    
 No. (%) 2 (8) 3 (18) 6 (16) 
 No. visits, median (range) 20‡ 28 (8–48)‡ 32 (24–48) 
Occupational therapy    
 No. (%) 0 0 4 (11) 
 No. visits, median (range) 0 0 24 (3–32) 
Speech therapy    
 No. (%) 0 0 3 (8) 
 No. visits, median (range) 0 0 3 (1–3) 
Home care    
 No. (%) 1 (4) 0 2 (5) 
 No. hours, median (range) 1 0 2 (1–3) 
Primary care physician visits   
 No. (%) 15 (63) 12 (71) 25 (66) 
 No. visits, median (range) 2 (1–12) 4 (2–18) 2 (1–12) 
Neurologist visits    
 No. (%) 1 (4) 6 (35) 14 (37) 
 No. visits, median (range) 1 3 (2–4) 1 (1–4) 
Medications    
 No. (%) 7 (29) 10 (59) 15 (39) 
Medical equipment    
 No. (%) 1 (4) 1 (6) 6 (16) 
 No. using equipment, median (range) 3 2 2 (1–3) 
Household chores   
 No. (%) 0 0 2 (5) 
Absence from work among workers   
 No. (%) 6/8 (75) 15/15 (100) 16/16 (100) 
 No. days, median (range) 21 (5–60) 60 (7–180) 90 (30–365)§ 
Absence from work to care for a patient   
 No. (%) 1 (4) 8 (47) 10 (26) 
 No. days, median (range) 3 5 (2–14) 7 (1–60) 
Other personal expenses    
 No. (%) 5 (21) 11 (65) 26 (68) 
*WNE, West Nile encephalitis; WNF, West Nile fever; WNM, West Nile meningitis; WNV, West Nile virus. 
†Includes WNE (n = 19), meningoencephalitis (n = 18), and acute flaccid paralysis (n = 1). 
‡Visits number missing for 1 participant. 
§Excluding 1 participant who reported stopping work because of his WNV infection. 
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some of them could have undetected mild neuroinvasive 
disease because  3 of 5 hospitalized WNF patients did not 
have a lumbar puncture. However, half of WNF patients 
had consulted only a clinic, and costs associated with their 
initial care were not available. Thus, the total WNF costs 
could be underestimated.

These results are similar to those reported by Staples 
et al. (8), who estimated the initial and 5 years post-WNV 
infection costs among hospitalized patients in Colorado, 
USA, during 2003. These authors reported that initial costs 
were higher for AFP and WNE patients, and long-term 
costs were higher for AFP and WNM patients. However, 
this study focused on hospitalized case-patients and might 
not be a true reflection of all reported WNV patients. Two 
other studies have evaluated the economic burden of WNV 
outbreaks in the United States, but both evaluated only ini-
tial costs (7,9).

When we extrapolated our results to all reported WNV 
cases in the province of Quebec, we estimated that WNV 
infections could cost ≈$1.7 million during an epidemic, 
such as during 2012; during a low activity year, such as 
2013, the cost could be ≈$430,000. These results are con-
sistent with those of the cost-effectiveness simulation study 
of Bonneau et al. (10), which estimated total direct and 
indirect cost of ≈$400,000 during a hypothetical year of 
low activity (25 cases of WNV infection) and >$13 mil-
lion during a hypothetical year of high activity (840 cases 
of WNV infection). In that analysis, direct costs included 
hospitalization, rehabilitation, and outpatient consultations, 
and indirect costs included productivity losses caused by 
absence from work and death.

Our study had several limitations. Although partici-
pation rate was high and participants were similar to non-
participants, analyses by clinical categories were based on 
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Table 5. Economic costs for 90 patients with WNV diseases by clinical syndrome, Quebec, Canada, 2012–2013* 
Cost WNF, n = 24 WNM, n = 18 WNE, n = 48† 
Direct 

   

 Mean (SD) 1,113 (2,048) 5,794 (7,625) 26,085 (28,363) 
 Median (IQR) 151 (20–685) 2,699 (2,483–7 703) 15,963 (7,881–28,065) 
 Total 27,271 106,167 1,257,249 
Hospital 

   

 Mean (SD) 892 (1,930) 4,221 (3,682) 19,259 (17,488) 
 Median (IQR) 0 (0–0) 2,333 (2,295–5,604) 15,839 (7,603–27,931) 
 Total 21,401 75,977 924,447 
Emergency department visits 

   

 Mean (SD) 55 (110) 110 (110) 110 (110) 
 Median (IQR) 55 (0–110) 110 (110–110) 110 (110–110) 
 Total 1,319 1,978 5,275 
Inpatient rehabilitation 

   

 Mean (SD) 0 1,019 (4,323) 6,004 (18,120) 
 Median (IQR) 0 0 (0–0) 0 (0–0) 
 Total 0 18,340 288,209 
Outpatient readaptation‡ 

   

 Mean (SD) 74 (323) 289 (1,052) 480 (1,320) 
 Median (IQR) 0 (0–0) 0 (0–0) 0 (0–0) 
 Total 1,780 5,194 23,068 
Physician visits§ 

   

 Mean (SD) 74 (106) 180 (185) 89 (124) 
 Median (IQR) 41 (0–93) 126 (0–277) 60 (0–136) 
 Total 1,781 3,242 4,279 
Additional costs¶ 

   

 Mean (SD) 41 (104) 80 (66) 250 (673) 
 Median (IQR) 0 (0–0) 100 (0–100) 100 (0–100) 
 Total 990 1,435 11,971 
Indirect costs (absence from work)# 
 Mean (SD) 896 (2,198) 5,169 (6,116) 3,454 (9,101) 
 Median (IQR) 0 (0–556) 2,550 (650–9,000) 0 (0–3,374) 
 Total 21,506 93,042 165,772 
Total costs 

   

 Mean (SD) 2,009 (2,904) 10,963 (9,072) 29,539 (31,067) 
 Median (IQR) 192 (20–5,359) 8,124 (4,025–13,631) 21,332 (12,131–28,101) 
Total 48,777 199,209 1,423,021 
*Costs are in Canadian dollars. Total costs are the sum of all category costs. Mean and median costs are expressed as per-patient cost for all participants 
(including patients with 0 costs). Total is the costs sum for all participants. IQR, interquartile range; WNE, West Nile encephalitis; WNF, West Nile fever; 
WNM, West Nile meningitis; WNV, West Nile virus. 
†Includes WNE encephalitis (n = 28), meningoencephalitis (n = 18), and acute flaccid paralysis (n = 2). 

‡Includes physiotherapy, occupational therapy, speech therapy, and home care costs. 
§Includes primary care physician and neurologist consultations costs. 
¶Includes medical equipment purchase, recruitment for household chores costs, and other personal expenses. 
#Includes participants’ and families’ missed work costs. 
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a small number of cases. However, this number is similar 
to those for 3 studies in the United States (7–9). Some 
costs, such as initial consultations in private practice and 
medication expenses during follow-up, were not included 
because they were unavailable or they lacked precision. 
However, these costs accounted for a small proportion of 
total cost. Recall biases were also possible for costs in-
curred during follow-up.

Calculation of productivity losses varies between stud-
ies. Because of ethical issues related to the evaluation of 
productivity losses for a dead person (e.g., is an old person 
less worthy than a young person because of the fact that 
he or she is retired or less productive?) (15), we decided 
not to include the indirect costs associated with death in 
our results. This decision resulted in an underestimation 
of the WNV economic burden, particularly for WNE pa-
tients, because 10 of them plus 1 WNM patient died dur-
ing their initial hospitalization. Grosse et al. (17) estimated 
for the United States the productivity value by age and sex 
on a daily, annual, and lifetime basis (in 2007 US dollars). 
Such productivity tables are not available for Canada and 
Quebec. However, when we used daily production val-
ues and age and sex distribution of Grosse et al. (17) for 

our cases, we estimated the loss of productivity caused by 
WNV deaths over a 2-year period after the infection. To 
take into account time preference, we applied a discount 
rate of 3%, 5%, and 8% and converted the results to 2013 
Canadian dollars on the basis of methods suggested by 
Montmarquette and Scott (18) and Tchouaket et al. (19). 
These estimates ranged from $467,000 (3% discount rate) 
to $589,000 (8% discount rate) and would represent a 35% 
increase over costs we calculated (Table 5).

In comparison, Zohrabian et al. (7) calculated lifetime 
lost productivity for persons who died, and this productiv-
ity loss represented half of the total costs of illness. Staples 
et al. (8) valued productivity losses for those who died but 
not for older persons who were retired at the time of their 
illness, and evaluation led to lower indirect costs for WNE 
than for WNM. In their simulation study, Bonneau et al. 
(10) showed that nearly 70% of total costs were attributable 
to indirect costs (deaths and absence from work).

In summary, we found that the overall cost of  
WNV infection in Quebec was ≈1.7 million for 2012 (24 
symptomatic cases) and ≈430,000 for 2013 (31 symptom-
atic cases) and that costs were significantly higher for pa-
tients who had more severe forms of disease. Our study 
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Table 6. Total extrapolated costs for WNV cases by clinical syndrome, Quebec, Canada, 2012–2013* 

Cost 

2012, n = 124 

 

2013, n = 31 
WNF 

 
WNM 

 
WNE WNF 

 
WNM 

 
WNE 

No. Cost No. Cost No. Cost No. Cost No. Cost No. Cost 
Hospitalization 11 61,644  23 54,556  62 982,018  1 5,604  7 16,604  16 253,424 
ED visit 19 2,090  24 2,640  62 6,820  4 385  7 770  17 1,870 
Inpatient rehabilitation 0 0  1 24,453  8 304,583  0 0  0 0  2 83,515 
Outpatient readaptation† 3 2,818  4 2,528  9 34,286  1 519  1 737  2 9,401 
Physician visit‡ 24 1,900  17 4,004  37 4,158  4 350  5 1,168  10 1,140 
Additional§ 8 792  16 1,600  45 4,521  1 146  5 467  12 1,240 
Indirect¶ 11 14,054  21 68,267  23 104,625  2 2,589  6 19,911  6 28,688 
Total 38 83,298  24 158,048  62 1,441,010  7 9,593  7 39,657  17 379,277 
*Costs are in Canadian dollars. Total costs are the sum of all category costs. ED, emergency department; WNE, West Nile encephalitis; WNF, West Nile 
fever; WNM, West Nile meningitis; WNV, West Nile virus. 
†Includes physiotherapy, occupational therapy, speech therapy, and home care costs. 
‡Includes primary care physician and neurologist consultations costs. 
§Includes medical equipment purchase, recruitment for household chores costs, and other personal expenses. 
¶Includes participants’ and families’ missed work costs. 

 

 
Table 7. Median economic costs of WNV diseases per patient by clinical syndrome, Quebec, Canada, 2012–2013* 

Cost 
Disease, no. patients; cost (IQR)  

WNF WNM WNE† 
Hospitalization 5; 5,604 (2,295–5,604) 17; 2,372 (2,295–5,604) 47; 15,839 (7,603–27,931) 
ED visit 12; 110 (110–110) 18; 110 (110–110) 48; 110 (110–110) 
Inpatient rehabilitation 0, 0 1; 18,340 (18,340–18,340) 6; 39,301 (26,200–78,602) 
Outpatient readaptation‡ 2; 890 (200–1,580) 3; 632 (100–4,462) 7; 3,792 (2,540–4,661) 
Physician visit§ 15; 80 (42–160) 13; 231 (126–280) 29; 111 (71–152) 
Additional¶ 5; 100 (100–340) 12; 100 (100–125) 35; 100 (100–115) 
Indirect (absence from work)# 7; 1,268 (961–5,434) 16; 3,200 (1,259–9,418) 18; 4,500 (3,000–8,653) 
*Costs are in Canadian dollars. Median costs are expressed as per-patient cost on the basis of participants who incurred costs in each category 
(excluding patients with 0 costs). ED, emergency department; IQR, interquartile range; WNE, West Nile encephalitis; WNF, West Nile fever; WNM, West 
Nile meningitis; WNV, West Nile virus. 
†Includes WNE (n = 28), meningoencephalitis (n = 18), and acute flaccid paralysis (n = 2). 
‡Includes physiotherapy, occupational therapy, speech therapy, and home care costs. 
§Includes primary care physician and neurologist consultations costs. 
¶Includes medical equipment purchase, recruitment for household chores costs, and other personal expenses. 
#Includes participants, and families, missed work costs. 
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provides information to government and public health or-
ganizations to make informed decisions regarding preven-
tive and intervention programs for WNV infection. Public 
health monitoring of costs, both direct and indirect, asso-
ciated with different clinical manifestations of infectious 
diseases is essential to enable adequate planning for pub-
lic health policies and infectious diseases prevention and  
control programs.
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Pregnant women constitute a promising sentinel group for 
continuous monitoring of malaria transmission. To identify 
antibody signatures of recent Plasmodium falciparum expo-
sure during pregnancy, we dissected IgG responses against 
VAR2CSA, the parasite antigen that mediates placental  

sequestration. We used a multiplex peptide-based suspen-
sion array in 2,354 samples from pregnant women from 
Mozambique, Benin, Kenya, Gabon, Tanzania, and Spain. 
Two VAR2CSA peptides of limited polymorphism were im-
munogenic and targeted by IgG responses readily boosted 
during infection and with estimated half-lives of <2 years. 
Seroprevalence against these peptides reflected declines 
and rebounds of transmission in southern Mozambique dur-
ing 2004–2012, reduced exposure associated with use of 
preventive measures during pregnancy, and local clusters 
of transmission that were missed by detection of P. falci-
parum infections. These data suggest that VAR2CSA se-
rology can provide a useful adjunct for the fine-scale esti-
mation of the malaria burden among pregnant women over 
time and space.

Agile malaria surveillance and response systems that 
can be sustained over time are needed for the optimal 

design of control programs (1,2). Rates of Plasmodium fal-
ciparum infection among pregnant women are sensitive to 
changes in transmission (3,4) and correlate well with infec-
tion in infants (5) and children (6,7). Thus, passive detection 
of malaria cases at maternal health care services constitutes 
a promising approach to providing contemporary data on the 
levels, and changes in levels, of malaria burden in the popu-
lation for successful malaria control and elimination (8).

After exposure to P. falciparum parasites that seques-
ter in the placenta (9), antibodies against VAR2CSA, a 
multidomain variant antigen of the P. falciparum erythro-
cyte membrane protein 1 family, develop in pregnant wom-
en (10). VAR2CSA is expressed on the surface of infected 
erythrocytes and mediates placental sequestration of para-
sites through binding to chondroitin sulfate A (11). Levels 
of antibodies against VAR2CSA are affected by variables 
that influence the risk for P. falciparum exposure (12–14) 
and mirror malaria trends during pregnancy (3). Moreover,  
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levels of VAR2CSA IgG at delivery correlate with the risk 
for malaria in the offspring (14), suggesting the value of 
these antibodies for pinpointing areas of high malaria trans-
mission (15). Because VAR2CSA antibodies persist after 
the infection is cleared (16), they can provide a sensitive 
adjunct for P. falciparum monitoring, especially in areas of 
low malaria endemicity, where the chances of detecting an-
tibodies are higher than those of detecting the parasite (17).

The utility of serosurveillance depends mainly on spe-
cific properties of the antigen, including immunogenicity, 
polymorphism, cross-reactivity, and longevity of the anti-
bodies. Because different VAR2CSA domains elicit IgG re-
sponses with varying magnitudes and dynamics (16,18,19), 
we hypothesized that short-lived antibodies against immu-
nogenic nonpolymorphic VAR2CSA epitopes would en-
able a fine-scale estimation of recent P. falciparum trans-
mission during pregnancy (17). We examined plasma from 
pregnant women living in areas in which P. falciparum 
transmission varied from high to low and absent (Benin, 
Gabon, Mozambique, Kenya, Tanzania, and Spain) against 
a quantitative suspension array containing VAR2CSA and 
general parasite antigens. We first selected IgG responses 
that were rapidly acquired after P. falciparum infection, 
did persist in circulation, and were sensitive to the level of 
parasite exposure in pregnant women from Mozambique 
and Spain. We then used the serologic assay to quantify 
the relationship of VAR2CSA antibody responses with 
P. falciparum infection as well as with temporal, spatial, 
and intervention-driven changes in malaria burden among 
pregnant women.

Methods

Study Sites, Population, and Procedures
We included in our study pregnant women who partici-
pated in 3 clinical trials of intermittent preventive treat-
ment during pregnancy (IPTp) during 2003–2005 in Mo-
zambique (NCT00209781) (20) and during 2010–2012 
in Mozambique, Benin, Gabon, Kenya, and Tanzania 
(NCT00811421) (21,22). Participants were recruited at 
their first antenatal visit, and all received a long-lasting 
insecticide-treated bed net. During 2003–2005, all received 
2 doses of sulfadoxine/pyrimethamine (20); during 2010–
2012, they received 2 doses of mefloquine or sulfadoxine/
pyrimethamine if they were not HIV infected (21) and 3 
doses of mefloquine or placebo plus daily cotrimoxazol 
prophylaxis if they were HIV infected (22). At delivery, 
tissue samples from the maternal side of the placenta, as 
well as 50 μL peripheral and placental dried blood spots 
(DBS), were collected. Peripheral and placental blood from 
pregnant women in Mozambique and Benin were also col-
lected into EDTA Vacutainer tubes (Becton Dickinson, 
https://www.bd.com) and centrifuged; plasma was stored 

at –20°C. From a subset of pregnant women in Mozam-
bique who delivered during 2011–2012, peripheral blood 
samples were also collected at the first antenatal visit and 
before administration of the second IPTp dose. We geo-
coded the households of women in Mozambique by using a 
global information system. Clinical malaria episodes were 
treated according to national guidelines at the time of the 
study (20–22). DBS and plasma samples were also col-
lected from 49 pregnant women never exposed to P. fal-
ciparum who delivered in 2010 at the Hospital Clinic of 
Barcelona (Barcelona, Spain).

The study was approved by the ethics committees from 
the Hospital Clínic of Barcelona, the Comité Consultatif de 
Déontologie et d’Éthique from the Institut de Recherche 
pour le Développement (Marseille, France), the Centers for 
Disease Control and Prevention (Atlanta, GA, USA), and 
national ethics review committees from each malaria-en-
demic country participating in the study. Written informed 
consent, which included permission to test for immune 
markers by using stored biological samples, was obtained 
from all participants.

Laboratory Determinations
At recruitment, we assessed HIV serostatus by using rap-
id diagnostic tests according to national guidelines and 
hemoglobin level at delivery by using following mobile 
devices on capillary blood samples: HemoCue (Danaher,  
http://www.hemocue.com), Hemocontrol (EKF Diagnos-
tics, http://www.ekfdiagnostics.com), and KX analyzer 
(Sysmex, http://www.sysmex.com). Thick and thin blood 
films and placental biopsy samples were checked for Plas-
modium spp. according to standard, quality-controlled pro-
cedures (3). We tested blood on filter paper for the presence 
of P. falciparum in duplicate by means of a real-time quan-
titative PCR (qPCR) targeting 18S ribosomal DNA (3).

Antibody Measurements
We measured IgG in plasma (Benin and Mozambique) or 
on DBS (Gabon, Kenya, and Tanzania) in appropriate con-
ditions for plasma elution (19) by using the xMAP tech-
nology and the Luminex 100/200 System (https://www.
luminexcorp.com) for 37% of pregnant women participat-
ing in the clinical trials with samples available. We con-
structed 2 multiplex suspension array panels (Appendix 1, 
https://wwwnc.cdc.gov/EID/article/25/10/18-1177-App1.
pdf) (19), 1 including P. falciparum recombinant proteins 
(VAR2CSA Duffy binding-like recombinant domains 
DBL3X, DBL5Ɛ, and DBL6Ɛ; apical membrane antigen 1 
[AMA1]; and 19-kDa fragment of the merozoite surface 
protein-1 [MSP119], from 3D7 strain) and 1 consisting of 
synthetic peptides (25 VAR2CSA peptides covering con-
served and semiconserved regions of VAR2CSA and a cir-
cumsporozoite peptide [pCSP]) (19). To assess unspecific 
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IgG recognition, we used bovine serum albumin in both 
arrays (19). Procedures for reconstitution of DBS and qual-
ity control, bead-based immunoassay, data normalization, 
and definition of seropositivity cutoffs are described in  
Appendix 1.

var2csa Sequencing and 3D Protein Modeling
We used DNA extracted from 50 DBS that were P. falci-
parum positive by qPCR for Sanger sequencing of var2csa 
PCR amplification products covering peptides of interest 
(Appendix 1). Sequence variability with respect to the pep-
tide included in the array was assessed after amino acid 
alignment, and a 3D model of the DBL1X-ID1 region was 
developed by using Chimera version 1.5.3 (https://www.
cgl.ucsf.edu; Appendix 1).

Definitions and Statistical Analyses
We included in the analysis pregnant women for whom all 
information was available for IPTp, date of delivery, HIV 
status, age, parity, and antibody responses. We classified 
women as primigravid (first pregnancy) or multigravid (>1 
previous pregnancy) and categorized age as <20, 20–24, or 
>25 years (13). Anemia was defined as hemoglobin level 
at delivery <11 mg/L. We compared proportions by using 
the Fisher exact test. We used univariate regression mod-
els to evaluate the association of log-transformed IgG lev-
els (linear) and seropositivity (logistic) with study periods 
(2004–2005 and 2010–2012) and country, P. falciparum 

infection, parity, anemia, and IPTp intervention, taking into 
account potential confounding variables (HIV and age) in 
multivariate models. We assessed the modification of the 
associations by HIV infection or parity by including inter-
action terms into the regression models. To control the false 
discovery rate in the selection of antigens, we computed 
adjusted p values (q-values) by using the Simes procedure 
(23). We used multilevel mixed-effect linear regression 
analysis to estimate half-life and time to double (T2×) IgG 
levels in the longitudinal cohort of pregnant women from 
Mozambique (Appendix 1). We identified spatial clusters 
of P. falciparum infection and seropositivity as well as the 
most likely hotspots by using the Ward hierarchical clus-
ter analysis and Kulldorff spatial scan method (Appendix 
1). We performed statistical analyses by using Stata/SE 
software version 12.0 (StataCorp, https://www.stata.com), 
R statistics software version 3.2.1 (https://www.r-project.
org), and Graphpad Prism version 6 (https://www.graph-
pad.com).

Results

Study Participants and P. falciparum Prevalence
Study participants consisted of 2,354 pregnant women (Ta-
ble; Appendix 1 Figure 2) recruited during 2004–2005 (n = 
146) and 2010–2012 (n = 2,208) in the context of IPTp clin-
ical trials (20–22). Among them, 993 were from Mozam-
bique, 854 from Benin, 131 from Gabon, 296 from Kenya, 
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Table. Participants in study of VAR2CSA serologic testing to detect Plasmodium falciparum transmission patterns, by country and  
HIV status* 

Variable 

HIV-uninfected, no. (%) 

 

HIV-infected, no. (%) 
2004–2005 

  

2010–2012 2004–2005 

  

2010–2012 
Mozambique, 

n = 65 
Mozambique,† 

n = 485 
Benin,  
n = 854 

Gabon, 
n = 131 

Tanzania, 
n = 31 

Mozambique, 
n = 81 

Mozambique,† 
n = 362 

Kenya, 
n = 296 

Parity 
           

 Primigravid 17 (26) 
 

181 (37) 188 (22) 38 (29) 16 (52) 
 

28 (35) 
 

46 (13) 22 (7) 
 Multigravid 48 (74) 

 
304 (63) 666 (78) 93 (71) 15 (48) 

 
53 (65) 

 
316 (87) 274 (93) 

Age, y 
           

 <20 19 (29) 
 

181 (37) 86 (10) 42 (32) 5 (16) 
 

27 (33) 
 

41 (11) 15 (5) 
 20–24 17 (26) 

 
123 (25) 281 (33) 45 (34) 14 (45) 

 
26 (32) 

 
84 (23) 96 (32) 

 >25 29 (45) 
 

181 (37) 487 (57) 44 (34) 12 (39) 
 

28 (35) 
 

237 (65) 185 (62) 
IPTp 

           

 Sulfadoxine/ 
 pyrimethamine 

65 (100) 
 

151 (31) 288 (34) 55 (42) 11 (35) 
 

81 (100) 
 

0 0 

 Mefloquine 0 
 

334 (69) 566 (66) 76 (58) 20 (65) 
 

0 
 

178 (49) 139 (47) 
 Placebo‡ 0 

 
0 0 0 0 

 
0 

 
184 (51) 157 (53) 

Microscopy§¶ 
           

 Positive 9 (14) 
 

13 (3) 110 (15) 3 (2) 1 (3) 
 

8 (10) 
 

8 (2) 15 (5) 
 Negative 56 (86) 

 
468 (97) 616 (85) 125 (98) 30 (97) 

 
73 (90) 

 
323 (98) 268 (95) 

qPCR¶# 
           

 Positive 16 (25) 
 

28 (6) 332 (46) 9 (10) 0 
 

21 (26) 
 

13 (4) 22 (8) 
 Negative 49 (75) 

 
424 (94) 393 (54) 80 (90) 31 (100) 

 
60 (74) 

 
314 (96) 251 (92) 

*IPTp, intermittent preventive treatment during pregnancy; qPCR, quantitative PCR. 
†40% (196/485) of HIV-uninfected and 12% (43/362) of HIV-infected participants were pregnant women with samples collected also at recruitment and 
second IPTp administration. 
‡All HIV-infected women who received placebo were also receiving cotrimoxazol prophylaxis. 
§Maternal microscopic infection defined by the presence of P. falciparum parasites in peripheral blood or in placenta on microscopic or histologic 
examination, respectively. 
¶Not determined: 179 microscopy and 196 qPCR. 
#Maternal qPCR-positive infection was defined by a positive result on qPCR testing in peripheral or placental blood. 

 



RESEARCH

31 from Tanzania, and 49 from Spain. The baseline charac-
teristics of the women selected for this trial were similar to 
those of the 6,216 women participating in the randomized 
clinical trials (Appendix 2 Table 1, https://wwwnc.cdc.gov/
EID/article/25/10/18-1177-App2.xlsx).

The study areas represented 5 sites in sub-Saharan 
Africa with different intensities of malaria transmission. 
Prevalence of P. falciparum infection detected by qPCR 
at delivery, in either peripheral or placental blood (aver-
aged for 2010–2012), among HIV-uninfected women was 
46% (332/725) in Benin, 10% (9/89) in Gabon, and 6% 
(28/452) in Mozambique and among HIV-infected women 
was 8% (22/273) in Kenya and 4% (13/327) in Mozam-
bique (Table). The prevalence of P. falciparum infection 
among pregnant women in Mozambique decreased from 
25% (37/146) in 2004–2005 to 2% (3/176) in 2010 and in-
creased to 6% (4/72) in 2012. A subset of 239 pregnant 
women from Mozambique recruited during 2011–2012 was 
followed during pregnancy; prevalence of P. falciparum 
infection detected by qPCR was 16% (38/239) at first ante-
natal visit (mean gestational age ± SD, 20.7 ± 5.45 weeks), 
3% (8/239) at the second IPTp administration (25.9 ± 4.98 
weeks), and 5% (13/239) at delivery (38.4 ± 2.26 weeks). 

P. falciparum infection was detected at unscheduled visits 
for 2% (5/239) of the women. Overall, P. falciparum in-
fection was detected at any of these time points for 21% 
(49/239) of the women.

P. falciparum–Specific Antibody Profiles and Parasite 
Exposure during Pregnancy
Mean antiparasite IgG levels in pregnant women from Mo-
zambique delivering from 2010 through 2012 were above 
levels against bovine serum albumin plus 3 SD and higher 
than IgG levels in pregnant women from Spain except for 
DBL6Ɛ and 3 of 25 VAR2CSA peptides (Figure 1, panel 
A; Appendix 2 Table 3). Five VAR2CSA peptides, DBL6Ɛ, 
and pCSP were recognized by IgG from >5% of the preg-
nant women from Spain who had never been exposed to 
P. falciparum (Figure 1, panel B), suggesting unspecific 
recognition; thus, these peptides were excluded from sub-
sequent analysis. To further narrow down the VAR2CSA 
peptide candidates, we compared IgG levels in pregnant 
women from Mozambique delivering in 2004–2005 and 
2010–2012, a period when P. falciparum prevalence as-
sessed by qPCR at delivery in peripheral or placental blood 
dropped from 25% to 5% (Figure 1, panel C) (3). This  
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Figure 1. Plasmodium 
falciparum VAR2CSA IgG 
in malaria-exposed and 
-nonexposed pregnant women. 
A) nMFI measured in pregnant 
women from Mozambique 
and Spain. Red dashed line 
represents the mean nMFI 
from bovine serum albumin 
+ 3 SDs. B) Seroprevalence 
among pregnant women from 
Spain (blue) and Mozambique 
(black). Asterisks indicate 
antigens recognized by pregnant 
women from Mozambique at 
levels above IgG against bovine 
serum albumin + 3 SDs and 
above levels in pregnant women 
from Spain (q-value <0.05 by 
Simes procedure) and those 
antigens poorly recognized by 
pregnant women from Spain 
(seroprevalence <5%). C, D) 
Prevalence of P. falciparum 
infection in peripheral and 
placental blood by quantitative 
PCR (C) and nMFIs (D) 
among pregnant women from 
Mozambique delivering in 2004–
2005 and 2010–2012. Red lines 
represent the geometric mean 
and T-bars the 95% CI. Asterisks 
indicate antigens recognized 
by IgG whose levels dropped between 2004 and 2012, as assessed by linear regression adjusted by intermittent preventive treatment 
during pregnancy, parity, age, and HIV status (q-value <0.05 by Simes procedure). nMFI, normalized median fluorescent intensity.
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decline in infection rates was mirrored by drops of IgG 
levels against 10 of the 18 previously selected VAR2CSA 
peptides (p1, p5, p8, p10, p12, p20, p27, p36, p38, p39) 
(Figure 1, panel D; Appendix 2 Table 4).

Acquisition and Decay of IgG Responses  
against VAR2CSA
We assessed the dynamics of IgG responses in a longitu-
dinal cohort of 239 pregnant women from Mozambique 
(Figure 2, panel A). At delivery, compared with uninfected 
women, the 49 (21%) women infected with P. falciparum 

during pregnancy had higher IgG levels against the 10 
down-selected peptides (Figure 2, panel B; Appendix 2 
Table 5). At delivery, seroprevalence rates for p1 (23%), 
p5 (26%), p8 (26%), and p39 (31%) antibodies were above 
the cumulative prevalence of P. falciparum infection dur-
ing pregnancy (Figure 2, panel C; Appendix 2 Table 5). No 
difference in IgG levels was observed between primigravid 
and multigravid women (Figure 2, panel D; Appendix 2 
Table 5). T2× after P. falciparum infection ranged from 0.45 
years (95% CI 0.31–0.80 years) for p5 to 1.07 years (95% 
CI 0.60–5.23 years) for p27 (Figure 2, panel E; Appendix 
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Figure 2. IgG responses during pregnancy against selected VAR2CSA antigens and polymorphism in target sequences in serologic 
study of Plasmodium falciparum in pregnant women. A) P. falciparum prevalence by quantitative PCR (qPCR) in 239 pregnant women 
from Mozambique at recruitment, second administration of IPTp, and delivery. Cumulative prevalence at delivery refers to peripheral 
or placental infection detected by microscopy, qPCR, or histology at any time point. B) Ratio of nMFIs at delivery in women from 
Mozambique infected during pregnancy compared with uninfected women. Error bars indicate 95% CIs. C) Seroprevalence at delivery, 
showing the cumulative prevalence of infection during pregnancy (red dashed line) and the prevalence at delivery by qPCR (light blue 
line). D) Ratio of nMFIs at delivery in multigravid compared with primigravid women, adjusted by IPTp, parity, age, and HIV status. 
Error bars indicate 95% CIs. E) IgG dynamics during pregnancy with estimates of time to double (T2x) and half-life (T1/2) obtained from 
linear mixed-effect regression model. Red points represent P. falciparum infection, dark gray lines the seropositivity cutoff, red lines the 
fitted-estimation, and dashed lines the 95% CI. F) Space-feeling representation of DBL1X-ID1 showing p5 (blue) and p8 (red). G) Logo 
representation of p5 and p8 sequences obtained from 50 P. falciparum isolates (20 from Mozambique, 10 from Benin, 10 from Gabon, 
and 10 from Kenya). IPTp, intermittent preventive treatment during pregnancy; nMFI, normalized median fluorescent intensity.
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2 Table 6). IgG half-life among seropositive women at  
recruitment without evidence of P. falciparum infection 
during follow-up ranged from 0.55 (95% CI 0.38–1.02) 
years for p8 to 3.66 (95% CI 0.98–∞) years for p1 (Fig-
ure 2, panel E; Appendix 2 Table 6). Among recombinant 
antigens, IgG DBL5Ɛ showed the lowest T2× (0.31 [95% 
CI 0.21–0.61] years) and half-life (0.66 [95% CI 0.42–
1.65] years), whereas AMA1 IgG showed the highest T2× 
(1.76 [95% CI 0.76–∞] years) and half-life (4.18 [95% CI 
1.86–∞] years).

Among the down-selected VAR2CSA peptides (p1, 
p5, p8, and p39), IgG against p5 (51 amino acids) and p8 
(48 amino acids) showed the lowest half-lives (0.55 [95% 
CI 0.38–1.02] years for p8; 1.33 [95% CI 0.65–∞] years for 
p5) and the largest increase in women exposed to P. falci-
parum during pregnancy compared with uninfected women 
(adjusted ratio [AR]p5 2.15 [95% CI 1.39–3.31] and ARp8 
2.17 [95% CI 1.46–3.23]; Figure 2, panel B; Appendix 1 
Figure 5; Appendix 2 Table 5). IgG levels and seropreva-
lence rates at delivery for p5 and p8 were higher among 
pregnant women with active or past malaria infection than 
among women with no parasite or pigment in the placenta, 
as assessed by histologic examination (Appendix 2 Table 
7). 3D modeling mapped both sequences on the exposed 
surface of DBL1X-ID1 region of VAR2CSA (Figure 2, 
panel F). Amino acid variability obtained from 50 P. falci-
parum isolates collected at study sites was 5% ± 2 SD for 
p5 sequences and 16% ± 5 SD for p8 sequences, compared 
with the consensus peptide sequence included in the array 
(Figure 2, panel G; Appendix 1 Figures 3, 4).

Performance of Selected VAR2CSA Peptides  
for Assessing Spatial and Temporal Differences  
in P. falciparum Exposure
In pregnant women from Mozambique at delivery, p5 
and p8 seroprevalence rates, as well as the composite of 
both (p5+8), decreased from 2004–2005 to 2010 (adjusted 
odds ratio [AOR]p5+8 0.27 [95% CI 0.11–0.68]), followed 
by an increase from 2010 to 2012 (AORp5+8 2.49 [95% CI 
1.34–4.61]; Figure 3, panel A; Appendix 2 Table 8). This 
decrease and subsequent increase mirrored P. falciparum 
prevalence by qPCR. HIV infection and parity did not 
modify the associations observed (p value for interaction 
>0.05 for all cases; Appendix 2 Table 8). Similar to P. fal-
ciparum prevalence determined by qPCR, seroprevalence 
rates were the highest in HIV-uninfected women from Be-
nin, followed by those from Gabon (AORp5+8 0.31 [95% CI 
0.21–0.47]) and Mozambique (AORp5+8 0.21 [95% CI 0.16–
0.28]; Figure 3, panel B; Appendix 2 Table 9). At delivery, 
pregnant women living in an area from Tanzania where no 
P. falciparum infection was detected by qPCR were sero-
negative against p5, p8, and p5+8 antibodies; 42% were 
seropositive against AMA1 and 48% were seropositive  

against MSP119 antibodies (Figure 3, panel B). Among 
HIV-infected women, seroprevalence rates for p8 and p5+8 
were lower in Mozambique than in Kenya (AORp5+8 0.58 
[95% CI 0.38–0.88]; Figure 3, panel C; Appendix 2 Table 
9). p5 and p5+8 seroprevalence rates were higher among 
anemic than among nonanemic women (AORp5+8 1.26 
[95% CI 1.03–1.55]; Figure 3, panel D; Appendix 2 Table 
10). Seroprevalence rates were lower among HIV-uninfect-
ed women who received IPTp with mefloquine than among 
those who received sulfadoxine/pyrimethamine (AORp5+8 
0.74 [95% CI 0.59–0.94]; Figure 3, panel E; Appendix 2 
Table 11). Seroprevalence rates among HIV-infected wom-
en were lower among those who received mefloquine than 
among those who received placebo, although differences 
were not significant (AORp5+8 0.76 [95% CI 0.50–1.15]; 
Figure 3, panel F; Appendix 2 Table 11).

Geographic Patterns of P. falciparum Transmission  
through VAR2CSA Serologic Testing
Spatial geocoordinates were available for 698 pregnant 
women from Mozambique residing in Manhiça District 
(southern Mozambique). Geographic areas experiencing 
significantly higher seroprevalence rates than would be ex-
pected by chance were observed for p5 (radius 2.82 km; 
p = 0.024) and p5+8 (radius 1.06 km; p = 0.049) but not 
for MSP119 and AMA1 (Figure 4; Appendix 2 Table 12). 
The distribution of HIV infection, parity, age, and IPTp 
was similar among women inside and outside the serologic 
hotspot (p>0.05; Appendix 2 Table 12).

Discussion
Routine P. falciparum testing of easily accessible pregnant 
women at maternal healthcare services has the potential 
to offer a rapid, consistent, and cost-effective method for 
evaluating the malaria burden in different communities and 
tracking progress of interventions. IgGs against 2 VAR2C-
SA peptides, selected according to their ability to maximize 
the information about recent P. falciparum exposure dur-
ing pregnancy, reflected differences in malaria burden over 
time and space in multiple settings in Africa and changes in 
parasite rates associated with the use of different preventive 
regimens. Overall, our results indicate that in areas with 
well-attended maternal healthcare services, this pregnancy-
specific serologic test may serve as a useful sentinel sur-
veillance tool for flagging changes in malaria burden and 
progress in the path toward elimination.

p5 (51 amino acids) is localized in the DBL1X domain 
and p8 (48 amino acids) in the ID1 region of VAR2CSA. 
Limited diversity (5%) of p5 sequence was observed in P. 
falciparum isolates from a variety of regions of Africa, in 
accordance with estimates from previous studies for the 
DBL1X domain (24). p8 corresponds to a more diverse 
(16%) variant of the ID1 region in VAR2CSA (25). Both 
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peptides are exposed on the DBL1X-ID1 N terminal region 
of VAR2CSA (18,26) and recognized by IgG from malar-
ia-exposed pregnant women at levels higher than those of 
pregnant women from Spain and men from Mozambique 
(19). IgG responses against both VAR2CSA peptides in-
creased with P. falciparum infection during pregnancy. 
Moreover, higher risk for anemia among p5 and p5+8 sero-
responders support these antibodies as markers of recent in-
fection, which adversely affects the women’s health (3). In 
contrast to the slow decay of IgG responses against AMA1, 
the half-life of IgG against p5 and p8 was <2 years, the  

average time reported in Mozambique for a second preg-
nancy to occur (27). The short half-life of p5 and p8 IgG, 
together with the similar IgG levels in multigravid and pri-
migravid women, suggests that antibodies acquired during 
one pregnancy are not maintained over multiple pregnan-
cies; thus, antibodies can be used as a reliable indicator of 
recent exposure for pregnant women, regardless of parity.

Seroprevalence rates for p5, p8, and the composite of 
both peptides (p5+8) mirrored trends in P. falciparum preva-
lence among pregnant women from Mozambique deliver-
ing during 2004–2012 (3), a temporal pattern that was also  
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Figure 3. IgG seroprevalence 
against VAR2CSA selected 
antigens according to study 
period, country, anemia status 
and intermittent preventive 
treatment group in serologic 
study of Plasmodium falciparum 
in pregnant women. A) Pregnant 
women from Mozambique 
delivering during different 
periods. B) HIV-uninfected 
pregnant women from Benin, 
Gabon, Mozambique, and 
Tanzania. C) HIV-infected 
pregnant women from 
Kenya and Mozambique. D) 
Nonanemic (NA) and anemic 
(A) pregnant women. E) HIV-
uninfected pregnant women 
receiving mefloquine (MQ) or 
sulfadoxine/pyrimethamine 
(SP) as intermittent preventive 
treatment during pregnancy 
(IPTp). F) HIV-infected 
pregnant women receiving 
MQ or placebo (PL) as IPTp. 
Maternal microscopic infection 
was defined by the presence 
of P. falciparum parasites in 
peripheral blood or in placenta 
on microscopic or histologic 
examination, respectively. 
Maternal quantitative PCR 
(qPCR)–positive infection was 
defined by a positive result on 
qPCR of peripheral or placental 
blood. P-values were obtained 
from multivariate regression 
models adjusted for HIV, parity, 
age, IPTp, and country when 
applicable. T-bars represent 95% 
CIs. *Crude p<0.05; **adjusted 
p<0.05. B, Benin; G, Gabon; K, 
Kenya; M, Mozambique; OM, 
optical microscopy; T, Tanzania.
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observed for PfPR2–10 (28). Trends were similar among HIV-
uninfected and infected women, suggesting that impairment 
of P. falciparum–specific antibody responses driven by vi-
ral infection (29) may not affect short-lived IgG responses 
against p5 and p8. Seroprevalence also reflected the bur-
den of malaria among pregnant women residing in a vari-
ety of settings in Africa, as well as reductions in infection 
rates resulting from the use of mefloquine as IPTp among 
HIV-uninfected women (21). Similar trends, although not 
statistically significant, were observed among HIV-infect-
ed women receiving cotrimoxazol prophylaxis alone or in 
combination with mefloquine (22), possibly because of the 
longer duration of protection provided by 3 IPTp doses in 
HIV-infected women compared with the 2 doses in HIV-
uninfected women. We also found that pregnant women liv-
ing in an area from Tanzania where no P. falciparum infec-
tion was detected by qPCR as well as pregnant women from 
Spain never exposed to malaria were seronegative against p5 
and p8, suggesting that pregnancy-specific serology might 
be used to confirm the eventual interruption of transmission.

Geographic distribution of pregnant women from 
Mozambique who were seropositive against p5 and p5+8 
revealed a serologic hotspot in an area close to the river 
and sugar cane plantations, where the density of anopheline 
mosquitoes can be expected to be higher. In contrast, anti-
bodies against MSP119 and AMA1 were not able to identify 
these malaria transmission patterns because of saturation 
of antibody responses after lifelong exposure to P. falci-
parum. These results support the value of using VAR2CSA 
serologic testing to amplify signals of recent exposure and 

suggest its potential to trigger targeted interventions to per-
sons living in close proximity to passively detected sero-
positive pregnant women.

Our study has several limitations. First, the peptide ar-
ray we used may have missed some conformational nonlin-
ear epitopes. Second, different transmission dynamics and 
host genetic factors may affect the acquisition and decay of 
antibodies (16). Third, steeper decay of antibodies may be 
observed out of pregnancy when infecting parasites express 
non-VAR2CSA variants. Fourth, the reduction of data from 
median fluorescence intensity to seroprevalence to simplify 
the serologic information of the assay may reduce the depth 
of serologic information. Developing alternative mathemat-
ical models that use antibody levels (30) may increase the 
sensitivity to detect temporal and spatial changes in malar-
ia transmission. Fifth, small numbers of pregnant women 
from malaria-free areas in Tanzania and Spain limit the 
generalizability of our data to support pregnancy-specific 
serologic testing as a tool to confirm interruption of trans-
mission. Last, antibody assessments in this study were con-
ducted mainly at delivery; further studies should assess the 
performance of this testing at antenatal visits or soon after 
delivery (i.e., during infant immunization). Future research 
is needed to describe the relationship between pregnancy-
specific serologic testing and malaria transmission in the 
general population and its value for confirming interruption 
of malaria transmission and providing early signals of P. 
falciparum resurgence after local elimination.

In summary, this study shows that IgG against 2 
VAR2CSA peptides from the DBL1X-ID1 domain reveal 
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Figure 4. Geographic patterns 
of Plasmodium falciparum 
infection and IgG seropositivity 
in pregnant women living 
in southern Mozambique. 
Geographic distribution of 
seropositive pregnant women 
(HIV-uninfected and HIV-
infected) living in Manhiça 
District, Mozambique, who 
delivered during 2010–2012 
and for whom microscopy, 
quantitative PCR (qPCR), and 
spatial geocoordinates were 
available. Distribution shows 
pregnant women with and 
without P. falciparum infection 
at delivery, either in peripheral 
or in placental blood, detected 
by microscopy or histology (A) 
or qPCR (B), as well as AMA1 
(C), MSP119 (D), p5 (E), p8 
(F), and p5+8 (G) seropositive 
and seronegative pregnant women at delivery. Grey dots indicate seronegative women, blue dots indicate seropositive women, red 
dots indicate seropositive women selected by the hotspot cluster algorithm; red circles indicate the most likely hotspot (continuous 
line p<0.05, dashed line p>0.05). Maps were generated by using OpenStreetMap (https://www.openstreetmap.org). Hotspot NE, not 
estimated because of low/high prevalence of seropresponders.
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temporal and spatial differences in malaria burden among 
pregnant women and reductions in exposure associated 
with the use of preventive measures during pregnancy. 
These antibodies enable the identification of local clusters 
of transmission that are missed by detection of P. falci-
parum infections. Our results suggest that inferring recent 
exposure through VAR2CSA serologic testing would am-
plify signals of ongoing malaria transmission and increase 
the power to detect changes, either natural or driven by 
deliberate efforts, as well as malaria hotspots, among preg-
nant women (2). Moreover, peptides such as p1 targeted 
by long-lasting IgG responses may be useful for capturing 
past changes in transmission by sampling women of child-
bearing age and relating seroprevalence with the number 
and timing of previous pregnancies. Operationally suitable 
serologic tests (31) capable of detecting antibodies against 
VAR2CSA synthetic peptides may be used in programmat-
ic environments to stratify areas based on malaria burden, 
measure the effects of interventions, and document year-to-
year changes in transmission. 
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Carbapenem-resistant Pseudomonas aeruginosa (CRPA) is 
a public health concern worldwide, but comprehensive analy-
sis of risk factors for CRPA remains limited in China. We con-
ducted a retrospective observational study of carbapenem 
resistance in 71,880 P. aeruginosa isolates collected in Zhe-
jiang Province during 2015–2017. We analyzed risk factors 
for CRPA, including the type of clinical specimen; the year, 
season, and region in which it was collected; patient informa-
tion, including age, whether they were an outpatient or inpa-
tient, and whether inpatients were in the intensive care unit 
or general ward; and the level of hospital submitting isolates. 
We found CRPA was more prevalent among isolates from 
patients >60 years of age and in inpatients, especially in in-
tensive care units. In addition, specimen types and seasons 
in which they were collected were associated with higher 
rates of CRPA. Our findings can help hospitals reduce the 
spread of P. aeruginosa and optimize antimicrobial drug use.

The bacterium Pseudomonas aeruginosa is a particu-
larly concerning nosocomial pathogen because of its 

intrinsic resistance to multiple antimicrobial agents (1,2). 
In 2016, surveillance of nosocomial infections in China 
showed P. aeruginosa was the fifth most frequently iso-
lated pathogen, accounting for 8.7% of hospital-acquired 
infections, and the fourth most common (8.0%) in Zhe-
jiang Province (3,4). P. aeruginosa often causes severe 
infections and results in high rates of illness and death 
among infected patients (1). A survey in the United States 
revealed that P. aeruginosa was the second-leading cause 
of nosocomial pneumonia (14%–16%), third main con-
tributor of urinary tract infections (7%–11%), and seventh 
major cause of bloodstream infections (2%–6%) (5,6). 

Carbapenems are the most effective antimicrobial 
agents against severe P. aeruginosa nosocomial infections 
involving bacteria producing cephalosporinase AmpC or 
extended-spectrum β-lactamases (7). However, P. aerugi-
nosa has become increasingly resistant to carbapenems. A 
2016 World Health Organization survey ranked carbape-
nem-resistant P. aeruginosa (CRPA) as the second most 
critical-priority bacterium among 20 antimicrobial-resis-
tant bacterial species (8).

CHINET surveillance (http://www.chinets.com) re-
vealed that CRPA in Zhejiang Province, China, increased 
annually from 22% in 2015 to 38.67% in 2017 and that Zhe-
jiang had the highest rates of CRPA of all provinces in China 
in 2017. In addition, Zhejiang reported the local emergence 
of carbapenem-resistant Klebsiella pneumoniae carbapen-
emase–producing P. aeruginosa in 2015 (9). Given the clini-
cal importance of CRPA, we analyzed short-term trends and 
various risk factors related to the occurrence of carbapenem 
resistance in P. aeruginosa in Zhejiang, as well as co-resis-
tance to other commonly used antimicrobial agents. 

Materials and Methods

Bacterial Species and Strain Identification
We obtained data from the Annual Review of Hospital In-
fection Resistance Survey in Zhejiang Province, collected 
during 2015–2017 (4,10,11). Each of the >78 secondary 
or tertiary hospitals enrolled in the surveillance each year 
(Table 1) imported and shared data of routine antimicro-
bial susceptibility testing using WHONET 5.6 software  
(http://www.whonet.org). Enrolled hospitals are distrib-
uted in 11 cities of Zhejiang Province: Hangzhou, Huzhou, 
Jiaxing, Shaoxing, Ningbo, Taizhou, Jinhua, Quzhou, Li-
shui, Wenzhou, and Zhoushan. Each hospital laboratory 
cultured isolates on blood agar plates and identified anti-
microbial-resistant strains by using matrix-assisted laser 
desorption/ionization time of flight (MALDI-TOF) mass 
spectrometry, the VITEK 2 Compact system (bioMérieux,  
https://www.biomerieux.com), or the Phoenix 100 system 
(Becton Dickinson, https://www.bd.com).
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Antimicrobial Susceptibility Testing
We performed antimicrobial susceptibility testing on 
71,880 P. aeruginosa isolates submitted during 2015–
2017. We tested for susceptibility to gentamicin, ami-
kacin, piperacillin/tazobactam, ceftazidime, cefepime, 
aztreonam, imipenem, meropenem, ciprofloxacin, levo-
floxacin, colistin, and polymyxin B. We selected these 
12 antimicrobial agents because all are used routinely in 
clinical settings in the province and we could include 1–2 
from each antimicrobial category, per guidelines from 
the Clinical and Laboratory Standards Institute (CLSI; 
12). We imported susceptibility data into WHONET, de-
leted duplicated strains, used only the first isolate from 
each patient, and interpreted results according to CLSI  
guidelines (12).

Hospitals prepared isolates for susceptibility testing 
by using the Kirby-Bauer method and interpreted results 
manually according to CLSI guidelines (12) or by using 
broth microdilution for analysis by VITEK 2 or Phoenix 
100 automated systems. To ensure comparable susceptibil-
ity tests between hospitals, each used the same reference 
strain, P. aeruginosa ATCC27853, and standardized pro-
cedures, following guidelines from the National Health 
Commission of China. We considered possible inaccura-
cies of susceptibility tests for colistin and polymyxin B in 
automated systems, especially by the Kirby-Bauer method, 
because of poor and slow diffusion in agar plates (13) and 
applied strict quality control practices by comparing results 
against our reference strain. 

We conducted imipenem susceptibility testing of 
71,880 isolates and meropenem susceptibility testing of 
26,916 (37.44%). We used imipenem resistance as an in-
dicator of carbapenem resistance and separately analyzed 
imipenem-resistant (IMP-R) and imipenem-susceptible 
(IMP-S) P. aeruginosa isolates against the other antimicro-
bial agents.

Classifications
We used year as an independent variant for occurrence 
analysis of IMP-R P. aeruginosa. Then, we calculated 
other variants by year. For our analysis, we categorized 
patient age into 6 groups: 0–2, 3–9, 10–19, 20–39, 40–59, 
and >60 years of age. Then we analyzed specific specimen 

types: blood, sputum, and urine. We analyzed outpatient 
and inpatient data and divided inpatients into 2 categories: 
those in intensive care units (ICUs) and those in standard 
patient wards (non-ICUs). To assess seasonality of CRPA, 
we analyzed quarters of the year, January–March, April–
June, July–September, and October–December. 

We grouped hospitals into 4 levels, 3A, 3B, 2A, 
and 2B, according to classifications designated by the 
National Health Commission of China, which classifies 
hospitals on the basis of the number of beds and scores 
on a comprehensive evaluation. Class 3 hospitals have 
>500 beds, and class 2 hospitals have 100–499 beds. 
The National Health Commission grades hospitals using 
scores from a comprehensive evaluation of the number 
of departments, staffing levels, management, technical 
level, work quality, and supporting facilities. Grade A 
hospitals received >900 points; grade B hospitals re-
ceived 750–899 points. 

We grouped geographic regions by city (Figure 1). Then, 
we analyzed each variant by year (Appendix Figure 1, http://
wwwnc.cdc.gov/EID/article/25/10/18-1699-App1.pdf). 

Statistical Analysis
We analyzed antimicrobial resistance patterns of P. aeru-
ginosa isolates exported from WHONET. We used uncon-
ditional logistic regression models to estimate odds ratios 
(ORs) and 95% CIs for univariable analysis of risk factors 
associated with IMP-R P. aeruginosa. We used either Pear-
son χ2 test or Fisher exact test to compare the frequency dis-
tribution of categorical variables. For all models, we con-
sidered p<0.05 statistically significant and then performed 
2-sided probability on those results by using SPSS version 
23.0 (IBM, https://www.ibm.com). We classified both in-
termediate and resistant isolates as IMP-R.

Results

Surveillance Data
Approximately 80 hospitals from 11 administrative dis-
tricts in Zhejiang Province participated in the annual survey 
of antimicrobial resistance. P. aeruginosa was the fourth 
most frequently isolated nosocomial pathogen identified, 
accounting for 8.0% of all bacteria obtained and 12.0% 
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Table 1. Pseudomonas aeruginosa isolates obtained from hospitals in Zhejiang Province, China, 2015–2017 

Year 
No. hospitals* 

No. isolates Isolation rate, %† 
Gram-negative 

isolates, % 
Imipenem-resistant 

isolates, % Total 3A 3B 2A 2B 
2015 78 41 23 13 1 22,464 8.1 11.9 35.4 
2016 88 44 23 19 2 24,303 8.0 12.0 37.1 
2017 84 41 24 18 1 25,113 7.8 12.0 39.1 
*Hospital classification is performed by the National Health Commission of China on the basis of the number of beds and comprehensive evaluation 
scores. Comprehensive evaluation covers the number of departments, staffing levels, management, technical level, work quality, and supporting facilities. 
Class 3 hospitals have >500 beds, class 2 hospitals have 100–499 beds. Grade levels are given on the basis of scores from a comprehensive evaluation; 
grade A hospitals received >900 points, grade B hospitals received 750–899 points. 
†P. aeruginosa was the fourth most commonly isolated pathogen in the region in each of the reported years. 
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of gram-negative bacteria collected in Zhejiang. During 
2015–2017, hospitals submitted 71,880 P. aeruginosa iso-
lates, >20,000 each year; this total is much higher than the 
numbers analyzed in studies from the United States and 
Europe (14,15). The large number of isolates provides a 
strong dataset for our statistical analysis. 

We found that 26,789 isolates (37.26%) were resistant 
to imipenem. The rate of IMP-R P. aeruginosa was >35% 
in each year and increased gradually during the study pe-
riod. The meropenem resistance rate of ≈29% was slightly 
lower than that of imipenem resistance in the 3 years ana-
lyzed. In addition, we found that 29.54% of isolates were 
resistant to piperacillin/tazobactam and 25.11% were resis-
tant to cefepime (Table 1; Figure 2; Appendix Table 1).

Correlation of IMP-R P. aeruginosa with Risk Factors
We examined the correlation between IMP-R P. aerugino-
sa and risk factors by using OR (Table 2). We investigated 
quarter of the year, geographic region, patient age, inpatient 
or outpatient status, and ICU or non-ICU status as risk fac-
tors. Our analysis showed that the year isolates were collect-
ed had a statistically significant effect on the OR for IMP-
R P. aeruginosa: OR 1.072 (95% CI 1.032–1.115) in 2016 
compared with 2015 and OR 1.167 (95% CI 1.124–1.213) 
for 2017 compared with 2015. Seasonality was also a fac-
tor; P. aeruginosa isolates collected during January–March, 

April–June, and October–December were more likely to 
be IMP-R than those collected during July–September. We 
found that the capital of Zhejiang, Hangzhou, as well as Hu-
zhou, Ningbo, Taizhou, Zhoushan, Wenzhou, and Quzhou, 
had higher IMP-R P. aeruginosa rates than other cities. 

Isolates from inpatients had higher rates of imipenem 
resistance than those from outpatients, and isolates from 
patients in ICUs were more likely to be IMP-R than those 
from patients in non-ICU wards. When analyzed for pa-
tient age, the highest proportion of resistant isolates were 
collected from patients >60 years of age. We found no sta-
tistically significant difference in risk for IMP-R among 
isolates collected from patients 0–2 and 3–9 years of age. 
However, in other age groups, OR increased with age. In 
addition, we found that isolates from blood and sputum cul-
tures were more likely to be IMP-R than isolates from urine 
(Table 2).

Antimicrobial Resistance Patterns of P. aeruginosa 
Overall, P. aeruginosa showed high susceptibility to 
lipopeptides (99.07% to colistin and 98.5% to poly-
myxin B) and aminoglycosides (93.06% to amikacin and 
85.88% to gentamicin) but high resistance to cephalo-
sporins and fluquinolones (≈20%–30% susceptibility) 
and aztreonam (35.65% susceptibility) (Table 3). When 
we classified isolates into IMP-R and IMP-S groups, we 
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Figure 1. Heatmap of rates of carbapenem-resistant Pseudomonas aeruginosa each year in administrative districts in Zhejiang 
Province, China. A) 2015; B) 2016; C) 2017.

Figure 2. Annual susceptibility 
rates to antimicrobial agents 
among imipenem-susceptible 
(A) and imipenem-resistant (B)
Pseudomonas aeruginosa isolates 
Zhejiang Province, China. AK, 
amikacin; ATM, aztreonam; CAZ, 
ceftazidime; CIP, ciprofloxacin; 
FEP, cefepime; GN, gentamicin; 
MEM, meropenem; TZP, 
piperacillin/tazobactam.
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found statistically significant differences (p<0.001) in 
resistance rates between resistant and susceptible iso-
lates for all analyzed antimicrobial drugs except lipo-
peptides. IMP-R isolates exhibited statistically lower 
susceptibility than IMP-S isolates to all antimicrobial 
drugs except the lipopeptides, colistin and polymyxin B. 
We saw a 2–3-fold difference in MIC50 (MIC needed to 
inhibit 50% of cells) between IMP-S isolates and IMP-R 
isolates. In contrast, for each antimicrobial drug except 
lipopeptides, most IMP-R strains belonged to the MIC90 
group (MIC needed to inhibit 90% of cells), whereas 
the IMP-S isolates were more prevalent in the MIC50 
group. Similarly, the IMP-R group was highly resistant 
(25.36%) to meropenem, but IMP-S group was highly 
susceptible (96.97%) (Figure 2).

Discussion
Carbapenems are the most effective antimicrobial agents 
against serious infections caused by multidrug-resistant 
gram-negative bacilli. However, the resistance rate of P. 
aeruginosa to carbapenems has been consistently high 
(3,16–18). Clarifying resistance trends of CRPA and re-
lated risk factors can guide antimicrobial use and selection 
of effective treatment plans.

In our study, rates of IMP-R P. aeruginosa increased 
annually and were higher in Zhejiang Province than re-
ported for other provinces in national surveillance through 
CHINET (3,17,18). For instance, 2017 CHINET surveil-
lance reported national rates of 27.3% for IMP-R P. aeru-
ginosa and 25.1% for meropenem-resistant P. aeruginosa 
(18), but in Zhejiang Province the rates were 39.3% for 
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Table 2. Annual odds ratios for risk factors associated with carbapenem-resistant Pseudomonas aeruginosa, Zhejiang Province, 
China, 2015–2017* 

Characteristics 
2015 

 
2016 

 
2017 

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value 
District         
 Jiaxing Referent   Referent   Referent  
 Hangzhou 3.22 (2.85–3.63) <0.001  2.83 (2.52–3.19) <0.001  2.10 (1.91–2.31) <0.001 
 Huzhou 1.42 (1.16–1.75) 0.001  1.68 (1.41–2.00) <0.001  1.92 (1.55–2.38) <0.001 
 Ningbo 2.23 (1.94–2.56) <0.001  2.16 (1.89–2.47) <0.001  1.85 (1.64–2.07) <0.001 
 Taizhou 1.97 (1.65–2.36) <0.001  1.50 (1.29–1.75) <0.001  1.77 (1.51–2.07) <0.001 
 Zhoushan 3.24 (2.63–4.00) <0.001  1.79 (1.46–2.18) <0.001  1.61 (1.31–1.97) <0.001 
 Wenzhou 4.30 (3.75–4.94) <0.001  1.40 (1.18–1.65) <0.001  1.59 (1.40–1.80) <0.001 
 Quzhou 2.99 (2.48–3.61) <0.001  1.81 (1.53–2.14) <0.001  1.25 (1.09–1.45) 0.002 
 Jinhua 1.77 (1.51–2.08) <0.001  0.99 (0.85–1.15) 0.893  1.24 (1.09–1.40) 0.001 
 Shaoxing 2.09 (1.77–2.47) <0.001  1..47 (1.26–1.71) <0.001  1.10 (0.96–1.25) 0.165 
 Lishui 1.90 (1.59–2.27) <0.001  1.11 (0.89–1.39) 0.345  0.62 (0.49–0.79) <0.001 
Specimen type         
 Urine Referent   Referent   Referent  
 Blood 1.23 (0.99–1.53) 0.067  1.68 (1.35–2.08) <0.001  1.44 (1.66–1.77) 0.001 
 Sputum 1.87 (1.66–2.96) <0.001  1.97 (1.76–2.22) <0.001  2.13 (1.90–2.39) <0.001 
Patient age, y         
 0–2 Referent   Referent   Referent  
 3–9 0.93 (0.58–1.49) 0.764  0.83 (0.56–1.23) 0.362  1.06 (0.73–1.54) 0.768 
 10–19 1.66 (0.99–2.48) 0.055  1.23 (0.84–1.80) 0.295  1.57 (1.08–2.29) 0.018 
 20–39 3.51 (2.48–4.97) <0.001  2.28 (1.70–3.06) <0.001  2.62 (1.95–3.55) <0.001 
 40–59 3.93 (2.82–5.48) <0.001  2.57 (1.95–3.39) <0.001  3.09 (2.33–4.10) <0.001 
 >60 4.34 (3.13–6.02) <0.001  2.83 (2.15–3.71) <0.001  3.24 (2.45–4.27) <0.001 
Quarter         
 Jul–Sep Referent   Referent   Referent  
 Jan–Mar 2.11 (1.46–3.03) <0.001  1.30 (1.17–1.44) <0.001  1.90 (1.75–2.07) <0.001 
 Apr–Jun NA NA  1.09 (0.97–1.22) 0.136  1.56 (1.42–1.70) <0.001 
 Oct–Dec NA NA  1.28 (1.15–1.43) <0.001  1.21 (1.11–1.31) <0.001 
Hospital level†         
 2B Referent   Referent   Referent  
 2A 1.36 (0.71–2.63) 0.355  1.46 (0.96–2.20) 0.073  1.84 (1.11–3.04) 0.016 
 3B 1.13 (0.59–2.18) 0.712  0.95 (0.63–1.44) 0.819  1.35 (0.82–2.25) 0.239 
 3A 1.93 (1.01–3.71) 0.044  1.10 (0.72–1.68) 0.653  1.58 (0.95–2.63) 3.175 
Type of patient         
 Outpatient Referent   Referent   Referent  
 Inpatient, ward       1.15 (1.01–1.31) 0.039 
  Non-ICU Referent   Referent   Referent  
  ICU 2.60 (2.42–2.79) <0.001  2.66 (2.49–2.85) <0.001  2.57 (2.38–2.78) <0.001 
*Isolates from patients with missing values on the variables are not included in the analysis. Bold text indicates statistical significance. NA, not available; 
OR, odds ratio. 
†Hospital classification is performed by the National Health Commission of China on the basis of the number of beds and comprehensive evaluation 
scores. Comprehensive evaluation covers the number of departments, staffing levels, management, technical level, work quality, and supporting facilities. 
Class 3 hospitals have >500 beds, class 2 hospitals have 100–499 beds. Grade levels are given on the basis of scores from a comprehensive evaluation; 
grade A hospitals received >900 points, grade B hospitals received 750–899 points. 
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IMP-R and 28.1% for meropenem-resistant isolates. Both 
the CHINET surveillance and our data indicated CRPA 
poses a severe challenge in Zhejiang Province. The slightly 
lower resistance rate we saw for meropenem could be be-
cause we tested fewer isolates for meropenem resistance 
(n = 26,916) than for imipenem resistance (n = 71,880) or 
could be the result of other mechanisms, such as mutation 
or loss of the oprD2 in some isolates (19).

When we examined risk factors, we found that patient 
type and ward were associated with a higher prevalence of 
IMP-R P. aeruginosa. Inpatients and those admitted to an 
ICU had higher IMP-R rates than outpatients and those in 
non-ICU wards, in accordance with previous studies (20), 
indicating ICU admission is a risk factor for IMP-R P. ae-
ruginosa. Patient age also factors into IMP-R P. aerugino-
sa occurrence in Zhejiang (21), which could be a result of 
the low immune function of patients >60 years of age. We 
saw an increase in the rate of IMP-R with increased patient 
age but did not see increased rates for patients 0–2, 3–9, or 
10–19 years of age. However, the IMP-R rate was >10% 
in 2015 and increased to 20.9% in 2017 in the 10–19-year 
age group (data not shown), which could signal a poten-
tial increasing trend of IMP-R in subsequent years. Further 
studies with clinical information and data are needed to in-
vestigate this issue.

A previous study in India showed that P. aeruginosa 
isolates from sputum and blood samples from patients in 
the ICU were more resistant than isolates from urine (22). 
Other studies in China also have observed this discrepancy 
of P. aeruginosa from various specimen types (16,23). We 
found this observation was true, not only for isolates from 
patients in the ICU but for all patient isolates included in 
our study, indicating IMP-R P. aeruginosa might be a less 
likely agent in urinary tract infection.

Previous studies also stated that the occurrence of P. 
aeruginosa infection was associated with seasons (24,25) 
and that the isolation rate usually was higher in summer 
than in winter. However, we observed a reverse outcome 
for IMP-R P. aeruginosa: a higher prevalence in winter 

than in summer (data not shown). The seasonal effect on 
IMP-R P. aeruginosa rates is unknown, but our finding 
could potentially inform clinical recommendations.

By OR analysis, we found that IMP-R P. aeruginosa 
was more prevalent in 7 administrative districts: Hang-
zhou, Huzhou, and Quzhou in the northwest and Ningbo, 
Taizhou, Zhoushan, and Wenzhou in the southeast of the 
province. However, we found no statistical differences in 
IMP-R related to hospital classification in Zhejiang, which 
is worth noting because patients in class 2 hospitals usu-
ally have mild or moderate illnesses and patients in class 3 
hospitals have more severe conditions or are immunocom-
promised and more susceptible to infection. We weighted 
class 2 hospitals differently than class 3 hospitals in our 
statistical analysis to account for the difference in patient 
types. However, because we saw no statistically significant 
difference in imipenem resistance rates related to the hospi-
tal level, we should put the same weight on both classes of 
hospitals in future analyses.

Although our study showed P. aeruginosa was highly 
resistant to carbapenems and multiple other drugs, it re-
mains highly susceptible to colistin and has some sensi-
tivity to cephalosporins and fluoroquinolones. IMP-R P. 
aeruginosa is most sensitive to colistin in vitro, and co-
listin is effective against multidrug-resistant P. aeruginosa 
nosocomial infections (26). Despite its strong neurotoxicity 
and ototoxicity, colistin was reapproved for clinical appli-
cations in China in September 2017. However, efficacy of 
colistin monotherapy has been questioned in clinical trials 
(27), and colistin should be used in combination with other 
antimicrobial agents in clinical therapy. 

Novel antimicrobial agents approved by the US Food 
and Drug Administration, such as ceftolozane/tazobactam 
or ceftazidime/avivactam, could be other treatment options. 
These drug combinations have good efficacy against CRPA 
isolates (28,29) but currently are not approved for use in 
China. Of note, ceftolozane/tazobactam might not be useful 
against carbapenemase-producing P. aeruginosa (30), and 
prerequisite identification of resistance mechanisms would 
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Table 3. Antimicrobial resistance patterns of imipenem-resistant and imipenem-susceptible Pseudomonas aeruginosa isolates, 
Zhejiang Province, China, 2015–2017* 

Antimicrobial drugs 
No. isolates (susceptibility rate, %) 

p value 
Total susceptibility 

rate, % 
MIC50, μg/mL 

 
MIC90, μg/mL 

IMP-S IMP-R S R S R 
Piperacillin/tazobactam 41,145 (85.70) 23,721 (44.01) <0.001 70.46 8 64  64 128 
Ceftazidime 30,326 (86.26) 18,348 (47.93) <0.001 71.81 4 16  32 64 
Cefepime 42,492 (89.01) 24,947 (50.83) <0.001 74.89 2 8  16 64 
Aztreonam 24,215 (68.07) 13,823 (30.32) <0.001 54.35 8 32  32 64 
Amikacin 42,106 (97.38) 24,748 (85.69) <0.001 93.06 2 4  8 64 
Gentamicin 41,207 (92.80) 24,618 (74.29) <0.001 85.88 1 2  4 16 
Ciprofloxacin 42,442 (88.28) 25,063 (51.64) <0.001 74.67 0.25 1  2 4 
Levofloxacin 41,982 (89.06) 24,593 (53.17) <0.001 75.80 0.5 2  4 8 
Meropenem 17,166 (96.97) 9,750 (25.36) <0.001 71.03 1 8  1 16 
Colistin 1,624 (99.08) 627 (99.04) NA 99.07 1 1  1 2 
Polymyxin B 5,012 (98.60) 3,746 (98.37) 0.452 98.50 1 1  2 2 
*MIC50 and MIC90 were generated from the minimal inhibitory concentrations of antimicrobial drugs. Bold text indicates p values <0.05. IMP-R, imipenem-
resistant; IMP-S, imipenem-susceptible; NA, not applicable; R, resistant; S, susceptible.  
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be needed to develop rational antimicrobial drug regimens. 
In addition, a novel plasmid-mediated colistin-resistant 
gene, mcr, has emerged in Enterobacteriaceae (31–33). 
To reduce the chances of its dissemination to P. aerugi-
nosa under antimicrobial drug selection pressure, clinicians 
should prioritize colistin only for severe cases of P. aeru-
ginosa infection in clinical practice. Because of limitations 
of susceptibility testing methods (13), MICs for polymyx-
ins might be less reliable in strains with MICs close to the 
breakpoint. Therefore, clinicians also should choose poly-
myxin therapies carefully.

Our study had some limitations. We excluded strains 
without a corresponding field from the classification anal-
ysis, such as patient age, patient type, or isolation time, 
which might have caused a distortion in the resistance rate. 
A disproportionate number of class 3 to class 2 hospitals 
participated in the surveillance, and class 2 hospitals inevi-
tably were biased in the statistical antimicrobial resistance 
rate because they submit fewer isolates. In addition, we 
could not include therapeutic regimens, patient outcomes, 
or the molecular mechanisms of resistance for CRPA 
strains because they were not available, but these measures 
could inform clinical decisions and should be included in 
further surveillance studies.

In summary, we conducted a comprehensive analysis 
of risk factors associated with CRPA in Zhejiang Province, 
China. We investigated potential risk factors for IMP-R 
P. aeruginosa because Zhejiang Province has higher rates 
of carbapenem resistance compared with other provinces 
(34). Our research provides insights into CRPA in China 
and indicates an imperative for medical institutions in Chi-
na to strengthen surveillance for this organism.
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Middle East respiratory syndrome coronavirus (MERS-
CoV) infections in humans can cause asymptomatic to fatal 
lower respiratory lung disease. Despite posing a probable 
risk for virus transmission, asymptomatic to mild infections 
can go unnoticed; a lack of seroconversion among some 
PCR-confirmed cases has been reported. We found that a 
MERS-CoV spike S1 protein–based ELISA, routinely used 
in surveillance studies, showed low sensitivity in detecting 
infections among PCR-confirmed patients with mild clini-
cal symptoms and cross-reactivity of human coronavirus 
OC43–positive serum samples. Using in-house S1 ELISA 
and protein microarray, we demonstrate that most PCR-
confirmed MERS-CoV case-patients with mild infections 
seroconverted; nonetheless, some of these samples did not 
have detectable levels of virus-neutralizing antibodies. The 
use of a sensitive and specific serologic S1-based assay 
can be instrumental in the accurate estimation of MERS-
CoV prevalence.

Middle East respiratory syndrome coronavirus 
(MERS-CoV) poses a public health threat; ongoing 

outbreaks have been reported since its detection in 2012 
(1). MERS-CoV infection may be asymptomatic or may 
cause illness ranging from mild to fatal; fatal infections ac-
count for 35% of reported cases (2–5). Dromedary camels 
are the virus reservoir (6,7) and pose a high risk of infecting  

humans in contact with them (4,7–9). These spillover events 
may seed outbreaks in the community (10), which occur 
mainly in healthcare settings (11,12) and, to a lesser ex-
tent, among patient household contacts (13–15). Although 
not sustained, human-to-human transmission accounts for 
most reported cases (16) and may initiate outbreaks outside 
endemic areas, as seen in the 2015 South Korea outbreak 
(17). However, the rate of human-to-human transmission 
and total disease burden of MERS-CoV are not fully clear 
because we lack accurate data on the frequency of asymp-
tomatic and mild infections.

Diagnostic assays with validated high sensitivity 
and specificity are crucial to estimate the prevalence of 
MERS-CoV. Molecular-based assays have been de-
veloped that enable sensitive and specific diagnosis of 
MERS-CoV infections (18,19). Although the molecular 
detection of viral nucleic acid by reverse transcription 
PCR (RT-PCR) is the standard for MERS-CoV diagnosis, 
serologic detection remains necessary. Viral nucleic acid 
is detectable within a limited timeframe after infection, 
and samples from the lower respiratory tract are required 
for reliable results. Furthermore, whereas mutations in the 
viral regions where the PCR probes bind could lead to de-
creased sensitivity (20), genetically diverse MERS-CoV 
strains may retain antigenic similarity (21). Validated se-
rologic assays are needed to ensure that the full spectrum 
of infections is identified; antibodies can be detected for 
longer periods after infection and even if viruses mutate. 
Several research groups and companies have developed 
serologic assays allowing for high-throughput surveil-
lance for MERS-CoV infections among large populations 
(15,19,22–25).

Despite the number of serological assays devel-
oped, none is considered to be fully validated. There are 
2 major challenges concerning specificity and sensitivity  
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aspects of MERS-CoV serologic assays. The first chal-
lenge is that 90% of the human population have anti-
bodies against common cold–causing human corona-
viruses (HCoVs) that could cross-react, resulting in 
false positives in serologic assays, especially in persons 
infected with viruses belonging to the same genus of 
β-coronaviruses as human seasonal coronaviruses OC43 
and HKU1 (26). The spike protein, specifically its N-ter-
minal S1 domain, is highly immunogenic and divergent 
among HCoVs, so it is an ideal candidate for virus-spe-
cific serologic assays (27). The second challenge is the 
low antibody responses among mildly infected and as-
ymptomatic cases. Severe MERS-CoV infections result 
in a robust immune response allowing serologic detec-
tion in patients with positive or negative PCR outcomes 
(28), but PCR-diagnosed mild or asymptomatic infec-
tions may cause variable immune responses that can be 
undetectable by serologic assays (5,15,17). Therefore, a 
sensitive assay is necessary to avoid false-negative re-
sults that can cause failure in detection of subclinical 
infections and underestimation of prevalence in serosur-
veillance studies. We evaluated the antibody responses 
following severe and mild laboratory-confirmed MERS-
CoV infections, validating and comparing different as-
say platforms for the specific and sensitive detection of 
MERS-CoV infections.

Materials and Methods

Serum Samples
We used a total of 292 serum samples in this study (Table 1; 
Appendix, https://wwwnc.cdc.gov/EID/article/25/10/19-
0051-App1.pdf). The samples represented patients with 
serologically identified (8) and PCR-confirmed MERS-
CoV infections (17,29), a cohort of healthy blood donors 
as a control group, and patients confirmed by RT-PCR to 
have non–MERS-CoV respiratory virus infections to as-
sess assay specificity. The use of serum samples from the 
Netherlands was approved by the Erasmus Medical Center 
local medical ethics committee (MEC approval 2014-414). 
The Institutional Ethics Review Board of Seoul National 
University Hospital approved the use of samples from pa-
tients in South Korea (approval no. 1506–093–681). The 
Ethics and Institutional Animal Care and Use Committees 
of the Medical Research Center, Hamad Medical Corpo-
ration, approved the use of samples from Qatar (permit 
2014–01–001).

Serologic Assays
We tested all serum samples for MERS-CoV neutraliz-
ing antibodies using plaque reduction neutralization assay 
(PRNT). For S1 reactivity, we used a routine ELISA (rELI-
SA; Euroimmun, https://www.euroimmun.com [15]), an 

in-house ELISA (iELISA), and protein microarray (8,23). 
For nucleocapsid reactivity, we used luciferase immuno-
precipitation assay (N-LIPS) (24). For S2 reactivity, we 
used ELISA (Appendix).

Statistical Analyses
We evaluated the specificity and sensitivity and predic-
tive values of the assay platforms using serum samples 
from patients with PCR-diagnosed MERS-CoV infec-
tions, respiratory virus–infected patients, and healthy 
controls. We compared performance of assay platforms 
to PCR performance using Fisher exact test and used 
receiver operating characteristic (ROC) curve to com-
pare performance of different platforms. We performed 
all statistical analyses using GraphPad Prism version 7 
(https://www.graphpad.com).

Results

Low Antibody Responses following Mild  
MERS-CoV Infection
Several studies have proposed that antibody levels and 
longevity following MERS-CoV infection are dependent 
on disease severity (5,15,17). Among PCR-confirmed 
MERS patients, mild infections may result in unde-
tectable or lower, short-lived immune responses when 
compared with severe infections. We evaluated MERS-
CoV–specific antibody responses in severe and mild 
MERS-CoV infections using serum samples collected 6, 
9, and 12 months after disease onset from PCR-confirmed 
MERS-CoV patients from the 2015 South Korea out-
break, 6 with severe and 5 with mild infections (17). First, 
we tested serum samples for MERS-CoV S1 antibodies 
using different assay platforms (Figure 1; Appendix Ta-
ble). Consistent with the earlier report (17), the routinely 
used rELISA detected only 2/6 mild infections (Figure 1, 
panel A). In contrast, iELISA detected 5/6 mild infections 
(Figure 1, panel B). Similar results were obtained using 
the S1 protein microarray to screen for MERS-CoV–spe-
cific antibodies (Figure 1, panel C). Although these se-
rum samples lacked MERS-CoV neutralizing antibodies 
(17), the presence of nucleocapsid antibodies up to 1 year 
postinfection in 4/6 mildly infected patients’ samples 
confirmed the results of the S1 ELISA with an assay tar-
geting another MERS-CoV protein (Figure 1, panel D). 
All severe cases, on the other hand, were found positive 
in all tested platforms up to 1 year after disease onset, 
indicating a robust immune response of high antibody 
titers in severe cases (Figure 1; Appendix Table). Com-
pared with milder infections, both S1 and neutralizing an-
tibody responses were higher in severely infected cases, 
confirming that antibody responses are lower following 
nonsevere infection.
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Specificity and Sensitivity of In-house  
S1 ELISA and Microarray
To confirm that the variation in the detection of mild cases 
is caused by the sensitivity of the different platforms used, 
we further validated the platforms for specificity and sen-
sitivity using 292 serum samples (Table 1). Using MERS-
CoV neutralization as the standard for MERS-CoV serol-
ogy, we tested all serum samples using plaque reduction 
neutralization assay (PRNT90) and for S1, S2, and nucleo-
capsid reactivities.

We assessed the specificity of the assays using serum 
samples from cohorts A–C: healthy blood donors (cohort 
A), patients with PCR-confirmed acute respiratory non-CoV 
infections (cohort B), and patients with acute to convales-
cent PCR-confirmed α- and β-HCoV infections (cohort C). 
None of the serum samples from specificity cohorts A–C 
were reactive by iELISA at the set cutoff, indicating 100% 
specificity (Figure 2, panel A; Appendix). We also evalu-
ated the sensitivity for detecting MERS-CoV infections; 
iELISA was able to detect MERS-CoV infections among 
persons with camel contact (cohort D1) who had low an-
tibody levels as determined by protein microarray (8). Us-
ing samples from acute-phase PCR-diagnosed patients (co-
hort E), we detected seropositivity 6–8 days postdiagnosis 
(dpd). All convalescent-phase serum samples (cohort F) 
were positive up to the last time point tested: 228 dpd for 
patient 1 and 44 dpd for patient 2 (Appendix Figure 1). 

These results reveal the high specificity and sensitiv-
ity of this ELISA platform, supporting our earlier findings 

and confirming the sensitivity of our platform in detecting 
low immune responses among cases of milder infection 
(cohort G) (Figure 1). Overall, iELISA was 100% (95% 
CI 98.07%–100%) specific and 92.3% (11/13; 95% CI 
66.7%–99.6%) sensitive for detection of PCR-confirmed 
cases (96.9% overall in the tested cohorts; 95% CI 84.3%–
99.8%) (Table 2). Moreover, the iELISA performance 
was in accordance with that of the MERS-CoV S1 protein 
microarray (Figure 2, panel B). S1 microarray validation 
showed the same pattern of specificity with no false posi-
tives (100% specificity, 95% CI 98.07%–100%) in cohorts 
A–C and was 84.6% sensitive (95% CI 57.8%–97.3%) for 
PCR-confirmed cases and 93.8% overall (95% CI 79.9%–
98.9%). Specificity of S1 as an antigen for MERS-CoV 
serology was further supported by the rates of seropositiv-
ity of all the serum samples from cohorts A–C: 87.4% for 
HCoV-HKU1, 91.3% for HCoV-OC43, 96.4% for HCoV-
NL63, and 100% for HCoV-229E, as determined by micro-
array (Figure 2, panel C). All samples were seronegative 
for SARS-CoV, and no MERS-CoV false positives were 
detected in the iELISA and microarray. Overall, these re-
sults provided evidence for the use of S1 as a specific anti-
gen for MERS-CoV serology.

We evaluated nucleocapsid and S2 antibody responses 
after MERS-CoV infections. At the set cutoff, none of the 
control serum samples tested positive for nucleocapsid an-
tibodies (Figure 2, panel D). We detected seroconversion 
by nucleocapsid-luciferase immunoprecipitation assay 
among all severely infected, 4/6 (66.7%) mildly infected, 
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Figure 1. Detection of MERS-
CoV–specific antibody responses 
6–12 months following PCR-
diagnosed mild and severe 
infections using different assays. 
Spike S1–specific antibody 
responses were tested with a 
routinely used S1 ELISA (rELISA) 
(A), in-house S1 ELISA (iELISA) 
(B), and S1 microarray (C). 
Nucleocapsid-specific antibody 
responses were tested using a 
luciferase immunoprecipitation 
assay (D). Severe infections 
(red, n = 5; cohort H) resulted 
in antibody responses detected 
for up to 1 year by all assays, 
while detection of mild infections 
(green, n = 6; cohort G) varied 
among assays. Horizontal 
dotted line indicates cutoff for 
each assay; yellow shaded area 
indicates serum undetected by 
each assay. CoV, coronavirus; 
LU, luminescence units; 
MERS, Middle East respiratory 
syndrome; OD, optical density.  
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and 5/18 (28%) asymptomatic S1-positive persons with 
camel contact. When testing for MERS-CoV S2–specific 
antibody responses, none of the control serum samples in 
cohorts A–C was cross-reactive (Figure 2, panel E), where-
as 1/17 S1-negative samples and 1/18 S1-positive samples 
from persons with camel contact tested positive. These 
findings indicate low immune responsiveness in mild 
MERS cases. Thus, when comparing the use of S1, S2, and 
N proteins for the detection of MERS-CoV infections, S1 
showed the highest specificity and sensitivity among the 3 
tested proteins.

rELISA Validation 
Strikingly, the routinely used ELISA showed the least sen-
sitivity among the tested S1 platforms (Table 2; Figure 1; 
Figure 2, panel F). We saw this difference in the cohort 
of persons with camel contact from Qatar who had mild 
to asymptomatic infections and who were identified to be 
seropositive for MERS-CoV in an earlier study (8) (Fig-
ure 2, panel F, cohort D1). Although they tested seroposi-
tive by iELISA and the microarray platform, only 20% of 
those also tested positive using the rELISA platform. We 
tested different coating conditions and found that a reduc-
tion in antigen coating or a loss of some conformational 
epitopes could have contributed to the low sensitivity seen 
in the rELISA versus the iELISA, despite testing the same 

antigen (S1) (Figure 3). This low sensitivity confirms the 
likelihood of false-negative detection of some MERS-CoV 
cases using rELISA.

We evaluated the specificity of the rELISA platform 
using cohorts A–C. Among these, serum samples from 2 
patients with HCoV-OC43 (a β-CoV) infection tested posi-
tive (Figure 2, panel F) but tested negative for MERS-CoV 
neutralization by PRNT90 and S1 antibodies by iELISA and 
microarray (Table 3). Thus, to confirm the cross-reactivity 
of the 2 serum samples with MERS-CoV S1 in rELISA, we 
tested serum samples taken from both patients at different 
time points, before and after OC43 infection. All preinfec-
tion serum samples were negative, but all postinfection se-
rum samples were positive in the rELISA (Figure 4). On 
the contrary, none of the serum samples was positive when 
tested by PRNT, Western blot, immunofluorescence assay, 
iELISA, or S1 protein microarray (using commercial and 
in-house S1 proteins), indicating a false-positive reaction 
in the rELISA. Overall, the rELISA was 98.97% (95% CI 
96.3%–99.8%) specific in the tested cohorts (Table 3). Us-
ing a lower cutoff (optical density ratio 0.4), to show 100% 
specificity and sensitivity, as suggested in an earlier study 
(30), did increase the sensitivity (from 69.2% to 84.6%), 
but doing so reduced specificity; numbers of false-positive 
results increased from 2 to 7 and specificity decreased from 
98.97% to 96.4% (Appendix Figure 2).
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Table 1. Cohorts used in study of specificity and sensitivity of assays for MERS-CoV* 

Cohort Country Sample source Infection 
No. 

samples 
Postdiagnosis 

range  
A The Netherlands Healthy blood donors (negative cohort) NA 50 NA 
B The Netherlands Non-CoV respiratory infections† Adenovirus 5 2–4 w 

Bocavirus 2 2–4 w 
Enterovirus 2 2–4 w 

HMPV 9 2–4 w 
Influenza A 13 2–4 w 
Influenza B 6 2–4 w 
Rhinovirus 9 2–4 w 

RSV 9 2–4 w 
PIV-1 4 2–4 w 
PIV-3 4 2–4 w 

Mycoplasma 
pneumoniae 

1 2–4 w 

CMV 9 2–4 w 
EBV 12 2–4 w 

C The Netherlands Persons with recent CoV infections† α-CoV HCoV-229E 19 2 w–1 y 
 

 
α-CoV HCoV-NL63 18 2 w–1 y 

 
 

β-CoV HCoV-OC43 23 2 w–1 y 
D1 Qatar S1 microarray positive persons with camel contact  NA 19 NA 
D2  S1 microarray negative persons with camel contact  NA 18 NA 
E The Netherlands RT-PCR confirmed MERS case-patients‡ Acute‡ 21 1–14 d 
F   Convalescent‡ 7 15–228 d 
G South Korea RT-PCR confirmed MERS case-patients Mild infection§ 17 6–12 mo 
H  

 
Severe infection¶ 15 6–12 mo 

*Cohorts A–C were established to test assay specificity; cohorts D–H were established to test assay sensitivity. CoV, coronavirus; CMV, cytomegalovirus; 
EBV, Epstein-Barr virus; HCoV, human coronavirus; HMPV, human metapneumovirus; MERS, Middle East respiratory syndrome; mo, month; NA, not 
applicable; PIV, parainfluenza virus; RSV, respiratory syncytial virus.  
†Cross-reactivity. 
‡Samples taken from 2 case-patients at different time points. 
§Samples taken from 6 case-patients at different time points. 
¶Samples taken from 5 case-patients at different time points. 
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Mild MERS-CoV infections and Neutralizing Antibodies
To investigate the difference in the neutralization respons-
es produced following severe and mild infections and the 
reliability of neutralization assays as confirmatory assays 
for mild infections, we validated PRNT90 for specific and 
sensitive detection of MERS-CoV infections. Although 
none of the healthy blood donors (cohort A) were reac-
tive, the respiratory patients (cohorts B and C) showed low 
levels of cross-neutralization (titer 20) in 12 serum sam-
ples. One sample with a titer of 80 (Figure 2, panel G) was 
from an HCoV-OC43 patient; none of the serum samples 

taken at 4 earlier time points from that patient showed any 
neutralization by PRNT (data not shown). All 13 serum 
samples tested negative for S1 antibodies in all tested plat-
forms (Table 3); none of the serum samples was positive in 
2 assays. For PCR-diagnosed MERS cases (cohorts E–H), 
PRNT90 showed 100% sensitivity for detecting severe cas-
es after the seroconversion period (>14 dpd; cohort F) and 
for up to 1 year (cohort H), indicating strong neutralizing 
antibody responses. 

In contrast, results varied for mild cases (cohort G). 
Neutralizing antibodies were detected in 3/6 (50%) of mild 
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Figure 2. MERS-CoV–specific 
antibody responses detected 
by different assay platforms. 
A) In-house IgG of S1 ELISA 
(iELISA); B) MERS-CoV S1 
protein microarray; C) HCoV 
S1 microarray reactivity of non-
MERS-CoV–infected serum 
samples to the S1 proteins of 6 
different HCoVs; D) nucleocapsid-
luciferase immunoprecipitation 
assay; E) IgG S2 ELISA; F) 
routinely used IgG S1 ELISA 
expressed as the ratio of optical 
density of sample to kit calibrator; 
G) plaque reduction neutralization 
test (PRNT), expressed as 
endpoint titer for 90% plaque 
reduction. Serum samples tested 
were obtained from healthy 
blood donors (n = 50, cohort A); 
patients with PCR-diagnosed 
respiratory infections including 
human coronaviruses (n = 145, 
cohorts B and C); S1-microarray 
positive (n = 18, cohort D1) and 
negative (n = 19, cohort D2) 
camel contacts; and longitudinal 
serum samples from 2 PCR-
confirmed MERS-CoV–infected 
patients taken 15–228 days 
after diagnosis (n = 7, cohort F). 
Cohort E is not included because 
patients in this cohort were in 
the acute phase of infection (<14 
days postdiagnosis), in which 
seroconversion may not have 
occurred. Cohorts A, B, C, and F 
are from the Netherlands, cohort 
D from Qatar. Serum samples 
were tested at dilutions 1:101 for 
ELISA and N-LIPS, 1:20 for S1 
microarray, and 1:20 to 1:2,560 for 
PRNT. Dotted lines indicate cutoff 
for each assay. CoV, coronavirus; 
LU, luminescence units; MERS, 
Middle East respiratory syndrome; 
OD, optical density; RFU, relative 
fluorescence units.  
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infections (Appendix Table 1), highlighting lower, shorter-
lived neutralizing responses among mild cases. This finding 
is consistent with the results of a cohort of mild to asymp-
tomatic MERS-CoV–infected persons with camel contact 
from Qatar (8) (Figure 2, panel G, cohort D1). These per-
sons had low to undetectable neutralizing antibodies while 
being reactive to S1 on the protein microarray platform and 
in our iELISA. 

Nonneutralizing Antibodies after  
Mild MERS-CoV Infections
For the PCR-confirmed MERS-CoV patients (cohorts 
E–H) and serologically positive persons with camel contact 
(cohort D1), S1 antibody titers as determined by iELISA 
strongly correlated with neutralization titers (Figure 5, pan-
el A), showing that S1 antibody response is a reliable pre-
dictor of neutralization activity. This finding indicates that 
a population of mildly infected patients with S1-reactive 
antibodies but no detectable neutralizing antibodies could 
easily be missed in attempts to confirm cases by neutraliza-
tion assay.

Discussion
Serologic detection of MERS-CoV exposure is valuable 
for identifying asymptomatic cases and virus reservoirs in 
population screening and epidemiologic studies, as well as 
for contact investigations. Detection aids in understanding 
the host immune response to the virus, identifying key vi-
ral immunogens, and mapping key neutralizing antibodies, 
which all lead to implementing appropriate preventive and 
therapeutic measures. Antibody responses varied among 
PCR-confirmed MERS-CoV cases; case-patients with mild 
and asymptomatic infections showed low or undetectable 
seroconversion, in contrast to severe infections that result-
ed in robust responses (5,17,31). The low-level antibody 
responses produced following nonsevere infections led to 
failure in detecting such responses in some patients by a 
routinely used ELISA and neutralization assays (5,17,32). 
This result may have impeded estimation of prevalence of 
virus infections in surveillance studies. We were able to 
detect nonneutralizing antibody responses among previ-
ously infected mild and asymptomatic cases that were pre-
viously unidentified; this finding indicates that MERS-CoV  
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Table 2. Specificity and sensitivity of assay platforms for the detection of MERS-CoV antibodies among PCR-confirmed cases* 
Test characteristic In-house S1 ELISA S1 microarray PRNT90 Routinely used S1 ELISA 
p value  <0.0001 <0.0001 <0.0001 <0.0001 
Sensitivity, N = 13 

  
  

 No. tested positive 12 11 9 9 
 n/N value (95% CI) 0.9231 (0.6669–0.9961) 0.8462 (0.5777–0.9727) 0.692 (0.4237–0.8732) 0.6923 (0.4237–0.8732) 
Specificity, N = 195     
 No. tested positive 0 0 1 2 
 n/N value (95% CI) 1 (0.9807–1) 1 (0.9807–1) 0.9949 (0.9715–0.9997) 0.9897 (0.9634–0.9982) 
Positive predictive value     
 Value (95% CI) 1 (0.7575–1) 1 (0.7412–1) 0.9 (0.5958 –0.9949) 0.8182 (0.523–0.9677) 
Negative predictive value     
 Value (95% CI) 0.9949 (0.9717–0.9997) 0.9898 (0.9637–0.9982) 0.9798 (0.9492–0.9921) 0.9797 (0.949–0.9921) 
Positive likelihood ratio NA NA 135 67.5 
Area under the ROC curve 

   

 Area 1 0.9893 0.7348 0.9481 
 SE 0 0.005409 0.07513 0.01767 
 95% CI 1–1 0.9787–0.9999 0.5876–0.8821 0.9134–0.9827 
 p value <0.0001 <0.0001 <0.0001 <0.0001 
*p value calculated by Fisher exact test. CoV, coronavirus; MERS, Middle East respiratory syndrome; NA, not applicable; PRNT, plaque reduction 
neutralization test; PRNT90, 90% endpoint PRNT; ROC, receiver operating characteristic. 

 

Figure 3. Low sensitivity of 
commercial S1 ELISA shown 
as the effect of lowering coating 
antigen concentration (A) or 
antigen denaturation (B) on the 
sensitivity of antibody detection 
among Middle East respiratory 
syndrome coronavirus–infected 
persons with camel contact. 
All samples were seropositive 
by in-house S1 ELISA and 
microarray. Dark blue indicates 
those that tested seropositive by 
commercial S1 ELISA.
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prevalence could be higher than current estimates and that 
using sensitive platforms could lead to more precise calcu-
lation of incidence rates.

Although an earlier study evaluating serologic responses 
among PCR-confirmed MERS patients reported seroconver-
sion in only 2/6 (33%) mildly infected cases (17), we were 
able to detect 5/6 (83.5%) by our in-house S1 ELISA and 4/6 
(67%) by microarray. S1 iELISA and microarray were high-
ly sensitive for detecting MERS-CoV infections, showing 
100% specificity in the tested cohorts. Although the rELISA 
platform detected severe infections with no false negatives, 
it did not detect seroconversion among some mildly infected 
PCR-confirmed and asymptomatic persons with camel con-
tact who had low antibody responses. In addition, rELISA 

results showed cross-reactivity with some serum samples 
from HCoV-OC43–infected persons. The variation in the re-
activity between the 2 ELISA platforms could be attributed 
to the difference in the coating protein preparations used in 
each or to the reduced stability of the protein during storage 
of the rELISA platform. 

Overall, our results validate the use of S1 as a specific 
antigen for MERS-CoV serology if folding is correct, pro-
viding a highly specific 1-step diagnostic approach without 
false positives omitting the need for a confirmatory assay. 
In particular, neutralizing antibodies were undetectable after 
most asymptomatic and some mild infections. Using 50% in-
stead of 90% reduction as a cutoff for PRNT can increase the 
sensitivity of the assay for confirming mild or asymptomatic 
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Table 3. Sensitivity and specificity results of routinely used commercial S1 ELISA and PRNT90 assays for MERS-CoV* 

Assay parameter and sample 
source Infection 

No. positive/no. tested 

 

 

S1 rELISA† 
PRNT90 (titer) Specificity or sensitivity, % 

S1-positive S1-negative S1 rELISA PRNT90 
Specificity      98.97 93.33 (1:20); 99.5 (1:40) 
 Healthy blood donors None 0/50 NA 0/50  

 
 

 Non-CoV respiratory infections Adenovirus 0/5 NA 1/5(20)     
Bocavirus 0/2 NA 0/2     

Enterovirus 0/2 NA 0/2     
HMPV 0/9 NA 1/9 (20)     

Influenza A 0/13 NA 4/13 (20, 
20, 20, 20) 

   
 

Influenza B 0/6 NA 0/6     
Rhinovirus 0/9 NA 2/9 (20, 20)     

RSV 0/9 NA 1/9 (20)     
PIV-1 0/4 NA 0/4     
PIV-3 0/4 NA 0/4     

Mycoplasma 0/1 NA 0/1     
CMV 0/9 NA 0/9     
EBV 0/12 NA 0/12    

 Recent CoV infections‡ α-CoV HCoV-
229E 

0/19 NA 3/19 (20, 
20, 20) 

   
 

α-CoV HCoV-
NL63 

0/18 NA 0/18    
 

β-CoV HCoV-
OC43 

2/23 0/2 1/21 (80)    

Sensitivity        
 Persons with camel contact S1-microarray 

positive§ 
4/19 4/4 (40, 40, 

40, 20) 
6/15 (40, 

40, 20, 20, 
20, 20) 

 21 52.6 

 
S1-microarray 

negative 
0/18 NA 1/18 (20)  NA NA 

 RT-PCR–confirmed MERS  
 cases 

<14 d 
postdiagnosis 

11/21 11/11 1/10 (80)  NA NA 
 

>14 d 
postdiagnosis 

7/7 7/7 NA  100 100 
 

6–12 mo 
postdiagnosis; 
mild infection 

5/17 5/5 NA  35.3 35.3 

 
6–12 mo 

postdiagnosis; 
severe infection 

15/15 15/15 NA  100 100 

*CMV, cytomegalovirus; CoV, coronavirus; EBV, Epstein-Barr virus; ELISA, enzyme-linked immunosorbent assay; HCoV, human coronavirus; HMPV, 
human metapneumovirus; MERS, Middle East respiratory syndrome; NA, not applicable; PIV, parainfluenza virus; PRNT, plaque reduction neutralization 
test; PRNT90, 90% endpoint PRNT; rELISA, routine ELISA; RSV, respiratory syncytial virus; RT-PCR, reverse transcription PCR.  
†None of the serum samples from specificity cohorts tested positive by in-house S1 ELISA or microarray. 
‡Cross-reactivity. 
§All 19 serum samples (protein microarray positive) tested positive by in-house S1 ELISA. 
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infections (15,21,33), but it is crucial to precede PRNT with 
a sensitive screening assay to avoid false-negative results.

Prolonged viral shedding observed in severely in-
fected patients but not in patients with mild infections 
(5,17,34) indicated that a short-lived infection in nonsevere 
cases may account for lower antibody responses, includ-
ing functional neutralizing antibodies. A possible reason is 
that nonneutralizing antibodies comprise a substantial pro-
portion of antibodies elicited after a viral infection; these 
antibodies can be elicited against viral proteins, including 
immature forms of surface proteins, released through lysis 
of infected cells following a short-lived abortive infection 
(35,36). We found that spike antibody titers were produced 
at higher titers than nucleocapsid antibodies and neutral-
izing antibodies were undetectable following nonsevere 
infections. These findings indicate that anti-spike antibod-
ies are more sensitive predictors for previous MERS-CoV 
infections, especially mild and asymptomatic infections, 
and that conducting neutralization assays to confirm se-
rologic findings, as recommended by the World Health  

Organization (37), could result in potential underestimation 
of the true prevalence in epidemiologic studies. 

Further studies testing patients with previously indeter-
minate infection could provide further clues on the epide-
miology of MERS-CoV. A recent study reported the pres-
ence of MERS-CoV–specific CD8+ T-cell responses after 
MERS-CoV infection, irrespective of disease severity (38). 
Therefore, T-cell assays can be used to confirm serologic 
findings in epidemiologic studies (mainly asymptomatic 
cases) instead of neutralization assays that could yield un-
derestimated results. However, further studies are needed to 
rule out possible T-cell cross-reactivity with other HCoV.

Despite the use of 90% reduction as endpoint for 
PRNT, we observed cross-neutralization in the respira-
tory panel samples (13/195). All but 1 sample had a titer 
of 20, and all 13 were S1 negative. We reported a simi-
lar finding in an earlier study, where 1 of 35 S1-negative 
serum samples had a neutralization titer of 20 (8). This 
finding was unexpected because neutralization assays, 
with their high specificity, are considered the standard for  
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Figure 4. Reactivity to Middle 
East respiratory syndrome 
coronavirus of serum samples 
from 2 patients with human 
coronavirus OC43 in different 
assays. Longitudinal serum 
samples, collected before and 
after OC43 infection, from 
the 2 patients (red, patient 1; 
black, patient 2) were analyzed 
by commercial IgG S1 ELISA 
(A); in-house IgG S1 ELISA 
(B); S1 protein microarray(C); 
and PRNT90 (D). Dotted line 
indicates the cutoff for each 
assay. Error bars indicate 95% 
CIs. OD, optical density; PRNT90, 
90% reduction in plaque 
reduction neutralization test; 
RFU, relative fluorescence units.

Figure 5. Correlation between 
neutralizing and S1 antibody 
responses and comparison 
of different S1 platforms. A) 
PRNT90 neutralization titers 
and IgG titers obtained by 
in-house S1 ELISA among 
PCR-confirmed MERS-CoV 
patients and persons with camel 
contact. Spearman correlation 
r value and 2-tailed p-value are 
shown. Yellow shading indicates 
S1-reactive nonneutralizing 
antibodies. B) Receiver operator characteristic (ROC) curves comparing the specificity and sensitivity of different MERS-CoV S1–based 
platforms for the diagnosis of MERS-CoV infections among PCR-confirmed cases. AUC for iELISA (blue) is 1; for S1 microarray (red) is 
0.9893; for rELISA (green) is 0.9481. Dotted lines show the cutoff for each assay. AUC, area under the curve; dpd, days postdiagnosis; 
PRNT90, 90% reduction in plaque reduction neutralization test.
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MERS-CoV serodiagnosis. Such seemingly false positives 
could be attributed to the presence of natural antibodies or 
cross-reactive HCoV antibodies (15,32,35,39). 

Cross-neutralization among human coronaviruses has 
rarely been reported. Chan et al. described cross-neutraliza-
tion between SARS-CoV and MERS-CoV at low titers (<20) 
(32). However, these serum samples also tested positive for 
HCoV-OC43 neutralization. This finding, along with ours, 
raises the probability that HCoV-OC43 antibodies caused 
cross-reactivity; antibodies in the serum sample could be 
recognizing an epitope outside S1 and thus not detected in 
ELISA. Of interest, we detected an HCoV-OC43 patient 
serum sample that could neutralize MERS-CoV at PRNT90 
titer <80, but we found that the patient received an oncolytic 
medication shown to have antiviral activity (40). This finding 
could also be a probable reason for the observed cross-neu-
tralization. Overall, while serum samples from healthy blood 
donors showed no cross-neutralization or cross-reactivity to 
S2 or N proteins, we observed some cross-neutralization and 
comparably higher reactivity to S2 and N proteins in serum 
samples of patients with respiratory infections, which we did 
not detect by our in-house S1 platforms. Thus, we could not 
avoid cross-reactivity to S2 and N proteins, leading to false 
positives, without loss of sensitivity. The high specificity of 
the S1 protein enabled us to set a cutoff high enough to en-
sure specificity without losing sensitivity.

Using S1 in optimized platforms enabled us to detect 
seroconversion among otherwise unrecognized nonsevere 
MERS-CoV cases with very high sensitivity and 100% 
specificity. Our findings indicate that our iELISA and mi-
croarray for MERS-CoV diagnostics (Table 2; Figure 5, 
panel B) could be reliable diagnostic tools for identifying 
MERS-CoV infections. For further standardization of the 
assay, a calibrator (e.g., monoclonal antibody) can be in-
cluded in each run to avoid intraassay variations. 

Although further testing on a larger cohort may be re-
quired to rule out cross-reactivity, ensure sensitivity, and 
thereby validate general use as a 1-step diagnostic assay, 
the data obtained in this study indicate that cross-reactivity 
between HCoVs (at least when testing for MERS-CoV 
and SARS-CoV reactivity) is unlikely to occur when us-
ing optimized platforms with the divergent S1 protein. A 
more recent follow-up study revealed that, among 454 se-
rum samples tested using our in-house S1 ELISA, includ-
ing those from persons with camel contact, only 2 samples, 
both MERS-CoV–neutralization positive, tested positive 
whereas all other serum samples were found to be nega-
tive in the iELISA (R. Bassal et al., unpub. data). Thus, in 
principle, low-level antibody responses among nonsevere 
MERS-CoV cases may be revealed by a single ELISA test. 

Because patients with mild or asymptomatic infections 
do not develop severe illness and thus go unrecognized, they 
might play a role in spreading the virus into the community, 

initiating outbreaks in which index case-patients report no 
history of camel or patient exposure. Therefore, defining the 
subclinical burden of infection will enable better understand-
ing of the extent, severity, and public health threat posed by 
MERS-CoV, which, in turn, will guide the development and 
implementation of proper strategies to contain and prevent 
ongoing outbreaks of infection with this virus.
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Middle East respiratory syndrome coronavirus (MERS-
CoV) was detected in humans in 2012. Since then, spo-
radic outbreaks with primary transmission through drom-
edary camels to humans and outbreaks in healthcare 
settings have shown that MERS-CoV continues to pose 
a threat to human health. Several serologic assays for 
MERS-CoV have been developed globally. We describe 
a collaborative study to investigate the comparability of 
serologic assays for MERS-CoV and assess any benefit 
associated with the introduction of a standard reference 
reagent for MERS-CoV serology. Our study findings indi-
cate that, when possible, laboratories should use a testing 
algorithm including >2 tests to ensure correct diagnosis of 
MERS-CoV. We also demonstrate that the use of a refer-
ence reagent greatly improves the agreement between as-
says, enabling more consistent and therefore more mean-
ingful comparisons between results.

Since the emergence of Middle East respiratory syndrome 
coronavirus (MERS-CoV) in 2012 (1), more than 2,250 

laboratory-confirmed cases have been reported to the World 
Health Organization (WHO); approximately one third of 
these cases were fatal. A large proportion of MERS-CoV 
cases have been the result of human-to-human transmission 
in healthcare settings (2,3); outbreaks have occurred in sev-
eral countries, with the largest outbreaks seen in Saudi Ara-
bia, United Arab Emirates, and South Korea (4). Dromedary 
camels are the putative reservoir hosts for MERS-CoV; they 
experience no or mild symptoms upon infection (5). Primary 
infection can occur from dromedary camels to humans, and 
new cases with evidence of camel contact continue to oc-
cur sporadically (6). MERS-CoV is 1 of the 10 high-threat 

pathogens on the WHO Research and Development Blue-
print (7), a document that sets out a roadmap for research 
and development of diagnostics, preventive and therapeutic 
products for prevention, and early detection and response 
to these high-priority pathogens. The WHO roadmap for 
MERS-CoV lists several priority activities, including im-
proved diagnostics and vaccines for humans and camels as 
well as basic and translational research (8). Serologic assays 
are critical for the evaluation of the efficacy of new vaccines 
and patient treatment, as are diagnostic tools to confirm in-
fections and perform serosurveillance. A variety of serologic 
assays have been developed globally, both commercially and 
in-house; however, there is no evidence supporting the qual-
ity of performance of these assays and their consistency with 
one another. Participants at the WHO intercountry meeting 
on MERS-CoV in Cairo, Egypt, June 20–22, 2013, recog-
nized this issue as a public health priority and called for a 
study to compare currently available serologic assays (9). 
Therefore, we assembled a panel of human serum or plas-
ma and polyclonal antibodies to compare the performance 
of serologic assays for MERS-CoV. We invited participants 
to use their testing algorithms to diagnose each sample as 
if it were a real patient sample. The assays were evaluated 
for sensitivity and specificity. Pas et al. described in 2015 
the impact that a single international standard would have 
on reducing interlaboratory variability for MERS-CoV diag-
nostics (albeit in this case for NAT assays) (10). To this end, 
we included 2 samples in the panel as examples of potential 
WHO International Standard material, and we assessed their 
effectiveness in harmonization of the data from the partici-
pant laboratories.

Methods

Study Samples
The National Institute for Biological Standards and Control 
(NIBSC) Human Material Advisory Committee (project 
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16/005MP) approved this project. The Ministry of Health, 
Oman; Ministry of Health, Saudi Arabia; and Korea Na-
tional Institute of Health, South Korea, donated conva-
lescent serum and plasma samples from PCR-confirmed 
MERS-CoV–infected patients. All patient donors gave in-
formed consent for the use of their serum or plasma, and 
samples were anonymized.

We treated all MERS-CoV convalescent-phase serum 
and plasma with solvent detergent using a validated meth-
od (11) to ensure there was no residual infectious virus. We 
stored all study samples at –20°C until dispatched on ice 
packs to participants. We blind coded the study samples 
provided to the participants (Table 1).

We included 5 plasma samples (samples 1, 5, 9, 11, 
and 12) as individual patient samples. Other smaller se-
rum donations were pooled in 3 samples (samples 14, 
16, and 18) based on their antibody titer, which we de-
termined using the Recombivirus human MERS-CoV 
nucleoprotein (NP) antibody (IgG) ELISA kit (Alpha 
Diagnostic International, https://4adi.com). We catego-
rized samples into high-, medium-, or low-positive pools 
(Figure 1).

We included MERS-CoV–negative serum with an-
tibodies against other human coronavirus HCoV-229E, 
HCoV-NL63, HCoV-OC43, and HCoV-HKU1 (samples 
3, 6, 7, 8, 13, 15, and 17) to test specificity of the assays 
(Table 2). Co-authors A.S., M.A.M., and C.D. prechar-
acterized and donated these samples. Purified human 
MERS polyclonal antibodies from transchromosomal 
(Tc) cattle (12) immunized with either recombinant 
spike protein or whole inactivated virus (samples 2, 4, 
and 10) were donated by Eddie J. Sullivan (SAB Bio-
therapeutics, Inc., Sioux Falls, SD, USA). We diluted 
the material in universal buffer (10 mmol/L Tris-HCl, 
pH 7.4, 0.5% human serum albumin, 2% trehalose) at a 
concentration of 1 mg/mL.

Participants
The 10 participating laboratories (listed at the end of this 
article) were located in Australia, China (2 mainland, 1 
Hong Kong), Germany, South Korea, the Netherlands, 
United States, and the United Kingdom (2 laboratories). 
Participating organizations included national control labo-
ratories, diagnostic laboratories, and research laboratories.

Study Protocol
Participants tested the sample panel using their routine as-
says for MERS-CoV serology. We asked participants to 
perform 3 independent assays on different days. We pro-
vided an Excel spreadsheet (Microsoft, http://www.micro-
soft.com) for reporting the raw data for each assay and any 
interpretation of the results, such as positive or negative 
diagnosis of the samples.

Statistical Methods
We combined titers and relative potency (relative titer) 
estimates as unweighted geometric means (GMs) for each 
sample and laboratory and used these laboratory GMs to 
calculate overall unweighted GMs for each sample. We 
expressed variability between laboratories using geometric 
coefficients of variation (GCV = [10s − 1] × 100%, where 
s is the SD of log10 transformed estimates). To mitigate the 
effect of any potential outliers, we calculated robust esti-
mates of s using the R package WRS2 (13).
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Table 1. Samples used in study of serologic assays for  
MERS-CoV* 

No. Name Description 
Expected 

result 
1 Korea 5 Single plasma from 

laboratory-confirmed  
MERS patient 

Positive 

2 Tc Bovine 
NC 

Purified IgG from 
transchromosomal bovine, 

negative control 

Negative 

3 WHO/B Negative control serum,  
high titer for other CoV 

Negative 

4 Tc Bovine 
SAB 300 

Purified IgG from 
transchromosomal bovine, 

antigen whole virus 

Positive 

5 Korea 2 Single plasma from 
laboratory-confirmed  

MERS patient 

Positive 

6 WHO/G Negative control serum,  
high titer for other CoV 

Negative 

7 WHO/A Negative control serum,  
high titer for other CoV 

Negative 

8 WHO/D Negative control serum,  
high titer for other CoV 

Negative 

9 Korea 3 Single plasma from 
laboratory-confirmed  

MERS patient 

Positive 

10 Tc Bovine 
SAB 301 

Purified IgG from 
transchromosomal bovine, 

antigen spike protein 

Positive 

11 Korea 1 Single plasma from 
laboratory-confirmed  

MERS patient 

Positive 

12 Korea 4 Single plasma from 
laboratory-confirmed  

MERS patient 

Positive 

13 WHO/F Negative control serum,  
high titer for other CoV 

Negative 

14 Pool C (low) Pooled serum samples  
from laboratory-confirmed 

MERS patients 

Positive 

15 WHO/C Negative control serum,  
high titer for other CoV 

Negative 

16 Pool A (high) Pooled serum samples  
from laboratory-confirmed 

MERS patients 

Positive 

17 WHO/E Negative control serum,  
high titer for other CoV 

Negative 

18 Pool B 
(medium) 

Pooled serum samples  
from laboratory-confirmed 

MERS patients 

Positive 

*All samples were submitted as liquid in screw-cap tubes. CoV, 
coronavirus; MERS, Middle East respiratory syndrome; Tc, 
transchromosomal; WHO, World Health Organization. 
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Coding of Returned Data 
We referred to all participating laboratories by code num-
bers, which were randomly allocated. If a laboratory re-
turned data using different assay methods, we assayed the 
results separately for each method and referred to them 
according to their laboratory number and assay code; for 
example, 04 ppNT (pseudoparticle neutralization test) and 
04 TCID50 (50% tissue culture infectious dose).

Results
A total of 27 datasets were returned (Table 3, https://wwwnc.
cdc.gov/EID/article/25/10/19-0497-T3.htm). Data covered a 
range of different assay formats: neutralization assays, ELI-
SA, immunofluorescence tests, and 1 microarray. In general, 
there was good agreement between all the assays tested in 
this study. In assays with a quantitative measurement, the 
limit of detection and titer of samples varied greatly, but 
overall determination of positive or negative agreed between 
all assays except for 1 (laboratory 04 TCID50 MN [micro-
neutralization]), which failed to detect 2 positive samples 
(samples 9 and 18) that all other tests detected as positive.

The panel of negative control samples was deemed 
to be negative in all quantitative assays. There were 3 in-
stances of laboratories reporting a result above cutoff for 
samples in 1 assay, but these samples were correctly diag-
nosed as negative overall by their testing algorithms: labo-
ratory 02 detected samples 3 and 7 as above cutoff at 1:80 

dilution in 1 assay only; laboratory 02 detected sample 13 
as above cutoff at 1:100 and 1:400 dilutions in 1 assay; and 
laboratory 03 detected sample 13 as above cutoff at 1 dilu-
tion tested.

Participants detected pool A, the high-titer MERS-
CoV antibody pool (sample 16) in all assays (Table 3). 
They detected pool B, the medium-titer pool (sample 18), 
in all but 1 of the quantitative assays, a TCID50 MN as-
say from laboratory 04. In all other quantitative assays, 
participants detected the high pool at a higher titer than 
the medium pool. In the qualitative assays, 3 assays gave 
borderline positive or equivocal results for the medium 
pool; these assays were a Euroimmun S1 ELISA (https://
www.euroimmun.com) in laboratories 01 and 10 and an 
in-house immunofluorescence assay in laboratory 07. The 
low-positive pool (pool C, sample 14) was only detected 
as positive in a single assay in the study, the Alpha Di-
agnostic International MERS NP ELISA performed in 
laboratory 05.

Participants scored positive the 2 purified IgG samples 
from MERS-CoV–immunized transchromosomal bovine  
samples (samples 4 and 10) in all the qualitative assays, but 
2 of the quantitative assays, N ELISA from laboratory 02 
and the Alpha Diagnostic International MERS NP ELISA 
from laboratory 05, were unable to detect these samples. 
We expected these 2 NP assays to fail to detect sample 
10 because this antibody was raised against recombinant 
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Figure 1. Pooling of serum 
samples based on their 
ELISA titers in study of 
serologic assays for Middle 
East respiratory syndrome 
coronavirus. Bar shading 
indicates the mean ELISA 
unit value of 2 independent 
experiments run in duplicate. 
Black bars represent samples 
used in pool A (high-positive); 
dark gray bars indicate samples 
used in pool B (medium-
positive); white bars, and 
sample 15 with no visible bar, 
indicate samples used in pool 
C (low-positive). Pale gray bars with black outline indicate results from a set of negative control samples (WHO A–G). WHO, World 
Health Organization.

 
Table 2. Characterization of MERS-CoV–negative control serum panel included in study of serologic assays for MERS-CoV* 

Name 
Recombinant spike protein–based indirect immunofluorescence test, reciprocal endpoint titers* 

HCoV-229E HCoV-NL63 HCoV-OC43 HCoV-HKU1 SARS-CoV MERS-CoV 
WHO/A 160 1,280 320 640 NR NR 
WHO/B 2,560 1,280 1,280 160 NR NR 
WHO/C 160 320 1,280 320 NR NR 
WHO/D 1,280 2,560 320 160 NR NR 
WHO/E 320 1,280 160 160 NR NR 
WHO/F 80 320 320 160 NR NR 
WHO/G 320 320 1,280 1,280 NR NR 
*All serum samples were tested in a dilution range of 1:20 to 1:5,120. CoV, coronavirus; HCoV, human CoV; MERS, Middle East respiratory syndrome; NR, 
nonreactive at the cutoff serum dilution of 1:20; SARS, severe acute respiratory syndrome; WHO, World Health Organization. 
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MERS spike protein only; however, it was surprising that 
the assays did not detect sample 4, which was an antibody 
raised against whole inactivated virus.

For the individual convalescent-phase plasma sam-
ples, we saw more variability in the results when compared 
with the pooled material, but despite this, 3 of the samples 
(samples 5, 11, and 12) were correctly identified as positive 
in all tests. Sample 1 was correctly diagnosed as positive in 
all tests but was identified as borderline positive by labora-
tory 01 in a Euroimmun ELISA assay. Sample 9 was the 
most difficult individual patient plasma to detect as posi-
tive; it was negative in the TCID50 MN assay in laboratory 
04; equivocal/positive in the in-house immunofluorescence 
assay in laboratory 07; and, in the Euroimmun ELISA, bor-
derline/negative in lab 01, equivocal in lab 07, and weak 
positive in lab 10. Sample 9 was the weakest positive of the 
individual samples tested in the panel, as we saw from the 
titers in the quantitative assays that detected it as positive. 
We compiled the results of quantitative assays for the 5 
individual positive plasma samples (Figure 2).

To simplify comparison of the assays, we reported 
results from the different laboratories as relative to either 
the transchromosomal bovine IgG sample raised against 
whole inactivated virus (sample 4) or the high-positive 
pooled human serum (pool A, sample 16). When we ex-
pressed data as a potency relative to either of the 2 chosen 
potential reference preparations with an assigned arbitrary 
value of 1,000, we observed improvement in the agreement 
between tests (Table 4; Figure 3). We saw the greatest re-
duction in the variation between laboratories (smaller SEM 
in Figure 3 and smaller percentage geometric coefficient 
of variation [GCV] in Table 4) when we used pooled hu-
man serum (sample 16) as standard. The transchromosomal 
bovine IgG raised against whole virus (sample 4) showed 
a substantial improvement in the agreement between labo-
ratories; however, 2 ELISA methods included in this study 
could not identify this sample as positive.

Discussion
As detection of sporadic cases of MERS-CoV continues, 
development of new vaccines to combat the disease re-
mains important, as does serosurveillance to understand 
exposure to the disease and the severity of illness in per-
sons exposed to the virus (14). The importance of sero-
logic assays for the diagnosis of MERS cases should also 
be considered; the WHO guideline for laboratory testing 
for MERS-CoV, updated in January 2018, specifically in-
cludes sample collection from suspected MERS-CoV cases 
for serology (15). The guideline lists 3 situations in which 
laboratories should conduct serologic testing for MERS-
CoV: for defining a sporadic MERS-CoV case if molecular 
testing, such as nucleic acid amplification methods, is not 
possible; as part of an investigation of an ongoing outbreak; 

or serologic surveys, such as retrospective analysis of the 
extent of an outbreak.

In this collaborative study, we evaluated the perfor-
mance of assays to detect MERS-CoV antibodies using a 
panel of serologic samples. All laboratories correctly iden-
tified the negative samples in the panel, including those 
containing antibodies against other coronaviruses, imply-
ing good specificity of the assays. Laboratories reported the 
positive results correctly except for sample 14, which tested 
negative by all but 1 assay; however, these results demon-
strated the importance of a testing algorithm. We observed 
14 instances of a sample being incorrectly determined as 
negative or borderline/equivocal in a single test in a single 
laboratory (Table 3). However, because each laboratory 
used a testing algorithm involving >1 method of analysis, 
all the samples with sporadic spurious results were cor-
rectly diagnosed as positive or negative; if they had used 
a single assay type, we would have found a higher propor-
tion of incorrect results. The results for sample 14, which 
was a pool of serum samples from patients with confirmed 
MERS-CoV, highlight a lack of sensitivity in most of the 
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Figure 2. Endpoint titers of individual positive patient plasma 
samples in study of serologic assays for MERS-CoV. The titers 
for the 5 individual MERS-CoV–positive patient plasma were 
determined by ELISA (green circles), neutralization assays (blue 
squares), and other assays (red triangles). Horizontal lines indicate 
the mean for each assay type; error bars show SD between 
assays. MERS-CoV, Middle East respiratory syndrome coronavirus.

 
Table 4. GCV percentage (%GCV) for 5 individual serum 
samples in study of serologic assays for Middle East respiratory 
syndrome coronavirus* 

Sample 
no. 

% GCV 

Endpoint 
Potencies vs. 

sample 4 
Potencies vs. 

sample 16 
1 414 237 342 
5 405 173 70 
9 555 89 69 
11 682 50 73 
12 816 138 43 
*Values derived from endpoint titers or from potencies expressed as 
relative to standard samples. GCV, geometric coefficient of variation. 
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assays in this study; further investigation would be need-
ed to determine why the antibody titers in this pool were 
below the limit of detection in all but 1 assay targeting N 
protein. It is important to understand whether there is a spe-
cific window of time in which clinical samples for serology 
should be taken or whether some patients do not mount a 
detectable antibody response against the spike protein dur-
ing infection. Such information may lead to further updates 
of WHO guidelines on laboratory testing for MERS-CoV.

The raw titers reported from the laboratories perform-
ing quantitative assays varied greatly, for some samples 
>1,000-fold, between laboratories (Table 3). The use of a 
reference material in the assays tightened the values from 
the laboratories for all the samples, enhanced comparabil-
ity (Figure 3), and reduced the GCV percentage between 
all laboratories (Table 4), perhaps unsurprisingly, but the 
magnitude of reduction in GCV percentage was notewor-
thy. MERS-CoV is an example of an important emerging 
pathogen with potential to cause outbreaks; diagnostic tests 
for emerging pathogens are often developed during out-
breaks without proper validation or calibration. 

This study showed the importance of using a standard 
reagent to allow better comparison of results from differ-
ent laboratories or interpretation of results from different 
studies or clinical trials. As we continue to face emerging 

pathogens, which pose significant risks to human health, it 
is important to use the experience gained from studies such 
as this to improve our response to the next threat. Standard-
izing assays is a key issue when different groups around the 
world are working to develop and produce novel assays and 
vaccine products. The need for a standard for MERS-CoV 
serology was discussed and was widely supported at the 
WHO–International Vaccine Institute joint symposium for 
MERS-CoV vaccine development in Seoul, South Korea, 
June 26–27, 2018. Several potential vaccines are in devel-
opment, and the immune response elicited, their efficacy, 
and correlates of protection must be assessed. The use of 
a reference such as WHO International Standards (16) will 
enable worldwide harmonization of assays and compara-
bility of the results from different preclinical and clinical 
studies. Assessing the specificity and sensitivity of meth-
ods is crucial to improve our understanding of the use and 
limitations of serologic assays for emerging diseases for 
which we have little knowledge of disease progression, an-
tibody profiles, and other key information that is available 
for other infectious diseases.

Study participants who contributed data: L. Caly (Victorian  
Infectious Diseases Reference Laboratory, Melbourne,  
Australia); C. Li (National Institutes for Food and Drug Control, 
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Figure 3. Relative titers of the 
individual positive patient plasma 
sample against a reference 
standard in study of serologic 
assays for MERS-CoV. Each 
panel represents a MERS-
CoV–positive patient plasma 
sample: sample 1 (A), sample 5 
(B), sample 9 (C), sample 11 (D), 
sample 12 (E). In each panel, 
the first data column shows the 
spread of endpoint titers from all 
quantitative assays performed; the 
second and third columns show 
quantitative results expressed 
as a potency relative to either 
sample 4 (Tc Bovine IgG raised 
against whole virus) or sample 
16 (high-positive serum pool A). 
In each case the sample used 
as a reference was assigned 
nominal potency of 1,000 and all 
other samples were expressed as 
relative to the reference sample. 
For each dataset, horizontal line 
indicates the mean; error bars 
show SEM. MERS-CoV,  
Middle East respiratory  
syndrome coronavirus.
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Beijing, China); L. Zhao and W. Tan (National Institute for Viral 
Disease Control and Prevention, Chinese Center for Disease 
Control and Prevention, Beijing, China); M. Peiris and M. Perera 
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In 2013, a severe earthquake and typhoon affected Bohol, 
Philippines. To assess the postdisaster risk for emergence 
of Mycobacterium tuberculosis infection in children, we 
conducted a cross-sectional multistage cluster study to es-
timate the prevalence of tuberculin skin test (TST) positivity 
and tuberculosis (TB) in children from 200 villages in heav-
ily affected and less affected disaster areas. Of the 5,476 
children we enrolled, 355 were TST-positive (weighted 
prevalence 6.4%); 16 children had active TB. Fourteen (7%) 
villages had >20% TST-positive prevalence. Although prev-
alence did not differ significantly between heavily affected 
and less affected areas, living in a shelter with >25 persons 
approached significance. TST positivity was independently 
associated with older age, prior TB treatment, known con-
tact with a person with TB, and living on a geographically 
isolated island. We found a high TST-positive prevalence, 
suggesting that national programs should consider the dif-
ferential vulnerability of children and the role of geographi-
cally isolated communities in TB emergence.

In October 2013, the island province of Bohol, Philip-
pines, was devastated by a 7.2-magnitude earthquake, 

followed 3 weeks later by the landfall of Typhoon Haiyan 
(Super Typhoon Yolanda). These disasters resulted in the 
deaths of 195 persons in the province; displacement of 30% 
of the 1.2 million-person population (1); and disruption of 
routine health services, including prevention and treatment 
services provided by the National Tuberculosis Program 
(2). After other natural disasters, infrastructure loss resulted 
in individual patients being contagious for longer periods, 
and increased Mycobacterium tuberculosis transmission 
occurred because of crowding in emergency shelters (3). 
In complex emergencies, children are the most vulner-
able population and suffer the greatest negative effects (4). 

Approximately 400,000 children live in Bohol, so the in-
creased risk for tuberculosis (TB) emergence after these 
natural disasters was expected to be substantial. To further 
complicate matters, the main island province of Bohol in-
cludes 75 smaller islands and islets that are considered geo-
graphically isolated and disadvantaged areas (5,6). These 
areas are separated from mainstream society and have both 
physical (i.e., accessible only by boat) and socioeconomic 
factors that further compound their vulnerability to TB.

In this study, our primary objectives were to estimate 
the prevalence of M. tuberculosis infection and TB disease 
between displaced and nondisplaced children and exam-
ine risk factors for M. tuberculosis infection. We aimed to 
clarify the epidemiology of childhood TB in the late post-
disaster recovery setting and provide recommendations to 
mitigate damage and ensure preparedness before future 
complex emergencies.

Methods

Study Population
We conducted this study in the island province of Bohol 
in the Philippines during 2016–2018. Bohol is 4,821 km2 
and comprises 1 city, 47 municipalities, and 1,109 vil-
lages (called barangays). In 2010, the total population of 
Bohol was ≈1,255,128, of whom 32% were children (7). 
The World Health Organization estimates that >80% of 
children are vaccinated with M. bovis BCG at birth in  
the Philippines (8).

Study Design
To estimate the prevalence of tuberculin skin test (TST) 
positivity and TB in children (<15 years of age), we con-
ducted a cross-sectional survey using a modified version of 
a multistage cluster sampling technique based on the World 
Health Organization’s Expanded Programme on Immuni-
zation coverage survey methods (9). Based on our initial 
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sample size calculations, we determined that we needed to 
screen a minimum of 4,014 children (0–14 years of age) to 
identify a significant difference between our hypothesized 
postdisaster prevalence of M. tuberculosis infection (1%) 
and a reference value of 0.56% prevalence of infection 
(α = 0.05, power = 80%) (10). To account for the possibil-
ity of missing data or incomplete or inaccurate records, we 
aimed to sample 4,200 children.

Using 7 households per cluster and an estimated mini-
mum average of 3 children per household, we determined 
we needed 200 clusters to obtain our sample size. The 200 
clusters comprised 100 clusters chosen from the municipal-
ities that suffered the greatest effects of the natural disasters 
(heavily affected areas) and 100 clusters from municipali-
ties that suffered fewer effects (less affected areas) based on 
data from the Provincial Health Office (Reymoses Cabag-
not, Provincial Health Officer, pers. comm., 2015 Aug 17). 
We randomly selected 7 municipalities each from heavily 
affected and less affected areas, providing 14 municipalities 
total for sampling.

To select the 200 clusters, we alphabetically arranged 
the names of all villages and their population sizes (based 
on the 2010 census), stratified by heavily affected area and 
less affected area designation. We determined the sam-
pling interval by dividing the total population of each area 
(224,212 in heavily affected areas and 214,072 in less af-
fected areas) by the number of clusters needed. We identi-
fied the first cluster (village) by using a randomly generated 
5-digit number and matching it to the first village in our 
list with a cumulative population greater than or equal to 
the random number. We identified the second cluster by 
adding the sampling interval to the random number and se-
lected subsequent clusters by adding the sampling interval 
to the previously generated number until we identified 100 
clusters in each area (Appendix Tables 1, 2, https://wwwnc.
cdc.gov/EID/article/25/10/19-0619-App1.pdf).

Once we identified all 100 clusters in each area, we 
selected the households for enrollment using simple ran-
dom sampling in the field. We worked with the barangay 
health stations to obtain a list of all the households within 
the village, which we then randomly selected using a ran-
dom number generator. The household number randomly 
drawn was the starting point of the survey. Each subsequent 
household was chosen by going to the next closest front 
door. If no one was home, then the next house was selected, 
until a total of 7 households containing >1 child were ob-
tained for each of the 200 clusters (total households 1,400). 
All children within the household were enrolled.

All 1,400 households had an equal chance of being se-
lected to participate in this survey. Children were excluded 
if caregivers did not provide consent or if child assent for 
those >7 years of age was not obtained. We conducted sur-
veys using 2 questionnaires, 1 for the household in general 

and 1 for each child assessed. Surveys assessed social risk 
factors for M. tuberculosis infection, including whether or 
not the child was residing in Bohol during the disasters, 
displacement into an emergency shelter or camp, and num-
ber of new permanent or temporary residents in households 
who were displaced as a result of the disasters. We also as-
sessed history of TB treatment and determined whether the 
children received their healthcare from the public or private 
sector. Caregivers completed screening for pulmonary TB 
using the National Tuberculosis Program questionnaire that 
assesses cough, weight loss, fever, and TB exposure (11); 
an examination for cervical lymphadenopathy (>2 × 2 cm); 
and TST (5 tuberculin units purified protein derivative–S, 
Serum Statens Institute, https://en.ssi.dk) (Figure 1).

Clinical Evaluation for TB
The study team returned to each enrolled household 48–
72 hours after the initial visit to measure the TST indura-
tion transversely in accordance with National Tuberculo-
sis Control Program guidelines (11). All children who had 
TSTs >10 mm (or >5 mm if recent TB exposure within 
the last 6 months was known), had TB-compatible signs 
or symptoms, or both completed further evaluation for 
TB. Evaluation included physical examination, chest ra-
diography, and microbiologic testing of sputum (children 
>5 years of age) or gastric aspirates (children <5 years of 
age) by direct smear sputum microscopy and GeneXpert 
PCR testing (Cepheid, http://www.cepheid.com); myco-
bacterial culture was not available. All TST-positive or 
symptomatic children were provided with transporta-
tion to the closest medical center along with a voucher 
for chest radiograph. An independent radiologist read the 
chest radiographs to determine the presence of lesions 
consistent with intrathoracic TB.

Participants in whom M. tuberculosis infection or TB 
disease was diagnosed were referred to the local health 
center for appropriate treatment. M. tuberculosis infec-
tion was defined as TST results >10 mm in asymptomatic 
children with normal chest radiograph results and negative 
direct smear sputum microscopy and PCR. In accordance 
with international and national guidelines (11,12), TB was 
diagnosed in children who met 3 of the 5 following crite-
ria: 1) TST positive, 2) known exposure to a TB contact, 3) 
evidence of TB on chest radiograph, 4) direct smear sputum 
microscopy or PCR positive in sputum or gastric aspirates, 
and 5) 3 of the 6 signs and symptoms compatible with TB. 
Signs and symptoms of TB were cough or wheezing of >2 
weeks, unexplained fever >2 weeks after common causes 
excluded, weight loss or failure to gain weight or weight 
faltering or anorexia, failure to respond to >2 weeks of anti-
microbial therapy when treated for a lower respiratory tract 
infection, failure to return to baseline health status after 
>2 weeks after a viral infection or exanthema, and fatigue/ 
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lethargy or reduced playfulness (11). Participants in whom 
illnesses other than TB were diagnosed also were referred to 
the local health center for medical management. The Insti-
tutional Review Boards of the University of the Philippines 
Manila (Manila, Philippines) and Baylor College of Medi-
cine (Houston, TX, USA) reviewed and approved this study.

Data Analysis
All data were entered into EpiInfo version 7.2 (US Cen-
ters for Disease Control and Prevention, https://www.cdc.
gov/epiinfo/index.html) on password-protected comput-
ers and were continuously backed up to a US-based pro-
tected server accessible only by study personnel. Statis-
tical analyses were performed using EpiInfo and NCSS 
(NCSS, Inc., https://www.ncss.com). We determined the 
weighted prevalence of TST positivity (including diag-
nosed TB) and calculated Wilson 95% CIs. We then used 
univariate logistic regression with calculation of odds ra-
tios (ORs) and 95% CIs to examine whether the preva-
lence of TST positivity in heavily affected areas differed 
significantly from that in less affected areas. We also per-
formed univariate analysis on all other collected variables 
that could potentially influence the risk for TST positiv-
ity. Multivariate logistic regression analysis was then per-
formed on all variables identified on univariate analysis 
with a p value <0.25 to determine independent risk factors 
for TST positivity in Bohol. We used a stepwise-back-
ward approach to eliminate variables with the highest p 
value until all remaining variables had a p value <0.05. 
Model building strategies included interaction terms to 
determine effect modification and confounding.

Results
During 2016–2018, a total of 5,476 children (2,710 in 
heavily affected areas and 2,766 in less affected areas) were 
enrolled from the 14 municipalities from the 184 villages 
selected for the 200 clusters. We enrolled an average of 3.9 
children per household, exceeding our original sample size 
estimate of 3 children per household.

A total of 355 children were TST positive (weighted 
prevalence 6.4% [95% CI 6.3%–6.5%]). Three of the 14 
municipalities had a TST-positive prevalence >10% (1 in 
heavily affected areas, 2 in less affected areas; Table 1, Fig-
ure 2), and 12 villages had TST-positive prevalence >20% 
(Appendix Table 3). Two remote villages (1 in heavily af-
fected areas, 1 in less affected areas) had the highest preva-
lence (29% each). Of the 16 island villages located offshore 
from mainland Bohol, 9 (56%) had prevalence >10%, com-
pared with 38 (22%) of the 168 villages on mainland Bohol.

Sex was not associated with TST positivity (Table 2). 
Older age was significantly associated with TST positiv-
ity; prevalence increased markedly (>10%) in children >10 
years of age (Figure 3). Variables identified on univariate 
analysis as being significant risks for TST positivity were 
being older (>6 years of age), living in 1 of the island vil-
lages away from mainland Bohol, having a history of TB 
treatment, having >6 persons living in the home, having a 
history of contact with a person with TB, and having >2 
weeks of cough during the preceding month.

Most (75.4%) of the children enrolled were already 
born and living in Bohol during the earthquake, and al-
most half (47.4%) were displaced. Among those in Bo-
hol during the earthquake, living in a shelter with >25  
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Figure 1. Procedures and 
decision tree for enrollment 
of study participants during 
community-based cluster survey 
of TB in children in areas affected 
by 2013 natural disasters, Bohol, 
Philippines. Positive result on 
chest radiograph means evidence 
of infiltrates, consolidation, or 
cavitary lesions suggestive of TB 
disease. DSSM, direct sputum 
smear microscopy; IPT, isoniazid 
preventive therapy; neg, negative; 
pos, positive; TB, tuberculosis; 
TST, tuberculin skin test.
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persons approached significance for increased risk for TST 
positivity on univariate analysis (OR 1.5, 95% CI 0.98–
2.2; p = 0.06). We noted no significant difference in TST 
positivity between heavily affected and less affected areas 
(Table 3). A higher proportion of TST-positive children 
were from the less affected areas, but this finding was not 
statistically significant.

On the basis of results from the univariate analyses, 
we entered the following variables into the multivariate 
logistic regression model to determine which factors were 
independent risks for TST positivity: age category (6–14 
years), history of TB treatment, prior contact with a person 
known to have TB, recent history of cough for >2 weeks, 
living on a remote island village, and living with >25  

persons during displacement after the earthquake. Based on 
backward, stepwise multivariate logistic regression model-
ing, being older (OR 1.6; 95% CI 1.2–2.0), having a history 
of TB treatment (OR 3.4; 95% CI 1.7–6.7), contact with a 
person known to have TB (OR 4.9; 95% CI 3.8–6.2), and 
living on a remote island village (OR 1.5; 95% CI 1.1–2.1) 
were independent risk factors for TST positivity (Table 4).

According to history provided by caregivers, 57 (1%) 
children were previously treated for TB; only 12 (22%) 
were TST positive (Table 2). We were unable to assess 
whether the treatment administered was isoniazid preven-
tive therapy for TB exposure or latent infection or was 
treatment for active disease. Of the 57 reporting prior TB 
treatment, 47 (82%) completed the course of treatment, 
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Table 1. Prevalence of TST positivity by municipality and area affected by 2013 natural disasters, Bohol, Philippines, 2016–2018* 

Municipality† 
Total population† of 

municipality‡ 
Total no. children 

enrolled 
Total no. TST 

positive§ Prevalence, % (95% CI) 
Heavily affected area 199,653 2,710 160 5.9 (5.0–6.8) 
 Loon 42,729 550 14 2.5 (1.2–3.9) 
 Calape 30,146 260 11 4.2 (1.8–6.7) 
 Maribojoc 20,477 168 11 6.5 (2.8–10.3) 
 Clarin 20,277 267 16 6.0 (3.1–8.9) 
 Catigbian 22,675 624 19 3.0 (1.7–4.4) 
 Inabanga 43,272 537 62 11.5 (8.8–14.3) 
 Sagbayan 20,077 304 27 8.9 (5.7–12.1) 
Less affected area 213,899 2,766 195 7.0 (6.1–8.0) 
 Ubay 68,482 653 48 7.4 (5.3–9.4) 
 Bien Unido 25,782 162 17 10.5 (5.7–15.3) 
 Pres. Carlos P. Garcia 23,269 212 29 13.7 (9.0–18.3) 
 Anda 16,866 327 21 6.4 (3.8–9.1) 
 Mabini 28,172 722 51 7.1 (5.2–8.9) 
 Candijay 29,043 457 27 5.9 (3.7–8.1) 
 Alicia 22,285 233 2 0.9 (0.3–2.1) 
*TST, tuberculin skin test. 
†Heavily affected and less affected areas each comprised 100 clusters/700 households. 
‡Population is based on the 2010 national census (7). 
§TST Positives includes all tuberculosis cases, including the 1 child with tuberculosis who was TST negative because of malnutrition. 

 

Figure 2. Prevalence of 
tuberculin skin test positivity by 
municipality obtained in study 
of tuberculosis in children in 
areas affected by 2013 natural 
disasters, Bohol, Philippines, 
2016–2018. Epicenter of 2013 
earthquake is indicated.
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8 (14%) did not complete treatment, and 2 (4%) had un-
known treatment adherence. All 8 children who did not 
complete treatment were from villages that were hard to 
reach because of distance or accessibility. Reasons for not 
completing treatment were inability to purchase medica-
tions (5 children); erratic medicine supply (2 children); 

and distance from clinic, adverse medicine events, un-
pleasant taste, and difficult medication administration (1 
child each). For 2 children, >1 barrier was listed for not 
completing treatment.

Intrathoracic TB was diagnosed in 16 (0.3%) chil-
dren (median age 6 years) (Table 5). Three (24%) had  
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Table 2. Demographic, social, and clinical histories of enrolled children in cluster survey of TB in children in areas affected by 2013 
natural disasters, Bohol, Philippines* 

Characteristic Total, n = 5,476 (%) 
TST 

OR (95% CI) p value Positive† n = 355 Negative, n = 5,121 
Male sex 2,862 (52.3) 179 (50.4) 2,684 (52.4) 1.1 (0.9–1.4) 0.44 
Median age, y (IQR) 5.8 (5.3) 7.8 (6.3) 5.8 (5.2)   
 0–5 2,811 (51.3) 133 (37.5) 2,678 (52.3) Reference  
 6–14 2,665 (48.7) 222 (62.5) 2,443 (47.7) 1.8 (1.5–2.3) <0.001 
Island village 375 (6.8) 48 (13.5) 327 (6.4) 2.3 (1.7–3.2) <0.001 
Prior treatment for TB 57 (1.0) 12 (3.4) 45 (0.9) 4.0 (2.1–7.6) <0.001 
Median no. persons living in household 
before earthquake (range) 

5 (1–21) 6 (1–15) 5 (1–21) 1.1 (1.0–1.1) 0.009 

>6 Persons living in home 2,586 (47.2) 193 (54.4) 2,393 (46.7) 1.4 (1.1–1.7) 0.005 
Smokers in the home 3,049 (55.7) 208 (58.6) 2,841 (55.5) 1.1 (0.9–1.4) 0.23 
Child had contact with person with TB 658 (12.0) 136 (38.3) 522 (10.2) 5.4 (4.3–6.8) <0.001 
Recent history of cough for >2 wk‡ 104 (1.9) 26 (7.3) 78 (1.5) 4.9 (3.1–7.7) <0.001 
*All values are no. (%) unless indicated otherwise. IQR, interquartile range; OR, odds ratio; TB, tuberculosis; TST, tuberculin skin test. 
†TST-positive includes persons with TB. 
‡Within 4 wk. Active represented 9 (35%) of the 26 TST-positive persons with a recent history of a cough for >2 wk. 

 

Figure 3. Distribution of 
patients by age in study of 
tuberculosis in children in 
areas affected by 2013 natural 
disasters, Bohol, Philippines. 
A) Number of children who 
screened positive by TST; B) 
prevalence of TST positivity. 
Black bars, TST positive; 
gray bars, TST negative. TST, 
tuberculin skin test.
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microbiological confirmation (all by GeneXpert). Seven 
(44%) had abnormal radiographic findings consistent with 
TB. The most commonly reported history of recent (with-
in 4 weeks) symptoms were cough >2 weeks (9 [56%] 
children) and weight loss/anorexia (6 [38%]). On physi-
cal examination, 7 (44%) children had cervical lymphade-
nopathy. All 16 children with TB were included in the 
total number of TST-positive children in the analyses to 
examine risks for exposure.

Among the 1,400 households in which we conducted 
interviews, 148 (11%) reported a household death within 
the 12 months before enrollment, including 10 deaths in-
volving a family member with known or presumed TB. 
Among homes of TST-positive children, 17 deaths oc-
curred in the previous year; 6 households reported death of 
a family member with known or presumed TB.

Discussion
We assessed the risk for TB in a postdisaster setting 
among a large population of children using a methodolog-
ically rigorous study design. The prevalence of TST posi-
tivity was higher than we expected and disparate, even 
in a relatively small island province in the Philippines, 
and TST positivity in some villages approached 30%. 
Considering the weighted prevalence of TST positivity of 
6.4% and that 422,148 children live in Bohol (7), we can 
estimate that ≈27,000 children are TST positive in this 1 
province. At the time of this study, TST prevalence for 
children in the Philippines was unknown. Although we 
did not find TST positivity to be significantly higher in 
disaster-affected areas in Bohol as a result of resource in-
terruptions as we originally hypothesized, positivity was 
associated with geographic barriers (i.e., island villages) 
and approached significance with increased risk resulting 
from crowding in emergency shelters. In adults, smear 
positivity and illness and death increased after natural 
and humanmade disasters in countries in Central America 
(13), Eastern Europe (14), and Africa (15). Our data add 
a perspective for children and are consistent with data 
reported for TB for adults in developing countries after 
complex humanitarian emergencies.

The high prevalence of TST positivity among sub-
groups of children in Bohol was unexpected. Unfor-
tunately, we know of no prior studies in children in this 
region that would have enabled us to document baseline 
or estimate the expected prevalence. Villages with high 
prevalence of TST positivity might plausibly have unique 
risk factors for TB (e.g., geographically isolated and disad-
vantaged areas having poor socioeconomic status or lim-
ited access to care). TSTs also might have overestimated 
the incidence of M. tuberculosis infection resulting from 
cross-reactions with BCG (16). In the Philippines, BCG is 
administered only once, soon after birth (17), which pro-
vides a lower risk for false positive TSTs than in countries 
where BCG is boosted or administered to older children 
(18). Also, if cross-reactions were common, we would not 
have observed such variation in prevalence of TST positiv-
ity across Bohol, particularly in older children, which was 
the higher risk group.

Robust national and international data demonstrate 
that TB occurs in pockets of persons and varies substan-
tially across geographic regions (19,20). Although some 
clustering of cases may be explained by underlying medi-
cal, social, or economic conditions (e.g., diabetes, socio-
economic status, and care access issues), explanations for 
clustering are not always evident. We found higher TST 
positivity in island villages where geographic barriers pre-
vented immediate access to the municipal health units on 
mainland Bohol. Increasing distance from public health-
care facilities can result in diagnostic delays and missed di-
agnoses, particularly for TB, where control programs often 
use centralized models. Late disease detection in infectious 
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Table 3. Factors related to 2013 earthquake and subsequent displacement on TST positivity in children in areas affected by 2013 
natural disasters, Bohol, Philippines* 

Factor 
Total no. (%), n = 

5,476 

TST 
Odds ratio 
(95% CI) p value 

Positive, no. (%),†  
n = 355 

Negative, no. (%), 
n = 5,121 

Earthquake-affected area      
 Heavily affected area 2,710 (49.5) 160 (45.1) 2,550 (49.8) 1.2 (0.97–1.5) 0.09 
 Less affected area 2,766 (50.5) 195 (54.9) 2,571 (50.2)   
Child lived in Bohol during earthquake 4,131 (75.4) 278 (78.3) 3,853 (75.2) 1.2 (0.92–1.5) 0.20 
 Child was displaced 1,959/4,131 (47.4) 113/278 (40.6) 1,846/3,854 (47.9) 0.7 (0.6–0.95) 0.02 
 Child lived with ≥25 persons in shelter 1,081/1,959 (55.2) 72/113 (63.7) 1,009/1,846 (54.7) 1.5 (0.98–2.2) 0.06 
 Child displaced >7 d 777/1,956 (39.7) 50/113 (44.2) 727/1,843 (39.4) 1.2 (0.8–1.8) 0.31 
*TST, tuberculin skin test.  
†Includes persons with tuberculosis. 

 

 
Table 4. Independent risk factors for being TST positive in 
multivariate logistic regression analyses in cluster survey of TB in 
children in areas affected by 2013 natural disasters, Bohol, 
Philippines* 
Variable OR (95% CI) p value 
History of contact with a person 
known to have TB 

4.9 (3.8–6.2) <0.001 

History of treatment for TB 3.4 (1.7–6.9) <0.001 
Older age, 6–14 y 1.6 (1.2–2.0) <0.001 
Living on a remote island village 1.5 (1.1–2.1) 0.02 
*OR, odds ratio; TB, tuberculosis; TST, tuberculin skin test. 
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adults has substantial implications for children, including 
increasing M. tuberculosis infection and missed opportu-
nities for preventive health services, outreach, and public 
health intervention.

In our study, other factors independently associated 
with TST positivity included older age, history of contact 
with a person known to have TB, and history of TB treat-
ment. These statistical findings were expected because 
older children have a longer possible period of exposure 
risk over the course of their childhood. Similarly, known 
contact with a person with TB and history of TB treatment 
would greatly influence TST positivity. Although our find-
ing of higher TST-positive prevalence in less affected ar-
eas than in heavily affected areas was not significant, we 
did not expect to find it. We hypothesize this finding was 
because less affected areas were much farther from the  

Provincial Health Office, where TB resources are distrib-
uted to the entire province. This discrepancy is worth in-
vestigating further to understand whether availability and 
access to resources affects TB transmission in this region.

Historically, TB prevention and treatment efforts have 
focused on adults for epidemiologic, economic, and prac-
tical reasons. M. tuberculosis–infected children are reser-
voirs for future cases and transmitters of disease. Given 
their youth, children are less likely to experience adverse 
side effects of TB prevention treatment and experience 
greater long-term benefits than adults, presuming they 
are not reinfected by the original source. Additionally, 
in many developing nations, children account for nearly 
50% of the population. Thus, changing the emphasis of 
treatment and prevention programs to be more inclusive 
of children is needed but requires modification in provider 
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Table 5. Clinical and diagnostic findings for 16 persons with TB in cluster survey of TB in children in areas affected by 2013 natural 
disasters, Bohol, Philippines, 2016–2018* 

Case 
no. 

Natural 
disaster 

area 
Age, 
y/sex 

Known 
exposure 

to TB History of signs/symptoms 
Chest radiograph interpretation 

by radiologist 
DSSM 
result† 

GeneXpert 
result† 

1 LAA 6/M Yes Cough >2 weeks, wheezing, 
weight loss; no improvement 

after taking antimicrobial drugs 

Pneumonia, both paracardiac 
areas 

Neg Neg 

2 LAA 2/M Yes Cough >2 weeks, weight loss, 
malaise; no improvement after 

taking antimicrobial drugs 

Inflammatory process, both 
inner zones 

Neg Invalid, after 
2 extractions 

3 LAA 8/M Yes Cervical lymphadenopathy Calcified hilar lymphadenopathy, 
likely representing a chronic 

process, such as pulmonary TB 

Neg Neg 

4 LAA 14/M Yes None; history of prior TB 
treatment but did not complete 

therapy 

Inflammatory process in left 
apical area compatible with 
chronic process, such as 

pulmonary TB with minimal 
apical pleural thickening 

Neg Neg 

5 LAA 7/F Yes Cough >2 weeks Normal Neg Neg 
6 LAA 4/M Yes Cough >2 weeks, weight loss, 

anorexia, malaise, chest pain 
Normal Neg Neg 

7 LAA 5/M Yes Cervical lymphadenopathy Inflammatory process in the left 
retrocardiac area 

Neg Neg 

8 HAA 14/F Yes None Normal Neg Pos 
9 LAA 5/F Yes Cough >2 weeks, fever, weight 

loss 
Normal Neg Pos 

10 LAA 1/F Yes Cough >2 weeks, fever, 
dyspnea, no improvement after 

taking antimicrobial drugs 

Normal Neg Neg 

11 LAA 12/F No Coughing >2 weeks, fever, 
chest and back pain, weight 

loss, cervical lymphadenopathy 

Normal Neg Neg 

12 LAA 11/F Yes Cervical lymphadenopathy, no 
rales or wheezing 

Normal Neg Neg 

13 LAA 3/M Yes Cervical lymphadenopathy Normal Neg Neg 
14 LAA 6/M Yes Cervical lymphadenopathy Normal Neg Neg 
15 LAA 3/F Yes Coughing >2 weeks, weight loss Bilateral pneumonia Neg Neg 
16 HAA 10/M Yes Coughing >2 weeks, weight 

loss, cervical lymphadenopathy 
Pneumonia, both lower lungs, 
minimal left pleural effusion vs. 

pleural thickening; consider 
Potts disease (extrapulmonary 

TB) involving T12 and L1 
vertebrae with Gibbus deformity 

Neg Pos 

*DSSM, direct sputum smear microscopy; HAA, heavily affected area; LAA, less affected area; neg, negative; pos, positive; TB, tuberculosis. 
†Direct smears and GeneXpert (Cepheid, http://www.cepheid.com) performed on sputum for children >5 years of age and gastric aspirates for children <5 
years of age. 
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education, expansion of diagnostic tools, caregiver sup-
port, and more readily available access to child-friendly 
medication formulations.

During natural disasters, disruption of TB control pos-
es a threat to both industrialized and resource-limited na-
tions, as seen after the 2011 earthquake in Japan, the 2010 
earthquake in Haiti, and the 2005 Hurricane Katrina in the 
United States (15,21,22). Experience has demonstrated that 
major impediments to successful reconstruction of TB ser-
vices include mobile populations, destroyed infrastructure, 
and lack of coordination, leading to poor case detection and 
suboptimal TB control (15). Our findings suggest that dis-
placement after natural disasters may increase the future 
risk for TB in affected communities. Because public health 
resources are often introduced into communities after di-
sasters, we propose that the postdisaster recovery period 
might provide a unique window of opportunity to introduce 
interventions to sustainably improve TB control.

Our study had some limitations. Epidemiologic risk 
factors were family-reported and subject to recall bias, par-
ticularly because this study was conducted 3–5 years after 
the natural disasters. Crowding in shelters with nonrela-
tives might have resulted in underestimating TB contacts 
for children. Interferon γ-release assays were unavailable; 
some TST positivity might have resulted from cross-reac-
tion from BCG. However, older children were significant-
ly more likely than younger children to be TST positive, 
which would not be expected if TST positivity were due 
solely to BCG. Although we presume that BCG uptake is 
high according to national data, we did not collect vaccine 
status individually at enrollment. The unavailability of my-
cobacterial cultures potentially caused an underestimation 
of the TB prevalence. Unfortunately, the number of active 
TB cases was small, so we were concerned about perform-
ing and interpreting any statistical analyses for risk; how-
ever, when active cases were examined independently in 
our model, the risks remained the same for this group with 
the exception of older age. Our findings might not be gener-
alizable to other disaster settings in less populated regions 
or in areas with lower baseline TB incidence.

In conclusion, in a large, community-based screening 
for M. tuberculosis infection in children <15 years of age 
in the Philippines, we found a high prevalence of TST pos-
itivity, especially in geographically isolated villages. We 
demonstrated the feasibility and highlight the importance 
of implementing active TB case-finding in a resource-poor 
setting despite population displacement and postdisaster 
service-line interruption. One step to bolster postdisaster 
mitigation is a strong baseline national TB program that 
includes local stakeholders (including not only healthcare 
workers but also community and government leaders), 
reaches marginalized populations, and considers the differ-
ential vulnerability of children before a disaster.
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Sporotrichosis is a saprozoonotic fungal infection found 
mostly in tropical and subtropical areas. Few case reports 
in Madagascar have been published. To document sporotri-
chosis epidemiology in Madagascar, we conducted a cross-
sectional study. During March 2013–June 2017, we recruit-
ed from select hospitals in Madagascar patients with chronic 
cutaneous lesions suggestive of dermatomycosis. Sporotri-
chosis was diagnosed for 63 (42.5%) of 148 patients. All 
but 1 patient came from the central highlands, where the 
prevalence was 0.21 cases/100,000 inhabitants. Frequency 
was high (64.7%) among patients <18 years of age. Spo-
rotrichosis was diagnosed for 73.8% of patients with arm 
lesions, 32.3% with leg lesions, and 15.4% with lesions at 
other sites. Molecular identification identified 53 Sporothrix 
schenckii isolates. Among the 32 patients who were fol-
lowed up, response to itraconazole was complete or major 
for 15 and minor for 17. Overall, endemicity of sporotrichosis 
in Madagascar was high, concentrated in the highlands.

Sporotrichosis is a chronic fungal infection of humans 
and animals, found mostly in tropical and subtropical 

regions. The causal fungi develop in the soil or on plants and 
infect mammals through wounds, either directly (wounds 
from spiky plants or thorns) or through contact with con-
taminated soil or infected animals. Thus, sporotrichosis is a 

so-called implantation mycosis, affecting principally rural 
populations, particularly those who work with bare hands 
and feet (1–3). The disease is caused by a dimorphic fungus 
of the genus Sporothrix. These fungi display a high degree 
of genomic diversity, leading to the description of at least 6 
cryptic species: S. schenckii, S. brasiliensis, S. globosa, S. 
luriei, S. mexicana and S. albicans (formerly S. pallida). S. 
mexicana, and S. albicans are mostly environmental (sap-
rophytic and nonpathogenic) (4–7). The infection generally 
occurs as a lymphocutaneous form with an ulcerated subcu-
taneous nodule at the inoculation site and similar secondary 
lesions arising along the lymphatic route (1,5). Mucosal or 
primary pulmonary forms are less common (8). Some cases 
occur as disseminated forms with multiorgan involvement, 
most notably in HIV-infected persons (9,10).

Sporotrichosis is widespread throughout the world; 
several areas of known hyperendemicity are Brazil, Mexi-
co, Peru, and China. Outbreaks from various environmental 
sources, involving thousands of persons, have been reported 
(1–3,11,12). In Brazil, a large zoonotic outbreak associated 
with cats is ongoing; it has been suggested that a strain of 
S. brasiliensis with enhanced virulence is involved (13–15).

In Madagascar, no epidemiologic data are available for 
evaluation of the sporotrichosis burden. Dermatologists and 
infectious disease specialists have reported encountering a 
large number of suspected cases during their routine medical 
consultations; however, the cases have not been biologically 
confirmed. In 2007, the dermatology department of Antanan-
arivo University Hospital in the capital of Antananarivo con-
firmed a series of cases and reported 1 case (16). Since 2013, 
we conducted a cross-sectional study to document the current 
epidemiology of this fungal infection in Madagascar. To diag-
nose, confirm, and identify the fungal species responsible, we 
used conventional mycology and molecular biology methods, 
including matrix-assisted laser desorption/ionization-time of 
flight (MALDI-TOF) mass spectrometry. We describe the  
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average annual prevalence and clinical presentation of spo-
rotrichosis in Madagascar, along with patient outcomes. We 
also report the species-level identification, genetic related-
ness, and antifungal susceptibility of the clinical isolates.

Materials and Methods

Study Design and Patient Recruitment
We performed a cross-sectional study of patients with clini-
cally suspected sporotrichosis or another chronic dermato-
mycosis (i.e., unique or multiple nodular, budding, wart-like, 
or plaque-like skin lesions following a lymphatic vessel, 
with or without ulceration, enduring for >1 month). Patients 
were recruited during March 2013–June 2017 (4 years and 
3 months, hereafter referred to as a 4-year period) from the 

Dermatology Department of the Joseph Raseta Befelatanana 
University Hospital (CHUJRB) in Antananarivo or dur-
ing advanced consultation campaigns in regional hospitals 
(Figure 1, panel A). These campaigns were preceded by an-
nouncements made via radio, social media, and posters that 
invited patients with cutaneous or subcutaneous lesions to 
come to these consultations. Healthcare providers completed 
clinical and demographic information forms that asked about 
the patient’s age, sex, and occupation; the probable area of   
contamination; anatomic location and appearance of the le-
sions; and treatments received. We excluded from the study 
2 patients for whom this information could not be obtained. 
The study was approved by the Ethics Committee for Bio-
medical Research of the Ministry of Public Health of Mada-
gascar (authorization no. 66-MSANP/CE). After sampling, 
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Figure 1. Recruitment of patients with chronic cutaneous and subcutaneous lesions and annual prevalence of sporotrichosis, 
Madagascar, March 2013–June 2017. A) Recruitment sites. Sava Region: a) Centre Hospitalier de Référence Régionale, Sambava 
District; b) Centre Hospitalier de District and Hôpital Adventiste, Andapa District; Analamanga Region: c) Centre de Santé de Base, 
Alakamisy-Anjozorobe, Anjozorobe District; d) Centre Hospitalier Universitaire Joseph Ravoahangy Befelatanana, Antananarivo District; 
e) Centre de Santé de Base, Andramasina District; Vatovavy Fitovinany Region; f) Fondation Médicale Ampasimanjeva, Manakara 
District; Anosy Region: g) Centre Médical Tolagnaro, Centre Hospitalier de Référence Régionale, Tolagnaro and Hôpital Luthérien 
Manambaro, Tolagnaro District. B) Patients’ region of origin, from north to south: D, Diana; S, Sava; I, Itasy; A, Analamanga; V, 
Vakinankaratra; B, Bongolava; So, Sofia; Bo, Boeny; Be, Betsiboka; Me, Melaky; Al, Alaotra-Mangoro; At, Atsinanana; An, Analanjirofo; 
Am, Amoron’I Mania; H, Haute Matsiatra; Va, Vatovavy-Fitovinany; Ato, Atsimo; Ih, Ihorombe; Mb, Menabe; Ats, Atsimo Andrefana; And, 
Androy; Ano, Anôsy. Number of patients recruited: dark brown, n>6; medium brown, n = 3–5; beige, n<3; white, missing. Black outlines 
indicate regional boundaries. C) Annual prevalence of sporotrichosis, showing origins of the 63 sporotrichosis patients described in this 
study. Prevalence per 100,000 inhabitants: dark brown, >0.2; medium brown, 0–0.2; light brown, <0.1; beige, 0; white, missing. Black 
outlines indicate regional boundaries.
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treatment (200 mg/d of itraconazole) was provided free of 
charge to all recruited patients for at least 2 months.

Statistical Methods
We compared sporotrichosis cases and other nonsporotri-
chosis cases by using χ2 or Fisher exact tests for qualitative 
variables and Student t tests for quantitative variables and 
a χ2 test for trend to compare annual frequencies. We esti-
mated the average annual prevalence as the mean number 
of cases per year (considering the period as a 4-year period) 
over the mean number of inhabitants. The mean number 
of inhabitants was calculated from the available figures in 
2013 (obtained from the National Institute of Statistics of 
Madagascar, https://www.instat.mg) and adjusted accord-
ing to the estimate of the World Bank for demographic 
growth of 2.7% per year (https://donnees.banquemondiale.
org/indicateur/SP.POP.GROW). In our evaluation of the 
prevalence in the highlands of Madagascar, we excluded 
the region of Haute Matsiatra because no patients were  

recruited from there. We analyzed data and generated maps 
by using EpiInfo version 7.2.2.1 (https://www.cdc.gov/
epiinfo/index.html) and RStudio version 1.0.153 (https://
www.r-project.org).

Case Definitions
We used a list of clinical, mycologic, histologic, and prog-
nostic criteria to classify cases in this study (Table 1). 
Cases were identified after a monthly consultation among 
clinicians of the Department of Dermatology of the CHU-
JRB and teams of mycologists from the Charles Mérieux 
Infectiology Center of Antananarivo, Madagascar, and 
Université Grenoble Alpes, Grenoble, France.

Clinical Samples
After obtaining patient consent, we collected specimens 
consisting of biopsy material, pus, or flakes of skin from 
all patients. All samples were sent to the laboratory of the 
Charles Mérieux Infectiology Center of Antananarivo, 
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Table 1. Criteria used to classify cases of sporotrichosis in the Highlands of Madagascar, 2013–2017* 
Criteria Description 
Clinical  
 Major Cutaneous: lymphocutaneous form defined as a papule or pustule or a subcutaneous nodule 

at the inoculation site, then ulceration with erythematous edges and purulent secretion. 
Secondary lesions arise along the path of regional lymphatic vessels. Fixed or cutaneously 
disseminated. 

 Extracutaneous: disseminated, osteoarticular, ocular. 
 Minor Mucosal: nasal septum, with bloody secretions and detachment of crusts. Conjunctivitis, with 

granulomatous lesions accompanied by a serous-purulent discharge, redness, lid edema, and 
preauricular and submandibular lymph node enlargement. 

 Primary pulmonary sporotrichosis: similar to that of tuberculosis. Radiologic patterns include 
cavitary disease, tracheobronchial lymph node enlargement, and nodular lesions. Vegetative, 
verrucous, infiltrated plaque, or tuberous lesion. 

Mycologic and histologic 
 Major Molecular evidence of Sporothrix schenckii on PCR with specific primers (targeting 

topoisomerase II) or ITS sequencing, directly from clinical samples or from a positive culture 
of a fungus morphologically suggestive of Sporothrix spp. 

 MALDI-TOF mass spectrometry identification of S. schenckii from a positive culture of a 
fungus morphologically suggestive of Sporothrix spp. 

 Minor Budding yeast cells with the characteristic cigar-shaped buds observed on direct microscopic 
examination or histologic analysis. 

 Direct examination of pus and/or histologic analysis showing asteroid bodies (Splendore-
Hoeppli reaction). 

 Positive culture of a fungus morphologically suggestive of Sporothrix spp. from a clinical 
sample without molecular or MALDI-TOF mass spectrometry confirmation. 

Classification  
 Confirmed >1 of the major clinical criteria and >1 of the major mycologic criteria or 1 minor clinical 

criterion and >1 of the major mycologic criteria. 
 Probable >1 of the major clinical criteria and 1 minor mycologic or histologic criterion and a complete or 

partial response to antifungal therapy. 
 Possible >1 of the major clinical criteria without any (major or minor) mycologic or histologic criteria or 

>1 of the minor clinical criteria without any (major or minor) mycologic or histologic criteria and 
a complete or partial response to antifungal therapy. 

Clinical response to antifungal therapy 
 Cure Complete resolution of all lesions. 
 Major response Substantial improvement of most lesions with a substantial decrease in subcutaneous 

nodules. 
 Minor response Mild improvement of most lesions with a smaller decrease in subcutaneous nodules than for a 

major response. 
 Failure Stabilization of the lesions after >3 months of antifungal therapy or worsening of the lesions 

after >3 months of antifungal therapy. 
*ITS, internal transcribed spacer; MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight. 
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where they were processed either immediately or after 24 
to 48 hours of storage at 2°–8°C.

Mycologic Analyses
We directly examined the clinical specimens under a mi-
croscope (5,11). The samples were used to inoculate Sab-
ouraud medium supplemented with chloramphenicol and 
incubated at 30°C for 2–3 weeks. For positive cultures, we 
identified the fungal isolates morphologically, extracted 
DNA, and froze the culture at –80°C.

Molecular Analyses
We used the QIAamp DNA Blood Mini Kit (https://www.
qiagen.com) according to the manufacturer’s instructions 
for DNA purification. Colonies and biopsies were crushed 
before processing. PCR amplification was performed in 2 
steps. The first step comprised 2 panfungal PCRs target-
ing internal transcribed spacer (ITS) regions with the prim-
ers ITS1/ITS4 and D1D2 with the primers NL-1/NL-4 
and NL-3/NL-4 (17–19). The second step was a specific 
S. schenckii PCR targeting the topoisomerase II gene with 
SSHF31/SSHR97 primers (20). We sequenced panfungal 
PCR products by LGC Genomics GmbH (https://www.bi-
osearchtech.com) by using the same primers and aligned 
the sequences obtained with the reference sequences in 
the International Society of Human and Animal Mycol-
ogy (ISHAM) Barcoding Database (http://its.mycology-
lab.org) (17) for the ITS region and the National Center 
for Biotechnology Information database for the D1D2 and 
ITS regions. We constructed the phylogenetic tree by using 
MEGA7 software (https://www.megasoftware.net).

MALDI-TOF Mass Spectrometry Analysis
We created a main spectrum profile (MSP) in-house Spo-
rothrix library on the Microflex mass spectrometer, ac-
cording to the MALDI Biotyper version 1.1 MSP creation 
protocol (Bruker Daltonicks, https://www.bruker.com) 
from a reference strain of S. schenckii (IHEM 3787) and 
18 isolates formally identified by DNA sequencing or the 
specific S. schenckii topoisomerase II PCR. We cultured 
isolates under 3 conditions: in Sabouraud–chloramphenicol 
agar for 4–7 days at 30°C, in liquid Sabouraud medium for 
2–4 days at 25–30°C with shaking, and on solid peptone 
dextrose agar (YPD; Sigma Aldrich, https://www.sigmaal-
drich.com) for 4–5 days at 30°C. This library was validated 
with the IHEM 3774 reference strain and 35 clinical strains 
obtained during this study but not used to create the MSPs. 
We used the ethanol formic acid extraction procedure on 
YPD subcultured strains in accordance with the MALDI 
BiotyperIVD protocol version 1.6. We compared the spec-
tra obtained with the Bruker Taxonomy (7,815 entries), 
Bruker Filamentous Fungi (364 MSP), NIH mold (365 pro-
files) (21), and our new MSP in-house Sporothrix library, 

generating identification scores with the following quality 
criteria: score >2, species-level identification; score <1.7 to 
<2, genus-level identification; score <1.7, no identification. 
In addition, we applied an external control by submitting 
both our MSP in-house Sporothrix and identification spec-
tra to an independent online database, MSI (https://msi.
happy-dev.fr). This database contains reference spectra for 
S. schenckii, S. brasiliensis, S. urviconia, S. fungorum, S. 
globosa, S. humicola, S. inflata, S. insectorum, S. pallida, 
S. stenoceras, and S. variecibatus (22).

Susceptibility to Antifungal Drugs
To determine the MICs of antifungal agents, we used the 
Clinical and Laboratory Standards Institute (https://clsi.
org) protocol for filamentous fungi on mycelial strains after 
subculture at 30°C (23). We tested the following agents at 
the concentrations indicated: posaconazole and isavucon-
azole (0.016 to 8 μg/mL), amphotericin B and itraconazole 
(0.006 to 32 μg/mL), and terbinafine (0.008 to 4 μg/mL). 
We determined MICs after 72 hours of culture at 30°C with 
a 100% inhibition endpoint for all drugs except terbinafine, 
for which the endpoint was 80%, as described by Espinel-
Ingroff et al. (24).

Results

Demographic and Clinical Characteristics  
of the Patients

Total Cohort
During March 2013–June 2017, we recruited 148 patients 
with chronic cutaneous or subcutaneous lesions. Median 
patient age was 39 years (interquartile range 22–53 years). 
Male patients predominated (n = 111, 75%), and the largest 
number of patients (n = 118, 79.7%) was enrolled by CHU-
JRB, the permanent recruitment center (Figure 1, panel A, 
triangle d). An analysis of the geographic origin of recruit-
ed patients showed that most (n = 90, 60.8%) came from 
the highlands, followed by the regions of the northeast (n 
= 23, 15.5%), east and southeast (n = 16, 10.8%), south 
and southwest (n = 13, 8.8%), and west (n = 6, 4.1%) (Fig-
ure 1, panel B). The largest proportion of recruited patients 
worked in agriculture (n = 76, 51.3%), followed by the ser-
vice sector (n = 31, 21%); other patients were students (n = 
20, 13.5%), craftsmen (n = 14, 9.5%), or unemployed (n = 
7, 4.7%). Lesions were located mostly on the legs (62.8%) 
and arms (28.3%).

Patients with Sporotrichosis
At the first consultation, 47 of the 148 patients had clini-
cally suspected sporotrichosis. A diagnosis of sporotricho-
sis was recognized for 63 (42.5%) patients, confirmed for 
53 (35.8%), and possible for 10 (6.7%). The frequency of 
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sporotrichosis remained stable from 2013 through 2017 
(37.5%–64%, p = 0.16; Table 2). From 2014 through 2016, 
the mean (+SD) number of annual sporotrichosis cases was 
14 (+5.1).

The male sex predominance was less marked among 
patients with sporotrichosis (n = 44, 69.8%) than among 
the other patients recruited. This difference, however, was 
not significant (p = 0.29) (Table 2).

Patients with sporotrichosis were younger than other 
patients (38 vs. 43 years of age), although this difference 
was not statistically significant (p = 0.10). Analysis by age 
group showed that this trend was linked to a high frequency 
of sporotrichosis in persons <18 years of age (64.7%) com-
pared with the rest of the population (39.7%; p = 0.08).

The location of lesions differed significantly between 
sporotrichosis patients and other patients (Table 2). The 
principal site affected was the arms (49.2%) for patients 
with sporotrichosis. Sporotrichosis was diagnosed more 
frequently for patients with lesions on the arm (73.8%) 
than for patients with lesions on the leg (32.3%) or other 

body sites (15.4%) (p<0.0001; Table 2). The sporotrichosis 
lesions had been present for <1 year for 71% of patients, 
1–2 years for 14.5% of patients, and >2 years for 14.5% of 
patients. The most frequent type of lesion for sporotrichosis 
patients was lymphocutaneous (69.3%). The other forms 
were characterized by vegetative or verrucous lesions, 
infiltrated plaques, or tuberous lesions (Figure 2). We ob-
served no fixed cutaneous forms or extracutaneous forms.

Sporotrichosis patients were predominantly farmers 
(52.4%), but a large number were craftsmen and trades-
men (Table 2). Sporotrichosis was diagnosed for 71.4% of 
the craftsmen and tradesmen and 39% of patients in other 
professions grouped together (p = 0.04).

Prevalence and Geographic Distribution  
of Sporotrichosis
We determined the geographic origin of patients with spo-
rotrichosis, corresponding to the presumed origin of con-
tamination (Figure 1, panel C). The concentration of spo-
rotrichosis cases in the highlands was very high; almost 
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Table 2. Description of sporotrichosis cases in a cohort of patients with chronic cutaneous and subcutaneous lesions, Madagascar, 
March 2013–June 2017* 
Characteristic Sporotrichosis, no. (%), n = 63 Other, no. (%), n = 85 p value 
Recruitment period 

  
0.16† 

 2013, from March 1 6 (9.6) 10 (11.8)  
 2014 16 (25.4) 12 (14.1)  
 2015 21 (33.3) 26 (30.6)  
 2016 13 (20.6) 23 (27.1)  
 2017, until May 31 7 (11.1) 14 (16.4)  
Age range, y 

  
0.2‡ 

 3–18 11 (17.5) 6 (7.1)  
 19–33 15 (23.8) 16 (18.8)  
 34–48 17 (27.0) 30 (35.3)  
 49–63 12 (19.1) 17 (20.0)  
 64–80 8 (12.7) 16 (18.8)  
Sex   0.29‡ 
 M 44 (69.8) 67 (78.8) 

 

 F 19 (30.2) 18 (21.2)  
Lesion location  

  
<0.0001‡ 

 Leg 30 (47.6) 63 (74.2)  
 Arm 31 (49.2) 11 (12.9)  
 Other§ 2 (3.2) 11 (12.9)  
Occupation 

  
0.07‡ 

 Farmer 33 (52.4) 43 (50.6)  
 Service sector 8 (12.7) 23 (27.1)  
 Student 9 (14.3) 11 (12.9)  
 Craftsman/tradesman 10 (15.8) 4 (4.7)  
 Unemployed 3 (4.8) 4 (4.7)  
Region of contamination 

  
<0.0001‡ 

 Highlands region 
   

  Analamanga 38 (60.3) 18 (21.2)  
  Amoron’i Mania 8 (12.7) 4 (4.7)  
  Bongolava 3 (4.8) 0 (0)  
  Itasy 6 (9.5) 3 (3.5)  
  Vakinankaratra 7 (11.1) 3 (3.5)  
  Other 1 (1.6)¶ 57 (67.1)  
*Mean (±SD) ages: sporotrichosis patients 38.1 (±19.5); other patients, 43.2 (±18.1); p = 0.10 (Student t test p value to compare mean age between both 
groups). 
†χ2 test for trend. 
‡χ2 or Fisher exact test to compare categorical variables between both groups.  
§On trunk, leg and arm, or leg and thorax. 
¶Localized to Atsinanana. 
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all patients with sporotrichosis (n = 62, 98.4%) originated 
from these areas. The frequency of sporotrichosis cases 
was much higher in the highlands (62/90, 68.9%) than on 

the rest of the island (1/58, 1.7%; p<0.0001). In all high-
land areas, the frequency of sporotrichosis was similar and 
very high (66.6%–100%; p = 1.00) (Table 2).

The average annual prevalence of sporotrichosis on the 
high plateaus of the Analamanga, Amoron’i Mania, Bon-
golava, Itasy, and Vakinankaratra regions was evaluated at 
0.21 cases/100,000 inhabitants. Prevalence was highest in 
the Analamanga (0.27/100,000 inhabitants) and Amoron’i 
Mania (0.25/100,000 inhabitants) regions (Table 3; Figure 
1, panel C).

Mycologic Results
We collected 192 samples from the 148 patients. Direct 
examination yielded negative results for all cases, and we 
were unable to perform histologic examinations (Appen-
dix 1, https://wwwnc.cdc.gov/EID/article/25/10/19-0700-
App1.xlsx).

Culture Results
We obtained 172 cultures, including 72 established with 
the samples of the 63 sporotrichosis patients. Overall, mac-
roscopic and microscopic examination exhibited morpho-
logic features consistent with Sporothrix spp. for 90.2% 
(65/72) of the cultures.

Molecular Results
Sensitivities for the 2 panfungal PCRs, for D1D2 and ITS, 
were lower for clinical specimens than for cultures, and the 
ITS PCR was less sensitive than the D1D2 PCR for clini-
cal specimens and cultures (Appendix 2 Figure 1, https://
wwwnc.cdc.gov/EID/article/25/10/19-0700-App2.pdf). 
The specific S. schenckii topoisomerase II PCR was unable 
to confirm identification for any of the clinical specimens, 
whereas its sensitivity for cultures was 89.2% (58/65), with 
features suggestive of Sporothrix spp.

The alignment of the ITS sequences from cultures 
identified 13 isolates as S. schenckii, according to data 
from the ISHAM database (Appendix 1 Table 1) (17). 
The phylogenetic analysis showed that the isolates from 
patients with sporotrichosis in our study were grouped in 
the S. schenckii clade, together with clinical strains from 
other regions of the world (Figure 3; Appendix 2 Figure 
2). Our results confirm that ITS sequencing is suitable for 
separating the cryptic species of clinical importance from 
the strictly environmental ones (25).

The MSP in-house Sporothrix library performed well 
for S. schenckii identification; the score for 87.9% (29/33) 
of the strains was >2 and for 4 strains was >1.8. Unfortu-
nately, 2 strains were contaminated by Candida spp. and 
could not be identified. For sporotrichosis identification, 
in-house MSPs were systematically the first choice in the 
list of MSPs, confirming their superiority for identification 
at the species level over the 2 MSPs in the Bruker database 
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Figure 2. Clinical manifestations of sporotrichosis in patients 
with chronic cutaneous and subcutaneous lesions, Madagascar, 
March 2013–June 2017. A–C) Lymphocutaneous lesions. D) 
Lymphocutaneous ulcerative budding and crusty lesion. E) 
Ulceroerosive and erythematosus lesion with irregular border, 
easily misdiagnosed as chromoblastomycosis.
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and the 1 MSP in the NIH database. Comparison of the 
spectra obtained by using the MSP in-house Sporothrix li-
brary with those obtained from identification to the external 
MSI platform indicated that the most likely identification 
was S. schenckii (Appendix 1 Table 2). Percentages of sim-
ilarities were consistent with accurate identification to the 

species level (>20%) for 94.1% (48/51) (Appendix 1 Table 
1); only 3 strains were not formally identified.

Taking together all results of the molecular analyses, 
we identified 53 S. schenckii strains: 51 by MALDI-TOF 
mass spectrometry, of which 46 were identified also by the 
specific S. schenckii topoisomerase II PCR and 13 were 
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Table 3. Prevalence of sporotrichosis in Madagascar, March 2013–June 2017 

Region 
Mean no. 

inhabitants/y* 
No. cases, 
2013–2017 

Mean no. 
cases/y 

Annual prevalence/100,000 
inhabitants (95% CI) 

North and North-Central: Analanjirofo, Sava, Sofia 3,443,999 0 0 0 
Highlands 7,448,855 62 15.5 0.21 (0.2097–0.2103) 
 Analamanga 3,534,578 38 9.5 0.27 (0.2695–0.2705) 
 Amoron’i Mania 754,695 8 2.0 0.25 (0.2490–0.2510) 
 Bongolava 482,742 3 0.8 0.16 (0.1590–0.1610) 
 Itasy 773,490 6 1.5 0.17 (0.1692–0.1708) 
 Vakinankaratra 1,903,350 7 1.8 0.09 (0.0896–0.0904) 
West: Melaky, Menabe, Boeny 1,774,661 0 0 0 
East and Southeast 3,527,693 1 1.3 0.04 (0.0398–0.0402) 
 Alaotra Mangoro 1,084,092 0 0 0 
 Atsinanana 948,560 1 1.3 0.13 (0.1293–0.1307) 
 Vatovavy Fitovinany 1,495,041 0 0 0 
South and Southwest: Androy, Anosy, Atsimo 
Andrefana, Ihorombe 

3,203,165 0 0 0 

*Mean over the period was calculated from the last figures available in 2013 adjusted for the subsequent years with a growth of 2.7% per year (World 
Bank estimates of the demographic growth in Madagascar, https://donnees.banquemondiale.org/indicateur/SP.POP.GROW). 

 

Figure 3. Phylogenetic tree of internal transcribed spacer sequences of Sporothrix schenckii isolates from patients with sporotrichosis, 
Madagascar, March 2013–June 2017 (black triangles), and reference isolates (gray triangles). Fonsecaea pedrosoi was considered to 
be out of group. The tree was built by using MEGA7.0 software (https://www.megasoftware.net) and applying the maximum-likelihood 
method based on the Kimura 2-parameter model (100 bootstrap replicates). Strains are detailed in Appendix 1 Table 1 (https://wwwnc.
cdc.gov/EID/article/25/10/19-0700-App1.xlsx). GenBank accession numbers for isolates from this study: MYC11015, MK342563; 
MYC12089, MK342536; MYC10008-S2, MK342530; MYC08007, MK342562; MYC08005, MK342529; MYC07064, MK342535; 
MYC07063, MK342534; MYC07060, MK342533; MYC05106, MK342564; MYC05030, MK342531; MYC04049, MK249820.  
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identified also by ITS sequencing. The 2 contaminated 
isolates not identified by MALDI-TOF mass spectrometry 
were confirmed by the specific S. schenckii topoisomerase 
II PCR.

Susceptibility of Sporothrix schenckii to Antifungal 
Drugs and Patient Outcomes
A total of 46 S. schenckii isolates were culturable after thaw-
ing for MIC determination. We determined MICs and their 
geometric means for the 5 antifungal drugs tested (Table 
4). Overall, of the S. schenckii isolates, the terbinafine MIC 
was low (≤0.25 μg/mL) for 82.3% (38/46), the itraconazole 
MIC was ≤1 μg/mL for 74% (34/46), and the posaconazole 
MIC was ≤1 μg/mL for 56.5% (26/46). However, 65% of 
strains had MICs ≥4 μg/mL for isavuconazole.

All 63 patients received treatment, but only 32 were 
monitored for >2 months after treatment began (23 with 
lymphocutaneous disease and 9 with minor forms of dis-
ease). Among those patients, the response was complete or 
major for 15 (47%) after 4–7 months of treatment and mi-
nor for 17 (53%) after prolonged (9 months) treatment. The 
remaining 31 patients received treatment for 2 months and 
then did not return for follow-up visits.

Discussion
This study provides recent epidemiologic data for sporo-
trichosis in Madagascar. We detected numerous cases and 
substantial endemicity despite previous reports of only 
sporadic cases or small series (16,26). We estimated an 
average annual prevalence in the highlands of 0.21 cas-
es/100,000 inhabitants; 98% of the cases were concentrated 
in that area. Among sporotrichosis patients in Madagascar, 
we highlight the high infection risk for young persons (<18 
years of age) and the particularly high frequency of lesions 
on the arms. On the basis of this study, we were able to 
develop and routinely implement molecular analyses in 
Madagascar, enabling positive identification of S. schenckii 
for all confirmed cases.

The high estimated prevalence (0.27 and 0.25/100,000 
inhabitants) in 2 highland regions (Analamanga and 
Amoron’i Mania) reveals the high transmission rates in 
this part of the island. To date, the only published series 
of sporotrichosis cases in Madagascar have described 
disease-endemic foci in the highlands, particularly in the 

Analamanga region (16), but the concentration of cases in 
the highlands that we observed was unexpected and strik-
ing. This almost exclusive distribution may be the result 
of climate conditions in this region, which differ from 
those on the rest of the island. This region has a tropi-
cal climate, with a mean temperature of 19.5°C and sub-
stantial rainfall, which probably favors development of 
fungi on plants and in the soil. A phylogeographic study 
focusing strictly on S. schenckii showed that this species 
was present in temperate (United States), hot and humid 
(South Africa, Australia, Colombia, and Venezuela), hot 
and dry (Australia and Uruguay), cool and dry (Peru and 
South Africa), and cool and humid (Uruguay) zones (27). 
Findings of that study therefore seem to go against the 
notion of a single climatic factor. The frequency of sporo-
trichosis in some areas of the island to the west and south-
west are unknown because these areas were not investi-
gated; thus, sporotrichosis may not be totally distributed 
in the highlands. In addition, some cases could have been 
missed because of our mode of study recruitment, the low 
incomes of people living in remote areas, and the limited 
development of the healthcare system. The concentration 
of sporotrichosis in the highlands is probably not the re-
sult of better access to healthcare facilities because pa-
tients with other diagnoses most frequently do not live in 
the highlands (p<0.0001) (Table 2). However, better ac-
cess to medical care in the highlands does partly explain 
the sporotrichosis diagnoses made relatively early in the 
course of disease (71% in the first year after onset).

Patients found it difficult to remember when their 
lesions had appeared and to associate them with a par-
ticular injury or activity; however, our survey revealed 
considerable involvement in rural activities: farming 
(rice, cassava, corn), logging, trade, and craftsmanship. 
Not only artisans are exposed to contamination through 
manual work; tradespeople are also exposed because 
they practice activities other than selling for living. 
Contamination by activities associated with the manual 
production of charcoal and cutting wood for cooking and 
heating seems likely on the basis of the predominance of 
arm lesions, the concentration of the disease in the cold-
est region of the island, and the high frequency of in-
fections among children (who practice these activities). 
In northeastern China, a risk associated with the use of 
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Table 4. MICs of 5 antimicrobial drugs for 46 Sporothrix schenckii isolates in the mycelium phase, from patients in Madagascar,  
2013–2017* 

Drug 
No. isolates with each MIC, μg/mL 

 
MIC, μg/mL 

<0.25 0.5 1 2 4 8 >16 GM 50% 90% 
Posaconazole 10 11 13 6 1 5 0  0.78 1 4 
Isavuconazole 1 0 7 8 13 17 0  3.35 4 8 
Amphotericin B 14 10 9 8 3 0 2  0.7 0.5 2 
Itraconazole 4 10 12 6 9 2 3  1.43 1 4 
Terbinafine 38 3 2 1 2 0 0  0.14 ≤0.25 0.5 
*MIC 50% and 90% represent the minimal concentrations of drug that inhibit the isolates by that percentage. GM, geometric mean. 
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wood or other fuel has been proposed as an explanation 
for transmission patterns (28); the authors of that study 
thought that contamination occurred via maize stalks 
(where S. globosa has been found) used for heating and 
cooking. They hypothesized that the fermentation of 
the plants promotes the development of yeast forms of 
the fungus, increasing the risk for contamination during 
transport and storage at home.

Other possible sources of contamination, such as soil 
or decaying plant material, are also possible in Madagas-
car. Neither we nor J.F. Carod et al. (16) observed any 
cases of zoonotic transmission; the identification of S. 
schenckii alone confirms the hypothesis of contamination 
by soil and plants.

The molecular methods that we developed in this 
study, including MALDI-TOF mass spectrometry, made it 
possible to confirm cases and to identify the species respon-
sible (21,29). We found that it was easier to amplify the 
D1D2 domain (LSU) and that the amplicons obtained were 
easier to analyze by sequencing than were those of the ITS 
domain. However, the availability of a database with many 
verified ITS sequences and the more polymorphic and 
discriminant nature of these sequences makes them more 
suitable for cryptic species identification and phylogenetic 
analysis (17,25).

We added a rapid and inexpensive mass spectrometry 
identification approach to the molecular tools for identi-
fying S. schenckii to the cryptic species level. Our results 
obtained by using a Bruker instrument confirm previous 
analyses performed with a Shimadzu instrument (29). The 
MSP in-house Sporothrix library yielded better S. schenckii 
identification scores than did the 3 preexisting MSPs. The 
excellent identification scores and the external validation 
with another mass spectrometry platform showed that S. 
schenckii identification at the species level with MALDI-
TOF mass spectrometry is accurate and adapted for routine 
diagnoses in clinical laboratories.

In conclusion, our study reveals substantial ende-
micity of sporotrichosis in Madagascar. Sporotrichosis 
was particularly concentrated in the highlands, which 
have climate, vegetation, and lifestyle conditions that 
favor the development and transmission of the fungus. 
Using molecular methods and MALDI-TOF mass spec-
trometry, we were able to identify S. schenckii as the 
species responsible for sporotrichosis in Madagascar. 
Despite its high frequency, sporotrichosis remains ne-
glected in Madagascar.
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Highly pathogenic avian influenza (HPAI) H5Nx viruses of 
the goose/Guangdong/96 lineage continue to cause out-
breaks in poultry and wild birds globally. Shorebirds, known 
reservoirs of avian influenza viruses, migrate from Siberia to 
Australia along the East-Asian-Australasian Flyway. We ex-
amined whether migrating shorebirds spending nonbreed-
ing seasons in Australia were exposed to HPAI H5 viruses. 
We compared those findings with those for a resident duck 
species. We screened >1,500 blood samples for nucleopro-
tein antibodies and tested positive samples for specific anti-
bodies against 7 HPAI H5 virus antigens and 2 low pathoge-
nicity avian influenza H5 virus antigens. We demonstrated 
the presence of hemagglutinin inhibitory antibodies against 
HPAI H5 virus clade 2.3.4.4 in the red-necked stint (Calidris 
ruficolis). We did not find hemagglutinin inhibitory antibod-
ies in resident Pacific black ducks (Anas superciliosa). Our 
study highlights the potential role of long-distance migratory 
shorebirds in intercontinental spread of HPAI H5 viruses.

Highly pathogenic avian influenza (HPAI) A(H5N1) 
viruses of the goose/Guangdong (gs/GD) lineage 

emerged in domestic birds in China in 1996, causing high 
morbidity and mortality rates in poultry; subsequent zoo-
notic spillover in 1997 caused fatal human infections (1,2). 
HPAI H5N1 virus reemerged in 2005 and subsequently 
spread throughout Asia, Europe, and Africa, becoming en-
demic in parts of Asia and Africa and causing economic 

losses and human fatalities (3,4). The role of wild birds in 
the spread of HPAI H5N1 virus is uncertain, but they prob-
ably were not the main culprits in virus spread before 2014 
(3–5). In 2014, and again in 2016, gs/GD lineage HPAI 
H5Nx virus clade 2.3.4.4 emerged and rapidly spread with 
wild birds from Asia to Europe, Africa, and North America 
(6–9). Unlike other lineages, these 2.3.4.4 clade viruses 
might cause low morbidity and mortality rates in wild 
birds, enabling their rapid intercontinental spread through 
bird migration (8,10,11). Asia, Europe, and Africa continue 
to report outbreaks of HPAI H5 viruses (10). Thus far, Aus-
tralia, South America, and Antarctica remain free from gs/
GD lineage viruses. 

Unlike HPAI viruses, low pathogenicity avian influ-
enza (LPAI) A viruses are part of the natural virodiversity 
of wild birds. Diverse subtypes and lineages circulate glob-
ally, causing no or limited clinical signs of disease (12–14). 
Waterfowl (Anseriformes), shorebirds, and gulls (Char-
adriiformes) are natural reservoirs of LPAI viruses, which 
have been detected in >100 wild bird species to date.

Natural annual cycles of migratory birds can contrib-
ute to the global and rapid spread of gs/GD lineage clade 
2.3.4.4 when birds move from northern breeding grounds 
and spend nonbreeding periods in southern latitudes (8). 
Outbreaks of HPAI H5 virus clade 2.3.4.4 in wild birds and 
poultry reflect spatial patterns of bird migration, particu-
larly waterfowl migration (8,10). Australia is part of the 
East-Asian-Australasian Flyway, and ≈8 million individual 
birds from 50 shorebird species migrate to the continent 
each year (15–17). In addition to Australia, birds in this 
flyway have stopover sites along the coast of East Asia and 
breed in Siberia (17). 

Shorebirds are involved in the epidemiology of LPAI 
viruses, particularly in amplifying viruses, as occurred in 
Delaware Bay, NJ, USA (18), but prevalence is generally 
low and their role in long-distance movement of avian in-
fluenza virus (AIV) is unknown (19–22). One hypothesis 
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is that shorebirds play a limited role in AIV epidemiology 
and long-distance dispersal, explaining the absence of gs/
GD lineage HPAI H5 viruses on the continent of Australia. 
In contrast to shorebirds, waterfowl in Australia are largely 
nomadic species that do not migrate outside the Australian-
Papuan zone (23).

We examined whether long-distance shorebird mi-
grants were exposed to gs/GD lineage viruses. We used the 
red-necked stint (Calidris ruficolis), which uses Australia 
as a nonbreeding area, as a model migratory species. The 
red-necked stint has known stopover locations in East and 
Southeast Asia, where HPAI virus is endemic. We con-
trasted findings from red-necked stints with those from the 
resident Pacific black duck (Anas superciliosa), a nonmi-
gratory dabbling duck believed to be a natural reservoir for 
LPAI virus in Australia. 

Materials and Methods

Ethics Statement
We received study approval from Deakin University 
Animal Ethics Committee under permit nos. A113-2010, 
B37-2013, and B43-2016; and from the Wildlife Ethics 
Committee of South Australia under permit nos. 2011/1, 
2012/35, and 2013/11. The Australian Bird Banding 
Scheme approved catching and banding procedures under 
authority nos. 2915, 8000, and 8001. We obtained fauna 
and research permits from all relevant jurisdictions. The 
University of Melbourne Biochemistry & Molecular Biol-
ogy, Dental Science, Medicine, Microbiology & Immunol-
ogy, and Surgery Animal Ethics Committee approved fer-
ret infections in accordance with the National Health and 
Medical Research Council code of practice for the care and 
use of animals for scientific purposes under project license 
no. 1714183.

Species and Sample Collection
We targeted mixed flocks of shorebirds for capture with 
cannon nets as part of a long-term ringing scheme. Since 
2011, these birds also have been used for avian influenza 
surveillance (24). Red-necked stints consistently are cap-
tured in large numbers during October–March each year, 
predominantly in the state of Victoria. We also opportunis-
tically collected samples from Western Australia, Northern 
Territory, and Queensland as part of ringing expeditions. 
Samples from these locations are not central to the long-
term avian influenza surveillance project. Because the red-
necked stint is in Australia during October–March, we ana-
lyzed and reported data for this species by using the austral 
summer season. We captured resident Pacific black ducks 
by using either baited funnel walk-in traps (25) or mist 
nets. We deployed walk-in traps on shorelines and baited 
them with a seed mix. We set these traps before dawn and 

operated them during the day; at night, we left traps open 
so birds could enter and leave freely. To capture waterbirds 
at night, we erected mist nets on poles above the water sur-
face. We collected most samples from the state of Victoria 
but also collected samples from South Australia and New 
South Wales.

After capture, we individually banded all birds with a 
metal ring with a unique identifier and collected <200 μL 
of blood from the brachial vein by using the Microvette 
200 Z (Sarstedt, https://www.sarstedt.com) capillary blood 
collection system. We released all birds after banding and 
collecting blood samples. We stored blood samples at 
4°C–8°C until we separated serum by centrifugation 12–24 
hours after sampling. We collected 1,531 serum samples 
from red-necked stints and 394 serum samples from Pacific 
black ducks for this study.

General AIV Immunity
We screened serum samples for nucleoprotein (NP) anti-
bodies to ascertain general AIV seroprevalence. We as-
sessed NP antibodies by using a commercially available 
ELISA, MultiS-Screen Avian Influenza Virus Antibody 
Test Kit (IDEXX, https://www.idexx.com), following the 
manufacturer’s recommendations, where a sample/nega-
tive (S/N) ratio of <0.5 indicates a positive result. We con-
sidered S/N ratios of 0.5–0.6 inconclusive, although this 
ratio has been demonstrated to correspond to antibody 
presence in wild birds (26,27). We calculated seropreva-
lence and 95% CI by using the bioconf() function of the 
Hmisc package in R 3.5.1 (https://www.r-project.org).

Hemagglutinin Inhibition Assay
After NP antibody screening, we assayed positive and 
inconclusive serum samples for H5 antibodies by using 
a hemagglutinin inhibition (HI) assay with 1% vol/vol 
chicken erythrocytes. We selected 7 contemporary HPAI 
H5 viruses from different gs/GD lineage clades and 2 
LPAI H5 viruses endemic to Australia as antigens (Table). 
We could only test up to 8 antigens per sample because 
we could collect only a small volume of serum from red-
necked stints; for some samples, we could only test against 
4 relevant viruses. 

We selected representative H5 viral lineages because 
of their known spatial and temporal distribution and avail-
ability of reference viral antigens, such as those selected 
by the World Health Organization (WHO) as candidate 
vaccine viruses (CVVs; http://www.who.int/influenza/vac-
cines/virus/candidates_reagents/a_h5n1/en/) for pandemic 
preparedness. WHO’s CVVs are 6:2 recombinant viruses 
on an A/Puerto Rico/8/1934(H1N1)(PR8) backbone with 
the multibasic cleavage site removed. The 2 LPAI H5 vi-
ruses from Australia were gamma-irradiated antigens. We 
conducted a hemagglutinin assay on selected antigens to 
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determine virus titer, which we then added to HI plates 
at a dilution of 4 hemagglutinin units. We treated all NP- 
positive ELISA field samples with a Vibrio cholerae  
receptor-destroying enzyme (RDE II; Denka Seiken Co., 
https://denka-seiken.com), then inactivated samples with 
1.5% sodium citrate.

We raised control antiserum against all virus anti-
gens, except the LPAI viruses A/duck/Victoria/0305-
2/2012(H5N3) and A/wild bird/Queensland/P17-14428-
30-01/2017(H5N1), in 6–18-month-old ferrets. In brief, 
we inoculated ferrets intranasally with 1 mL of virus; at 
14 days postexposure, we boosted ferrets by intramuscu-
lar delivery of a concentrated dose of the same virus into 
the hind leg; and at 21 days postexposure, we collected 
a terminal blood sample. We monitored ferrets’ weights, 

temperatures, and clinical signs throughout. We used anti-
bodies for all 7 H5 viruses in each assay to measure both 
homologous titers and cross reaction; we also ran anti-
bodies without virus to assess nonspecific agglutination. 
We serially diluted all serum samples across assay plates, 
starting with a titer of 1:20, and calculated specificity of 
antigen-antibody agglutination (Appendix Table 1, http://
wwwnc.cdc.gov/EID/article/25/10/19-0699-App1.pdf).

Results

Population Immunity to AIVs
During 2011–2018, we collected 1,531 serum samples 
from red-necked stints, ≈200 samples per year, most from 
Victoria. Overall, 20% of red-necked stints were seroposi-
tive for NP antibodies, with variations among collection 
years and locations (Figure 1, panel A; Appendix Table 2).

We collected 394 blood samples from Pacific black 
ducks during 2011–2018. Temporal structure of the data for 
this species was more variable, with few samples collected 
during 2015–2017 (Appendix Table 3). We only collected 
samples from the southeastern states of Australia. Overall, 
≈55% of Pacific black ducks sampled were seropositive for 
NP antibodies. We experienced some variation across sam-
pling events, but average seropositivity was similar across 
locations (Figure 1, panel B).

Differences in Exposure to HPAI H5 Virus in  
Migratory and Resident Birds
We assayed 307 NP ELISA–positive or –inconclusive se-
rum samples from red-necked stints and 240 from Pacific 
black ducks for antibodies against H5 viruses by HI assay 
(Appendix Tables 2, 3). Of HI-positive serum samples, 
≈12% were inconclusive by NP ELISA. Because of the 
small volume of serum collected from red-necked stints, 
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Table. Antigens used to assess exposure of red-necked stints 
and Pacific black ducks to highly pathogenic avian influenza H5 
viruses, Australia* 
H5 virus 
clade† Strain 
HPAI   
 1.1.1 A/Cambodia/X0810301/2013(H5N1) 
 2.1.3.2a A/Indonesia/NIHRD11771/2011(H5N1) 
 2.3.2.1b A/barn swallow/Hong Kong/D10-1161/2010(H5N1) 
 2.3.2.1c A/duck/Vietnam/NCVD-1584/2012(H5N1) 
 2.3.4.2 A/Guizhou/1/2013(H5N1) 
 2.3.4.4 A/gyrfalcon/Washington/41088-6/2014(H5N8) 
 2.3.4.4 A/Hubei/29578/2016(H5N6) 
LPAI H5 A/duck/Victoria/0305-2/2012(H5N3) 
 A/wild bird/Queensland/P17-14428-30-

01/2017(H5N1)‡ 
*All HPAI virus strains were 6:2 recombinant viruses on a PR8 backbone 
with the multi-basic cleavage site removed. All LPAI strains were gamma-
irradiated. HPAI, highly pathogenic avian influenza; LPAI, low 
pathogenicity avian influenza.  
†Clade notation as defined by World Health Organization/World 
Organization for Animal Health/Food and Agriculture Organization H5N1 
Evolution Working Group (28). 
‡Only used for hemagglutinin inhibition assays for serum samples from 
Pacific black ducks. 

 

Figure 1. Seroprevalence for nucleoprotein antibodies in red-necked stints and Pacific black ducks, Australia, 2011–2018. A) For red-
necked stint, year represents the austral summer period, October–April, when this species has a migratory nonbreeding stopover in 
Australia. B) For Pacific black duck, year represents calendar year. (No samples were collected in 2015.) Inset maps show the number 
of samples collected from each species in each state over the course of this study. Error bars represent seroprevalence 95% CIs for 
each state across all years; color dots represent estimates of seroprevalence at each sampling occasion. NSW, New South Wales; NT, 
Northern Territory; QLD, Queensland; SA, South Australia; TAS, Tasmania; VIC, Victoria; WA, Western Australia.
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we could assay only 33 serum samples for <4 antigens each 
(Appendix Table 2). Nonetheless, 23 red-necked stint se-
rum samples contained detectable HI antibodies against 
>1 of the 7 HPAI H5 virus antigens tested (1.5%, 95% CI 
1.0%–2.3%) (Figure 2 panel A). We detected HI antibodies 
against antigens belonging to clade 2.3.4–derived lineages, 
specifically 2.3.4.2 A/Guizhou/1/2013(H5N1) (n = 10); 
2.3.4.4 A/gyrfalcon/Washington/41088-6/2014(H5N8) 
(n = 8); and 2.3.4.4 A/Hubei/29578/2016(H5N6) (n = 5). 
We detected antibodies against A/Guizhou/1/2013(H5N1) 
during each sampling season, with the exception of birds 
captured during the 2012–13 austral summer. We detected 
antibodies against 2.3.4.4 A/gyrfalcon/Washington/41088-
6/2014(H5N8) from the 2014–15 austral summer through 
the 2016–17 austral summer. We also detected antibodies 
against 2.3.4.4 A/Hubei/29578/2016(H5N6) in samples 
from the 2016–17 austral summer and the subsequent aus-
tral summer. The presence of antibodies against these 2 
HPAI virus lineages corresponds with reported circulation 
of these lineages in Eurasia (Figure 2, panel A). Across all 
seasons, prevalence of HPAI H5 virus HI antibodies var-
ied from 0.7%–2.1%, with the exception of 2016–17, when 
4.5% (95% CI 2.1%–9%) of serum samples contained HI 
antibodies against HPAI H5Nx virus (Appendix Table 2). 

Overall, HI titers were low; 9/23 serum samples had an 
HI titer of 20 and 14/23 an HI titer of 40. One serum sam-
ple had HI antibodies against the LPAI H5 virus A/duck/
Victoria/0305-2/2012(H5N3) (Figure 2, panel A). Overall, 

no red-necked stint samples were positive for both HPAI 
and LPAI virus antigens.

Of the 240 Pacific black duck serum samples used for 
HI assays, none had detectable HI antibodies against any 
of the HPAI H5 virus antigens (Figure 2, panel B; Appen-
dix Table 3). However, 16 (6%) of the NP–positive serum 
samples contained HI antibodies that reacted with LPAI 
H5 virus A/duck/Victoria/0305-2/2012(H5N3), of which 2 
samples also had HI antibodies that reacted with LPAI A/
wild bird/Queensland/P17-14428-30-01/2017(H5N1) virus 
(Figure 2, panel B).

Discussion
Despite intercontinental spread of gs/GD lineage HPAI 
H5Nx viruses from Asia to Europe, Africa, and North 
America, we have no evidence that incursions of these 
viruses have occurred in Australia. A leading hypothesis 
for the lack of incursion is the absence of Anseriformes 
birds migrating between Asia and Australia (23,29). 
However, millions of shorebirds that are reservoirs for 
AIV migrate from Siberia to Australia, with stopover 
sites along the coast of East Asia (15–17,29). We dem-
onstrated that these intercontinental migratory birds have 
been exposed to gs/GD lineage HPAI H5Nx viruses and 
have the potential to bring these viruses into Australia. 
The absence of HI antibodies against gs/GD lineage 
HPAI H5Nx viruses in a widespread and abundant An-
seriformes birds in Australia and the lack of detection 
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Figure 2. Avian influenza H5 virus hemagglutinin inhibition (HI) antibody patterns, Australia, 2011–2018. A) For red-necked stint, year 
represents the austral summer period, October–April, when this species has a migratory nonbreeding stopover in Australia. Boxes 
represent periods of circulation for each strain’s lineage, as determined by genomic sequences (Appendix Table 4, https://wwwnc.cdc.
gov/EID/article/25/10/19-0699-App1.pdf). B) For Pacific black duck, year represents calendar year. White indicates untested serum 
samples; gray indicates a titer <20, the starting titer for this assay; blue indicates hemagglutinin inhibition (HI) antibodies, and shades 
vary depending on HI titer (20–160). Sample numbers are ordered by collection year and sequentially from left to right in the order in 
which individual birds were caught. Antigens used in this study are on the y-axis, and abbreviated with relevant clade information; full 
strain names are available in the Table. NT, no titer. Greater detail on positive samples appears in Appendix Figure 1.
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during ongoing surveillance activities (12) suggest that a 
virus incursion has not occurred yet.  

Overall, red-necked stints we sampled had low preva-
lence (≈20%) of NP antibodies, and 1.5% of all serum sam-
ples contained HI antibodies against gs/GD lineage HPAI 
H5Nx virus antigen. We detected the highest seropreva-
lence of gs/GD lineage HPAI H5Nx virus HI antibodies, 
4.5% of all serum samples collected, during the 2016–17 
austral summer. A previous study in northwestern Austra-
lia during 1992–2009 showed that the red-necked stint and 
other members of the Scolopacidae family had higher AI 
virus seroprevalence than other shorebird species tested. 
Furthermore, H5 HI antibodies were common; 31/260 NP 
ELISA–positive serum samples had HI titers against HPAI 
H5N1 virus clade 1 A/chicken/Vietnam/8/2004 (21). Simi-
larly, serum samples from ducks during this period also 
had HI antibodies against this clade but not HPAI H5N1 
clade 2 viruses (21,30). One explanation for the lack of 
evidence for circulation of HPAI H5N1 virus clade 1 dur-
ing this time is that exposure to endemic H5 virus strains 
in Australia produces HI antibodies with broad serologic 
cross-reactivity (24,31). 

We found no evidence of cross-reactivity in control 
antibodies (Appendix Table 1) or cross-reaction in any 
positive serum samples, including no cross-reactivity 
between LPAI and HPAI virus antigens. Furthermore, 
the clades we detected HI antibodies against, 2.3.4.2 and 
particularly 2.3.4.4, are antigenically distant from previ-
ously circulating H5 viruses (32), so LPAI virus cross-
reactivity is unlikely. Long-distance migratory shore-
birds captured in Australia could have been exposed 
to HPAI H5 virus in the northern hemisphere. Indeed, 
a red-necked stint tested positive for HPAI H5N6 virus 
in Hong Kong in 2016 on its southward migration (pers. 
comm.), strengthening evidence of gs/GD H5Nx virus 
exposure in this species. 

Studies of ducks in Europe and Mongolia provide fur-
ther perspective. Gilbert et al. demonstrated the presence 
of HI antibodies against gs/GD lineage HPAI H5N1 virus 
in waterfowl in Mongolia. These birds had higher serologic 
reactivity to HPAI H5 virus than to LPAI H5 virus anti-
gens. That study found limited or no evidence of exposure 
to HPAI virus antigens in a small representation of water-
fowl in Europe (31). However, Gilbert et al. conducted the 
study before the reemergence of gs/GD HPAI virus in Eu-
rope. In 2016, Poen et al. demonstrated that 4.2% of birds 
they surveyed in Europe had HI antibodies against 2.3.4.4 
HPAI H5Nx viruses, with much higher prevalence in some 
species: up to 33% in the mute swan (Cygnus olor) and 
lesser white-fronted goose (Anser erythropus) (33). Hill et 
al. reported 80% of mute swans had HI antibodies against 
HPAI H5N8 virus after several AI outbreaks at a swannery 
in the United Kingdom (34). 

The prevalence of HI antibodies we detected in red-
necked stints during the 2016–17 season were comparable to 
those reported in ducks in Europe, even though red-necked 
stints have a much lower seroprevalence of AIV in general. 
Some studies suggest that long-lived avian species, such 
as swans and seabirds, retain HI antibodies over the course 
of many years, which could enable expansion of antibody 
breadth, increasing the number of subtypes against which 
these birds have antibodies over time (35,36). An additive 
effect could explain why mute swans maintained high rates 
of HPAI H5N8 virus HI antibodies after AIV outbreaks in 
the United Kingdom (34). In contrast, ducks are believed 
to have relatively poor immune memory and to retain HI 
antibodies only briefly (37,38). The expected antibody lon-
gevity patterns in shorebirds such as the red-necked stint 
is unknown, but given the relatively high prevalence of HI 
antibodies, particularly during 2016–17, we hypothesize 
that shorebirds retain antibodies longer than ducks. We saw 
generally low HI titers in serum samples from red-necked 
stints; 82% of serum samples with detectable HI antibod-
ies had titers <40. Gilbert et al. also reported low titers and 
hypothesized that tested waterfowl were exposed months 
or years previously (31). Alternatively, the antigens might 
not have matched the antibodies tested.

Waterfowl species comprise the bulk of avian spe-
cies sampled in most surveillance schemes for avian influ-
enza and are sampled heavily for H5Nx viruses (33,39). 
Shorebirds are central to the ecology of AIV (13) but are 
tested rarely beyond the study from Delaware Bay, NJ, 
USA, and infection prevalence is much lower (18–22) than 
in waterfowl (13). However, virology and serology data 
from Delaware Bay suggest both ruddy turnstones (Are-
naria interpres) and red knots (Calidris canutus) are ex-
posed to a large diversity of hemagglutinin subtypes, and 
<36% of birds tested had neutralizing antibodies against 
multiple subtypes, demonstrating host competency (40). 
Furthermore, migratory shorebirds have been implicated in 
the long-distance movement of LPAI viruses (41). Experi-
mental studies have shown limited morbidity and mortality 
rates associated with infection of some 2.3.4.4 subclades in 
ducks, demonstrating their ability to act as migratory vec-
tors for these viruses (11,42–45). 

Our understanding of infection and pathogenesis 
of HPAI H5Nx virus in shorebirds is extremely limited. 
Experimental exposure of dunlins (Calidris alpina) and 
ruddy turnstones to HPAI H5N1 virus clade 2.2 resulted 
in contrasting outcomes (46,47). Immunologically naive 
dunlins showed clinical signs of infection, and 19/20 birds 
receiving high or mild doses of the virus died. Birds inocu-
lated with low doses did not get infected (46). Ruddy turn-
stones, in contrast, were not immunologically naive, none 
died, and birds infected with LPAI and HPAI had simi-
lar patterns of viral shedding (47). The authors attribute  
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the contrasting results between dunlins and ruddy turn-
stones to the immunological status of birds, suggesting 
that cross-immunity played a key role in limiting clinical 
disease (47,48). In these experiments, infection rates were 
the same between birds that were seropositive (subtype un-
known) before capture, were first exposed to a LPAI H5 vi-
rus strain, or were first exposed to an H7 virus strain, sug-
gesting both homosubtypic and heterosubtypic immunity 
could play a role in protection (47,48). However, in ducks, 
phylogenetic distance between hemagglutinin subtypes 
plays a role in the degree of the heterosubtypic protective 
response (49), and closely related hemagglutinin subtypes 
likely drive protection. Red knots were more susceptible 
to acquiring HPAI H5N1 virus, especially clade 2.2.1, 
and shed higher viral titers before the onset of clinical 
disease during the migratory phase because of increased 
plasma corticosterone (50). The authors saw no difference 
in susceptibility to disease between birds in premigration, 
fueling, or migratory phases and suggested that, assum-
ing no effect of subclinical exposure on the likelihood of 
migratory takeoff, red knots could spread HPAI H5 virus 
through migration (50). These studies demonstrate shore-
birds could be exposed, survive infection, and potentially 
disperse HPAI H5 virus over long distances during their 
migratory phase.

In conclusion, we demonstrated that the long-distance 
migratory red-necked stint, which spends nonbreeding 
seasons in Australia, has been exposed to HPAI H5 virus 
clade 2.3.4.4. We did not detect antibodies against this or 
other HPAI viruses in our sample of resident Pacific black 
ducks, suggesting exposure has not occurred in Australia. 
However, our study highlights the potential for migratory 
shorebirds to spread HPAI H5 viruses, which should in-
form future avian influenza surveillance.
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Prevention’s Arctic Investigations Program surveillance 
system, the US Census, and the Anchorage Point-in-Time 
count (a yearly census of PEH). We detected a dispropor-
tionately high incidence of invasive streptococcal disease in 
Anchorage among PEH. Compared with the general popula-
tion, PEH were 53.3 times as likely to have invasive group A 
Streptococcus infection, 6.9 times as likely to have invasive 
group B Streptococcus infection, and 36.3 times as likely to 
have invasive pneumococcal infection. Infection control in 
shelters, pneumococcal vaccination, and infection monitor-
ing could help protect the health of this vulnerable group.

In 2017, the number of persons experiencing homeless-
ness (PEH) in the United States increased for the first 

time in 7 years to >550,000 persons, coinciding with high-
profile outbreaks of infectious diseases such as hepatitis 
A, shigellosis, and invasive group A Streptococcus (GAS) 
infection among PEH (1–4). PEH experience unmanaged 
chronic disease, undernutrition, substance abuse, mental 
health disorders, crowding, exposure to weather, and lim-
ited access to hygiene resources, all of which can increase 
their risk for infectious disease (5,6). In high-income coun-
tries, baseline tuberculosis prevalence has been estimated 
to be 22–461 times higher, hepatitis C prevalence 4–70 
times higher, and HIV prevalence up to 77 times higher 
among PEH than among the general population (7).

Severe manifestations of invasive streptococcal infec-
tions include pneumonia, meningitis, sepsis, cellulitis, and 
necrotizing fasciitis. Although PEH could be at higher risk 
for invasive streptococcal infection, only a few outbreaks 
among PEH were reported before 2015. Investigators in 
France described a pneumonia outbreak among homeless 
men during 1989–1991 caused by Streptococcus pneu-
moniae (pneumococcus) (8) and 2 invasive GAS outbreaks 
among PEH in 2009 (emm type 44) and 2010 (emm type 
83) (9,10). During 2005–2009, an epidemic of invasive 
pneumococcal disease (serotype 5) was described in the 
homeless population in western Canada (11), and during 
2009–2011, an outbreak of invasive pneumococcal disease 
(serotype 12F) among PEH was reported in Winnipeg, 
Manitoba, Canada (12). Starting in 2015, invasive GAS 
infections have emerged as a larger problem among PEH 
than previously recognized, as outbreaks began to be re-
ported in the United States, Canada, and England (3,13,14).

The baseline risk for invasive streptococcal disease 
has rarely been quantified in the population experiencing 
homelessness. A case–control study of invasive GAS in-
fection in Barcelona, Spain, during 1998–2003 among per-
sons who used intravenous drugs showed that those with 
invasive GAS soft-tissue infections were 4 times more like-
ly to be homeless than those without GAS infections (15). 
During 2002–2006, the incidence of invasive pneumococ-
cal disease among PEH in Toronto, Ontario, Canada, was 

estimated to be 30 times higher than that among the general 
population (273 vs. 9 infections/100,000 persons/y) (16). 

To our knowledge, an estimate of the baseline relative 
risk for invasive streptococcal infections among PEH in the 
United States has not been reported. By using data from 
Alaska’s population-based laboratory surveillance system 
for invasive bacterial disease, US Census data, and the An-
chorage Point-in-Time count, we estimated the baseline 
risk for invasive disease caused by GAS, group B Strepto-
coccus (GBS), and pneumococcus among adults (age >18 
years) experiencing homelessness in Anchorage, Alaska, 
during 2002–2015.

Methods

Data Sources
In Alaska, invasive streptococcal disease cases (including 
pneumococcal, GAS, and GBS cases) are reportable to the 
Alaska Division of Public Health. In collaboration with 
the State of Alaska, the Centers for Disease Control and 
Prevention (CDC) Arctic Investigations Program (part of 
the National Center for Emerging and Zoonotic Diseases, 
Division of Preparedness and Emerging Infections) con-
ducts statewide, population-based, and laboratory-based 
surveillance for invasive infections caused by these patho-
gens (17–19). Participating laboratories send sterile site 
bacterial isolates to the Arctic Investigations Program for 
confirmatory testing, antimicrobial-susceptibility testing, 
and molecular typing (emm-typing for GAS and serotyping 
for pneumococcus). Confirmed cases of invasive infection 
are defined as the isolation of the pathogen from a normal-
ly sterile body site (e.g., blood), isolation of GAS from a 
nonsterile site in persons with necrotizing fasciitis or strep-
tococcal toxic shock syndrome, or isolation of GBS from 
a nonsterile site in the case of fetal demise. Standardized 
chart reviews are conducted on all confirmed cases, includ-
ing information on demographics, associated diagnoses, al-
cohol abuse, injection drug use, and underlying conditions. 
Because many cases were detected through blood culture, 
bacteremia was often present in addition to other diagno-
ses. We report diagnosis of bacteremia as bacteremia alone, 
without other diagnoses. Information on homelessness was 
routinely collected from the medical record beginning in 
2002. This routine public health surveillance is considered 
nonresearch by the CDC and Alaska area institutional re-
view boards.

We did not include data from 2016 in this analysis be-
cause a large outbreak of invasive GAS infection occurred 
among the homeless population in Anchorage beginning 
in February 2016 (3). We also limited our study to cases 
among adults (age >18 years) because only 2 cases of inva-
sive streptococcal disease were detected in children experi-
encing homelessness over the study period.
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For the years 2005–2015, we used the general An-
chorage adult population data from the US Census and 
homeless adult population data from the Anchorage Point-
in-Time count (PIT) (20,21). PIT is a yearly count of shel-
tered and unsheltered homeless persons made on a single 
night in January, as mandated by the US Department of 
Housing and Urban Development for communities receiv-
ing federal funds from the McKinney–Vento Homeless As-
sistance Grants program (22). In these counts, a person is 
considered homeless if they are spending the night in an 
emergency shelter or sleeping in a car, tent, or other area 
considered not suitable for human habitation; persons who 
are staying with relatives or friends or who are in short-
term or transitional housing are not included. Homeless 
population data were not available for 2002–2004, so we 
used the mean data from 2005–2015 for those years. We re-
stricted the analysis of case and population data to Anchor-
age because homeless population data were available for 
Anchorage but not for other urban centers in Alaska (such 
as Juneau or Fairbanks). Limited demographic information 
was available for rate adjustment. Age and sex distributions 
were used from the US Census, but age information was 
not available from PIT. We estimated the age distribution 
of PEH in Anchorage by using data from a survey conduct-
ed during a large homeless outreach project called Project 
Homeless Connect from 2010 (23).

Statistical Methods
Cases of invasive GAS, GBS, and pneumococcal dis-
ease were classified as occurring in PEH if “homeless” 
was checked on the surveillance chart review form. Oth-
erwise, cases were classified as being in persons in the 
general population. For the purposes of this analysis, the 
case and population data labeled as general population 
excluded PEH. We calculated invasive streptococcal in-
fection incidence per 100,000 person-years for PEH and 
the general population, deriving annual population de-
nominators from PIT for PEH and from the Anchorage 
census count minus the PIT estimate for the general pop-
ulation. We conducted direct age standardization of the 
incidence of GAS, GBS, and pneumococcal invasive dis-
ease by using the general population census age structure 
as the standard population. We calculated the incidence 
rate ratio (IRR) and 95% CIs comparing invasive strepto-
coccal infection incidence in the homeless population to 
that among the general population by using Poisson exact 
tests. We also calculated risk differences for each inva-
sive streptococcal infection between PEH and the general 
population and the percentage of each infection type as-
sociated with homelessness. We compared characteristics 
such as demographics, diagnoses, and coexisting condi-
tions between cases among PEH and the general popula-
tion by using χ2 tests and Fisher exact tests.

Results
During 2005–2015, PIT counted a mean number of 970 
adults (minimum 795, maximum 1,486) in Anchorage 
who were homeless, either sleeping in a shelter or sleep-
ing outside. The mean general population in Anchorage 
during this period was 288,921 adults (minimum 264,795, 
maximum 300,175) who were not experiencing homeless-
ness. The largest age stratum for both PEH and the general 
population was 31–50 years, but this stratum was larger for 
PEH (55% among PEH vs. 29% among the general popula-
tion). From 2002 through 2015, the Arctic Investigations 
Program surveillance system detected 56 cases of invasive 
GAS infection, 6 cases of invasive GBS infection, and 84 
cases of invasive pneumococcal infection in the adult pop-
ulation experiencing homelessness in Anchorage. Among 
the general population in Anchorage, the system detected 
229 cases of invasive GAS infection, 194 cases of invasive 
GBS infection, and 457 cases of invasive pneumococcal 
infection (Table 1).

PEH with invasive GAS infection were more often 
male and more likely to be diagnosed with alcohol abuse 
but less likely to be diagnosed with diabetes than persons 
in the general Anchorage population with invasive GAS 
infection (Table 1). PEH with invasive GAS infection 
were also more likely to have a diagnosis of cellulitis 
or necrotizing fasciitis than were persons in the general 
population with invasive GAS infection. The most com-
mon emm types identified among invasive GAS infec-
tion isolates from PEH included emm91 (19%), emm82 
(16%), and emm49 (12%), whereas the most common 
emm types identified among persons in the general pop-
ulation were emm1 (10%), emm49 (9%), emm82 (8%), 
and emm89 (8%) (Figure 1). The crude IRR of having a 
detected case of invasive GAS infection for PEH com-
pared with the general population was 53.7 (95% CI 
39.3–72.2), and the age-adjusted IRR was 53.3 (95% CI 
46.7–61.0) (Table 2).

PEH with invasive GBS were more likely to have al-
cohol abuse and less likely to have diabetes recorded in 
their medical record than invasive GBS patients in the 
general population (Table 1). The crude IRR of GBS for 
PEH compared with the general population was 6.8 (95% 
CI 2.5–15.0), and the age-adjusted IRR was 6.9 (95% CI 
6.0–8.1) (Table 2).

PEH who had invasive pneumococcal infection were 
younger than persons with invasive pneumococcal infec-
tion among the general population (Table 1). They were 
also more likely than the general population to have record-
ed alcohol abuse and be diagnosed with pneumonia but less 
likely to have recorded diabetes. The most common pneu-
mococcal infection serotypes among PEH after 2010 (the 
year 13-valent pneumococcal conjugate vaccine was intro-
duced in Alaska) were 31 (19%), 16F (15%), F (a vaccine  
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type) (11%), and 9N (11%), whereas the most common se-
rotypes among persons with invasive pneumococcal infec-
tion among the general population were 22F (12%), 7F (a 
vaccine type) (10%), and type 3 (a vaccine type) (9%) (Fig-
ure 1). The crude IRR of invasive pneumococcal disease 
for PEH compared with the general population was 40.3 
(95% CI 31.5–51.0), and the age-adjusted IRR was 36.3 
(95% CI 33.0–39.9) (Table 2).

During 2002–2015, an excess of 40 cases of invasive 
GAS, 4 cases of invasive GBS, and 54 cases of invasive 
pneumococcal infections per 10,000 person-years were es-
timated to have occurred within the homeless population in 
Anchorage (data not shown). Of all invasive GAS cases in 
Anchorage during the study period, 19.6% occurred within 

the homeless population, whereas 3% of invasive GBS cas-
es and 15.5% of invasive pneumococcal cases were within 
the homeless population.

Discussion
A substantial proportion of the disease burden for inva-
sive GAS, GBS, and pneumococcal disease in Anchorage 
occurred among PEH. Although the estimated homeless 
population in 2010 accounted for only 0.4% of the total 
population, nearly 20% of invasive GAS infections, 3% 
of invasive GBS infections, and 16% of invasive pneumo-
coccal disease occurred within this population. The risk 
for invasive GAS infection was 53 times higher, the risk 
for invasive GBS infection 7 times higher, and the risk for 
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Table 1. Demographic and clinical characteristics of adults with invasive streptococcal infection compared with the general adult 
population, Anchorage, Alaska, USA, 2002–2015* 
Characteristic Persons experiencing homelessness General population p value 
Group A Streptococcus case-patients 56 229  
 Age, y, mean (SD) 51 (11) 54 (19) 0.27 
 Sex    
  M 43 (77) 122 (53) <0.01 
  F 13 (23) 107 (47)  
 Diagnosis    
  Cellulitis 37 (66) 107 (47) 0.01 
  Pneumonia 11 (20) 43 (19) 0.88 
  Necrotizing fasciitis 9 (16) 14 (6) 0.01 
  Bacteremia 4 (7) 46 (20) 0.03 
  Other conditions    
  Diabetes 5 (9) 68 (30) <0.01 
  Intravenous drug use 5 (9) 8 (3) 0.14 
  Alcohol abuse 42 (75) 23 (52) <0.01 
 Death during episode 6 (11) 29 (13) 0.69 
Group B Streptococcus case-patients 6 194  
 Age, y, mean (SD) 53 (11) 60 (16) 0.28 
 Sex    
  M 4 (67) 97 (50) 0.68 
  F 2 (33) 97 (50)  
 Diagnosis    
  Cellulitis 1 (16) 63 (32) 0.67 
  Pneumonia 2 (33) 24 (12) 0.13 
  Necrotizing fasciitis 0 0 NA 
  Bacteremia 2 (33) 63 (32) 1.00 
  Other conditions    
  Diabetes 0 89 (46) 0.03 
  Intravenous drug use 0 4 (2) 0.72 
  Alcohol abuse 5 (83) 21 (11) <0.01 
 Death during episode 2 (33) 15(7) 0.08 
S. pneumoniae case-patients 84 457  
 Age, y, mean (SD) 48 (9) 57 (17) <0.01 
 Sex    
  M 55 (65) 258 (56) 0.124 
  F 29 (35) 199 (44)  
 Diagnosis    
  Cellulitis 3 (4) 8 (2) 0.39 
  Pneumonia 76 (90) 369 (81) 0.03 
  Necrotizing fasciitis 0 1 (0) 1.00 
  Bacteremia 4 (5) 53 (12) 0.08 
  Other conditions    
  Diabetes 6 (7) 85 (19) 0.01 
  Intravenous drug use 3 (4) 8 (2) 0.39 
  Alcohol abuse 74 (88) 130 (28) <0.01 
 Death during episode 6 (7) 60 (13) 0.15 
*Values are no. (%) unless otherwise indicated. General population excludes persons experiencing homelessness. p values based on 2 or Fisher exact 
test. NA, not applicable. 
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invasive pneumococcal infection 36 times higher among 
PEH compared with the general population.

Commonly identified risk factors for invasive GAS in-
fection among adults include older age, male sex, exposure 
to children, household crowding, acute and chronic skin 
breakdown, immune-compromising conditions, heart dis-
ease, diabetes, and intravenous drug use (24–26), whereas 
established risk factors for invasive GBS among adults 
include immune-compromising conditions, heart disease, 
diabetes, and older age (27,28). Homelessness has not been 
previously quantified as a major factor for either type of 
infection, despite recent outbreaks of GAS among PEH 
(3,13,14). For invasive pneumococcus infection, risk fac-
tors include older age, immune-compromising conditions, 
alcohol use, high body mass index, and cigarette smoking 

(29–32). Although the overall incidence of invasive pneu-
mococcal disease was higher in this study than the study 
in Toronto, Ontario (601 infections/100,000 person-years 
in Anchorage vs. 273 infections/100,000 person-years in 
Toronto), the IRR estimates were similar (adjusted IRR of 
36 in Anchorage vs. crude IRR of 30 in Toronto) (16). The 
number of cases of invasive GBS in the homeless popu-
lation over the study period was small, and the IRR was 
also smaller than for invasive GAS and pneumococcal in-
fections. This finding might reflect a difference in trans-
mission pathways and risk factors between invasive GAS, 
GBS, and pneumococcal infections.

For all 3 invasive streptococcal diseases, PEH were 
more likely than the general population to have alcohol 
abuse recorded but less likely to have diabetes recorded. 
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Figure 1. Group A 
Streptococcus emm-type and 
Streptococcus pneumoniae 
serotype distributions among 
the general population 
compared with distributions 
among persons experiencing 
homelessness, Alaska, 
2002–2015. A) Group A 
Streptococcus emm types 
among the general population. 
B) Group A Streptococcus 
emm types among persons 
experiencing homelessness. 
C) S. pneumoniae serotypes 
among the general population. 
D) S. pneumoniae serotypes 
among persons experiencing 
homelessness. General 
population excludes persons 
experiencing homelessness.

 
Table 2. Crude and age-adjusted incidence rates of invasive streptococcal infections among the adult population experiencing 
homelessness compared with the general adult population, Anchorage, Alaska, USA, 2002–2015* 

Disease 
Population experiencing homelessness 

 
General population Crude IRR 

(95% CI) 
Age-adjusted 
IRR (95% CI) No. cases Person-years Incidence No. cases Person-years Incidence 

Group A 
Streptococcus 

56 13,585 412.2  229 2,983,169 7.7 53.7  
(39.3–72.2) 

53.3  
(46.7–61.0) 

Group B 
Streptococcus 

6 13,585 44.2  194 2,983,169 6.5 6.8  
(2.5–15.0) 

6.9  
(6.0–8.1) 

Streptococcus 
pneumoniae 

84 13,585 618.3  457 2,983,169 15.3 40.3  
(31.5–51.0) 

36.3  
(33.0–39.9) 

*General population excludes persons experiencing homelessness. Incidence expressed as no. cases/100,000 person-years. IRR, incidence rate ratio. 
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These differences might reflect either actual differences in 
invasive streptococcal disease risk factors for PEH com-
pared with the general population or differences in distri-
bution of these factors among each source population. For 
example, the difference in recorded alcohol abuse might 
reflect higher alcohol abuse among PEH than the general 
population or an elevated risk for invasive disease as a re-
sult of alcohol abuse. The difference in recorded diabetes 
diagnoses could reflect a truly lower prevalence of diabetes 
among PEH with invasive disease or a lack of access to 
care among PEH (and therefore a lack of diagnoses) com-
pared with the general population.

Although GAS molecular types emm49 and emm82 
were common among both PEH and the general population 
with invasive GAS, we observed some notable differences 
in emm distribution (Figure 1). For example, no cases of 
emm1 infection were identified among PEH, even though 
it was the most commonly identified emm type among An-
chorage general population residents with invasive GAS 
infection in this study. Conversely, a higher proportion of 
infections among PEH were emm91 than among invasive 
GAS infections in the general population. These differ-
ences in emm-type distribution demonstrate a larger trend 
in emm-type pattern distribution (Figure 2). Among PEH, 
no pattern A–C strains were identified, whereas a large pro-
portion of pattern D strains were detected. These type pat-
terns have been associated with tissue tropism (33); pattern 
D strains tend to cause skin infection. This trend suggests 
that skin breakdown and skin-to-skin transmission could 
be more important risk factors for invasive GAS disease 
among PEH than among the general population in Anchor-
age, which also aligns with the differences in clinical diag-
noses between the 2 groups.

As with GAS, the most common serotypes of pneumo-
coccal isolates in persons with invasive pneumococcal in-
fection were not the same for PEH and persons in the gen-
eral population, although 7F (a 13-valent pneumococcal  

conjugate vaccine type) was commonly identified in both 
populations (Figure 1). These differences in distribution 
could also be a result of social contact patterns among PEH 
that have low overlap with the general population.

Quantifying the number of PEH and the number of 
cases of disease in the homeless population is complicated 
by several factors. First, whether a person is experienc-
ing homelessness could be underestimated in the medical 
records. To evaluate the extent of underestimation, we 
conducted a small analysis of the sensitivity of capture of 
homelessness in the context of a 2016 outbreak of invasive 
emm26.3 GAS infections in Anchorage (3). In this out-
break, 24 cases of emm26.3 that were identified through 
the surveillance system were independently evaluated by 
using chart reviews and interviews; 22 of these were deter-
mined to have occurred in PEH. Of these, 18 were captured 
as homeless in the standard surveillance chart review form 
used in our study, yielding a sensitivity of 82%. A second 
possible limitation is that the homeless population could be 
undercounted by PIT. However, even if the actual size of 
the homeless population were 3 times larger than estimat-
ed, the IRRs for invasive GAS, GBS, and pneumococcal 
disease comparing PEH to the general population would 
decrease proportionately but remain large and statistically 
significant (an adjusted IRR of 18 for GAS, 2 for GBS, and 
12 for pneumococcus). 

In addition, we are not able to assess the underlying 
risk factor distributions in the well population. Therefore, 
comparing the characteristics of cases in surveillance data 
limits our ability to assess the difference in risk factors for 
disease between PEH and the general population. Finally, 
the health-related causes and outcomes of homelessness 
are complex. This analysis does not isolate the effect of 
lacking housing from the myriad conditions that are inte-
grated with experiencing homelessness. The effect of not 
having housing could lead to exposure to weather, lack 
of access to hygiene resources, spending time in crowded 
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Figure 2. Group A 
Streptococcus emm pattern 
types among the general 
population (A) compared 
with persons experiencing 
homelessness (B), Anchorage, 
Alaska, 2002–2015. ND,  
not determined.
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facilities, and worsening of underlying chronic illnesses, 
each of which could increase the transmission of invasive 
streptococcal disease. However, factors such as injection 
drug use, alcohol use, and unmanaged chronic diseases 
can also lead to homelessness and are independent risk 
factors for invasive streptococcal disease. In this analysis, 
we are unable to estimate how much of the increased risk 
for invasive streptococcal infection is a result of lacking 
housing or a result of the factors that led to the lack of 
housing. Despite these limitations, the health disparities 
between PEH and the general population indicate that 
targeted resources could prevent invasive GAS, GBS, 
and pneumococcal disease, regardless of the ultimate  
origin of risk.

In 2016, an estimated 1.42 million persons in the 
United States used an emergency shelter or transitional 
housing at some point during the year (34). According 
to our analysis, this population is at an increased risk for 
invasive streptococcal disease, especially invasive GAS 
and invasive pneumococcal disease. Promoting infection 
control in shelters, increasing the availability of pneumo-
coccal vaccine, and improving monitoring of infections 
in homeless populations could improve the health of this 
vulnerable group.
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We retrospectively assessed the utility of a flow cytometry–
based test quantifying the percentage of CD3+ T cells with the 
CD4–/CD8– phenotype for predicting tularemia diagnoses in 
64 probable and confirmed tularemia patients treated during 
2003–2015 and 342 controls with tularemia-like illnesses treat-
ed during 2012–2015 in the Czech Republic. The median per-
centage of CD3+/CD4–/CD8– T cells in peripheral blood was 
higher in tularemia patients (19%, 95% CI 17%–22%) than in 
controls (3%, 95% CI 2%–3%). When we used 8% as the cut-
off, this test’s sensitivity was 0.953 and specificity 0.895 for 
distinguishing cases from controls. The CD3+/CD4–/CD8– T 
cells increased a median of 7 days before tularemia serologic 
test results became positive. This test supports early presump-
tive diagnosis of tularemia for clinically suspected cases 7–14 
days before diagnosis can be confirmed by serologic testing in 
regions with low prevalences of tularemia-like illnesses.

Tularemia is a zoonotic disease that occurs in the North-
ern Hemisphere and is caused by Francisella tularensis 

(1). In Europe, >500 cases are reported annually (2); Turkey 
and the United States also have substantial disease burdens 
(3). The infection is usually acquired by direct contact with, 
inhalation of, or ingestion of F. tularensis from animal reser-
voirs, infected arthropod vectors, or contaminated water (4).

No clinical or laboratory manifestations are pathog-
nomonic for tularemia; preliminary diagnosis is based on 
exposure risk and compatible clinical presentation (5). 

Clinical manifestations include the ulceroglandular, glan-
dular, oroglandular, and oculoglandular forms; septicemic 
(typhoidal) form; and respiratory form (6,7).

The decision to treat patients for tularemia is often based 
on clinical judgment, and therapy is initiated empirically 
days to weeks before the diagnosis is confirmed because se-
roconversion can take 10–20 days after symptom onset to 
occur (8). Culturing F. tularensis requires special handling 
because the bacterium is fastidious and needs to be cultured 
in Biosafety Level 3 facilities (9). To perform nucleic acid 
amplification testing, a sample from a swab of an ulcer or 
biopsy of deep tissue is required. A diagnostic test that is 
less invasive than tissue biopsy and supports early diagnosis 
of tularemia would be beneficial in guiding empiric therapy. 

Peripheral blood CD3+ T lymphocytes that do not 
exhibit CD4 or CD8 form a heterogeneous CD3+/CD4–/
CD8– T-cell population. One subset includes γδ T cells, 
which constitute 5%–9% of circulating CD3+ T cells in 
healthy adults (10,11). These percentages vary according 
to age and race/ethnicity (12) and have been reported to not 
exceed 5% of total peripheral CD3+ T cells in the popula-
tion of the Czech Republic (13).

An increased proportion of peripheral blood γδ T cells 
was first reported in tularemia in 1992 (14). Subsequently, 
Kroca et al. observed that these T cells significantly in-
creased in tularemia patients starting from the first week 
of symptom onset and persisted for months after resolution 
of illness (15). An increased frequency of γδ T cells has 
also been described in individual case reports or small case 
series in association with infections with other intracellular 
pathogens (12,16), including Mycobacterium tuberculosis 
(17), Legionella (18), Salmonella (19), Brucella (20,21), 
Ehrlichia (22), Coxiella burnetii (23), Toxoplasma (24), 
Leishmania (25), Plasmodium vivax (26), and Schistosoma 
spp. in primary schistosomiasis (27).

Encouraged by local colleagues suggesting that raised 
γδ T-cell (and by inference CD3+/CD4–/CD8– T-cell)  

Early Diagnosis of Tularemia  
by Flow Cytometry,  

Czech Republic, 2003–20151

Aleš Chrdle, Pavlína Tinavská, Olga Dvořáčková, Pavlína Filipová, Věra Hnetilová,  
Pavel Žampach, Květoslava Batistová, Václav Chmelík, Amanda E. Semper, Nick J. Beeching

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1919

Author affiliations: České Budějovice Hospital, České Budějovice, 
Czech Republic (A. Chrdle, P. Tinavská, P. Filipová, V. Hnetilová, 
P. Žampach, V. Chmelík); University of South Bohemia Faculty of 
Health and Social Sciences, České Budějovice, Czech Republic 
(A. Chrdle, O. Dvořáčková); Royal Liverpool University Hospital, 
Liverpool, UK (A. Chrdle, N.J. Beeching); Písek Hospital, Písek, 
Czech Republic (K. Batistová); Public Health England, Porton 
Down, UK (A.E. Semper); National Institute for Health Research 
Health Protection Research Unit in Emerging and Zoonotic  
Infections, Liverpool, UK (A.E. Semper; N.J. Beeching); Liverpool 
School of Tropical Medicine, Liverpool (N.J. Beeching)

DOI: https://doi.org/10.3201/eid2510.181875

1Preliminary data from this study were presented at the European 
Congress of Clinical Microbiology and Infectious Diseases; April 
9–12, 2016; Amsterdam, the Netherlands (abstract no. O367).



RESEARCH

percentages could be used in earlier tularemia diagnosis 
(28), the Immunology Laboratory of České Budějovice 
Hospital (České Budějovice, Czech Republic) changed 
its reporting practices in 2003. From this time onward, 
laboratory reports included comments suggesting con-
sideration of possible tularemia if flow cytometry of pe-
ripheral blood showed an increased percentage of CD3+/
CD4–/CD8– T cells or both CD3+/CD4–/CD8– and γδ 
T cells. In turn, clinicians in the 2 cooperating infec-
tious disease units at České Budějovice Hospital and 
Písek Hospital (Písek, Czech Republic) began routinely 
requesting that peripheral blood samples be analyzed by 
flow cytometry along with the serologic test when tula-
remia was suspected.

In this article, we review cases under consideration for 
a tularemia diagnosis at these 2 infectious disease units to 
determine whether an increase in the percentage of CD3+/
CD4–/CD8– T cells in the peripheral blood is sensitive and 
specific for a preliminary tularemia diagnosis and, if so, 
to define the optimum diagnostic cutoff value. Our sec-
ond objective was to compare the timing of CD3+/CD4–/
CD8– T-cell count elevation with that of the first positive 
F. tularensis serologic test result. We also evaluated the 
correlation between CD3+/CD4–/CD8– and γδ T cells to 
determine whether the levels of CD3+/CD4–/CD8– T cells 
could serve as a surrogate marker because this cell popula-
tion is easier to assess.

Methods

Study Groups and Study Design
Using laboratory records and local hospital and unit diag-
nostic indices, we retrospectively identified all cases of tu-
laremia that were managed in the infectious disease units 
at České Budějovice Hospital and Písek Hospital during 
January 1, 2003–December 31, 2015. The control group 
included a consecutive group of ill adults who were inves-
tigated for possible tularemia in the same 2 units during 
January 1, 2012–December 31, 2015.

We retrieved the hospital case notes for patients in 
each group. The study groups included patients for whom 
both tularemia serology and flow cytometry CD3+ T-cell 
population characterization were available during the same 
illness episode. We extracted data on demographics, signs 
and symptoms, final diagnoses, timing of symptom on-
set, and laboratory test results and recorded them onto a 
standardized form. Tularemia cases were categorized as 
probable or confirmed in keeping with published litera-
ture (4,8,29,30) and US Centers for Disease Control and 
Prevention 1999 and 2017 criteria (31,32): clinical illness 
compatible with tularemia along with detection of F. tula-
rensis by culture or nucleic acid testing or a serologic test 
result suggestive of or confirming tularemia.

Laboratory Diagnosis of Tularemia
For serologic testing, we used a commercial agglutination 
test (Tularemia Diagnostic Set, Bioveta a.s., https://www.
bioveta.eu). We assigned a probable tularemia diagnosis 
to patients if the antibody titer in acute phase samples was 
>1:20 and illness was clinically compatible with tulare-
mia. We assigned a confirmed tularemia diagnosis if the 
titer in any samples reached >1:160 or a seroconversion 
(change from negative to positive of any titer) or a 4-fold 
increase in titer occurred between the acute and conva-
lescent samples and illness was clinically compatible  
with tularemia.

We performed blood cultures using BacT/ALERT 3D 
(bioMérieux, https://www.biomerieux.com); we cultured 
the resulting bacteria on plates with Columbia 5% sheep 
blood agar (Bio-Rad Laboratories, http://www.bio-rad.
com) and determined the species by 16S PCR. For nucleic 
acid analysis, we extracted DNA using the QIAamp DNA 
Mini Kit (QIAGEN, https://www.qiagen.com) and used the 
panbacteria primers U3 and RU8 and thermocycler proto-
col for 16S PCR, in accordance with Radstrom et al. (33).

Flow Cytometry
Staff of the Immunology Laboratory of České Budějovice 
Hospital, which acts as a reference laboratory for both par-
ticipating infectious disease units, performed all tests. We 
stained EDTA-treated whole blood directly using CYTO-
STAT tetraCHROME CD45-FITC (fluorescein isothiocya-
nate)/CD56-RD1 (phycoerythrin)/CD19-ECD (phycoery-
thrin-Texas Red-X)/CD3-PC5 (phycoerythrin cyanine 5), 
anti–CD4-Alexa Fluor 750, and anti–CD8-PC7 (phycoery-
thrin cyanine 7) (Beckman Coulter, https://www.beckman-
coulter.com). For the subset of cases in which the CD3+/
CD4–/CD8– T-cell percentage appeared high to the report-
ing bioscientist, the sample was further examined by stain-
ing with anti–CD3-FITC (fluorescein isothiocyanate) and 
anti–T-cell receptor PAN γδ-PE (phycoerythrin) (Beckman 
Coulter) on the same day.

We processed samples using either a Cytomics 
FC500 (before 2014) or Navios (starting in 2013) flow 
cytometer and CXP (for Cytomics FC500) or Navios 
software (Beckman Coulter for all). In the first gate, we 
selected 3,000 lymphocytes on the basis of their CD45 
cell surface expression and side scatter characteristics 
(Figure 1, panel A). Next, we selected the T cells using 
a B- and T-cell plot gated according to CD19 and CD3 
expression (Figure 1, panel B). Then, we identified the 
percentage of CD3+ T cells that did not express CD4 
and CD8 in CD4 versus CD8 plots (Figure 1, panel C). 
When high percentages of CD3+/CD4–/CD8– T cells 
were found, we performed a subsequent staining and 
analysis using anti–CD3-FITC and anti–T-cell receptor 
PAN γδ-PE (Figure 1, panel D).
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Statistical Methods and Ethics Review
We tested the correlation between CD3+/CD4–/CD8– and 
γδ T cells in tularemia cases using the Spearman correla-
tion coefficient. To examine cell count differences by diag-
nosis (probable vs. confirmed), we used the Mann-Whitney 
U test. To test differences among the different clinical man-
ifestations, we used the Kruskal-Wallis test.

We compared the percentage of CD3+ lymphocytes 
with a CD4–/CD8– phenotype between the tularemia and 
control group patients. In the next analysis, we compared 
the timing of the first elevation of CD3+/CD4–/CD8– T 
cells with that of the first positive serologic test result for 
tularemia both relative to the reported day of symptom on-
set. We presented these results using medians and other 
nonparametric rank statistics. We evaluated the difference 
in percentage of CD3+/CD4–/CD8– T cells between tula-
remia cases and controls by the Mann-Whitney U test. To 
assess the predictive ability of flow cytometry, we gener-
ated a receiver operating characteristic (ROC) curve and 
calculated the area under the ROC curve. We determined 
the cutoff value yielding the highest sensitivity and speci-
ficity by using the Youden index (34).

We examined the difference in days between symptom 
onset to elevated CD3+/CD4–/CD8– percentage (using the 
cutoff value determined by the ROC curve) and symptom 
onset to first positive serologic test result by Wilcoxon 
signed rank test. We present all statistical parameters with 
their respective 95% CIs. We performed statistical analyses 
using IBM SPSS Statistics 24.0 (IBM Corp., https://www.
ibm.com) and considered p values <0.05 significant. The 
post hoc test power was >80% in all tests.

The ethics committee at České Budějovice Hospital 
reviewed the study protocol and approved this study on 
December 20, 2013 (reference no. 17/2013). Consent of 
patients was not required for case note review.

Results

Tularemia Case Group
During 2003–2015, we performed serologic tests for tula-
remia for 5,198 patients, and 89 patients had positive test 
results (Figure 2). After exclusion of 9 patients with miss-
ing case notes, 3 with resolved past infection, and 13 with 
missing flow cytometry results, 64 patients with tularemia 
had all the required information available for the same ill-
ness episode and could be included in the tularemia case 
group. Of 64 cases, 22 were defined as probable and 42 
as confirmed (1 case positive by blood culture with a titer 
>1:160, 1 case positive by PCR with a seroconversion to 
titer <1:160, 13 cases of titer >1:160 including 7 serocon-
verters, and 27 cases of seroconversion to a titer <1:160) 
(Table 1).

Patients were treated according to local protocol with 
a drug combination of doxycycline and gentamicin or cip-
rofloxacin. Excision of a lymph node was necessary for 
26.6% (17/64) of patients. All tularemia patients survived; 
median time to recovery was 50 (range 20–260) days. Five 
(7.8%) patients experienced a relapse and needed a second 
or prolonged course of antimicrobial drugs; 2 of these pa-
tients were treated with ciprofloxacin for <7 days and the 
remaining 3 with doxycycline and gentamicin for 3 weeks. 
The 3 patients needing prolonged drug treatment also  
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Figure 1. Flow cytometry gating strategy used to determine percentage of CD3+ lymphocytes that are CD3+/CD4–/CD8– T cells and 
γδ T cells in peripheral blood samples acquired from patients with suspected tularemia, Czech Republic, 2003–2015. A–C) Staining 
with CYTO-STAT tetraCHROME CD45-FITC/CD56-RD1 (phycoerythrin)/CD19-ECD/CD3-PC5, anti–CD4-Alexa Fluor 750, and anti–
CD8-PC7 (Beckman Coulter, https://www.beckmancoulter.com). A) CD45 versus side scatter plot. Percentages of lymphocytes (red), 
monocytes (green), and granulocytes (blue) are indicated. In total, 3,000 lymphocytes were selected for further analysis. B) B cells 
(blue) and T cells (red) plotted according to their CD19 and CD3 expression. Percentages of cells within each quadrant are indicated. T 
cells were selected for further analysis. C) Percentage of CD3+ T cells not displaying CD4 and CD8 (CD4–/CD8–) determined with CD4 
versus CD8 plots. Percentages of cells within each quadrant are indicated. D) Staining with anti–CD3-FITC and anti–T-cell receptor PAN 
γδ-PE (Beckman Coulter). After a side scatter and forward scatter plot (not shown), the percentage of lymphocytes that were CD3+/γδ T 
cells (green) was determined with a CD3 versus T-cell receptor PAN–γδ plot. Percentages of cells within each quadrant are indicated. 
Flow cytometry was performed in the Immunology Laboratory of České Budějovice Hospital (České Budějovice, Czech Republic). ECD, 
phycoerythrin-Texas Red-X; FITC, fluorescein isothiocyanate; PC, phycoerythrin cyanine; PE, phycoerythrin.
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required drainage of progressive purulent lymphadenopa-
thy at the end of therapy.

Control Group
During 2012–2015, tularemia serologic tests were per-
formed for 1,068 consecutive adults; 20 of these patients 
had positive test results, 19 of whom had flow cytometry 
data available and were thus included in the tularemia 
case group. Of the remaining 1,048 patients with negative 
serologic test results, 342 had both case notes and flow 
cytometry results available. These patients, with various 
final diagnoses (Table 2), constituted the control group 
(Figure 2).

Patients in the case group (median age 45 [range 16–
66] years) were older than those in the control group (me-
dian age 36 [range 12–85] years; p<0.0001). More patients 
were male in the case group (67.2%, 43/64) than the control 
group (47.4%, 162/342; p = 0.004). All patients were white.

Percentage of CD3+ T Cells with CD4–/CD8–  
Phenotype in Peripheral Blood Samples
The Spearman correlation coefficient of the plot of the 
CD3+/CD4–/CD8– T-cell and γδ T-cell percentages (in 
48/64 tularemia cases where both parameters were known) 
was 0.830 (95% CI 0.679–0.906; p<0.0001) (Figure 3). 
This strong-positive correlation suggests these 2 measures 

can be used interchangeably. The percentages of these T 
cells did not differ by type of tularemia diagnosis (probable 
vs. confirmed; Mann-Whitney U test, p = 0.102 for CD3+/
CD4–/CD8– and p = 0.364 for γδ). These subpopulations 
did differ by clinical manifestation (Kruskal-Wallis test, p 
= 0.041 for CD3+/CD4–/CD8– and p = 0.033 for γδ) (Fig-
ure 4), but the subgroups were too small for further analy-
sis. Because of these results and the small sample size, we 
used the whole group of 64 probable and confirmed tulare-
mia cases in further analyses.

The percentage of CD3+/CD4–/CD8– T cells was 
higher in the case group (median 19%, 95% CI 17%–22%, 
interquartile range 13%–26%) than the control group (me-
dian 3%, 95% CI 2%–3%, interquartile range 1%–5%; 
Mann-Whitney U = 652.5, Z = –12.02, p<0.0001) (Figure 
5). The area under the ROC curve assessing the sensitiv-
ity and specificity of this flow cytometry–based diagnostic 
test was 0.970 (95% CI 0.952–0.988). The optimum cutoff 
CD3+/CD4–/CD8– T-cell percentage was 8%, and with this 
cutoff, the sensitivity was 95.3% (95% CI 88.0%–98.7%) 
and specificity was 89.5% (95% CI 85.9%–92.4%) for dis-
criminating between cases and controls (Figure 6). Among 
our cohort, 61 (95.3%) tularemia patients and 36 (10.5%) 
controls had a peripheral blood CD3+/CD4–/CD8– T-cell 
percentage >8% (Table 2).

Timing in Rise of CD3+/CD4–/CD8– T-Cell Percentage 
and First Positive Serologic Test Result
The time of symptom onset was known for 58 of 61 tula-
remia patients with CD3+/CD4–/CD8– T-cell percentages 
>8%. Among these 58 patients, the increased CD3+/CD4–/
CD8– T-cell percentage preceded the first positive serologic 
test result by a median of 7 (95% CI 1.0–12.0) days (Wilcox-
on signed rank test Z = –4.796; p<0.0001) (Table 3; Figure 
7). In the subset of tularemia patients in whom an elevated 
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Figure 2. Selection of 
tularemia cases (2003–2015) 
and controls (2012–2015) 
in investigation of whether 
γδ T cells or CD3+/CD4–/
CD8– T cells can be used for 
early presumptive tularemia 
diagnosis, Czech Republic.

 
Table 1. Clinical disease manifestation of tularemia patients, by 
type of diagnosis, Czech Republic, 2003–2015 

Manifestation 
No. probable 
cases, n = 22 

No. confirmed 
cases, n = 42 

No. (%) total 
cases, n = 64* 

Ulceroglandular 7 22 29 (45.3) 
Glandular 6 4 10 (15.6) 
Oroglandular 2 7 9 (14.1) 
Pulmonary 5 4 9 (14.1) 
Typhoidal 2 5 7 (11.0) 
*Percentages do not total 100% because of rounding. 
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CD3+/CD4–/CD8– T-cell percentage was detected while se-
rology was still negative (58.6%, 34/58), the median delay 
from rise of CD3+/CD4–/CD8– T cells to positive serologic 
test result was 14 (95% CI 8–22) days (Table 3).

Comparison of Cases and Controls in 2012–2015 Only
To investigate the possible effects of bias introduced by 
comparing cases selected from a 13-year period with con-
trols from just the last 4 years of that period, we repeated 
our analyses with the 19 tularemia patients and 342 con-
trols with full data available who sought treatment during 
2012–2015. When we used 8% as the cutoff, we found the 
percentage of CD3+/CD4–/CD8– T cells was raised in 
100% (19/19) of cases and 10.5% (36/342) of controls. The 
8% cutoff value had a sensitivity of 100% (95% CI 87.8%–
100%) and specificity of 89.5% (95% CI 85.9%–92.4%) 
for distinguishing tularemia patients from controls seeking 
treatment during this period.

Discussion
This study confirms results of earlier reports (14,15,35) 
describing the potential application of flow cytometry to 
support early presumptive tularemia diagnosis. We showed 
that CD3+/CD4–/CD8– T cells can be used as a pragmatic 
surrogate for γδ T cells in this context. The percentage of 
CD3+ T cells with the CD4–/CD8– phenotype was 19% in 
tularemia patients with differing disease presentations and 
3% in control patients with a wide variety of infectious and 
noninfectious conditions. When we used 8% as the cutoff 
to define elevated CD3+/CD4–/CD8– T cells, we found 
this flow cytometry–based test was elevated >7 days before 
serologic test results became positive and had a sensitivity 
of 95% and specificity of 89.5% for distinguishing tulare-
mia cases from other illnesses.

Flow cytometry is not routinely used to investigate most 
infections but is available in centers that care for HIV pa-
tients. The CD3+/CD4–/CD8– T-cell percentage is easily 
measurable and can be performed before patients seroconvert 
or while awaiting serologic test results (30,36). One of the 
strengths of this study was that the control group consisted of 
patients with a wide variety of illnesses, rather than a group 
of healthy volunteers, as in previous reports. These patients 
were investigated for possible tularemia as part of routine 
care over several years, representing real-life practice.
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Table 2. Final diagnoses of 342 control group patients with negative serologic test results for tularemia and percentages of controls 
with elevated CD3+/CD4–/CD8– T cells, Czech Republic, 2012–2015* 

Diagnosis No. (%) controls† 
No. (%) with elevated 

CD3+/CD4–/CD8– T cells 
Nonspecific resolving lymphadenitis 99 (28.9) 7 (7.1) 
Fever of unknown origin or fatigue 44 (12.9) 2 (4.5) 
Epstein-Barr virus or cytomegalovirus 26 (7.6) 3 (11.5) 
Lymphoma or cancer 26 (7.6) 1 (3.8) 
Chlamydia or Mycoplasma respiratory infection 25 (7.3) 5 (20.0) 
Recurring or nonresolving tonsilitis 17 (5.0) 4 (23.5) 
Toxoplasmosis 16 (4.7) 5 (31.3) 
Other‡ 89 (26.0) 9 (10.1)§ 
*The percentage of the CD3+ T cells with a CD4–/CD8– phenotype was measured by flow cytometry and 8% was used as the cutoff value to define an 
elevated percentage. ANCA, anti-neutrophil cytoplasmic antibody. 
†Percentages do not total 100% because of rounding. 
‡Other diagnoses: 8 cases each of cellulitis or skin abscess and lower respiratory tract infection or pneumonia; 5 cases of bartonellosis; 4 cases each of 
ANCA-positive vasculitis, leptospirosis, purulent sialadenitis, reactive arthritis (urethritis C. trachomatis), and tick-borne encephalitis; 3 cases of cervical 
cyst; 2 cases each of HIV, human granulocytic anaplasmosis, other reactive arthritis, polymyalgia rheumatica, sarcoidosis, systemic lupus erythematosus, 
toxocariasis, and viral meningitis; and 1 case each of acute sinusitis, ankylosing spondylitis, bacterial endocarditis, Behçet disease, cholangitis, deep vein 
thrombosis, dental abscess, erythema nodosum, farmer’s lung, hantavirus, herpetic tonsilitis, hidradenitis suppurativa, hyperthyroidism, hypothyroidism, 
legionellosis, lipoma, liver abscess, Lyme disease, mumps, necrotizing lymphadenitis of Kikuchi-Fujimoto, nonspecific hepatitis, parvovirus B19, pertussis, 
recurrent bacterial conjunctivitis, rickettsial disease, ulcerative colitis, undetermined tumor of the brain and pancreatic head, urinary tract infection, and 
Yersinia enterocolitica arthritis. 
§Includes 2 cases of arthralgia and 1 case each of ANCA-positive vasculitis, brain tumor, liver abscess, pneumocystis pneumonia in the setting of AIDS, 
rickettsial disease, skin and soft tissue infection, and toxocariasis. 

 

Figure 3. Correlation between percentage of CD3+ lymphocytes 
that are γδ T cells and percentage that are CD3+/CD4–/CD8– T 
cells in peripheral blood samples from patients with confirmed or 
probable tularemia diagnoses (n = 48), Czech Republic, 2003–
2015. The Spearman correlation coefficient of this plot (0.830, 
95% CI 0.679–0.906; p<0.0001) indicates a strong correlation 
and suggests that these T cells can be used interchangeably for 
tularemia diagnosis.
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Our study was conducted in the Czech Republic, a set-
ting with a low incidence of diseases that might be mis-
taken for tularemia, such as brucellosis, leptospirosis, Q 
fever, tuberculosis, or malaria (12); our study conclusions 
are probably most applicable to settings with low preva-
lences of the intracellular pathogens that cause these dis-
eases. This study should be repeated in other geographic ar-
eas with higher prevalences of these infections (21), which 

could decrease the sensitivity and specificity of this test for 
predicting tularemia diagnoses.

Test results might need to be considered with more cau-
tion in less racially homogeneous populations because the 
reference range of CD3+/CD4–/CD8– T cells can vary by 
race/ethnicity and age (12). A study conducted in the United 
States showed a higher baseline percentage of γδ T cells in 
healthy white persons (3.7%) than in healthy black persons 
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Figure 4. Percentage of CD3+ 
lymphocytes that are γδ T cells 
and CD3+/CD4–/CD8– T cells 
in peripheral blood samples 
from patients with confirmed or 
probable tularemia by clinical 
manifestation, Czech Republic, 
2003–2015. The percentage of 
γδ T cells was determined for 
48 cases and percentage of 
CD3+/CD4–/CD8– T cells for 
64 cases. Paired comparisons 
(Kruskal-Wallis test) reveal no 
significant differences except 
for glandular versus typhoidal 
in γδ (p = 0.037) and CD3+/
CD4–/CD8– T cells (p = 0.041). 
Boxes indicate interquartile 
ranges (IQRs), horizontal lines 
within boxes indicate medians, 
whiskers indicate range values 
<1.5× the IQR limits, and 
circles indicate outliers (i.e., values >1.5× the IQR limits).

Figure 5. Comparison of percentages of CD3+ lymphocytes with 
CD4–/CD8– phenotype in peripheral blood samples from patients 
with probable or confirmed tularemia cases (n = 64, 2003–2015) 
and controls (n = 342, 2012–2015), Czech Republic. Boxes 
indicate interquartile ranges (IQRs), horizontal lines within boxes 
indicate medians, whiskers indicate range values <1.5× the IQR 
limits, and circles indicate outliers (i.e., values >1.5× times the IQR 
limits). The percentage of CD3+/CD4–/CD8– T cells is significantly 
higher in cases than controls (Mann-Whitney U test, p<0.0001).

Figure 6. Receiver operating characteristic curve for diagnostic 
utility of raised CD3+/CD4–/CD8– T cells distinguishing probable 
and confirmed tularemia cases (n = 64, 2003–2015) from controls 
(n = 342, 2012–2015), Czech Republic. The area under the 
receiver operating characteristic curve is 0.970 (95% CI 0.952–
0.988). The Youden index (circle on curve) is the maximal vertical 
distance (dashed line) of the curve from the diagonal line.
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(1.18%) (11), and a study in Sweden indicated a lower per-
centage in persons from Sweden (4.2%) and Japan (4.5%) 
than from Bangladesh (9.2%) or Turkey (9.3%) (10). Higher 
percentages of γδ T cells in inhabitants of West Africa might 
be a result of priming during childhood with malaria parasites 
(37). Likewise, a higher percentage of baseline γδ T cells in 
populations of Turkey might be caused by Turkey’s higher 
prevalence of latent tuberculosis compared with central Eu-
rope (10). The CD3+/CD4–/CD8– T-cell percentage might be 
valuable to use as a generic marker for intracellular infections 
when investigating fever of unknown origin, although speci-
ficity might not be adequate because these percentages can 
also be elevated in association with some cancers (12).

Because of the relative rarity of tularemia, we used a 
retrospective design to enroll sufficient numbers of tulare-
mia patients into this pilot study, and adequate details were 
not available for 26% (22/86) of patients. However, the 
spectrum of clinical presentations of those included is rep-
resentative of tularemia patients in other published series 
in the Czech Republic (38) and elsewhere (4,7), and bias 
seems unlikely. The mix of final diagnoses in the control 
group gives reasonable confidence that other intracellular 
infections, cancers, and noninfectious causes of fever and 
lymphadenopathy did not substantially contribute to false-
positive early presumptive tularemia diagnoses.

We used the data of tularemia patients treated during 
2003–2015 and control patients treated during 2012–2015. 
The use of patients from different periods might have in-
troduced selection bias, but this bias should have been 
mitigated by the large number of control patients included 
with complete data available and by the variety of control 
patient illnesses. That this bias was minimal is supported 
by the reproducibility of our findings when we performed 
a comparative analysis restricted to just the tularemia pa-
tients and controls treated during 2012–2015.

Serology has been and remains the standard test for tulare-
mia diagnosis for many disease presentations. Other diagnos-
tic tests have drawbacks. The organism is difficult to culture, 
as demonstrated by only 1 case in this series having a positive 
blood culture result. Although PCR with an ulcer swab sample 

resulted in DNA amplification in 1 case, PCR amplification 
failed in other cases. Also, only 45.4% of our patient cohort 
had an easily accessible lesion to swab. We believe that flow 
cytometry can contribute to tularemia diagnosis better than 
these other available tests with minimal invasiveness and cost, 
even when PCR methods become more widely available. In 
addition, the expansion in the use of PCR will not result in 
faster tularemia diagnosis because the clinician still needs to 
suspect tularemia before requesting this test be performed. 
However, PCR could be used as a confirmatory test for cases 
with elevated percentages of CD3+/CD4–/CD8– T cells.

The retrospective nature of this study limited our in-
vestigations regarding the timing of CD3+/CD4–/CD8– 
T-cell elevations and F. tularensis antibody titer increases 
in relation to the onset of patient symptoms. In all cases, 
the flow cytometry test result recorded was that from the 
first flow cytometry test performed. In contrast, for tula-
remia serology, the first positive serologic test result was 
recorded. Most tests were requested when the differential 
diagnosis first included tularemia. In a small proportion 
of patients, flow cytometry was performed after a posi-
tive serologic test result for tularemia was communicated 
to the physician; thus, for these patients, flow cytometry 
results were delayed. The time from symptom onset to el-
evation of CD3+/CD4–/CD8– T cells that we report does 
not reflect the timing this cell population increases and 
how soon this flow cytometry–based diagnostic test can 
be performed. In addition, in some cases, the diagnostic 
work-up for tularemia was delayed because of delayed 
referral of patients to the infectious diseases unit of the 
hospital. Therefore, we cannot comment on the reliability 
of the flow cytometry–based method during the first week 
after symptom onset.

In our study, the rise in the percentage of CD3+/CD4–/
CD8– T cells preceded seroconversion even in patients 
with late referrals. Seroconversion was documented in 
53.1% (34/64) of patients with tularemia, many of whom 
had been treated for tularemia on the basis of raised CD3+/
CD4–/CD8– T-cell percentages and were monitored until 
seroconversion or an alternative diagnosis was obtained. 
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Table 3. Time to positive diagnostic test result for tularemia, by starting time point, test, and population, Czech Republic, 2003–2015* 

Category 
Time, d 

Median 95% CI  Interquartile range Range 
Time relative to onset of patient symptoms 
 Diagnostic test type 
  Flow cytometry, n = 58 18.5 15.5–22.0 9.75–33.25 2–128 
  Serologic test, n = 58 29.5 24.0–37.0 21.0–42.0 2–140 
Time to first positive serologic test result relative to rise in CD3+/CD4–/CD8– T cells 
 Patient population 
  All, n = 58 7.0 1.0–12.0 0–18.75 –50 to 62 
  Delayed seroconverters, n = 34 14.0 8.0–22.0 7.5–22.0 1–62 
*A positive flow cytometry test result for tularemia was defined as >8% of peripheral blood CD3+ T cells having the CD4–/CD8– phenotype. A positive 
serologic test result for tularemia included probable and confirmed diagnoses and was defined for probable cases as an antibody titer of >1:20 in any 
acute phase blood sample or for confirmed cases as an antibody titer of >1:160 in any blood sample or a seroconversion from negative to positive (any 
titer) or a 4-fold increase in titer between acute and convalescent patient samples (agglutination test; Tularemia Diagnostic Set, Bioveta a.s., 
https://www.bioveta.eu). 
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Including flow cytometry in the tularemia work-up for our 
cohort contributed to the high percentage of diagnoses con-
firmed by seroconversion (53.1%), which was much higher 
than those of other cohorts: 0% in Missouri, USA (7), and 
Turkey (30); 5% (5/101) in France (8); 35% (9/26) in Swe-
den (39); and 13.4% (19/142) in Spain (40).

In 25% of the tularemia cases (Table 3), the time from 
symptom onset to first positive serologic test result was >22 
days, occurring >14 days after the detection of an elevated 
CD3+/CD4–/CD8– T-cell percentage, which lends strong 
support to the use of flow cytometry to identify suspected 
cases for empirical treatment. Because tularemia might not 

have pathognomonic manifestations, adding an extra tube 
for flow cytometry as part of the diagnostic work-up can help 
physicians make decisions regarding whether to treat a given 
health condition as tularemia in cases where serologic results 
are still negative and the team is waiting for PCR or blood 
culture results.

In conclusion, in the Czech Republic, flow cytometry 
analyses of peripheral blood samples showing a percentage 
of CD3+/CD4–/CD8– T cells >8% supports a presumptive 
clinical diagnosis of tularemia and initiation of specific anti-
microbial therapy days to weeks before the diagnosis can be 
confirmed serologically. This more rapid test is a useful addi-
tion to the diagnostic work-up for tularemia that can help pub-
lic health teams managing waterborne outbreaks and inhala-
tion infection clusters speed up diagnosis and treatment and 
thus contain pathogen spread. In hospital settings, the rapid 
diagnosis of tularemia afforded with this test might indicate 
the need for Biosafety Level 3 facilities, required for F. tular-
ensis propagation, thereby reducing occupational health risk.
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We decreased antimicrobial drug consumption in an inten-
sive care unit in Lebanon by changing to colistin monother-
apy for extensively drug-resistant Acinetobacter baumanii 
infections. We saw a 78% decrease of A. baumanii in spu-
tum and near-elimination of blaoxa-23-carrying sequence type 
2 clone over the 1-year study. Non–A. baumanii multidrug-
resistant infections remained stable.

The antimicrobial stewardship program (ASP) at 
Saint Georges Hospital University Medical Cen-

ter (SGHUMC), a 400-bed tertiary-care center in Beirut, 
Lebanon, requires an infectious disease (ID) specialist to 
preauthorize use of restricted broad-spectrum antimicro-
bial drugs. The ASP regularly monitors the rate of noso-
comial infections and the total hospital antimicrobial drug 
consumption. In the first quarter of 2015, the incidence of 
extensively drug-resistant (XDR) Acinetobacter baumanii 
bloodstream infections reached its highest level, 0.47/1,000 
patient-days (1). Since 2012, the monthly carbapenem con-
sumption increased steadily, reaching 130 defined daily 
doses (DDD)/1,000 patient-days in 2015, an absolute in-
crease of 30 DDD/1,000 patient-days during that time. Se-
verely ill patients with predisposing conditions are more 
likely to develop difficult-to-treat A. baumanii infections. 
Despite the existing controversy, this patient population 
routinely is treated with a carbapenem/colistin combina-
tion (2–8). 

We evaluated 100 nonduplicate XDR A. baumanii 
isolates at SGHUMC and found no synergy between co-
listin and carbapenem by the checkerboard technique (9). 
Consequently, SGHUMC withdrew combination therapy 
for XDR A. baumanii infections. Our aim was to evaluate 

the effect of a carbapenem-sparing regimen on ICU anti-
microbial consumption, clinical outcome, and microbio-
logical flora.

The Study
The ASP, ID team, and intensive care unit (ICU) physicians 
approved a plan to reduce use of empiric carbapenems in 
the ICU and use colistin, tigecycline, or both for patients 
confirmed with or at high risk for A. baumanii infections. 
ID physicians evaluated the clinical severity and hemody-
namic stability of each patient and had final discretion to 
prescribe either colistin or tigecycline.

We included all ICU admissions in the study, even re-
current admissions. This ICU has a multidrug-resistant or-
ganism surveillance program that collects a sputum sample 
for culture every third day for intubated patients with abun-
dant secretions. We used these cultures for our evaluation. 
We considered any culture sample outside this practice a 
duplicate and excluded it from our analysis. During the 
study period, we did not modify infection control practices. 
The study was approved by the institutional review board 
of SGHUMC. 

We retrieved data from the hospital’s computerized 
ordering system and examined medical records of all ICU 
admissions during February 1, 2016–January 31, 2017. 
Clinical data included patient demographics, admission 
diagnosis, and presence of mechanical ventilation. During 
February 1–June 30, 2016 (period 1), patients received co-
listin/carbapenem combination therapy for A. baumanii in-
fections. During July 1, 2016–January 31, 2017 (period 2), 
we applied our intervention. We recorded the total number 
of bacterial cultures collected from the ICU and noted the 
site and date of sampling. 

We considered the isolation density the number of 
clinical isolates/1,000 patient-days and the rate of venti-
lator-associated pneumonia (VAP) the number of VAP 
events/1,000 patient-days. We defined variables according 
to guidelines for XDR A. baumanii from the US Centers 
for Disease Control and Prevention and World Health Or-
ganization (10). We calculated case-fatality and VAP rates 
following guidelines from the American Thoracic Society 
and Infectious Diseases Society of America (11). 
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Elimination of XDR Acinetobacter baumanii in ICU

We grouped antimicrobial drugs into 5 categories: 
group 1, antimicrobial drugs that do not require ID preap-
proval, such as third-generation cephalosporins, amoxi-
cillin/clavulanic acid, and quinolones; group 2, oral 
vancomycin and metronidazole used for Clostridioides 
difficile therapy; group 3, imipenem and meropenem; 
group 4, broad-spectrum carbapenem-sparing regimens, 
including piperacillin/tazobactam, cefepime, ceftazidime, 
amikacin; and group 5, the XDR A. baumanii–active an-
timicrobial drugs colistin and tigecycline. We measured 
antimicrobial drug consumption by DDD per 1,000 pa-
tient-days (Table 1).

We sent 48 laboratory-confirmed A. baumanii isolates, 
31 collected during period 1 and 17 during period 2, to IHU-
Méditerranée Infection, Aix-Marseille, France, for testing. 
Samples underwent 4 types of testing: matrix-assisted la-
ser desorption/ionization time-of-flight mass spectrometry 
(Microflex; Bruker Daltonics, https://www.bruker.com); 
antimicrobial susceptibility testing by disk diffusion meth-
od and interpreted according to the European Committee of 
Antimicrobial Susceptibility Testing 2017; real-time PCR 
to screen for carbapenemase-encoding genes; and multi-
locus sequence typing to determine genetic relationships 
among the isolates.

The ICU admitted 536 patients during the study pe-
riod; 3 were readmissions. Patient characteristics between 
the 2 periods were statistically similar (Table 1). Through-
out the study, the incidence of A. baumanii VAP decreased 
from 154.9 to 38/1,000 patient-days (p = 0.007) and the 
A. baumanii VAP case-fatality ratio dropped from 79 to 
12/1,000 patient-days. Non–A. baumanii VAP incidence 
decreased from 62 to 51/1,000 patient-days. ICU mortality 
rates from all causes remained unchanged between period 
1 and period 2 (Table 1).

Consumption of group 1 and group 4 antimicro-
bial drugs was statistically similar during the 2 periods 
(Table 1). Carbapenem consumption decreased by 59%, 
a total of 318 DDD/1,000 patient-days, and overall re-
stricted antimicrobial drug consumption dropped 637 
DDD/1,000 patient-days (p<0.005). Because isolation 
of A. baumanii decreased substantially, colistin con-
sumption also decreased by 55%, from 20 DDD/1,000 
patient-days in period 1 to 9 DDD/1,000 patient-days in 
period 2 (p = 0.019) (Figure 2). Tigecycline consump-
tion remained statistically unchanged (84 DDD/1,000 
patient-days in period 1, 62 DDD/1,000 patient-days 
in period 2). Of note, group 2 C. difficile therapy con-
sumption dropped by 231 DDD/1,000 patient-days (p = 
0.042), a 51% decrease that likely mirrors reduction in 
C. difficile infections.

The A. baumanii isolate density in sputum cultures de-
creased by 70.7%, from 82 to 24/1,000 patient-days, posi-
tively correlating with the fall in carbapenem consumption 

(p = 0.004) (Figure 1). The number of non–A. baumanii mul-
tidrug-resistant (MDR) isolates did not increase (Figure 2).

All 48 A. baumanii isolates carried extended-spectrum 
β-lactamase blaTEM-1 genes. The 31 isolates from period 1 
were XDR; 30 carried the class D carbapenemase blaoxa-23 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1929

 
Table 1. Patient demographics, VAP incidence, treatment 
courses, and antimicrobial drug consumption in study of 
carbapenem-sparing regimen for XDR Acinetobacter baumannii 
in an ICU, Beirut, Lebanon* 

Characteristics Period 1† Period 2‡ 
p 

value 
Patient data    
 No. patients 213 324 NA 
 Sex   
  F 79 144 
  M 134 180 
 Mean age 69 68 
 Mean length of hospital stay, d 6.8 6 
 Days in ICU 1,128 1,804 
Type of admission 
 Medical  163 253 NA 
 Surgical  50 71 
 Admitted from home or ED 73 114 
 Transferred from ward 79 141  
 Transferred from other hospital 10 16 
 Postoperative 51 57 
Intubation    
 At admission 64 85 
 After admission 14 16 
Outcome    
 A. baumanii  VAP incidence, % 15 3.7 0.007 
 Discharged 170 259  
 Deceased 43 64  
 Total AB VAP events 32 12  
 Deceased during VAP 17 4  
ICU mean mortality rate/month, % 20.4 19.3 0.168 
AB VAP case fatality ratio, % 7.9 1.2 0.006 
No. XDR A. baumanii  VAP courses received 
 Colistin and carbapenem 17 2  
 Colistin and tigecycline 6 2  
 Colistin monotherapy 6 6  
 Tigecycline 3 2  
Carbapenem consumption, DDD§ 
 Group 1 333 320 0.465 
 Group 2 455 224 0.042 
 Group 3 541 223 <0.005 
 Group 4 165 145 0.808 
 Group 5    
  Colistin 20 9 <0.019 
  Tigecycline 84 62 0.570 
Total restricted antimicrobial 
drugs, DDD 

1,265 663 <0.005 

*Bold indicates statistical significance. DDD, defined daily doses; ED, 
emergency department, ESBL, extended-spectrum -lactamase; ICU, 
intensive care unit; NA, not applicable; VAP, ventilator-associated 
pneumonia; XDR, extensively drug-resistant.  
†During February 1, 2016–June 30, 2016, ICU patients received 
colistin/carbapenem therapy for A. baumannii infections.  
‡During July 1, 2016–January 31, 2017, ICU implemented carbapenem-
sparing regimen for A. baumannii infections. 
§Group 1, antimicrobial drugs that do not require infectious disease 
specialist preapproval, such as third-generation cephalosporins, 
amoxicillin/clavulanic acid, and quinolones; group 2, oral vancomycin and 
metronidazole used for Clostridioides difficile therapy; group 3, imipenem 
and meropenem; group 4, broad-spectrum carbapenem-sparing regimens, 
including piperacillin/tazobactam, cefepime, ceftazidime, amikacin; and 
group 5, the XDR A. baumanii–active antimicrobial drugs colistin  
and tigecycline. 
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gene, and 1 carried the blaoxa-24 gene. Multilocus sequence 
typing revealed 3 sequence types (STs) in period 1: ST2, 
29/31 (93.5%); ST699, 1/31 (3%); and ST627, 1/31 (3%) 
(Table 2). In period 2, A. baumanii ST2 disappeared; 
58.8% (10/17) of isolates belonged to ST25 and 5.9% 
(1/17) belonged to ST99. The remainder belonged to 6 new 
STs, assigned ST1200, 1201, 1202, 1203, 1204, and 1205 
(35.2%). Of the 17 isolates from period 2, 6 carried the  
blaoxa-23 gene, 5 the blaoxa-24 gene, and 3 both genes. 

Overall, XDR A. baumanii isolation decreased by 
64.7% from period 1 to period 2. In addition, isolates 
from period 2 were more antimicrobial-susceptible than in  
period 1: 64.8% (11/17) sensitive to ceftazidime and ce-
fepime, 17.6% (3/17) to piperacillin/tazobactam, and 
17.6% (3/17) to carbapenems (Table 2).

Conclusions
Our prudent use of antimicrobial drugs did not increase 
mortality rates and had a dramatic effect on antimicrobial  

consumption and MDR A. baumanii isolate density. 
A longer study period and larger sample likely would 
reveal additional effects on XDR infections and out-
comes. Many factors could have affected the study re-
sults, including patient referrals and seasonality. How-
ever, the microbiological findings strongly point to high 
rates of carbapenem consumption as a sustaining factor 
in survival of XDR A. baumanii ST2 in our facility.  
By reducing carbapenem consumption, we broke a vi-
cious cycle.

In the era where clinicians must manage severely 
ill, MDR-colonized patients, relying on existing guide-
lines is not enough. A creative, multidisciplinary ap-
proach with knowledge of local epidemiology is key to 
controlling MDR and XDR infections. Investing time in 
accurate diagnosis and implementing targeted carbape-
nem-sparing strategies for initial treatment is only pos-
sible through trusted collaboration between ID and ICU 
physicians. The dedication of the ASP and microbiology 

1930 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019

Figure 1. Isolation density of Acinetobacter baumanii in sputum cultures versus carbapenem consumption in the intensive care unit 
(ICU) of Saint Georges Hospital University Medical Center, Beirut, Lebanon, during February 1, 2016–January 31, 2017. Rates are 
measured per 1,000 patient-days. Dashed arrow represents the beginning of period 2 in which we implemented a carbapenem-sparing 
regimen. DDD, defined daily dose; PD, patient days. 

Figure 2. Isolation density of 
Acinetobacter baumanii and 
non–A. baumanii in the intensive 
care unit (ICU) of Saint Georges 
Hospital University Medical 
Center, Beirut, Lebanon, during 
February 1, 2016–January 31, 
2017. Rates are measured in 
1,000 patient-days. During period 
1, February 1–June 31, 2016, 
ICU patients received colistin/
carbapenem combination therapy 
for A. baumanii. During period 2, 
July 1, 2016–January 31, 2017, 
we implemented a carbapenem-
sparing regimen in the ICU. 
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departments at this facility is an example of a success-
ful active surveillance program for antimicrobial drug 
consumption and resistance profiles, especially when 
developing standards of care tailored to meet an institu-
tion’s needs.
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Table 2. Specimen type, site of collection, and microbiologic 
characteristics in study of carbapenem-sparing regimen for 
extensively drug-resistant Acinetobacter baumannii in an ICU, 
Beirut, Lebanon* 
Specimens and testing Period 1†  Period 2‡ 
Specimen type, no.  
 Sputum 31 11 
 Blood 0 3 
 Wound site or catheter tip 0 3 
Site of collection, no.   
 Intensive care unit 21 12 
 Regular floor 10 5 
 Total no. 31 17 
Antimicrobial drug susceptibility testing by disc diffusion, % 
 Cefepime/ceftazidime 0 64.7 
 Piperacillin/tazobactam 0 17.65 
 Imipenem 0 17.65 
 Colistin 100 100 
Total extensively drug-resistant 100 35.3 
Carbapenemase genes, no. (%)§  
 ESBL blaTEM-1 31 (100) 17 (100) 
 blaoxa-23 30 (96.8) 6 (35.3) 
 blaoxa-24 1 (3.2) 5 (29.4) 
 blaoxa-23 and blaoxa-24 0 3 (17.6) 
Sequence type, no. (%)¶ 
 ST2 29 (93.5) 0 
 ST699 1 (3.25) 0 
 ST627 1 (3.25) 0 
 ST25 0 10 (58.9) 
 ST99 0 1 (5.8) 
 New STs, 1200–1206 0 6 (35.3) 
*Bold indicates statistical significance. ESBL, extended-spectrum beta-
lactamase; ICU, intensive care unit; MLST, multilocus sequence typing; 
PCR, polymerase chain reaction; ST, sequence type.  
†During February 1, 2016–June 30, 2016, ICU patients received 
colistin/carbapenem therapy for A. baumannii infections.  
‡During July 1, 2016–January 31, 2017, ICU implemented carbapenem- 
sparing regimen for A. baumannii infections. 
§Determined by PCR. 
¶Determined by multilocus sequence typing. 
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Market surveillance showed continuing circulation of avian 
influenza A(H5N6) virus in live poultry markets in Guang-
dong Province in 2017, despite compulsory vaccination for 
avian influenza A(H5Nx) and A(H7N9). We analyzed H5N6 
viruses from 2014–2018 from Guangdong Province, reveal-
ing antigenic drift and decreased antibody response against 
the vaccine strain in vaccinated chickens.

Human disease from low-pathogenic influenza A(H7N9) 
infection was first reported in 2013, and a total of 1,567 

human cases have been reported (1). During the fifth wave, 
which started in October 2016, the number of human cases 
increased steeply, the virus spread into western provinces 
of China, and a highly pathogenic avian influenza (HPAI) 
A(H7N9) variant emerged (2). In parallel, HPAI H5 subtype 
viruses (clade 2.3.4.4 H5Nx) were causing international out-
breaks in poultry (3,4) and infecting humans in China (5,6). In 
July 2017, Guangdong Province implemented a compulsory 
vaccination strategy for poultry (chickens, ducks, geese, quail, 
pigeons, and rare birds in captivity) using the combined inac-
tivated influenza vaccine (H5 A/chicken/Guizhou/4/2013 [Re-
8] + H7 A/pigeon/Shanghai/S1069/2013 [Re-1]) to prevent the 
dissemination of HPAI A(H7N9) and A(H5Nx) viruses (7).

Our market surveillance showed that H7N9 viruses al-
most disappeared from live poultry markets (LPMs), although 
low-level circulation in poultry and the environment, as well 
as sporadic human cases, are still reported throughout China 
(8,9). However, during the same period, H5N6 subtype virus-
es continued to circulate in LPMs. We report our investigation 
of the prevalence, evolution, and antigenic variation of H5N6 
viruses during 2014–2018 in Guangdong Province.

The Study
To investigate the emergence and spread of HPAI H7N9 
and H5Nx viruses in LPMs, we collected environmental and 
poultry samples and a throat swab from an H5N6-infected 
person in September 2018. We tested samples using reverse 
transcription PCR (RT-PCR) and real-time RT-PCR (rRT-
PCR) to distinguish between subtypes H5 and H7. During 
January 2016–October 2018, a total of 52,387 environmental 
samples were collected, of which 1,627 (3.1%) were positive 
for H5 and 1,303 (2.5%) for H7. All H7-positive samples 
were of the H7N9 subtype, and 99% of H5-positive samples 
were of the H5N6 subtype (Figure 1; Appendix 1 Table 1, 
https://wwwnc.cdc.gov/EID/article/25/10/19-0274-App1.
pdf). After implementation of poultry vaccination the rate 
of H7N9 virus–positive samples decreased from 12.8% to 
0%, and the average positivity rate for H5-subtype viruses 
remained ≈20% (Figure 1; Appendix 1 Table 1).

We cultured 883 H5 subtype–positive samples, includ-
ing the human H5N6 sample. Virus cultivation was suc-
cessful for 147 environmental samples, 21 poultry samples, 
and the human sample. We selected 73 H5N6 isolates that 
were amplified successfully for whole-genome sequencing 
using the Ion PGM system and the PathAmp FluA reagents 
(Life Technologies, https://www.thermofisher.com). We 
analyzed data using CLC Genomics Workbench 7.5.1 soft-
ware (QIAGEN, https://www.qiagenbioinformatics.com). 

We combined genome sequences from this study with 
all sequences of H5N6 viruses from China, as well as H3 
and H6 subtype viruses available in GenBank and the GI-
SAID database (https://www.gisaid.org) for 1996–2018 
(Appendix 2 Tables 1, 2, https://wwwnc.cdc.gov/EID/
article/25/10/19-0274-App2.xlsx). For sequencing, we used 
MUSCLE version 3.5 (10) and phylogenetic analysis under 
the general time reversible plus invariant sites plus Γ4 mod-
el (hemagglutinin [HA], neuraminidase [NA], polymerase 
basic [PB] 1, PB2, polymerase acidic [PA], nucleoprotein 
[NP]) and the transversion model plus F plus invariant sites 
plus Γ4 model (matrix [M], nonstructural [NS]), performed 
using IQ-TREE (11). Phylogenetic analysis showed that all 
H5N6 viruses isolated in Guangdong Province descended 
from the H5N6 viruses that circulated in the province dur-
ing 2015–2016. However, the currently circulating H5N6  
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viruses in Guangdong Province cluster separately from the 
A/chicken/Guizhou/4/2013 (Re-8) vaccine strain, based on 
HA sequences (Figure 2). All N6 genes belong to the Eur-
asian lineage. Both HA and NA genes of the human H5N6 
virus clustered with the H5N6 viruses found in the environ-
ment and poultry in our study (Appendix 1 Figure).

We classified both surface and internal genes of HPAI 
H5N6 viruses from Guangdong Province into different sublin-
eages according to tree topology and bootstrap values of >85% 
and further classified the HA and NA genes into 4 subgroups 
(Figure 2). Phylogeny of the internal genes of the recent clade 
2.3.4.4 H5N6 viruses showed they evolved from H5N1 virus-
es from 2013–2014, in which, from 2015 onward, almost all 
PB2 genes were replaced by H6 subtype–origin PB2 genes. 
Substitution of the PB2 gene can change the virulence and 
pathogenicity in mammals and in different bird species (12). 
Moreover, from 2016 onward, H5N6 acquired PB1 and PA 
genes from (avian) H3-like or LPAI gene pools. In 2017, NP, 
M, and NS genes from H3-like viruses and local LPAI gene 
pools were first detected in circulating H5N6 viruses (Fig-
ure 2). Closely related H5N6 viruses from China with simi-
lar internal gene composition did not show any intravenous 
pathogenicity in ducks and lower intravenous pathogenicity in 
chickens (13), which could explain the widespread circulation 
of H5N6 viruses in Guangdong Province.

When we compared the HA gene predicted receptor 
binding sites and other regions of the H5N6 isolates from 
Guangdong Province with A/chicken/Guizhou/4/2013 (Re-8), 
we found 35 positions where >50% of viruses in our study had 
amino acid substitutions (4). Those mutations (H3 number-
ing) occurred in sites R50K, D63N, R81S, S94A/T, L122Q, 
S125R/K, P128S, D129N/S, D130 deletion/E/T, T131S, L133 
deletion/S, A137T, A138S, Q142K, M144V, P145A, I155T, 
N158S, T160A, R173G/K, S185P, N187S, A188V, A189E, 

T192A, N193D/K/T/N, T199A/I, R227S/C/Q/G, K238R, 
V260I, K262T, M272I, H276K/N/Q/S, N278S, and N323S 
(Appendix 1 Table 2). In addition, we detected several mu-
tations that were exclusively found in >90% of the most re-
cent H5N6 isolates from Guangdong Province (2017–2018), 
including L122Q, S125R/K, P128S, P145A, K262T, M272I, 
H276K/N/Q/S, and N401I/S/N. We identified 3 new amino 
acid substitutions in the NA and PB2 genes of human H5N6 
isolate: the Q136H on the NA gene, which might affect its 
susceptibility to antiviral neuraminidase inhibitors (4), and 
mutation E627V and A588V in the PB2 gene, of which the 
influence on its virulence in mammals needs further investiga-
tion (4). Furthermore, we found A588V mutations in 64 of 68 
PB2 genes of H5N6 viruses from the environment.

We determined HI titers in serum of H5 A/chicken/
Guizhou/4/2013 (Re-8)–vaccinated chickens (n = 5) and se-
rum from the H5N6 virus–infected human patient to human 
and environmental H5N6 viral isolates from different time 
points using a standard protocol (14). Serum from chick-
ens vaccinated with H5 A/chicken/Guizhou/4/2013 (Re-8) 
showed high titers (8–10 log2) to the human H5N6 isolates 
from 2014–2017 and lower titers (4–6 log2) to the human 
H5N6 isolate from 2018. We observed a similar trend when 
using environmental isolates for the HI assays. Converse-
ly, serum from the H5N6-infected human in 2018 showed 
higher titers to human H5N6 isolates in 2017 and 2018 (6 
log2) than to those from 2014 and 2015 (4 log2) (Table).

Conclusions
Compulsory vaccination of the combined inactivated in-
fluenza vaccine was implemented in Guangdong Province 
in July 2017. Although the prevalence of H7N9 in LPMs 
decreased abruptly, we revealed uninterrupted circula-
tion of H5N6 viruses in LPMs after implementation of the  

Figure 1. Proportion of H5 (blue bars) and H7 (red bars) subtypes in avian influenza A virus–positive samples (dashed line) from live 
poultry markets, Guangdong Province, China, January 2013–October 2018. Re-8, A/chicken/Guizhou/4/2013 (Re-8); Re-1, H7 A/pigeon/
Shanghai/S1069/2013 (Re-1).
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vaccination strategy. Our study shows that H5N6 viruses in 
Guangdong Province show antigenic drift when compared 
with the A/chicken/Guizhou/4/2013 (Re-8) vaccine strain, 
resulting in lower protection of vaccinated chickens against 
circulating clade 2.3.4.4 H5 viruses. In December 2018, 
the China government approved a new poultry vaccine 
(H5 A/duck/Guizhou/S4184/2017 [Re-11], H5 A/chicken/
Liaoning/SD007/2017 [Re-12] + H7 A/chicken/Guangxi/
SD098/2017 [Re-2]). Moreover, the World Health Orga-
nization proposed a new A/Guangdong/18SF020/2018-like 
H5N6 candidate vaccine virus, which was partly based  
on strain A/Guangdong/18SF020/2018 reported in this 
study (15).

Vaccine escape variants remain a risk for human and 
animal health. Therefore, future policy should focus on 
preventing the spread of avian influenza viruses along the 
market chain by strengthening farm-level surveillance and 
biosecurity, as well as implementing measures to monitor 
and prevent the spread of avian influenza viruses that have 
zoonotic potential in the market chain.
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Table. HI titers of influenza A(H5N6) virus strains collected during 2014–2018 in Guangdong Province, China, compared with vaccine 
strains* 

Virus strain† Sample type Collection date 

HI titers 

Postvaccination chicken serum 
 

H5N6-infected 
human serum 

S1 S2 S3 S4 S5 S6 
39715 Human 2014 Dec 11 512 512 1024 512 256  16 
ZQ874 Human 2015 Dec 31 512 512 512 512 256  16 
HA256  Human 2017 Jun 30‡ 256 256 512 256 256  64 
18SF020-1 Human 2018 Sep 30 32 16 64 32 16  64 
C17280709 Environment 2017 May 2 64 64 128 128 64  16 
C18277136 Environment 2018 Apr 2 64 32 32 64 16  16 
C18285099 Environment 2018 Feb 28 32 32 NT NT 32  8 
PO17284158 Waterfowl 2018 May 10 128 64 NT NT NT  NT 
A§ Chicken 2018 Nov 19¶ 2,048 1,024 4,096 1,024 1,024  NT 
B# Chicken 2018 Sep 20** 32 32 NT NT NT  NT 
*NT, not tested; S, sample no. 
†The name of virus strain is the abbreviation of the original name for each viral isolate. 
‡Date isolate received. 
§Vaccine strain A/chicken/Guizhou/4/2013 (Re-8) + H7 A/pigeon/Shanghai/S1069/2013 (Re-1). 
¶Date vaccine strain tested. 
#Vaccine strain H5 A/duck/Guangdong/S1322/2010 (Re-6). 
**Date vaccine strain received. 
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We report human infection with simian Plasmodium cyno-
molgi in a tourist from Denmark who had visited forested 
areas in peninsular Malaysia and Thailand in August and 
September 2018. Because P. cynomolgi may go unnoticed 
by standard malaria diagnostics, this malaria species may 
be more common in humans than was previously thought.

Despite marked reductions in the global disease burden, 
malaria remains a serious threat to persons living in 

or visiting areas to which it is endemic (1). Traditionally, 
4 species of Plasmodium parasites (P. falciparum, P. vivax, 
P. ovale, and P. malariae) have been considered to cause 
natural human malaria; however, several simian Plasmo-
dium species have also been found to infect humans (2). P. 
knowlesi, a parasite of forest macaques in Southeast Asia, is 
regularly detected in human malaria cases, including cases 
involving tourists (3). Because of morphological similarity, 
P. knowlesi has been widely misdiagnosed as P. malariae 
or P. falciparum by microscopy. In Brazil, P. simium was 
initially identified as P. vivax during outbreaks in 2015 and 
2016 (4), highlighting the need for better methods for ac-
curate identification.

In 2014, another simian Plasmodium species, P. cy-
nomolgi, was reported to have naturally infected an adult 
patient (5). Until then, P. cynomolgi was known as a hu-
man parasite only from experimental studies. In addition 
to fever, clinical symptoms in humans comprise cephalgia, 
anorexia, myalgia, and nausea; the prepatent period is 7–16 
days and the incubation period is ≈15–20 days, with some 
variation between different strains of P. cynomolgi (2,6).

P. cynomolgi is found in long-tailed macaques across 
Southeast Asia, often concomitant with other simian ma-
laria parasites such as P. inui, P. coatneyi, or P. fieldi (7). 

A recent vector survey in Vietnam demonstrated the pres-
ence of P. cynomolgi among other human and nonhuman 
primate Plasmodium spp. parasites in Anopheles dirus, an 
important local malaria vector (8). Asymptomatic carriage 
of P. cynomolgi was recently reported in village residents 
in Cambodia (9). We report a travel-related case of ma-
laria caused by P. cynomolgi in a tourist from Denmark 
who had traveled to forested areas in peninsular Malaysia 
and Thailand.

The Study
A 37-year-old woman from Denmark with no underlying 
conditions and no previous history of malaria traveled with 
her husband and children for 6 weeks in various parts of 
peninsular Malaysia and Thailand in 2018. None of them 
took malaria chemoprophylaxis; however, they used mos-
quito repellents and mosquito nets.

The family traveled by air to Singapore in mid-August 
2018 and traveled by bus to Kuala Lumpur, Malaysia. From 
there, they traveled by air to Kota Bharu on the east coast of 
peninsular Malaysia and sailed to Perhentian Island, staying 
for 4 days in a beach cottage, with day trips into the nearby 
forest. In late August, they returned to Kuala Lumpur and 
traveled by air to Chiang Mai, Thailand, from which they 
visited remote mountain villages, hiked through the forest, 
and stayed overnight in local villages. In early September 
they traveled by air to Bangkok and traveled onward by train 
to Khao Sok National Park, Surat Thani Province, where 
they stayed in treehouses in the jungle for 4 nights. In mid-
September they traveled by car and ferry to the island Koh 
Phangan, where they stayed in beach houses for a week. 
They then sailed to the island Koh Samui for another week 
of beach holiday before returning to Denmark.

The patient noted numerous macaque monkeys dur-
ing the jungle visit in Khao Sok, but not in the other areas. 
She also reported receiving several mosquito bites while in 
Khao Sok, despite the use of preventive measures.

 We referred the patient to a tertiary hospital for 
treatment and follow-up. Repeated LAMP was posi-
tive for Plasmodium DNA, whereas the rapid test was 
again negative. In-house real-time PCRs were posi-
tive for Plasmodium (10) but negative for P. falciparum 
(11), P. vivax (11,12), P. ovale (13), P. malariae (13), 
and P. knowlesi (14). A blood sample was analyzed at 
the National Reference Parasitology Laboratory by PCR  
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using genus-specific primers (Plasmo F 5′-TTGYCTA-
AAATACTTCCATTAATCAAGAACG-3′ and Plasmo 
R 5′-TTTGATTTCTCATAAGGYACTGAAGG-3′) and  
a next-generation sequencing–based (NGS) microbi-
ota assay, described previously (15). Sanger sequenc-
ing of the genus-specific PCR product revealed P. cy-
nomologi. The assay identified 2 stage-specific types 
of nuclear small subunit (SSU) rRNA genes (16), both 
belonging to P. cynomolgi. Clone 1 exhibited 99.51% 
similarity to GenBank accession no. AB287289 (asexual 
[A]–type SSU rDNA), and clone 2 had 100% similar-
ity to GenBank accession no. AB287288 (sporozoite  
[S]–type SSU rDNA), both of which were isolates identi-
fied in a long-tailed macaque in Southeast Asia (Figure 2).

The patient received atovaquone/proguanil (1,000/400 
mg/d for 4 d), followed by primaquine (26.4 mg/d for 14 
d). Symptoms resolved on the second day of treatment, and 
the patient was discharged for outpatient follow-up. Within 
a week, platelet count normalized, and S-ALAT further 
increased to 135 U/L. Results of malaria microscopies  

repeated on days 9 and 37 of treatment were negative. The 
patient fully recovered.

Conclusions
A short-term traveler contracted P. cynomolgi malaria 
during a trip to Southeast Asia. Exactly where the patient 
became infected is not known. The presence of nocturnal 
mosquitoes and macaques makes Khao Sok National Park 
in Thailand a likely site of infection. The time interval of 
17 days between her arrival in Khao Sok and the onset of 
symptoms matches reported incubation periods for human 
P. cynomolgi infections (6).

Surat Thani Province in Thailand is located ≈800 km 
north of Hulu Terengganu in peninsular Malaysia, where a 
natural human P. cynomolgi infection was only recently re-
ported in a local resident (5). Long-tailed macaques are pres-
ent in both of these areas, but not around Chiang Mai (3).

We obtained species identification by DNA sequenc-
ing only after negative species-specific real-time PCR. 
Given the challenge of diagnosing P. cynomolgi and the 

Figure 1. Plasmodium cynomolgi 
parasites (arrows) in Giemsa-
stained thin smears of blood 
from a traveler returning from 
Southeast Asia to Denmark. 
Overall, few parasites were visible 
in the thin film, and no schizonts 
were visible at all. A) Young 
trophozoite. The cytoplasm is 
ring shaped, and the nucleus is 
spherical. The erythrocyte is not 
enlarged, and neither Schüffner’s 
dots nor pigment are visible. B) 
Growing trophozoite. The young 
parasite is ring shaped and takes 
up more than half of the diameter 
of the host erythrocyte. The 
cytoplasm has become slightly 
amoeboid. Schüffner’s dots are 
more prominent than in P. vivax 
at this stage. Pigment is visible 
as small yellowish granules 
in the cytoplasm. Erythrocyte 
enlargement is not evident. 
C) Growing trophozoite. The 
cytoplasm appears amoeboid but 
relatively compact. Schüffner’s 
dots are prominent, but no pigment is seen in the cytoplasm. The erythrocyte is slightly enlarged. D) Growing trophozoite. The cytoplasm 
appears amoeboid, and the nucleus has increased in size. Schüffner’s dots and yellowish pigment are prominent. Enlargement of the 
erythrocyte is evident. E) Growing trophozoite. The host cell is further enlarged. The cytoplasm is amoeboid as in P. vivax at this stage. 
Schüffner’s dots are clearly visible, and yellowish pigment is dispersed within the cytoplasm. F) Growing trophozoite. An infected erythrocyte 
with major alteration in the shape, similar to that sometimes seen in P. vivax–infected erythrocytes. The cytoplasm is amoeboid, with hardly 
any pigment. Schüffner’s dots are prominent, and the host erythrocyte is enlarged. G) Growing trophozoite. The cytoplasm is amoeboid and 
appears relatively compact. Schüffner’s dots are dominant. Pigment is visible in small granules but appears more yellowish-brown and is 
scattered around in the cytoplasm. H) Near-mature trophozoite. The parasite is becoming more compact with an enlarged nucleus. No ring or 
amoeboid form is visible. Schüffner’s dots are very dense, and abundant yellowish-brown pigment is clearly visible in the cytoplasm. I) Mature 
microgametocyte. It is round and resembles that of P. vivax at the same stage. The nucleus is diffuse and takes up most of the parasite. The 
stippling of the host cell is forced toward the periphery, as seen for P. vivax. Microgametocytes stain reddish-purple (pink hue) in contrast to 
macrogametocytes, which stain light blue. The yellowish-brown pigment is scattered around in the parasite. Scale bars indicate 100 µm.
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widespread occurrence of its natural host across South-
east Asia, it is likely that this simian Plasmodium sp. is 
underdiagnosed in both residents and visiting travelers.

Urban development into forested areas leads to closer 
coexistence of human and monkey. The number of cases in 
which malaria is transmitted from monkeys to humans may 
therefore increase. Advanced detection and identification 

techniques may improve knowledge of the epidemiology 
of simian malaria in humans.

About the Author
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Figure 2. Phylogenetic analysis of the 2 consensus sequences (50533972 clone 1 and 50533972 clone 2) generated by the microbiome 
assay of blood from a traveler returning from Southeast Asia to Denmark. We used CD-HIT Suite (http://weizhong-lab.ucsd.edu/
cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est) to cluster sequences reflecting Plasmodium-specific DNA amplified and sequenced by our 
microbiome assay; we generated consensus sequences using an in-house sequence clustering software. We queried the 2 resulting 
consensus sequences in GenBank, then downloaded examples of DNA sequences with varying genetic similarity and included them in a 
multiple sequence alignment with the 2 consensus sequences. Phylogenetic analysis revealed that the microbiome assay had amplified 
asexual stage-specific (A-type) SSU rRNA genes of Plasmodium cynomolgi, with 50533972 clone 1 reflecting them, and sporozoite 
stage-specific (S-type), with 50533972 clone 2 reflecting them. We conducted phylogenetic analysis involving 28 DNA sequences in 
MEGA7 (http:/www.megasoftware.net) and included a total of 464 positions in the final dataset. We inferred evolutionary history using 
the neighbor-joining method. Numbers at the branches show the percentage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (1,000 replicates). The tree is drawn to scale, with branch lengths in the same units as those of the 
evolutionary distances used to infer the phylogenetic tree. We computed evolutionary distances using the Kimura 2-parameter method. 
Scale bar indicates nucleotide substitutions per site.
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In 2018, a veterinarian became sick shortly after swabbing 
sows exhibiting respiratory syndrome on a farm in France. 
Epidemiologic data and genetic analyses revealed con-
secutive human-to-swine and swine-to-human influenza 
A(H1N1)pdm09 virus transmission, which occurred despite 
some biosecurity measures. Providing pig industry workers 
the annual influenza vaccine might reduce transmission risk.

In April 2009, a novel influenza A virus (IAV) emerged 
in humans in North America and spread in the human 

population worldwide, leading to the first pandemic of the 
21st century (1). This virus, influenza A(H1N1)pdm09 
(pH1N1), suspected to have resulted from reassortment 
among IAVs of swine origin, was rapidly transmitted to pig 
populations. This virus became seasonal in humans (2) and 
enzootic in several pig populations, including those in Eu-
rope (3). Moreover, phylogenetic analyses suggest de novo 
human-to-swine pH1N1 transmission occurs during sea-
sonal epidemics (4–6). In this study, we provide evidence 
of bidirectional transmission of pH1N1 between humans 
and pigs in a herd located in France.

The Study
In January of the 2017–18 seasonal influenza epidemic 
in humans, a farmer reported to a veterinarian an acute  

respiratory outbreak in the pregnant sows of his farrow-to-
wean herd. The animals of this herd (≈1,000 sows) were 
not vaccinated against swine IAVs. The sows exhibited an 
influenza-like illness (ILI) of usual intensity (i.e., hyper-
thermia, apathy, dyspnea, sneezing, and coughing that did 
not last for >2–3 days for individual animals). On January 
17, the veterinarian and a technician handled the animals 
and, using nasal swabs (MW950Sent2mL Virocult; Kitvia, 
https://www.kitvia.com), collected samples from 3 sows 
(sample nos. 180028-1, 180028-2, 180028-3), as specified 
by the National Network for Surveillance of Type A Influ-
enza Virus in Swine (7). The veterinarian (72 hours later) 
and technician (48 hours later), both not vaccinated against 
seasonal influenza, had ILI symptoms (i.e., tiredness, runny 
nose, chills). Neither reported close contact with humans 
with ILI before their symptom onset. On days 5 and 6 af-
ter handling the pigs, the veterinarian self-collected nasal 
swab samples (sample nos. 180130-1 and 180130-2).

The veterinarian submitted the nasal swab samples 
from sows to a local veterinary laboratory to determine 
the diagnosis. This laboratory used quantitative reverse 
transcription PCR of the influenza matrix gene for IAV 
detection (8). All 3 samples were positive for IAV and 
were sent to the National Reference Laboratory (Ploufra-
gan, France) for subtyping. Here, we typed the isolates’ 
hemagglutinin (HA) and neuraminidase genes by using 
quantitative reverse transcription PCRs specific to swine 
IAV lineages known to circulate in the pig populations in 
France (8). The HA and neuraminidase genes we identified 
were exclusively those of pH1N1. We propagated sample 
no. 180028-2 through Madin-Darby canine kidney cells (1 
passage) to obtain isolate A/sw/France/53-180028/2018. 
We sequenced the whole genome of this virus using an Ion 
Proton Sequencer (Thermo Fisher Scientific, https://www.
thermofisher.com) at the Next-Generation Sequencing 
Platform of the French Agency for Food, Environmental 
and Occupational Health, and Safety (Ploufragan, France) 
(Appendix, https://wwwnc.cdc.gov/EID/article/25/10/19-
0068-App1.pdf).

In parallel, we amplified the 8 virus genome segments 
from the 2 veterinarian self-collected nasal swabs and the 
3 sow samples using universal primers (9) at the National  
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Reference Center for Respiratory Viruses (Paris, France). 
Then, we sequenced them on a NextSeq 500 System (Il-
lumina Inc., https://www.illumina.com) at the Mutualized 
Platform for Microbiology (Paris, France) (Appendix). After 
cleaning reads, we excluded from analysis data from sample 
no. 180028-1 because of its low number of residual reads.

In all, we obtained 5 sets of 8 genomic segment se-
quences (BioProject no. PRJNA507096): 1 from A/sw/
France/53-180028/2018, 2 from pigs (sample nos. 180028-
2 and 180028-3), and 2 from a human (sample nos. 180130-
1 and 180130-2). We found only 3 nucleotide ambiguities 
supported by >30% of reads: an A-G (45.3%) mixture at 
position 1,667 in the polymerase basic 2 gene of sample 
no. 180028-2 and a T-C (49.3%) mixture at position 862 
and C-A (34.9%) mixture at position 867 in the HA gene of 
sample no. 180130-1 (nucleotide numbering starting from 
first position of coding sequence for all). Excluding these 
ambiguities, the 5 virus genomes were 100% identical, re-
gardless of source or sequencing pipeline. We compared 
these virus sequences with those of other pH1N1 strains 
available in the GISAID database (https://www.gisaid.org) 
using the integrated BLAST program; the highest simi-
larities (up to 99.94% identity) were found with a pH1N1 
isolate identified in a population in France during the 
2017–18 winter influenza season (Table). We performed 
maximum-likelihood phylogenetic analyses that included 
pH1N1 viruses isolated from pigs and humans in France 
during 2009–2018. Whatever the genomic segment used, 
be that encoding HA (Figure) or others (data not shown), 
the isolates from our case study were more closely related 
to seasonal influenza isolates than isolates from the swine-
specific lineage identified in France during 2015–2016 (6), 
confirming our BLAST results.

The timing of events and results of analyses led to 
multiple hypotheses: that de novo human-to-swine pH1N1 
virus transmission would have been responsible for the 
first infection in this herd, that swine-to-swine transmission 
within the herd would have then been responsible for ad-
ditional animal infections, and that subsequent swine-to-
human transmission would have been responsible for the 
infection in the veterinarian and probably also the one in 
the technician. Because gilts (i.e., <1-year-old female pigs) 
were not introduced into the herd during the weeks before 

the acute respiratory outbreak, the virus was most probably 
transmitted to sows by an infected person who entered the 
farm, probably an employee who, according to the farmer, 
displayed an ILI a few days before he spotted the first clini-
cal signs in sows. This employee took a shower before en-
tering the breeding area and put on dedicated clothes but 
did not wear a protective mask or gloves. Likewise, swine-
to-human transmission was probably facilitated by the vet-
erinarian and technician not wearing personal protective 
equipment when handling the sick sows. In either of these 
situations, transmission probably resulted from contact 
with respiratory secretions or inhalation of aerosols gen-
erated by shedding humans or animals or by contact with 
contaminated fomites (10).

Serologic investigations have previously suggested 
that occupational exposure to pigs is a risk factor for human 
infections (11), but events of bidirectional pH1N1 inter-
species transmission have been rarely demonstrated. This 
report confirms pH1N1 virus can easily be transmitted be-
tween pigs and humans. Other swine IAVs were inherited 
completely or partially from human IAVs, but pH1N1 virus 
was suspected to be introduced to swine more frequently 
than other strains, potentially because the virus’s origin was 
probably swine (5). After such reverse zoonotic events, the 
strain might undergo evolutionary adaptation, as revealed 
by the previously identified swine-specific genogroup (6); 
in cases of further antigenic divergence, these strains could 
constitute novel threats for humans lacking cross-immu-
nity. Moreover, because of co-infections with other swine 
IAVs, numerous reassortants bearing >1 pH1N1 genomic 
segment have been described worldwide, and some of these 
strains have become enzootic in pig populations (3,5). Such 
reassortants could also be an increased risk to the public 
health, as illustrated by many swine-to-human transmission 
events of swine IAVs containing the pH1N1 matrix gene 
during exhibition fairs in the United States (12). These 
transmissions have strongly increased the number of zoo-
notic infections reported since the last pandemic; only a 
few cases were reported before 2009 (13,14).

Conclusions
The emergence of novel IAVs that threaten both human and 
swine health can be facilitated by the virus crossing species 

 
Table. Influenza A(H1N1)pdm09 strains closest related to A/sw/France/53-180028/2018 isolated from a sow in France, 2018* 

Influenza A(H1N1)pdm09 strain† 
Collection 

date 

Percentage identity 
Segment no. (gene) Whole 

genome 1 (PB2) 2 (PB1) 3 (PA) 4 (HA) 5 (NP) 6 (NA) 7 (M) 8 (NS) 
A/Haute Normandie/1985/2017 2017 Dec 28 99.96 99.91 100.00 99.88 100.00 99.93 100.00 99.77 99.94 
A/Dijon/181/2018 2017 Dec 31 99.96 99.91 99.95 99.82 100.00 99.86 100.00 99.88 99.94 
A/Alsace/560/2018 2018 Jan 22 99.91 99.96 100.00 99.82 100.00 99.93 100.00 99.77 99.93 
A/Paris/1767/2017 2017 Dec 15 99.96 99.96 99.95 99.76 100.00 100.00 99.90 99.77 99.92 
*HA, hemagglutinin; M, matrix; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural protein; PA, polymerase acidic; PB1, polymerase basic 1; PB2, 
polymerase basic 2. 
†Sequences available in GISAID database (https://www.gisaid.org) and selected using integrated BLAST program. 
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barriers (4,15). The concomitant pH1N1 virus infections we 
report emphasize the importance of implementing ad hoc bi-
osecurity measures in pig farms to prevent interspecies virus 
transmission (10). Our evidence supports the One Health 
perspective of providing pig industry workers the annual 
seasonal influenza vaccination. This practice can minimize 
the risk for workers acquiring pH1N1 virus infections from 
pigs and for workers transmitting human IAVs to pigs.
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Three autochthonous cases of tick-borne encephalitis 
(TBE) acquired in rural areas of France where Lyme bor-
reliosis, but not TBE, is endemic highlight the emergence of 
TBE in new areas. For patients with neurologic involvement 
who have been in regions where Ixodes ticks circulate, clini-
cians should test for TBE virus and other tickborne viruses.

Tick-borne encephalitis (TBE) is a zoonotic disease 
caused by tick-borne encephalitis virus (TBEV), a fla-

vivirus transmitted to humans by the bite of an infected tick 
(1) and usually acquired during outdoor activities in forest 
regions. Among the different TBEV subtypes (2), the Euro-
pean subtype is transmitted by Ixodes ricinus ticks (1). In 
France, TBEV infection is predominant in the northeastern 
part of the country, notably in the Alsace-Lorraine region, 
where the number of reported cases recently increased 
(3–5). We report 3 autochthonous cases of TBE acquired 
during the 2017 and 2018 summer seasons in 2 central 
rural areas of France not previously known to be places 
of TBEV circulation: Loire (2 cases) and Haute Loire (1 
case), located in the Auvergne-Rhône-Alpes region (Tables 
1, 2; Figure). The 3 patients provided informed consent to 
participate in the study.

The Cases
In June 2017, a 76-year-old immunosuppressed man (case-
patient 1) was admitted to the emergency department of a 

local hospital for headache and cervicobrachial neuralgia. 
He reported having been hiking in Haute Loire. After symp-
tom persistence and onset of fever over the next 48 hours, he 
was transferred to the University Hospital of Saint-Etienne 
(Saint-Etienne, France). Because clinical presentation was 
unusual and no etiology was determined, serum and cere-
brospinal fluid (CSF) samples were sent to the National Ref-
erence Centre for Arboviruses (Marseille, France). ELISA 
detected IgM against TBEV in both fluids. During follow-up 
testing, serum TBEV IgM and IgG titers increased. The pa-
tient’s outcome was favorable, without sequelae.

In September 2017, an 8-year-old boy (case-patient 
2) was admitted to the emergency department of the Uni-
versity Hospital of Clamart, near Paris, France, for menin-
geal syndrome. Two weeks earlier, he had stayed for vaca-
tion in the Loire countryside, where he experienced a tick 
bite. Lumbar puncture results revealed meningitis. A CSF 
sample was sent to the Borrelia National Reference Cen-
tre at the University Hospital of Strasbourg (Strasbourg, 
France) to rule out Lyme disease; the CSF sample was then 
transferred to the virology laboratory of the same hospital, 
where it was positive for TBEV IgM and IgG. The patient 
recovered without sequelae.

In July 2018, a 66-year-old female farmer (case-patient 
3) in Loire, who had been bitten by ticks while working, was 
first admitted to the emergency department of a local hos-
pital for meningoencephalitis. She was then transferred to 
the University Hospital of Saint-Etienne. Serologic testing 
for Lyme disease was positive by ELISA and Western blot 
for IgG, with no IgM in serum and CSF specimens; Reiber 
index was <2. Because no alternative etiology was initially 
found, the patient received treatment for neuroborreliosis. 
A second lumbar puncture performed 1 week after admis-
sion revealed elevated leukocytes (29 cells/mm3; 97% lym-
phocytes), elevated erythrocytes (136 cells/mm3), elevated 
protein level (0.72 g/L), and glucose level within reference 
range (3.02 mmol/L). Serum and CSF specimens were posi-
tive for TBEV IgM and IgG, which ruled out neuroborrelio-
sis and led to discontinuation of antimicrobial therapy. Three 
months after the acute episode, the patient still experienced 
dizziness and slight motor deficits in her right arm and leg.

Conclusions
These 3 cases of TBE occurred in 2 close areas of the 
Auvergne-Rhône-Alpes region, France, not previ-
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Table 1. Characteristics of 3 case-patients with tick-borne encephalitis acquired in the Auvergne-Rhône-Alpes region of France,  
2017–2018* 
Characteristic Case-patient 1 Case-patient 2 Case-patient 3 
Medical history Myelofibrosis associated with a 

JAK 2 mutation, treated with 
hydroxicarbamide 

None Zoster Bell palsy in 1990, arterial 
hypertension, obesity (BMI 34 

kg/m2) 
Outdoor activity    
 Date/duration 2017 Jun 2/2 d 2017 Aug 13–19 All year 
 Location Allègre region (43270, Haute 

Loire) 
Montarcher forest 

(42380, Loire) 
Saint-Bonnet-le-Courreau (42940, 

Loire) 
 Type Hiking for 10 km Hiking, camping Farming 
Tick exposure 3 nonidentified insect bites on 

legs and left arm (no eschar, 
slight erythema at localizations 

of bites) while hiking 

1 tick bite; tick removed 
48 h later 

Yes, frequent 

Clinical manifestations    
 Date of symptom onset 2017 Jun 17 2017 Aug 30 2018 Jul 21 
 Main clinical signs Headache, left cervicobrachial 

neuralgia, asthenia, delayed 
persistent fever (>38.5°C) 

Low-grade fever 
(38.5°C), headache, 

cervical pain, nausea, 
vomiting 

Dizziness, headache, fever 
(38.4°C), unable to lift right 

shoulder 

 Physical findings No abnormality Neck stiffness Proximal deficit in right arm; 3 days 
later, light deficit in right leg, 

inability to walk because of motor 
deficit and dizziness 

 Encephalitis No No Yes 
Radiologic findings Unremarkable cerebral CT scan None Unremarkable cerebral CT scan 

and cerebral MRI 
Biological parameters 

   

 CSF analysis 2017 Jun 23 2017 Sep 2 2018 Jul 21 (first one) 
  Leukocytes, cells/mm3 5 62 (50% PMNs) 195 (88% lymphocytes) 
  Erythrocytes, cells/mm3 2 1 51 
  Proteinorachia, g/L 0.67 0.48 0.77 
  Glycorachia/glycemia, mmol/L 2.98/5.8 3.4/5.6 3.18/5.68 
Etiologic investigations Absence of HSV, VZV, or 

enterovirus by PCR or RT-PCR; 
presence of TBEV IgM 

Absence of enterovirus 
by RT-PCR; presence of 

TBEV IgM 

Absence of HSV, VZV, or 
enterovirus by PCR or RT-PCR; 
presence of Borrelia burgdorferi 

IgG in CSF; Reiber index <2; 
presence of TBEV IgM 

Blood analyses Blood serology negative for 
Mycoplasma pneumonia, 

Bartonella henselae, Coxiella 
burnetii, Legionella 

pneumophila, HIV, hepatitis B 
and C viruses, B. burgdorferi 

(both in serum and CSF); 
positive for cytomegalovirus, 

Epstein-Barr virus, Toxoplasma 
gondii, and Chlamydia 

pneumophila, revealed past 
immunization 

None Blood serology for B. burgdorferi 
IgG >0; blood serology negative for 

M. pneumonia, B. henselae, C. 
burnetii, L. pneumophila, HIV, 

hepatitis B and C viruses 

Treatment  2017 Jun 17: paracetamol; 2017 
Jun 19: ceftriaxone 1 g/d + 

levofloxacin 1 g/d; 2017 Jun 23: 
treatment stopped 

2017 Feb 17: ceftriaxone 
100 mg/kg/d; 2017 Sep 
4: ceftriaxone stopped, 
switched to doxycycline 

200 mg/d 

2018 Jul 21: acyclovir 3,000 mg/d 
amoxicillin 12 g/d; 2018 Jul 27: 
acyclovir stopped, amoxicillin 

switched to ceftriaxone 2 g/d for 14 
d 

Outcome Headache and asthenia waned 
progressively, fever 

disappeared; discharged 2017 
Jun 29 

Discharge 2017 Sep 4 Discharged 2018 Aug 17 to 
rehabilitation center because of 
persistent dizziness and motor 

deficit in right arm and leg 
Follow-up Consultation 2017 Jul 27; 

patient felt good, no headache 
or fever 

Consultation 2017 Sep 
18: complete recovery 

Consultation 2018 Sep 19; patient 
able to walk alone but always with 
a slight motor deficit of right arm 

and leg and dizziness 
Sequelae No No Yes 
*Case-patient 1, 76-year-old man; case-patient 2, 8-year-old boy; case-patient 3, 66-year-old woman. No patients had been vaccinated against 
arboviruses. BMI, body mass index; CSF, cerebrospinal fluid; CT, computed tomography; HSV, herpes simplex virus; MRI, magnetic resonance 
imaging; PMN, polymorphonuclear cell; RT-PCR, reverse transcription PCR; TBEV, tick-borne encephalitis virus; VZV, varicella zoster virus. 
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ously identified as places of TBEV circulation. TBEV 
emergence in new regions of Europe has recently been 
described (5–7). In France, in addition to the Alsace- 
Lorraine region (3), sporadic cases were reported in 
other rural and forested regions, such as the Alpine re-
gion (2) (Figure), suggesting that circulation of TBEV in 
France is wider than previously thought. The increasing 
number and geographic extension of cases can be related 
to climate changes, importation of infected ticks by ani-
mal migration/transportation, modification of lifestyle 
with travel and exposure to infected ticks by outdoor 
activities, and more systematic serologic testing for this  
agent (3,6).

Of note, I. ricinus ticks, the vectors of TBEV in west-
ern Europe, are also the vectors of Borrelia burgdorferi. 
Co-circulation of both pathogens could then occur in the 
same area as reported in Alsace, as suggested by the cases 
reported here and elsewhere (8); Haute Loire and Loire are 
places with high incidence of Lyme borreliosis (9). The 
prevalence of TBEV infection in ticks has been reported 
to be low in Europe, notably in France (10,11). Perfor-
mance of diagnostic tools for detecting TBEV infection 
in sentinel animals seems to be better than testing ticks to 
estimate TBEV circulation in regions where I. ricinus ticks 
are present (10).

In Europe, transmission of TBEV occurs mainly from 
spring through early autumn (1,4), as found for the 3 cases 
reported here; this seasonality corresponds to suitable tem-
peratures and humidity required for tick activity (1). The 
viral cycle involves animal reservoirs, mainly rodents and 

deer; humans are incidental hosts. The most common mode 
of TBEV transmission is the bite of an infected tick; how-
ever, transmission by consumption of unpasteurized milk 
from infected mammals (goats, sheep, cows) is also sus-
pected (6,12,13). For case-patient 1, transmission probably 
occurred through a tick bite, even if no tick was seen by the 
patient; the patient denied consumption of at-risk food. For 
case-patient 2, a tick was attached to the patient some days 
before symptom onset. For case-patient 3, transmission by a 
tick bite is also likely because the patient reported having fre-
quently been bitten by ticks during her professional activity.

In TBE-endemic areas of Europe, TBEV infection is 
a public health concern; in several countries, vaccination 
is recommended. Indeed, even if most of the infections 
caused by the TBEV European subtype are clinically inap-
parent or only mildly symptomatic, the mortality rate is es-
timated to be ≈1%, and incomplete recovery with long-term 
neurologic sequelae is reported for 26%– 46% of cases (6). 
Case-patient 1 exhibited atypical and mild symptoms, con-
sisting of headache and fever without neurologic sequelae. 
Case-patient 2 exhibited the classical biphasic form of the 
disease with meningitis that evolved favorably. Case-pa-
tient 3 had more severe meningoencephalitis with sequelae.

For case-patients 1 and 3, the profile of acute infection 
suggested by ELISA was confirmed by plaque-reduction 
neutralization testing (Table 2). This testing could not be 
done for case-patient 2 (the young boy) because of insuf-
ficient CSF volume. For most cases, even if TBEV can be 
detected by culture or reverse transcription PCR of serum 
during early infection when the symptoms are not evocative  
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Table 2. Results of serologic testing for arboviruses and Lyme disease for 3 patients with tick-borne encephalitis, Loire and Haute 
Loire, Auvergne-Rhône-Alpes Region, France, 2017–2018* 

Case no., 
sample 

Days after 
clinical onset 

TBEV 
 

DENV 
 

CHIKV 
 

ZIKV 
 

WNV 
 

TOSV 
 

Borrelia 
burgdorferi 

IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG 
1                      
 CSF 16 4.3 3.22  1 1.12  <1 <1  <1 1  1 1.14  ND ND    
 Serum 19 6.6 2.94  1.16 1.24  <1 1.1  ND ND  <1 1.24  <1 1  Neg Neg 
 Serum 48 7.1 10.6  1.11 1.10  1 1  ND ND  ND ND  ND ND    
2†                      
 CSF 15 53.4 748.62  ND ND  ND ND  ND ND  ND ND  ND ND  Neg Neg 
3                      
 CSF 2 2.84 1.74  1.09 <1  <1 <1  <1 <1  <1 1  ND ND   Pos‡ 
 Serum ND ND ND  ND ND  ND ND  ND ND  ND ND  ND ND  Neg Pos 
 CSF  10 7.26 6.41  1.05 1.41  <1 1.02  <1 <1  <1 1.39  <1 <1   Pos 
 Serum‡ 10 2.34 3.02  <1 <1  <1 <1  <1 <1  <1 <1  <1 <1  Neg Pos 
 Serum 61 4.02 5.19  1.02 2.10  1.02 <1  <1 1  1.06 3.70  ND ND  ND ND 
*For cases 1 and 3, the results of ELISA serologic testing performed at the National Reference Centre for Arboviruses (Marseille, France) are expressed 
as the ratio between the optical density obtained with each viral antigen and the optical density with the control antigen. A ratio of <2.5 is considered a 
negative result; a ratio of 2.5–3.0 is considered an undetermined result; a ratio of >3 is considered a positive result. Lyme borreliosis serology was 
performed with Vidas immunoassays (bioMérieux, https://www.biomerieux.com). Serum specimens reacting for Borrelia burgdorferi IgG were also tested 
with Western blot; reactivity was observed for all cases with the lipoprotein VIse (a variable surface antigen of B. burgdorferi), and 17-, 39-, and 83-KDa 
proteins. Serologic testing for case-patient 2 was performed at the Laboratory of Virology at Strasbourg (Strasbourg, France) by using commercial assays 
(SERION ELISA classic TBE Virus IgG/IgM; https://www.virion-serion.de/en) and were interpreted according to the manufacturer’s instructions; results are 
expressed as U/mL, and positive cutoff values were 15 U/mL for TBEV IgM and 150 U/mL for TBEV IgG. Lyme borreliosis serology was performed with 
Enzygnost immunoassays (Siemens, https://www.siemens-healthineers.com). Boldface indicates positive results. CHIKV, chikungunya virus; CSF, 
cerebrospinal fluid; DENV, dengue virus; ND, not done; TBEV, tick-borne encephalitis virus; TOSV, Toscana virus; WNV, West Nile virus; ZIKV, Zika 
virus.  
†Serologic testing could not be performed on serum sample. 
‡The Reiber index showed a CSF/serum IgG ratio of 1.03 (i.e., an equivocal result of <2). 
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of TBE (6,14), a TBE diagnosis is made by serologic 
testing only. Considering the clinical manifestations, the 
exposure to tick bites, and serologic results according to 
the guidelines of the European Academy of Neurology  
(https://www.ean.org), the 3 cases that we report can be 
classified as confirmed TBEV infection (4).

These cases of TBEV infection highlight the emer-
gence of TBEV in rural and forested areas of France and 
underline that TBEV infection is probably underdiagnosed 
in France. Because TBEV and B. burgdorferi are carried by 
the same vector, clinicians with patients who have been bit-
ten by ticks should consider and investigate infection with 
both pathogens, as well as other tickborne viruses, such as 
Powassan virus in North America (15). To better document 
the circulation of these viruses, epidemiologic studies are 
needed. When diagnosing acute neurologic involvement in 
patients who stayed in regions where Ixodes ticks circu-
late, serologic testing for TBEV and other tickborne virus-
es should be performed, according to geographic regions. 
This testing could improve diagnosis of these infections 
and, according to the evolution of the epidemiology, might 
be used to modify the TBEV vaccination policy in areas 
with high TBE incidence.
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To refine estimates of how many persons in the United 
States are candidates for treatment of latent tuberculosis, 
we removed from analysis persons who self-reported prior 
treatment on the National Health and Nutrition Examination 
Survey 2011–2012. We estimate that 12.6 million persons 
could benefit from treatment to prevent active tuberculosis.

In the United States, although tuberculosis (TB) inci-
dence is at historic lows, the average annual rate of de-

cline has slowed to 2% (1). To achieve TB elimination by 
2100, sustained annual declines of twice that magnitude 
are needed (2). Most new cases of TB in the United States 
result from progression of Mycobacterium tuberculosis 
infections acquired years earlier (3). TB elimination re-
quires scaling up treatment of latent TB infection (LTBI) 
to prevent progression to active TB. The National Health 
and Nutrition Examination Survey (NHANES) 2011–
2012 determined that ≈5% of the US population had LTBI 
on the basis of positivity of a tuberculin skin test (TST) or 
an interferon-γ release assay (IGRA) (4). However, these 
TB test results may remain positive even after a patient 
has received effective treatment for active TB or LTBI. 
Specifically, the TST is widely believed to remain positive 
for life; whether the IGRA blood test remains positive is 
still undetermined (5–7). To better estimate the number of 
persons in the United States who are candidates for LTBI 
treatment (8), we refined the NHANES-based estimate of 
the national LTBI prevalence by excluding from analysis 
persons who reported having received prior treatment for 
active TB or LTBI.

The Study
The only nationally representative survey that reflects 
both TST and IGRA results is the NHANES 2011–2012. 
NHANES cross-sectional surveys are implemented in con-
secutive 2-year cycles and are designed to assess the health 

and nutritional status of the civilian, noninstitutionalized 
US population (9). To obtain this nationally representa-
tive sample, NHANES uses complex, stratified, multistage 
probability cluster sampling (10). The survey consists of 
questionnaires administered in the home, followed by a 
medical examination conducted in a mobile examination 
center. The NHANES 2011–2012 questionnaire included 
questions about participants’ history of TB testing and di-
agnosis and any prior treatment for active TB or LTBI (9). 
The medical examinations included a TST and an IGRA for 
TB infection for participants >6 years of age (4).

We defined a positive test result for TB infection as 
a positive result for an IGRA administered by NHANES 
according to manufacturer’s standards (11) or a TST re-
action of >10 mm. Self-reported prior treatment was de-
fined as a participant’s answer of yes to NHANES ques-
tions about having ever been prescribed medicine for TB 
disease or to keep from getting sick with TB (i.e., LTBI 
treatment). We ascertained prevalence estimates of self-re-
ported prior treatment among persons >6 years of age who 
had a positive result for TB infection for a test conducted 
by NHANES. We assessed treatment history among sub-
groups with IGRA positivity, TST positivity, TST or IGRA 
positivity, or dual TST and IGRA positivity. For compari-
son, we also assessed treatment history among persons with 
dual TST and IGRA negativity. We stratified subgroups 
by birthplace. We calculated population prevalence esti-
mates and corresponding 95% CIs by using SAS software 
(https://www.sas.com), which accounted for the complex 
survey design, the 2-year examination weights, and popu-
lation denominators from the 2011 American Community 
Survey data.

All NHANES participants or their proxies provided 
informed consent, and the Research Ethics Review Board 
of the National Center for Health Statistics reviewed all 
procedures and protocols. All data used for this analysis 
are publicly available (https://www.cdc.gov/nchs/nhanes).

Having already been treated for active TB or for 
LTBI was self-reported by 12.2% (95% CI 8.5%–15.8%) 
participants, or 1.8 (95% CI 1.1–2.3) million of the 14.1 
(95% CI 11.9–16.4) million persons in the civilian, nonin-
stitutionalized US population with a positive IGRA blood 
test result for TB infection. This finding suggests that as 
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of 2011–2012, 12.6 (95% CI 10.5–14.7) million persons 
could still benefit from LTBI treatment after further evalu-
ation (i.e., after obtaining radiologic evidence to help ex-
clude a diagnosis of active TB disease). 

Stratification by birthplace did not reveal substantial 
differences for prevalence of prior treatment for TB disease 
or LTBI; 11.3% (95% CI 5.5%–17.1%) of persons born 
in the 50 US states or the District of Columbia (US-born) 
and 13.0% (95% CI 9.5%–16.5%) of non–US-born per-
sons with a positive IGRA result reported having received 
prior treatment (Figure). Excluding those persons, an esti-
mated 6.5 (95% CI 4.4–8.5) million US-born persons and 
5.5 (95% CI 4.6–6.3) million non–US-born persons with a 
positive IGRA result reported no prior treatment.

When also considering TST results in the definition 
of a positive test result for TB infection, the prevalence of 
self-reported prior TB treatment among persons with TB 
infection ranged from 11.9% to 16.4%, with overlapping 
CIs (Figure). Among subgroups, the prevalence range for 
prior treatment was wider overall among US-born per-
sons (11.3%–22.5%) than among non–US-born persons 
(10.9%–14.1%); the highest rate of self-reported prior TB 
treatment was among US-born persons with dual-posi-
tive results for the TST and the IGRA: 22.5% (95% CI 
10.9%–34.0%).

Among persons with dual-negative results for the TST 
and IGRA, the prevalence of prior TB treatment was 0.6% 
(95% CI 0.3%–0.9%). Prevalence was higher among non–
US-born (2.5% [95% CI 1.2%–3.7%]) than among US-
born (0.3% [95% CI 0.1%–0.6%]) persons.

Conclusions
An estimated 12.6 (95% CI 10.5–14.7) million persons liv-
ing in the United States with evidence of TB infection by 
IGRA result reported no prior TB treatment. This number 
excludes ≈12% of persons in previously reported estimates 
of the number of persons with LTBI in the United States 
(4). In estimating the potential effect of interventions to 
expand screening and treatment for LTBI, our estimate of 
12.6 million untreated TB-infected persons is a more mean-
ingful measure for determining potential individual and so-
cietal benefits of LTBI treatment.

A limitation of this analysis is that previous medica-
tion history was self-reported only. Recall bias might have 
resulted in the misreporting of prior treatment. In addition, 
we cannot assume that all persons who reported prior treat-
ment completed the regimen, although partial treatment of 
TB has been shown to be effective (12). However, because 
the questionnaire was administered several days before the 
medical examination, knowledge of the outcome of the 
NHANES test for M. tuberculosis infection would not have 
influenced this response. A treatment adherence question 
was included in the survey; however, a positive response to 
the question was not used to define prior treatment because 
it pertained only to completing treatment for LTBI, and 
>90% reported treatment completion. In addition, a single 
2-year NHANES cycle is not designed to provide stable 
prevalence estimates for detailed subpopulations (e.g., 
non–US-born persons with a certain test result); consecu-
tive NHANES cycles of at least 4 or 6 years would provide 
more precise estimates (8,9).
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Figure. Estimated prevalence of prior treatment among persons tested for tuberculosis infection, United States, 2011–2012. Boxes 
represent prevalence estimates and corresponding horizontal lines represent 95% CIs. IGRA, interferon-γ release assay; TST, tuberculin 
skin test; +, positive; −, negative.
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The higher prevalence of self-reported prior treatment 
among persons with a positive test result for M. tuberculo-
sis infection helps validate the 2 implicit assumptions that 
anyone who had received prior treatment would have had 
at that time a positive test result (or a diagnosis of active 
TB disease) and that the result would have remained posi-
tive at the time of the NHANES examination. Conversely, 
the <1% prevalence of prior treatment history among those 
with negative TST and IGRA results suggests that some 
test results became negative after treatment or that some 
uninfected participants inaccurately recalled having taken 
medication for active TB disease or LTBI.

Regardless of which diagnostic test for TB infection 
was considered, consistently ≈12% of those with positive re-
sults during the NHANES 2011–2012 self-reported prior TB 
treatment. In conclusion, we estimate that the other 88% (i.e., 
≈6.5 million US-born persons and ≈5.5 million non–US-
born persons living in the United States) could benefit from 
interventions to expand screening and treatment for LTBI.

Acknowledgments
We acknowledge Andrew Hill and Rachel Yelk-Woodruff for 
their contributions to the successful completion of this analysis.

About the Author
Ms. Vonnahme is an epidemiologist with the Division of  
Tuberculosis Elimination, National Center for HIV/AIDS, Viral 
Hepatitis, STD, and TB Prevention, Centers for Disease Control 
and Prevention, Atlanta, GA. Her primary research interests are 
LTBI and health disparities among migrant populations.

References
  1. Centers for Disease Control and Prevention. Reported tuberculosis 

in the United States, 2011 [cited 2019 Jul 29]. https://www.cdc.gov/
mmwr/preview/mmwrhtml/mm6111a2.htm

  2. Hill AN, Becerra JE, Castro KG. Modelling tuberculosis trends in 
the USA. Epidemiol Infect. 2012;140:1862–72. 

  3. Yuen CM, Kammerer JS, Marks K, Navin TR, France AM. Recent 
transmission of tuberculosis—United States, 2011–2014. PLoS 
One. 2016;11:e0153728.

  4. Miramontes R, Hill AN, Yelk Woodruff RS, Lambert LA, Navin R, 
Castro KG, et al. Tuberculosis infection in the United States:  
prevalence estimates from the National Health and Nutrition 
Examination Survey, 2011–2012. PLoS One. 2015;10:e0140881. 
https://doi.org/10.1371/journal.pone.0140881

  5. Menzies D. Interpretation of repeated tuberculin tests: boosting,  
conversion, and reversion. Am J Respir Crit Care Med. 
1999;159:15–21. 

  6. Chee CBE, Khinmar KW, Gan SH, Barkham TM, Koh CK, 
Shen L, et al. Tuberculosis treatment effect on T-cell interferon-γ 
responses to Mycobacterium tuberculosis specific antigens. Eur 
Respir J. 2010;36:355–61. 

  7. Pollock NR, Kashino SS, Napolitano DR, Sloutsky A, Joshi S, 
Guillet J, et al. Evaluation of the effect of treatment of latent 
tuberculosis infection on QuantiFERON-TB gold assay results. 
Infect Control Hosp Epidemiol. 2009;30:392–5. https://doi.org/ 
10.1086/596606

  8. National Tuberculosis Controllers Association; Centers for Disease 
Control and Prevention. Guidelines for the investigation of contacts 
of persons with infectious tuberculosis. MMWR Recomm Rep. 
2005;16:1–47. 

  9. Centers for Disease Control and Prevention (CDC). NHANES 
2011–2012 overview [cited 2019 July 6]. https://wwwn.cdc.gov/
nchs/nhanes/ContinuousNhanes/Overview.aspx?BeginYear=2011 

10. Johnson C, Dohrmann S, Burt V, Mohadjer L. National Health and 
Nutrition Examination Survey: sample design, 2011–2014. Vital 
Health Stat. 2014;162:1–33. 

11. Centers for Disease Control and Prevention. National Health and 
Nutrition Examination Survey (NHANES) Laboratory Procedures 
Manual. Atlanta: The Centers; 2014.

12. Reichler MR, Khan A, Sterling TR, Zhao H, Moran J, Mcauley J,  
et al. Risk and timing of tuberculosis among close contacts of  
persons with infectious tuberculosis. J Infect Dis. 2018;218:1000–
8. https://doi.org/10.1093/infdis/jiy265

Address for correspondence: Laura A. Vonnahme, Centers for Disease 
Control and Prevention, 1600 Clifton Rd NE, Mailstop US12-4, Atlanta, 
GA 30329-4027, USA; email: kdy1@cdc.gov

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1951



Irene Guendel,1 Lisa LaPlace Ekpo,1  
Mary K. Hinkle, Cosme J. Harrison,  

David D. Blaney, Jay E. Gee, Mindy G. Elrod, 
Sandra Boyd, Christopher A. Gulvik, Lindy Liu, 

Alex R. Hoffmaster, Brett R. Ellis,  
Tai Hunte-Ceasar, Esther M. Ellis

We report 2 cases of melioidosis in women with diabetes 
admitted to an emergency department in the US Virgin 
Islands during October 2017. These cases emerged after 
Hurricanes Irma and Maria and did not have a definitively 
identified source. Poor outcomes were observed when sep-
ticemia and pulmonary involvement were present.

Melioidosis is caused by Burkholderia pseudomallei, a 
saprophytic, gram-negative bacillus endemic to tropi-

cal regions worldwide (1). Diagnosis is difficult because of 
wide-ranging clinical manifestations (2), and this bacterium 
is innately resistant to many antimicrobial drugs, making 
treatment options limited, complex, and lengthy (3). Infection 
occurs by percutaneous exposure, inhalation, or ingestion.

Melioidosis is rare in the United States, and cases are 
usually travel related (4,5). However, regional endemicity 
has been documented in Puerto Rico (6), and sporadic human 
cases have been reported in the Caribbean (5,7). In Septem-
ber 2017, the US Virgin Islands were affected by 2 category 
5 hurricanes, Irma and Maria; widespread flooding continued 
for weeks. We describe the clinical manifestations, manage-
ment, and outcome of posthurricane melioidosis cases in 2 
women in St. Thomas and St. John, US Virgin Islands.

The Study
Despite major damage to the 2 hospitals in the territory 
during the 2 hurricanes, the Virgin Islands Department of 
Health (VIDOH) maintained surveillance at both emergency 

departments. Two isolates were recovered from each pa-
tient. Local specimen analysis for organism identification 
was performed by using the MicroScan WalkAway System 
(Siemens Healthcare Diagnostics, https://www.siemens-
healthineers.com). All isolates were confirmed as B. pseu-
domallei at the Centers for Disease Control and Prevention 
(CDC; Atlanta, GA, USA). Whole-genome sequencing and 
single-nucleotide polymorphism analysis were performed 
(National Center for Biotechnology Information, https://
www.ncbi.nlm.nih.gov, Project PRJNA488733). Genomes 
from a given patient were clonal to each other. However, 
representative genomes from both patients had differences 
(>5,600 single-nucleotide polymorphisms), indicating the 
presence of different strains in these infections. Genomic 
comparison with a reference panel indicated that the isolates 
were within the previously described Western Hemisphere 
clade and subclade associated with the Caribbean (8).

Patient 1 was an 80-year-old female resident of St. 
Thomas who had a history of cardiomyopathy and type II 
diabetes mellitus. She came to the emergency department 
(ED) at Schneider Regional Medical Center (St. Thomas, 
US Virgin Islands) because of shortness of breath (symp-
tom onset 28 days after Hurricane Irma and 9 days after 
Hurricane Maria). Her symptoms were worsened orthopnea, 
increased abdominal girth, and edema, consistent with her 
symptoms at previous admissions. The patient was admitted 
for management of acute decompensated heart failure.

The patient had a temperature of 98.5°F; diffuse pul-
monary crackles; jugular venous distension; normal heart 
sounds; and bilateral, lower extremity pitting edema. Exami-
nation showed a focal area on the anterior left thigh that had 
a central, firm, warm, erythematous, tender, subcutaneous 
nodule ≈2 cm in diameter with a central fluctuant area and 
a small pinhole. Incision and drainage was performed, and 
a swab specimen of purulent drainage was sent for culture.

The patient was given intravenous clindamycin (600 
mg every 8 h for 5 d) and was discharged while receiving 
oral clindamycin, but the treatment course was not com-
pleted. Cultured wound showed growth of B. pseudomallei 
at ≈5 days. However, culture growth was not yet positive 
before patient discharge. The isolate was susceptible to tri-
methoprim/sulfamethoxazole (Table 1).

Melioidosis after Hurricanes Irma  
and Maria, St. Thomas/St. John District,  

US Virgin Islands, October 2017
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Patient 1 returned to the ED 2 weeks later because of 
manifestations similar to those at the first visit. She was 
afebrile and admitted for diuresis. The left thigh lesion had 
progressed into a 2-cm, tender, shallow ulcer productive of 
purulent material surrounded by erythema and a focal area 
of induration (Figure). Laboratory data reflected a leuko-
cyte count within reference ranges and mild renal insuf-
ficiency with estimated glomerular filtration rate of 40.47 
mL/min (Table 2).

A second wound culture was collected, and the patient 
was given intravenous meropenem (1 g every 8 h). Culture 
was presumptively positive for B. pseudomallei and Ser-
ratia marcescens after ≈48 hours, confirmed after 8 days. 
Both isolates showed the same resistance pattern and were 
susceptible to meropenem and trimethoprim/sulfamethoxa-
zole: the MIC for meropenem was <1 µg/mL (Table 2). 
Meropenem was continued for 8 days, and ulcer improve-
ment was observed. The patient was discharged while re-
ceiving oral trimethoprim/sulfamethoxazole (800 mg/160 
mg 2×/d) to complete maintenance therapy. The patient 
completed a 3-month course of trimethoprim/sulfamethox-
azole and achieved resolution.

Patient 2 was a 60-year-old female who was a resident 
of St. John who had diabetes. She was referred to the ED 
at Schneider Regional Medical Center by her primary care 
physician because of hyperglycemia, productive cough, 
and malaise for 1 week (symptom onset 46 days after Hur-
ricane Irma and 33 days after Hurricane Maria). The patient 
was admitted to the intensive care unit because of commu-
nity-acquired pneumonia.

The patient was lethargic and had a temperature of 
101°F; heart rate was 99 beats/min, respiratory rate 22 
breaths/min, and blood pressure 142/81 mm Hg. Blood gas 
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Table 1. Culture results and antimicrobial drug susceptibility for Burkholderia pseudomallei isolated from 2 case-patients with 
melioidosis after Hurricanes Irma and Maria, St. Thomas/St. John District, US Virgin Islands, October 2017* 

Patient, culture Drug 
MicroScan Walk Away 
System MIC, µg/mL† Result CDC MIC, µg/mL Result 

1, first wound culture Amoxicillin/clavulanate NT NA 4/2 S 
 Ceftazidime >16 R 4 S 
 Doxycycline NT NA 1 S 
 Imipenem NT NA 0.5 S 
 Tetracycline NT NA 4 S 
 Trimethoprim/sulfamethoxazole <2/38 S <0.5/9.5 S 
 Meropenem NT NA 1 ‡ 
1, second wound culture Amoxicillin/clavulanate NT NA 4/2 S 
 Ceftazidime >16 R 2 S 
 Doxycycline NT NA 1 S 
 Imipenem NT NA 0.5 S 
 Tetracycline NT NA 4 S 
 Trimethoprim/sulfamethoxazole <2/38 S <0.5/9.5 S 
 Meropenem NT NA 1 ‡ 
2, sputum culture Amoxicillin/clavulanate NT NA 4/2 S 
 Ceftazidime 4 S 4 S 
 Doxycycline NT NA 1 S 
 Imipenem NT NA 0.5 S 
 Tetracycline NT NA 4 S 
 Trimethoprim/sulfamethoxazole <2/38 S <0.5/9.5 S 
 Meropenem NT NA 1 ‡ 
*CDC, Centers for Disease Control and Prevention; NA, not applicable; NT, not tested; R, resistant; S, susceptible.  
†Siemens Healthcare Diagnostics, https://www.siemens-healthineers.com. 
‡There are no published breakpoints in the Clinical and Laboratory Standards Institute M45 (9). 

 

Figure. Cutaneous melioidosis lesion in case-patient 1 after 
Hurricanes Irma and Maria, St. Thomas/St. John District, US 
Virgin Islands, October 2017. This lesion was on the left anterior 
thigh and had a diameter of 2 cm. Shown is a tender, shallow, 
ulcer productive of purulent material surrounded by erythema and 
a focal area of induration. Scale bar indicates 1 cm.
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testing showed pO2 of 47.6 mm Hg with an oxygen satura-
tion of 87.2% on 2-liter nasal cannula. A chest radiograph 
showed a left-sided mild infiltrate, and her leukocyte count 
was markedly increased (28.3 × 103 cells/mm3) (Table 2).

The patient was given intravenous ceftriaxone (1 g/d) 
and azithromycin (500 mg/d) after blood and sputum cul-
tures were prepared. She required bilevel positive airway 
pressure but eventually required mechanical ventilation. 
The patient then became hypotensive and required norepi-
nephrine to maintain a main arterial pressure >65 mm Hg. 
Ceftriaxone was discontinued, and she was given intrave-
nous piperacillin/tazobactam (3.375 g every 6 h). Trim-
ethoprim/sulfamethoxazole- and ceftazidime-sensitive B. 
pseudomallei were identified from sputum culture after 72 
hours (Table 1). Methicillin-sensitive Staphylococcus au-
reus and Candida glabrata were also identified. One of 2 
blood cultures was positive for gram-negative rods. Piper-
acillin/tazobactam was discontinued, and the patient was 
given meropenem (1 g every 8 h).

The patient remained critically ill and was transferred 
to a tertiary care hospital in the continental United States. 
She died in a long-term care facility during October 2018 
without showing signs of neurologic improvement.

Isolates from both patients showed susceptibility to 
routinely tested antimicrobial drugs (10,11). Isolates from 
patient 1 showed resistance to ceftazidime during pre-
liminary analysis (Table 1). However, broth microdilution  

confirmatory testing performed at CDC indicated ceftazi-
dime susceptibility, highlighting the need for additional 
antimicrobial resistance confirmation.

Both patients were interviewed to determine travel his-
tory and possible exposure sources. Patient 1 traveled oc-
casionally to the southeastern United States; her last travel 
date was 3 months before her illness. This patient reported 
flooding and water damage to her home from the hurri-
canes, but did not report contact with flood waters. Patient 
2 reported no travel history before the hurricanes.

VIDOH has investigated and confirmed a subsequent 
case-patient with pulmonary melioidosis in St. Thomas during 
December 2018 (I. Guendel et al., unpub. data). This case-pa-
tient reported no recent travel and might have had occupation-
al exposure as a professional gardener. This person had 2 risk 
factors (type II diabetes mellitus and heavy use of alcohol).

Conclusions
Given regional occurrence, detection of melioidosis in the 
US Virgin Islands is not surprising. Furthermore, emer-
gence of melioidosis after extreme weather events has been 
well documented, and cases were likely acquired locally 
from storm-related exposure to flooded soil, surface water 
runoff, or generation of coarse aerosols (12,13). Although 
detection of B. pseudomallei has yet to be confirmed in the 
environment, it might be endemic to the US Virgin Islands, 
as in Puerto Rico.
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Table 2. Laboratory values for 2 case-patients with melioidosis after Hurricanes Irma and Maria, St. Thomas/St. John District, US 
Virgin Islands, October, 2017* 

Parameter 
Patient 1 Patient 2 

Reference range Oct 18 Oct 21 Oct 24 Oct 26 Oct 27 Oct 30 
Leukocytes 4.2 NT 4.1 28.3 18.1 12.6 4.8–10.8 × 103/mm3 
Hemoglobin B 11.9 NT 15.5 11.3 10.4 8.1 12.0–14.0 g/L 
Hematocrit 38.1 NT 48.9 34.6 31.5 24.0 36.0–42.0% 
Platelets 185 NT 174 441 345 201 140–440 × 103/mm3 
Neutrophils 67.0 NT 46.2 92.5 89.5 92.6 40.0%–75.0% 
Lymphocytes 20.8 NT 38.2 1.8 2.4 5.1 15.0%–45.5% 
Monocytes 9.6 NT 10.8 4.9 5.3 2.2 0.0%–10.0% 
Eosinophils 0.6 NT 3.7 0.7 2.7 0.0 0.0%–6.0% 
Basophils 2.0 NT 1.1 0.1 0.1 0.1 0.0%–2.0% 
Sodium 134 127 NT 125 130 137 136–145 mmol/L 
Potassium 4.8 3.6 NT 3.5 2.9 3.2 3.6–5.2 mmol/L 
Chloride 100 91 NT 87 95 104 98–107 mmol/L 
Bicarbonate 28.0 31.3 NT 17.5 21.5 16.5 21–32 mmol/L 
Blood urea nitrogen 23 18 NT 17 17 63 7–18 mg/dL 
Creatinine 1.58 1.26 NT 1.19 1.07 3.92 0.6–1.3 mg/dL 
Glucose 169 213 NT  367 235 404 70–110 mg/dL 
Hemoglobin A1C NT NT NT NT NT 11 4.5%–6.2% 
Calcium 8.2 9.1 NT 10.2 9.0 8.3 8.5–10.5 mg/dL 
Phosphorus NT 3.3 NT NT NT 1.9 2.4–4.9 mg/dL 
Magnesium NT NT NT NT NT 1.9 1.8–2.4 mg/dL 
Total bilirubin 0.6 NT NT 1.5 1.5 2.3 0.0–1.0 mg/dL 
Direct bilirubin NT NT NT NT NT 2.0 0.0–0.3 md/dL 
AST 32 NT NT 34 52 49 15–37 U/L 
ALT 27 NT NT 25 25 34 12–78 U/L 
Alkaline phosphatase 94 NT NT 155 138 142 50–136 U/L 
Total protein 7.2 NT NT 8.0 6.4 5.1 6.4–8.2 g/dL 
Albumin 3.10 2.70 NT 2.10 1.6 0.8 3.4–5.0 g/dL 
*Units for laboratory values are shown in the reference range column. ALT, alanine aminotransferase; AST, aspartate aminotransferase; hemoglobin 
A1C, glycated hemoglobin; NT, not tested. 
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In January 2018, melioidosis was listed as a reportable 
disease in the US Virgin Islands. Future actions include 
disease education efforts for physicians and laboratory staff 
because misdiagnosis is common (14). Awareness cam-
paigns highlighting preventive measures for the public are 
necessary because risk factors are prevalent in the local 
population (e.g., diabetes and other chronic disease) and 
might be exacerbated under disaster settings (e.g., respira-
tory effects and open wounds). VIDOH has implemented 
rapid diagnostic testing by using Active Melioidosis De-
tect (InBios International, https://inbios.com) on suspected 
specimens for prompt on-island case identification while 
routine ED diagnostic cultures are performed (5). All con-
firmatory testing is conducted at CDC.
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Joshua Allgaier, Ryan Quarles, Daniel Skiest

Powassan virus (POWV) encephalitis is a rare tickborne ill-
ness. We describe the clinical course, laboratory findings, 
and imaging for a patient with POWV in Massachusetts, 
USA. Clinical presentation and laboratory findings were 
nonspecific. Improvement on brain magnetic resonance 
imaging after 2 weeks preceded clinical improvement by 
months, suggesting possible prognostic value.

Powassan virus (POWV) is a tickborne virus that can 
cause disease in humans, sometimes in the form of en-

cephalitis. Although rare, encephalitis caused by this virus has 
been increasingly recognized, especially in the New England 
and northern Midwest regions of the United States. Clinical 
course, laboratory findings, and imaging findings are variable, 
with a few commonly seen trends. Antibody testing diagnoses 
POWV, but this test is currently done only by the US Centers 
for Disease Control and Prevention. Treatment options are 
primarily supportive; no prognostic indicators have been de-
scribed. We describe the clinical course of POWV encephalitis 
in a man living in Massachusetts. 

The Case
A 55-year-old male truck driver with no major medical his-
tory developed acute onset of confusion preceded by 2 days 
of nausea, vomiting, and headache in November 2017. He 
was found by his co-workers driving his truck in circles and 
was brought to the hospital by his family, whom he report-
edly did not recognize. The patient denied substance abuse 
or recent travel but was an avid hunter with multiple recent 
tick bites. Initial vital signs were temperature 101.7°F, blood 
pressure 124/73 mm Hg, and heart rate 80 bpm. His neck 
was supple, and he had no rash or focal neurologic deficits.

Hematologic laboratory values were leukocytes 
12.5 × 109 cells/mL (reference range 4–11 × 109 cells/
mL) with 9.1 × 109 cells/mL neutrophils (reference range 
1.3–7.0 × 109 cells/mL); notable metabolic laboratory 
values were blood urea nitrogen 27 mg/dL (reference 
range 6–20 mg/dL) and creatinine 1.3 mg/dL (reference  

range 0.7–1.2 mg/dL). Levels of ammonia, copper, B12, 
and carbon monoxide, as well as liver and thyroid func-
tion, were normal. Serologic results were negative for 
Lyme disease, tularemia, West Nile virus (WNV), HIV, 
and eastern equine encephalitis virus. Serum PCR re-
sults were negative for ehrlichiosis and anaplasmosis. 
Cerebrospinal fluid (CSF) showed elevated protein (64 
mg/dL) and 88 leukocytes/mm3 (4% neutrophils, 84% 
lymphocytes, and 12% monocytes). CSF testing with the 
FilmArray meningitis/encephalitis panel (BioFire Di-
agnostics, https://www.biofiredx.com) was negative for 
DNA of Escherichia coli K1, Haemophilus influenzae, 
Listeria monocytogenes, Neisseria meningitides, Strep-
tococcus agalactiae, Streptococcus pneumoniae, cyto-
megalovirus, enterovirus, herpes simplex virus-1 and 
-2, human herpesvirus-6, human parechovirus, varicella 
zoster virus, and Cryptococcus neoformans/gattii. CSF 
cytology revealed no abnormalities.

After a largely negative workup for the patient’s un-
usual memory deficit, we performed brain magnetic reso-
nance imaging (MRI) with and without contrast; results 
showed symmetric T2 hyperintensities in the bilateral 
caudate, putamen, and hippocampus, nonspecific find-
ings suggestive of inflammatory encephalitis (Figure). 
Diffusion-weighted imaging also showed enhancement 
of the hippocampus (data not shown). These studies were 
completed during the patient’s ongoing memory deficit 
and fever with persistent lack of other neurologic findings 
on examination. A video electroencephalogram identified 
temporal lobe seizures with mild to moderate generalized 
background slowing.

We treated the patient empirically for bacterial men-
ingitis with ceftriaxone (2 g every 12 h) and for tick-
borne illness with doxycycline (100 mg every 12 h). 
When cultures of blood and CSF remained sterile for 48 
hours, we stopped all antimicrobial drugs. Over the next 
2 weeks, the patient’s memory improved, including bet-
ter recognition of staff and family. A repeat MRI showed 
improvement of the previously seen T2 hyperintensities 
(Figure) and resolution of the hippocampal enhance-
ment on diffusion-weighted imaging (data not shown). 
The patient was discharged to home the next week with 
a persistent short-term memory deficit, requiring 24- 
hour supervision.

Possible Prognostic Value of Serial  
Brain Magnetic Resonance Imaging  

for Powassan Virus Encephalitis 
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Serial Brain MRIs in Powassan Virus Encephalitis 

One month after discharge, POWV-specific IgM and 
plaque reduction neutralization tests of the CSF and serum 
(performed at CDC) confirmed infection. Five months after 
initial hospitalization, the patient returned to the neurolo-
gist, who reported that the patient’s mental status had re-
turned to baseline.

Conclusions
Since POWV was isolated in Powassan, Ontario, in 1958, 
just over 100 cases have been described (1–4). POWV is 
a flavivirus with 2 serologically indistinguishable lineag-
es (1,2). Lineage 1 is isolated predominantly from Ixodes 
cookei ticks and lineage 2 (deer tick virus) is isolated pre-
dominantly from I. scapularis ticks (2,5). Rarely, POWV 
has been isolated from other tick species, such as I. marxi, 
I. spinipalpus, and Dermacentor andersoni (3). Other than 
in humans, evidence of infection has been documented in 
woodchucks and 37 other mammal species, including red 
squirrels, chipmunks, and skunks (2,4). The virus has been 
detected from Virginia to Nova Scotia, Canada, and in 
Michigan, Wisconsin, and Minnesota (lineage 1) (2). More 
recently, human cases have been increasingly reported in 
New England (lineage 2) (4).

The clinical course and outcomes of POWV infection 
are variable and nonspecific. After an incubation period 
of 1–5 weeks, the most common clinical manifestation is 
a febrile illness with sore throat, drowsiness, headache, 
and disorientation (2). Other manifestations include rash; 
gastrointestinal symptoms (4); or encephalitis manifest-
ing as vomiting, prolonged fever, respiratory distress, 
discoordination, difficulty speaking, and seizures (2). 
CSF findings are generally nonspecific and often include 
elevated protein and lymphocytic pleocytosis (4). MRI 
findings often show T2/FLAIR abnormalities commonly 

affecting the basal ganglia and thalamus, with noncontig-
uous lesions in the brainstem, cortex, and periventricular 
white matter (2,4). In some cases, brain MRI has been 
normal, whereas others have reported atypical findings 
such as microhemorrhages (4). Initial MRI findings are 
sometimes consistent with eventual clinical outcomes, 
but no definitive correlation has been demonstrated (4). 
Follow-up brain MRI has not been studied previously, 
and no case reports include mention of evolution of le-
sions seen on MRI. 

Detection of virus-specific IgM- and IgG-neutralizing 
antibodies of serum or CSF diagnoses POWV infection 
(6). Viremia usually resolves before encephalitis symp-
toms, possibly implicating the immune response as a likely 
cause of clinical manifestations. Approximately 10%–15% 
of cases with POWV-associated encephalitis are fatal (1). 
Long-term neurologic deficits persist in about half of survi-
vors (4). There are isolated case reports of lower mortality 
with high-dose corticosteroids; however, the number of re-
ported cases is low, and thus no correlation with outcomes 
has been determined (2,4). Similarly, the use of intravenous 
immunoglobulin has been reported, but with minimal ap-
parent impact on outcomes (2,4).

WNV is a better-understood flavivirus that shares 
similarities with POWV. Both can manifest as nonspecific 
encephalitis that can be clinically indistinguishable from 
each other and with nonspecific CSF findings, usually lym-
phocytic pleocytosis (7). Both WNV and POWV patients 
show MRI abnormalities predominantly in the thalamus, 
basal ganglia, and brainstem. Outcomes are similar regard-
ing potential for long-term neurologic deficits and death. 
Among reported WNV patients, <1% develop meningoen-
cephalitis, but 10% of those develop flaccid paralysis, with 
a 10% death rate (7–9). In the few previous case reports of 
WNV meningoencephalitis that report serial brain MRIs, 
persistent MRI abnormalities in the posterior fossa were as-
sociated with poor outcomes; 1 patient with bilateral edema 
and hyperintensity of the basal ganglia and thalamus on ini-
tial MRI later improved both on MRI and clinically (9,10). 
Although a correlation of serial MRI findings with clini-
cal outcomes cannot be concluded from these few previous 
case reports and our report, they suggest the possibility of 
prognostic value of serial MRI.

The case we describe is typical of reported cases of 
POWV encephalitis: nonspecific cognitive impairment, el-
evated CSF protein and lymphocytic pleocytosis, and T2 
hyperintense lesions on brain MRI. The improvement in 
MRI at 2 weeks preceded our patient’s clinical improve-
ment, suggesting that repeat MRI might have prognostic 
value. Clinicians in New England and North Central states 
should consider POWV as a possible etiology in patients 
with encephalitis in late spring through the fall, during sea-
sonal tick activity.
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Figure. Magnetic resonance imaging (MRI) of the brain 
of a patient with encephalitis caused by Powassan virus, 
Massachusetts, USA, 2017. A) Initial brain MRI showing high 
T2 signal abnormality in the bilateral caudate and putamen. B) 
Noticeable improvement on repeat brain MRI 2 weeks later.
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In response to the 2016 Zika outbreak, Aedes aegypti 
mosquitoes from 38 locations across Puerto Rico were 
screened using Centers for Disease Control and Prevention 
bottle bioassays for sensitivity to insecticides used for mos-
quito control. All populations were resistant to pyrethroids. 
Naled, an organophosphate, was the most effective insecti-
cide, killing all mosquitoes tested.

The first case of autochthonous Zika virus infection 
in the Western Hemisphere was reported in Brazil in 

2015, followed by reports from 26 countries and territories 
in the Caribbean and Central and South America (1,2). On 
December 31, 2015, the Puerto Rico Department of Health 
reported the first autochthonous case of Zika virus infec-
tion, and by the end of 2016, ≈35,000 cases had been re-
ported (1,3).

During 1945–1955, as part of a broader campaign 
to eliminate Aedes aegypti mosquitoes from the Western 
Hemisphere, vector-control efforts used DDT to control 
these mosquitoes in Puerto Rico, primarily through residual 
treatments in houses; resistance in Ae. aegypti mosquitoes 
to organochlorine insecticides (DDT and dieldrin) was re-
ported as early as 1961 (4,5). The first reports of resistance to 
organophosphate insecticides were published in the 1970s, 
and by the 1980s, Ae. aegypti mosquitoes in Puerto Rico had 
developed resistance to synthetic pyrethroids (5,6). At the 

time of the Zika virus outbreak, vector-control authorities in 
Puerto Rico used cleanup campaigns, community education, 
and adulticiding with ultralow-volume (ULV) truck-mount-
ed sprayers to control Ae. aegypti mosquitoes. Commercial 
products containing the pyrethroid insecticide permethrin 
were most commonly used in ULV applications, and a few 
municipalities used a formulation that contained a propri-
etary mixture of botanical compounds. The heavy reliance 
on permethrin-based products raised concerns, given recent 
reports that Ae. aegypti populations in 8 municipalities were 
already highly resistant to it (7).

During outbreaks, vector-control strategies must rapid-
ly suppress adult mosquito populations to interrupt disease 
transmission (8,9). In March 2016, in response to the Zika 
virus outbreak, the World Health Organization released 
special guidance on reducing human–vector contact, rec-
ommending the use of targeted residual spraying and ULV 
spraying against adult mosquitoes; larval control, including 
source reduction; and personal protective measures, includ-
ing the use of topical repellents (8,9). To learn which adult 
mosquito-control products would have the greatest likeli-
hood of rapidly suppressing Ae. aegypti mosquito popu-
lations, during early 2016 we conducted an emergency 
islandwide screening in Puerto Rico for susceptibility to 
insecticides in products available for public health use in 
areas of active or at high risk for Zika virus transmission.

The Study
Sampling sites for this investigation comprised municipali-
ties with large urban populations and other potential areas 
at high risk for Zika virus transmission islandwide. We col-
lected Ae. aegypti eggs from 38 neighborhoods (clusters 
of ≈200 houses) within 23 municipalities in Puerto Rico 
(Figure) using standard black ovitraps containing 10% hay 
infusion and seed germination paper as the oviposition sub-
strate (10). We placed 2–4 ovitraps at homes within sam-
pling neighborhoods (120 ovitraps per neighborhood) after 
acquiring verbal consent from the homeowners. Ovitraps 
remained in the field for 4 days, after which they were re-
trieved and the germination papers containing eggs were 
dried until hatching.

We hatched eggs and reared mosquitoes under insec-
tary conditions using standardized protocols (11). When the 

Rapid Screening of Aedes aegypti Mosquitoes 
for Susceptibility to Insecticides as Part  

of Zika Emergency Response, Puerto Rico
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mosquitoes were 2–5 days old, we evaluated non–blood-fed 
females for resistance to insecticides using the standard Cen-
ters for Disease Control and Prevention bottle bioassay pro-
tocol (12). We screened populations for susceptibility to 11 
insecticides and scored mortality at a 30-minute diagnostic 
time for all insecticides (Table, https://wwwnc.cdc.gov/EID/
article/25/10/18-1847-T1.htm). We used the insecticide-
susceptible Rockefeller strain of Ae. aegypti mosquitoes 
as a control. We conducted bioassays during March–June 
2016; partial findings were initially published on the Centers 
for Disease Control and Prevention website in April 2016 
(https://www.cdc.gov/zika/vector/testing-puertorico.html).

The World Health Organization recommends that in-
secticide resistance, partial resistance, and susceptibility 
for mosquito populations are interpreted from bioassay 
data at <90%, 91%–98%, and >98% mortality, respective-
ly. All populations we tested were resistant to permethrin, 
and results of initial testing with phenothrin, etofenprox, 
and tetramethrin suggested that populations were highly 
resistant across the simple pyrethroids (Table). Because 
these preliminary findings suggested that simple pyre-
throids would not be effective against Ae. aegypti mosqui-
toes in Puerto Rico, we did not test all populations against 
this class of insecticide, opting instead to focus on screen-
ing alternatives. Of the 3 cyano-pyrethroids tested, delta-
methrin was effective in more populations; we found fully 
susceptible Ae. aegypti populations in 5 municipalities,  

and results from 4 additional municipalities showed 
partial resistance (Table). Overall, the organophosphate 
naled was the most promising insecticide tested; all Ae. 
aegypti populations showed 100% susceptibility (Table). 
However, efforts to launch a naled-based response to the 
Zika epidemic led to strong public opposition and were 
ultimately canceled. Although currently no product con-
taining bendiocarb is registered for public health use by 
the US Environmental Protection Agency, we screened its 
effectiveness against Ae. aegypti mosquitoes as an alter-
native insecticide in 6 populations, and all were suscep-
tible (Table).

Conclusions
The primary objective of our survey was to rapidly screen 
key Ae. aegypti mosquito populations in Puerto Rico for 
susceptibility to insecticides that could be quickly de-
ployed to address the Zika outbreak. Our results strongly 
suggested that the use of simple pyrethroids should be 
avoided because of widespread insecticide resistance. Re-
sults from the cyano-pyrethroid and malathion assays were 
less straightforward because resistance was geographically 
heterogeneous. This survey did not include mosquito popu-
lations from all municipalities; therefore, the resistance 
profiles of Ae. aegypti mosquitoes from large portions of 
Puerto Rico remain unknown, making islandwide policy 
recommendations difficult. Furthermore, the high degree 
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Figure. Locations of Aedes 
aegypti egg collections 
for insecticide resistance 
testing, Puerto Rico, 2016. 
Municipalities or barrios: 1, 
Caguas, Condado Moderno; 2, 
Caguas, Urb Idamaris Garden; 
3, Caguas, Villa Blanca; 4, 
Caguas, Villa de Castro; 
5, Canóvanas; 6, Fajardo; 
7, Humacao; 8, Juncos; 9, 
Bayamón; 10, Bayamón, 
Irlanda; 11, Bayamón, Pájaros; 
12, Bayamón, Teresita; 13, 
Carolina, El Comandante; 14, 
Carolina, Los Colobos; 15, 
Carolina, Villa Carolina; 16, 
Carolina, Vistamar; 17, Cataño; 
18, Guaynabo, Ponce de León; 
19, Guaynabo, Sabana; 20. 
Guaynabo, Villa Clementina; 
21, San Juan, Caparra Terrace; 
22, San Juan, Israel; 23, San 
Juan, Puerto Nuevo; 24, San 
Juan, Venus Garden; 25, San 
Juan, El Commandante; 26, 
Guayama; 27, Patillas; 28, 
Peñuelas; 29, Ponce; 30, Salinas; 31, Aquadilla; 32, Arecibo; 33, Isabela; 34, Manati; 35, Mayagüez; 36, San German; 37, Vega Alta; 
38, Vega Baja. Inset shows closer view of dark gray shaded area.
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of fine-scale spatial heterogeneity in the resistance profiles 
indicated that a mosaic insecticide treatment strategy that 
applied different products in different locations based on 
their resistance profile would be logistically challenging.

This study illustrates the challenges in translating labo-
ratory findings into actionable vector-control strategies in 
the field, especially during an arbovirus outbreak. We did 
not find, as hoped, 1 insecticide effective at killing Ae. 
aegypti adults islandwide in Puerto Rico and available to 
municipalities for ground-based ULV spraying. The most 
effective insecticide, naled, can be applied only from the air, 
according to its Environmental Protection Agency label. In 
addition to concerns about insecticide efficacy and accept-
ability, products can vary greatly in their cost. For example, 
switching from a permethrin-based product to a deltame-
thrin-based product for use in truck-mounted ULV spray-
ing would substantially increase program costs. The most 
commonly used permethrin product that is commercially 
available in Puerto Rico carries a local cost of $0.55 per 
acre, whereas a commercial product containing deltame-
thrin costs $1.99 per acre to apply, a cost increase of 260%.

Our results provide a rapid snapshot of resistance to 
key insecticides across Puerto Rico during the Zika emer-
gency response. The findings highlight the importance of 
collecting routine data on insecticide resistance to develop 
vector-control strategies based on evidence from long-term 
trends. Routine and systematic surveillance of insecticide 
resistance should be used to guide vector-control policies 
for outbreak response and routine vector control. These re-
sults also underscore the importance of vector-control ap-
proaches that do not rely on insecticides as part of an inte-
grated vector management strategy for Puerto Rico.
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We describe a case of hantavirus pulmonary syndrome in 
a patient exposed to Sin Nombre virus in a coastal county 
in California, USA, that had no previous record of human 
cases. Environmental evaluation coupled with genotypic 
analysis of virus isolates from the case-patient and locally 
trapped rodents identified the likely exposure location.

Hantavirus pulmonary syndrome (HPS), which is 
caused by infection with Sin Nombre virus (SNV), 

was made nationally notifiable in the United States in 1995. 
Since then, 71 cases in California residents have been re-
ported (range 0–8 cases/y) (1). Persons are usually exposed 
to SNV through inhalation of aerosolized excreta (e.g., 
saliva, urine, and feces) from infected rodents, typically 
deer mice (Peromyscus maniculatus) (2), although other 
wild mice, such as the cactus mouse (P. eremicus), have 
been implicated as reservoirs in California (3). SNV has 
been documented in deer mice throughout California (4), 
but exposure for most human cases has been in noncoastal, 
mountainous (>900 m elevation), rural areas of the state. 

Disease onset occurs after a 2–8-week incubation (5); 
onset for 70% of California cases has occurred during May–
September. Laboratory confirmation includes serologic 
testing (e.g., ELISA, IgM, and IgG), reverse transcription 
PCR (RT-PCR) testing of serum or respiratory samples, 
or immunohistochemistry to identify virus antigen in tis-
sue (5). Sequencing of viral RNA (most commonly gly-
coprotein or nucleoprotein open reading frames) is used to 
infer relationships of hantavirus strains from humans and 
rodents (3,6). We report a case of HPS in a patient exposed 
to SNV in a coastal county in California, USA, that had no 
previous record of human cases.

The Study
The adult patient (age 35–40 years) sought care at a lo-
cal urgent-care facility in April 2018 for a 2-day history 
of fever (38.8°C), chills, muscle aches, nausea, dizziness, 
shortness of breath, and cough. Initially diagnosed with a 
viral illness, the patient returned 2 days later with worsen-
ing symptoms, including nuchal rigidity and photophobia. 
The patient was referred to a local emergency department 
because of concerns about meningitis. 

At hospital admission, a computed tomography scan 
of the lungs showed bilateral perihilar air space consolida-
tion, increased lung density (ground glass), and moderate 
bilateral pleural effusion. Clinical laboratory values dem-
onstrated thrombocytopenia (≈46,000 cells/mL [reference 
150,000–400,000 cells/mL]), elevated creatinine (1.5 mg/
dL [reference 0.6–1.3 mg/dL]), elevated leukocytes (12,400 
cells/mL [reference 3,900–11,700 cells/mL]), neutropenia 
(8.9% [reference 45%–70%]), and lymphopenia (17.3% 
[reference 18%–48%]). One day later, the patient was trans-
ferred to a hospital with a higher acute care level, intubated, 
and placed on extracorporeal membrane oxygenation. 

Serum collected 4 days after illness onset tested nega-
tive at the local public health laboratory for influenza A and 
B. At a commercial laboratory, serum test results were urine 
antigen–negative for leptospirosis and legionella, antibody-
negative for coccidioidomycosis, and PCR-negative for 
Yersinia enterocolitica but were IgM- and IgG-positive for 
hantavirus. The California Department of Public Health Viral 
and Rickettsial Disease Laboratory tested an additional se-
rum sample collected 7 days after illness onset, confirmed the 
positive serologic results, and detected SNV RNA by using 
a previously described RT-PCR (7). The patient remained on 
extracorporeal membrane oxygenation for 10 days, was extu-
bated on day 18, and was released 20 days after illness onset.

The case-patient lives and works on a farm at ≈20 m 
elevation in Santa Cruz County, along the north coast of 
California. An interview with the family initially suggested 
a rural work exposure in San Mateo County, north of the 
farm residence, at ≈400 m elevation, where both the case-
patient and a family member worked outdoors in a dusty, 
rodent-infested environment 18 days before illness onset. 
The family did not recall a substantial rodent exposure on 
the farm except for the case-patient cleaning a shed >1 
week before illness onset.

The California Department of Public Health Vector-
Borne Disease Section collaborated with county vector-
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control agencies to evaluate the case-patient’s place of 
residence, farm, and rural workplace for potential expo-
sure to SNV. At the farm, rodent access, feces, and nest-
ing material were present in multiple outbuildings and 
structures in and around the home. Of 105 Sherman traps 
set, 19 rodents were captured (18% trap success) from the 
farm, including 18 deer mice and 1 Western harvest mouse 
(Reithrodontomys megalotis). Rodents were anesthetized, 
bled through a retro-orbital blood collection technique, and 
humanely euthanized. Five (28%) of the deer mice and the 
harvest mouse were serologically positive for SNV, includ-
ing 1 deer mouse from inside the shed that the case-patient 
cleaned and 1 from the basement of the house. Blood from 
4 of the 5 deer mice and the harvest mouse were positive 
for SNV by RT-PCR.

The rural San Mateo County workplace location 
could not be investigated directly; however, trapping and 
habitat evaluation were conducted at public areas near the  

worksite. Rodents captured in 35 of 100 traps (35% trap 
success) included 15 parasitic mice (P. californicus) and 20 
piñon mice (P. truei) but no deer mice. One piñon mouse 
tested serologically positive for SNV, but no viral RNA 
was detected by RT-PCR.

We conducted phylogenetic analysis to compare the 
case-patient’s isolate to other California hantavirus se-
quences, including those from the farm where the case-
patient lived and worked. Because no PCR-positive rodents 
were collected near the rural worksite, archived sequences 
from SNV-positive deer mice collected in previous years 
(2014, 2016, and 2018) from 2 different sites in the same 
county as the rural worksite (San Mateo County) were in-
cluded in our analysis. We found that the SNV glycoprotein 
sequence from the case-patient was genetically related most 
closely to the hantavirus sequences recovered from the 
case-patient’s farm (Figure). The sequences from the 2 sites 
in San Mateo County each form separate monophyletic 
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Figure. Phylogenetic tree of hantavirus Gn glycoprotein sequences from isolates collected in California, USA, and reference sequences. The 
hantavirus sequence from the case-patient described in this study (gray box) is shown in comparison to sequences from the case-patient farm 
in Santa Cruz County and archived samples from neighboring San Mateo County (bold). Dotted lines indicate general geographic origins of 
California sequences. Representative reference sequences of hantaviruses were downloaded from Genbank (accession numbers included in 
taxon labels). H indicates sequences from human cases; all other sequences are from small rodents. The tree was reconstructed by analysis 
of 848 bases of the glycoprotein precursor gene by using the neighbor-joining method and employing the Hasegawa-Kishino-Yano model to 
estimate genetic distances with Geneious 10.0 (https://www.geneious.com). We estimated support for relationships by using a nonparametric 
bootstrap analysis (1,000 replicates). Nodes with bootstrap percentages >50% are indicated. Similar tree topologies were generated from 
maximum-likelihood (RAxML) and Bayesian (Mr. Bayes) phylogenetic analyses (data not shown). Genbank accession numbers: Case H-18-
0783, MK386451; Pm-18-0062, Santa Cruz, MK386452; Pm-18-0064, Santa Cruz, MK386453; Pm-18-0070, Santa Cruz, MK386454; Pm-
18-0072, Santa Cruz, MK386455; Pm-14-0146, San Mateo, MK386456; Pm-14-0147, San Mateo, MK386457; Pm-14-0152, San Mateo, 
MK386458; Pm-14-0155, San Mateo, MK386459; Pm-16-0128, San Mateo, MK386460; Pm-16-0328, San Mateo, MK386461; Pm-18-0080, 
San Mateo, MK386462; and Pm-18-0085, San Mateo, MK386463. Scale bars represent the genetic distance (nucleotide substitutions per site).
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clades that cluster together, despite collections over several 
years, and are distinct from all samples from Santa Cruz 
County. Thus, exposure most likely occurred at the farm 
where the case-patient lived and worked. Although the type 
of exposure of opening poorly ventilated outbuildings and 
performing activities that raise dust is typical for hantavirus 
exposure, the geographic location in this coastal California 
county has not been previously implicated in SNV exposure 
leading to HPS. Follow-up visits by county vectorborne dis-
ease officials provided information to the family on rodent 
exclusion and other prevention measures to reduce the risk 
for subsequent exposure to SNV.

Conclusions
The prevalence of hantavirus in deer mice in the counties 
surrounding Santa Cruz ranged from 0% to 12% during 
1975–2017 (4); however, human HPS cases have not been 
documented previously from this area. Typically, HPS 
cases are associated with higher elevations (8,9). The rural 
workplace was the first focus of this exposure investigation 
because it was at a higher elevation and the initial inter-
view with the family suggested rodent exposure. Ultimate-
ly, however, the environmental investigation identified the 
most likely exposure location was the case-patient’s farm 
in Santa Cruz County. The high abundance of deer mice re-
ported by the family, coupled with the presence of SNV in 
the mice found near the case-patient’s farm, likely contrib-
uted to elevated exposure risk. The environmental investi-
gation of this case highlights the importance of evaluating 
all possible places of exposure to minimize future risk for 
illness and death from HPS. Molecular analysis of case-
patient and rodent sequences was a valuable tool to identify 
the likely exposure locale.

The comprehensive epidemiologic investigation, in-
cluding molecular sequencing, prompted public health 
messaging on hantavirus prevention to the public and 
medical community in a region where a hantavirus case 
had not previously been identified. Evaluation of the case-
patient’s residence provided an opportunity for recom-
mendations to decrease risk for ongoing exposure to the 
case-patient’s family. Findings from this environmental 
investigation might guide future public health interven-
tions in California, including surveillance and public 
health messaging.
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We report 2 human cases of Borrelia miyamotoi disease 
diagnosed in Sweden, including 1 case of meningitis in an 
apparently immunocompetent patient. The diagnoses were 
confirmed by 3 different independent PCR assays and DNA 
sequencing from cerebrospinal fluid, supplemented by se-
rologic analyses.

Borrelia miyamotoi is the cause of an emerging disease 
in the Northern Hemisphere, transmitted by hard (Ixo-

des) ticks. The bacterial species, described in Japan in 1995 
(1), is genetically related to the relapsing fever borreliae 
and may be divided into Siberian, European, and American 
genotypes (2). B. miyamotoi disease (BMD), described in 
case series from Russia (3) and the United States (4,5), is a 
systemic illness causing relapsing fever, headache, myalgia, 
arthralgia, elevated liver enzymes, neutropenia, and throm-
bocytopenia. In addition, 3 cases of meningoencephalitis 
caused by B. miyamotoi have been reported worldwide, 2 
from Europe and 1 from the United States, all in highly 
immunocompromised patients (6–8). We report 2 human 
cases of BMD diagnosed in Sweden, including 1 case of 
meningitis in an apparently immunocompetent patient.

The Patients
On July 29, 2018, a 53-year-old woman (patient A) sought 
care at a hospital for headache, neck stiffness, and high-grade 
fever that had progressively worsened during the preceding 
week (Figure 1, panel A). Her medical history included pre-
vious cholecystectomy and gastric bypass surgery. Her sole 
medication was oxycodone (an opioid drug used to manage 

pain), which she was taking because of a recent elbow frac-
ture. She had not been abroad during the preceding months 
but she had removed an attached tick while staying in Stock-
holm County 6 weeks earlier. No subsequent erythema 
appeared around the bite site. At admission, we found no 
neurologic deficits or signs of impaired consciousness. Cere-
brospinal fluid (CSF) analysis showed total leukocyte count 
321 cells/µL (reference <5 cells/µL), mononuclear cells 276 
cells/µL (reference <5 cells/µL), and albumin 1,270 mg/L 
(reference <420 mg/L). Bacterial culture; anti-Borrelia an-
tibody testing; and PCR for herpes simplex virus, varicella 
zoster virus, and enterovirus were negative in CSF. Serolog-
ic test results for tickborne encephalitis were negative. Viral 
meningitis was suspected. 

The next day, clinical improvement occurred, and the 
patient was discharged. However, the patient’s condition 
then worsened, with more pronounced headache and neck 
pain, and she was readmitted on August 6. Blood cell and 
platelet counts and C-reactive protein levels were normal. 
CSF analysis showed total leukocyte count 517 cells/µL 
(reference <5 cells/µL), mononuclear cells 354 cells/µL 
(reference <5 cells/µL), and CXCL13 327 pg/mL (refer-
ence <190 pg/mL). We initiated intravenous treatment with 
ampicillin to cover Listeria meningitis; the fever resolved 
within 1 day. The CSF Borrelia antibody index came back 
weakly positive for IgM (Table) and, under the diagnosis 
of (atypical) Lyme neuroborreliosis (LNB), oral doxycy-
cline was initiated (200 mg 2×/d for 14 d). Panbacterial 16S 
rRNA gene sequencing (9) of the CSF sample suggested B. 
miyamotoi, a finding that later was confirmed by specific 
PCR, sequencing, and serologic testing (Table).

At follow-up on August 24, the patient showed contin-
ued improvement without any fever relapses. Complemen-
tary tests for immunodeficiency showed normal serum levels 
of immunoglobulins. We analyzed convalescent serum using 
several commercially available tests for laboratory diagnosis 
of Lyme borreliosis (Table); all results were negative.

A 66-year-old woman (patient B) living in Stockholm 
County was referred in August 2018 for 6 weeks of inter-
mittent high-grade fever and 9 months of various other 
symptoms (Figure 1, panel B). She had rheumatoid arthri-
tis, treated with methotrexate together with rituximab twice 
a year since 2011, but had been physically very active. Her 
symptoms began with headache and increasing fatigue in 
November 2017, a few days after returning from a 2-week 
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trip to California and Nevada, USA. She had not noticed 
any tick bites during the trip but had had several tick bites 
in Sweden during the summer of 2017. She subsequently 
started experiencing progressing difficulties with concen-
tration and memory and had relapsing febrile episodes. In 
January 2018, she received diagnoses of uveitis and iritis; 
vitritis of unknown cause was later diagnosed. She also had 
progressive hearing loss, and hearing aids were prescribed. 

In addition, she had loss of appetite and weight (15 kg with-
in 6 months). In May she had a short episode of left-sided 
weakness, and transient ischemic attack was suspected. All 
this resulted in her quitting her work as an accountant and 
hardly being able to leave her house.

Upon referral, we performed a lumbar puncture, which 
showed total CSF leukocytes of 331 cells/µL (reference <5 
cells/µL), 273 cells/µL mononuclear (reference <5 cells/
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Figure 1. Time course of Borrelia miyamotoi meningitis in 2 patients, Sweden, 2018. A) Patient A, a 53-year-old immunocompetent 
woman; B) patient B, a 66-year-old immunocompromised woman. AI, antibody index; CSF, cerebrospinal fluid; MRI, magnetic resonance 
imaging; TIA, transient ischemic attack.

 
Table. Confirmatory analyses performed on cerebrospinal fluid and serum/plasma samples from 2 patients with diagnoses of 
meningitis caused by Borrelia miyamotoi, Sweden, 2018* 

Analysis 
Patient A, dates samples collected 

 
Patient B, dates samples collected 

Jul 30 
 

Aug 6 
 

Aug 24 Aug 9 
 

Oct 31 
Sample Serum CSF Serum CSF Serum  Serum Plasma CSF Serum 
BM-specific PCR – +  + +  NA  NA + +  NA 
BM-specific 
serologic testing 

IgM+ 
(GlpQ, 

Vlp5), IgG– 

NA  IgM+ (GlpQ, 
Vlp5), IgG+ 

(GlpQ) 

NA  IgM+ (GlpQ, 
Vsp1), IgG+ 

(GlpQ, Vlp15/16) 

 IgM+ 
(GlpQ), 
IgG– 

NA NA  IgM+ 
(GlpQ), 
IgG– 

LB serology† – –  – IgM 
AI+ 

 –‡   – NA IgM 
detectable, 

but AI– 

 –‡  

Culture attempts – –  – –  NA  NA – NA  NA 
*Patient A: a 53-year-old immunocompetent woman; patient B: a 66-year-old immunocompromised woman. AI, antibody index; BM, Borrelia miyamotoi; 
CSF, cerebrospinal fluid; GlpQ, glycerophosphodiester-phosphodiesterase; LB, Lyme borreliosis; NA, not analyzed; Vlp, variable large protein; Vsp, 
variable small protein; +, positive; –, negative. 
†LIAISON Borrelia burgdorferi (DiaSorin, https://www.diasorin.com). 
‡In addition to LIAISON, the sample was analyzed by Enzygnost Lyme link VlsE IgG and Enzygnost Borreliosis IgM (DADE Behring, 
https://www.siemens.com), recomBead Borrelia IgM and IgG (Mikrogen GmbH, https://www.mikrogen.de), C6 Lyme ELISA Kit (Immunetics, 
https://immunetics.com), and Anti-Borrelia EUROLINE-RN-AT IgG and IgM (EUROIMMUN, http://www.euroimmun.com). All test results were negative. 
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µL), albumin 1,550 mg/L (reference <420 mg/L), lactate 4.2 
mmol/L (reference 1.2–2.1 mmol/L), and CXCL13 >500 pg/
mL (reference <250 pg/mL). Magnetic resonance imaging 
showed contrast enhancement in both oculomotor nerves 
and the left trigeminal nerve, as well as thickening of the 
pituitary stalk. CSF was PCR negative for herpes simplex 
virus, varicella zoster virus, enterovirus, Mycoplasma, and 
Toxoplasma. Bacterial, mycobacterial, and fungal CSF cul-
tures were negative. Serologic results for tickborne encepha-
litis and Lyme borreliosis were negative, with the exception 
of detectable B. burgdorferi IgM in CSF (Table). The 16S 
rRNA gene sequencing (9) was positive for B. miyamotoi.

We treated the patient with doxycycline (200 mg 2×/d  
for 14 d); within 5 days, the patient regained her hearing, 
and the fever and headache disappeared. MRI 1 month later 
showed an almost complete regression of the contrast en-
hancement of the cranial nerves. By follow-up 2 months 
after finishing the treatment, the patient had resumed em-
ployment and felt almost completely recovered.

We performed B. miyamotoi quantitative PCR (qPCR) 
targeting the flagellin gene, slightly modified from Hovius et al. 
(6) (Appendix, http://wwwnc.cdc.gov/EID/article/25/10/19-
0416-App1.pdf). The 2 successive CSF samples and 1 serum 

sample from patient A were positive by qPCR, as were the 
CSF and plasma samples from patient B (Table).

From 1 of the CSF samples from patient A and the 
CSF sample from patient B, we confirmed the presence of 
B. miyamotoi by nested PCR amplification and sequenc-
ing of the glycerophosphodiester-phosphodiesterase (glpQ) 
and p66 genes (6), as well as a fragment of the intergenic 
spacer (IGS) between the 16S rRNA and 23S rRNA genes 
(10) (Appendix). The DNA sequences of the 16S-23S IGS 
(Figure 2), glpQ, and p66 from patients A and B were 
identical to B. miyamotoi sequences derived from Europe 
but different from sequences derived from Asia and North 
America, indicating BMD contracted in Europe.

We tested for GlpQ and variable major proteins 
(Vmps) IgM and IgG by ELISA, as described previously 
(11,12) (Table). A clear seroconversion from IgM to IgG 
against GlpQ was demonstrated in patient A, whereas pa-
tient B merely demonstrated IgM reactivity against GlpQ. 
However, in patient A, but not in patient B (the immuno-
suppressed patient), we could demonstrate IgM and IgG 
against different Vmps over time. 

Finally, we pursued culture attempts in MKP-F me-
dia on CSF and serum samples drawn before initiation of  
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Figure 2. Phylogenetic tree based 
on 16S-23S intergenic spacer 
region sequences of Borrelia 
miyamotoi from 2 patients in 
Sweden, 2018 (patients A and 
B, black squares), and reference 
sequences. Tree constructed 
using the maximum-likelihood 
method based on the Tamura-Nei 
model and complete deletion. 
Sequences detected from patients 
in this study were deposited 
into GenBank under accession 
nos. MK458687 (patient A) and 
MK458688 (patient B). The source 
of each reference sequence is 
indicated by an accession number 
preceded by a state or country 
code: AT, Austria; CA, California; 
CT, Connecticut; JP, Japan; NO, 
Norway; NY, New York; RU, 
Russian Federation; SE, Sweden; 
TR, Turkey; WI, Wisconsin. The 
accession number is followed by 
the isolate name in brackets. The 
reliability of the tree was tested by 
500 bootstrap replicate analyses; 
only values >50% are shown. The 
phylogenetic relationship between 
the B. miyamotoi strains detected 
in our patients was corroborated 
by the DNA sequences obtained 
from the glpQ and p66 genes (data 
not shown). Scale bar indicates 
nucleotide substitutions per site.
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antimicrobial drug treatment, retrieved from −80°C (Ta-
ble), as described by Koetsveld et al. (13). After 2 months 
of culture, all samples remained negative.

Conclusions
Epidemiologic surveillance of emerging tickborne patho-
gens is crucial to increase awareness of the diseases that 
can be contracted after tick bites. Previous studies have 
shown that B. miyamotoi is present in Ixodes ricinus ticks 
in Scandinavia (14,15), but no human cases of BMD have 
been reported, and public health importance has been un-
certain. Until now, severe disease, including slowly pro-
gressive CNS symptoms (6,7), has been reported in immu-
nocompromised patients, but our findings indicate that B. 
miyamotoi may also cause CNS infection in immunocom-
petent persons (patient A). The clinical presentation differs 
from that of LNB, and results of serologic tests that are 
routinely used for LNB diagnosis can be negative. There-
fore, we need to raise awareness of BMD among healthcare 
providers and ensure that adequate diagnostic methods are 
available. BMD should be a differential diagnosis in cases 
of fever and CNS symptoms after a tick bite in both immu-
nosuppressed and immunocompetent persons.
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Baloxavir showed broad-spectrum in vitro replication inhibi-
tion of 4 types of influenza viruses (90% effective concen-
tration range 1.2–98.3 nmol/L); susceptibility pattern was 
influenza A ˃ B ˃ C ˃ D. This drug also inhibited influenza 
A viruses of avian and swine origin, including viruses that 
have pandemic potential and those resistant to neuramini-
dase inhibitors.

Influenza viruses are classified into 4 types: A, B, C, and 
D (1). Influenza A viruses infect a wide range of species 

and pose threats to human and animal health. Influenza A 
viruses belonging to 16 hemagglutinin and 9 neuramini-
dase subtypes have been identified in the natural reser-
voir (wild birds). Zoonotic infections with avian H5N1, 
H5N6, and H7N9 viruses are concerning because of their  
high fatality rates in humans and pandemic risk (2).

Swine are recognized as mixing vessels because in-
fluenza A viruses from multiple hosts can infect pigs and 
produce novel reassortants. Numerous subtypes of reas-
sortant swine influenza A viruses are enzootic throughout 
North America and pose a threat to human health. For 
instance, H3N2 triple reassortant viruses caused a multi-
state outbreak affecting hundreds of persons in the United 
States during 2012, and a quadruple reassortant H1N1 vi-
rus caused the 2009 pandemic and now circulates as a sea-
sonal virus (2,3).

Influenza B viruses are considered strictly human 
pathogens, although occasional outbreaks in aquatic mam-
mals have been reported (1). Influenza C viruses are known 
to infect humans, pigs, camels, and dogs (1). Unlike influ-
enza A and B viruses, influenza C viruses typically cause 

mild illness. However, in recent years, severe illness in 
children infected by influenza C virus has raised concerns 
over the lack of virus-specific therapeutics and vaccines 
(4). Recently discovered influenza D viruses were isolated 
from swine and bovines. No virologically confirmed hu-
man infections have been reported, but influenza D virus 
antibodies have been found in persons exposed to cattle (1). 
Evolutionarily, influenza C and D viruses are more closely 
related to each other than to influenza A or B viruses (1).

Antiviral drugs have been used to mitigate zoonotic 
virus outbreaks and are central to pandemic preparedness. 
However, therapeutic options remain limited and drug-
resistant viruses can emerge after treatment, spontaneous 
mutation, or reassortment. Until recently, only matrix (M) 
2 blockers and neuraminidase inhibitors (NAIs) were ap-
proved to control influenza. M2 blockers are effective only 
against influenza A viruses and are not recommended be-
cause of widespread resistance. NAIs are used for treat-
ment of influenza A and B virus infections, but NAI-re-
sistant viruses have emerged (5). NAI-resistant seasonal 
influenza H1N1 viruses circulated worldwide during late 
2007 through early 2009 (6) and raised concerns over lim-
ited therapeutic options.

In 2014, favipiravir was licensed in Japan for re-
stricted use in the event of a drug-resistant influenza pan-
demic (7). Favipiravir is a broad-spectrum antiviral drug 
that inhibits viral RNA polymerase, an enzyme recognized 
as an attractive target because of its critical role in virus 
replication and high degree of conservation (8). In 2018, 
another inhibitor of the viral RNA polymerase, baloxavir 
marboxil, was approved in Japan and the United States 
for treatment of influenza A and B virus infections (9). Its 
active metabolite, baloxavir acid, inhibits cap-dependent 
endonuclease activity of polymerase acidic (PA) protein 
(10). Amino acid substitutions at position 38 in the PA ac-
tive site were recognized as the primary pathway to bal-
oxavir resistance (11). PA substitutions at this and other 
positions have variable impact on resistance and are rarely 
found in nature (11,12). The purpose of this study was to 
determine the effectiveness of baloxavir against the 4 types 
of influenza viruses.

Susceptibility of Influenza A, B, C,  
and D Viruses to Baloxavir1
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The Study
The active site of the PA protein (P3 in C and D viruses) is 
nearly identical in all 4 influenza virus types (1,8). There-
fore, we hypothesized that baloxavir would inhibit replica-
tion of not only influenza A and B viruses but also influ-
enza C and D viruses. First, we tested 2 viruses of each type 
by using a virus yield reduction assay. We used baloxavir 
acid (baloxavir) in experiments and included favipiravir as 
a control.

Baloxavir broadly inhibited virus replication of all 4 
types (Table 1). On the basis of 90% effective concentra-
tion values determined at 48 hours postinfection, influenza 
A viruses were most susceptible to baloxavir and influenza 
D viruses least susceptible. Baloxavir susceptibility for 
influenza B viruses was ≈3-fold lower and that for influ-
enza C viruses was ≈6-fold lower than that for influenza 
A viruses. Analysis of 34 P3 sequences of influenza D vi-
rus and 221 of influenza C virus (retrieved from GISAID, 
https://www.gisaid.org, and GenBank) showed that all in-
fluenza D viruses have valine at position 38, whereas influ-
enza C viruses have isoleucine, similar to most influenza 
A and B viruses. Nevertheless, valine at 38 in influenza A 
and B viruses had little or no effect (<3-fold) on baloxa-
vir susceptibility (10–12). Favipiravir also showed inhibi-
tory effects against all virus types, although much higher 
concentrations were required to achieve similar levels of 
reduction (Table 1).

Although the virus yield reduction assay has been used 
to assess baloxavir susceptibility of seasonal and avian 
viruses (10,13), other phenotypic assays, such as the fo-
cus-reduction assay (FRA) and the high-content imaging 
neutralization test (HINT), offer an improved throughput 
(12,14,15). Regardless of the assay used, baloxavir ef-
fective concentrations for influenza A viruses were simi-
lar (≈0.1–3 nmol/L) (10,12–15). Unlike the FRA, HINT  

relies on single-cycle virus replication, which is achieved 
by withdrawing trypsin needed to activate infectivity of 
progeny virus. HINT eliminates variance caused by differ-
ent replication kinetics. However, the FRA is optimal for 
testing highly pathogenic avian viruses because multicycle 
replication of these viruses is trypsin independent. We used 
2 seasonal A(H1N1)pdm09 viruses, one of which contains 
the naturally occurring substitution PA-I38L, for reference 
purposes (12) (Table 2).

First, we tested 25 influenza viruses of avian origin, 
representing H5, H6, H7, H9, and H10 subtypes, by us-
ing FRA or HINT as described (12) (Table 2; Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/25/10/19-
0607-App1.pdf). Most viruses were isolated from infected 
humans. Most viruses had markers of M2 resistance and 
some had NAI-resistance markers. Data showed that these 
diverse viruses were susceptible to baloxavir and had 50% 
effective concentration (EC50) values in a low nanomolar 
range (Table 2; Appendix Table 1). In the FRA, favipira-
vir EC50 values were much higher than those for baloxavir 
(Appendix Table 1). However, favipiravir did not produce 
a measurable antiviral effect by HINT because this drug 
requires several hours for activation in cells. Baloxavir 
susceptibility of 30 swine-origin viruses, representing 
different lineages and subtypes and collected over many 
years, demonstrated HINT EC50 values comparable to avi-
an and seasonal influenza A viruses (Table 2; Appendix 
Table 2) (10,12,13).

It is prudent to analyze PA sequences of emerging in-
fluenza A viruses for markers previously associated with 
reduced baloxavir susceptibility (11,12). Among swine-
origin viruses available for testing in this study, polymor-
phism PA-38I/M was detected in A/Iowa/33/2017 (H1N1)
v. Virus populations with either PA-I38 or PA-I38M were 
recovered by biologic cloning and tested by using HINT. 
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Table 1. Drug susceptibility of influenza A, B, C, and D viruses by viral yield reduction assay in MDCK cells* 

Type Virus 
Virus titer, log10 TCID50/mL† 

 

EC90, nmol/L 
Baloxavir, mean ± SD 

 
Favipiravir  

24 hpi 48 hpi 24 hpi 48 hpi 48 hpi 
A A/Texas/138/2018 (H1N1)pdm09 6.4 ± 0.5 9.1 ± 0.1  0.8 ± 0.2 1.2 ± 0.1  NT 

A/Illinois/08/2018 (H1N1)pdm09 5.8 ± 0.5 8.9 ± 0.3  2.7 ± 0.5 3.3 ± 0.2  3,005 
B B/Maryland/29/2018 3.5 ± 0.5 7.1 ± 0.6  8.9 ± 1.6 5.8 ± 1.1  1,789 

B/Iowa/18/2018 3.5 ± 0.5 7.6 ± 0.4  13.8 ± 2.0 7.8 ± 1.7  1,635 
C C/Taylor/1233/47 <1.5 5.9 ± 0.5  NA 13.0 ± 3.3  27,476 

C/Aomori/74 <1.5 4.9 ± 0.4  NA 18.4 ± 6.5  31,603 
D D/swine/Oklahoma/13334/2011 4.4 ± 0.3 7.7 ± 0.1  110.2 ± 27.6 98.3 ± 23.9  2,764 

D/bovine/Oklahoma/660/2013 4.8 ± 0.0 8.0 ± 0.5  105.6 ± 37.0 64.3 ± 16.2  3,106 
*Cell monolayers were inoculated at a multiplicity of infection of 0.0005 and virus was allowed to adsorb for 1 h. Virus inoculum was removed, serially 
diluted drug (baloxavir: 0.5–500 nmol/L; favipiravir: 310–318,000 nmol/L) was added, and cells were incubated at 33°C in a 5% CO2 incubator. At 24 and 
48 hpi, cell culture supernatants were harvested to determine infectious virus titers. Replication of influenza A and B viruses was detected by 
neuraminidase activity (Fluor-NA Kit; Applied Biosystems, https://www.thermofisher.com), and replication of influenza C and D viruses by esterase activity 
(3-acetyl-umbelliferone in 20 mmol/L Tris-HCl, pH 8.0, reaction buffer (Sigma-Aldrich, https://www.sigmaaldrich.com). The EC90 corresponds to a drug 
concentration causing a 90% reduction in virus titer compared with control wells without drug. The EC90 for each virus and drug were determined by using 
nonlinear regression analysis (GraphPad, https://www.graphpad.com). For baloxavir, results are shown as mean ± SD of 3 independent experiments; 
favipiravir results are shown as single or average of 2 independent experiments. EC90, 90% effective concentration; hpi, hours postinfection; NA, not 
applicable; NT, not tested; TCID50, 50% tissue culture infectious dose. 
†Virus titers were determined in control wells without drug. 

 



Susceptibility of Influenza Viruses to Baloxavir

Substitution PA-I38M conferred 12-fold reduced bal-
oxavir susceptibility, consistent with previous reports for 
PA-I38M–containing H3N2 viruses (11,12). Analysis of 
PA sequences from 2,485 H7N9 viruses (from GISAID 
and GenBank) showed 1 virus with PA-I38M, 2 with PA-
E199G, and 1 with PA-A36V (11,12). The effect of these 
substitutions on baloxavir susceptibility for H7N9 viruses 
is currently unknown. Moreover, PA sequence of 1 swine 
influenza A virus showed PA-I38T, a marker associated 
with clinically relevant baloxavir resistance (11). None of 
these viruses were available for phenotypic testing.

Conclusions
Baloxavir displayed broad antiviral activity against diverse 
influenza viruses, including all 4 types and animal-origin 
influenza A viruses with pandemic potential. Our findings 
suggest that baloxavir might offer the first therapeutic op-
tion against influenza C virus infections. Further studies are 
needed to provide comprehensive assessment of baloxavir 
susceptibility by using a large panel of representative influ-
enza C viruses. Ongoing monitoring of baloxavir suscepti-
bility of emerging avian and swine influenza A viruses with 
pandemic potential is needed to inform clinical manage-
ment and public health preparedness efforts.
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We genetically characterized highly pathogenic avian influ-
enza virus A(H5N6) clade 2.3.4.4b isolates found in Ger-
many in 2017–2018 and assessed pathogenicity of repre-
sentative H5N5 and H5N6 viruses in ferrets. These viruses 
had low pathogenicity; however, continued characterization 
of related isolates is warranted because of their high poten-
tial for reassortment.

During winter 2016–17, outbreaks of highly patho-
genic avian influenza (HPAI) virus A(H5N8) clade 

2.3.4.4b caused substantial losses in wild water birds 
and domestic poultry across Europe (1–4). This virus is 
related to strains from China and Mongolia and has a 
high potential for reassortment (4–6). Genetic and tem-
poral analysis of these isolates revealed multiple reas-
sortant events, indicating multiple independent entries 
into Europe; the outbreaks in Germany were dominated 
by 5 independent reassortant groups of HPAI virus H5N8 
(5). Several outbreaks of HPAI virus H5Nx strains in 
wild birds confirmed the continued presence of H5 clade 
2.3.4.4b in Europe well into the summer of 2017. This 
virus’s high tendency to reassort raised concerns that fur-
ther reassorted strains could dominate in HPAI outbreaks 
in Europe or become enzootic in wild bird populations in 
the future. In this study, we set out to characterize related 
reassortant viruses of subtype H5N6 or H5N5 isolated in 
Germany during 2017–2018 and delineate their zoonotic 
potential in ferrets.

The Study
Starting in November 2017, H5 HPAI viruses, classified 
as clade 2.3.4.4b according to their hemagglutinin (HA) 
segments, carrying N6 segments were detected in the 
Netherlands (7), United Kingdom, Switzerland, and Ger-
many (8). We used samples mostly from the outbreaks 
in Germany collected during December 2017–August 
2018 (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/25/10/18-1931-App1.pdf). We sequenced (Ap-
pendix) and analyzed these viruses and found they 
carried a neuraminidase (NA) segment of subtype N6 
with a high similarity to low pathogenicity avian influ-
enza (LPAI) viruses identified in Asia during 2015–2017 
(Appendix Table 2).

According to a full-genome analysis, these H5N6 
viruses represent 2 mosaic reassortants of HPAI virus 
H5N8 found in Europe during the epizootic of 2016–17 
(Figure, panel A). Reassortant group I shares all but the 
NA segment with viruses from the epizootic of 2016–17 
(Appendix Figure 1), and because of distinct homologies 
in the HA, matrix, and nonstructural protein gene seg-
ments (Appendix Figure 1), these viruses were further 
divisible into 3 subgroups, which we designated Gre-02-
17-N6, Tai-12-17-N6, and Kor-12-17-N6 (Figure, panel 
A). The divergence within this reassortant group might 
have been caused by genetic drift and would be in line 
with their temporal and geographic patterns of occur-
rence (Figure, panel B). In contrast, reassortant group 
II (designated Ger-12-17-N6; Figure) comprises a more 
homogeneous group of H5N6 viruses from Western and 
Central Europe. Reassortant group II is genetically dis-
tinguishable from reassortant group I by separate clus-
tering of the polymerase acidic (PA) and polymerase ba-
sic 2 (PB2) genes (Appendix Figure 1). Group II viruses 
were detected in Germany during December 2017–Au-
gust 2018. Their PA segment is similar to that of the 
HPAI virus A(H5N8) found in the Netherlands in No-
vember and December 2016, and their PB2 segment is 
similar to that of LPAI viruses in Europe and, to a lesser 
extent, HPAI H5N5 and H5N8 2.3.4.4b isolates from the 
epizootic of 2016–17 (Appendix Figure 1). This find-
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DISPATCHES

ing underscores the ability of HPAI virus clade 2.3.4.4b 
from the epizootic of 2016–17 to frequently reassort, 
probably empowered by its genome constellation, espe-
cially its HA segment.

H5N6 viruses of clades 2.3.4.4c and 2.3.4.4d and an 
H5 virus of clade 2.3.4.4b (A/Fujian-Sanyuan/21099/2017) 
have been reported in cases of human influenza; thus, con-
cerns have been raised about these viruses’ zoonotic poten-
tial (9). Several clade 2.3.4.4b H5 HPAI viruses isolated in 
South Korea (Appendix Table 3) have already been evalu-
ated in multiple animal models and showed no zoonotic 
propensity in ferrets (10,11). These results concur with 

our previous analysis of cluster 2.3.4.4b HPAI virus H5N8 
from Germany (A/tufted_duck_Germany/AR8444/2016) 
in human lung explants and in ferrets (12).

We extended the zoonotic risk assessment of these 
viruses by using a reassortant group II HPAI H5N6 vi-
rus (AR09/18, A/common_pochard/Germany-BY/AR09-
18-L02421/2017). For comparison, we included a related 
reassortant HPAI H5N5 clade 2.3.4.4b virus (AR425/17, 
A/turkey/Germany-SH/R425/2017) with 3 genes, NA 
(Appendix Table 2), polymerase basic 1, and nucleo-
protein, related to LPAI viruses from different countries 
and 4 genes, PB2, PA, matrix, and nonstructural protein, 
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Figure. Phylogenetic clustering and geographic distribution of highly pathogenic avian influenza A(H5N6) viruses, Europe, 2017–2018. 
A) Supernetwork generated by using maximum-likelihood trees of influenza virus full genomes with RAxML (https://cme.h-its.org/
exelixis/web/software/raxml/index.html) and 1,000 bootstrap iterations followed by network analysis with SplitsTree4 (http://ab.inf.
uni-tuebingen.de/software/splitstree4). Reassortant viruses are grouped according to their phylogenetic results. Scale bar indicates 
nucleotide substitutions per site. The mosaic genome structure of reassortant groups I and II is also provided. Gene segment 
descriptions are given in Appendix Figure 1 (https://wwwnc.cdc.gov/EID/article/25/10/18-1931-App1.pdf). B) Geographic locations of 
cluster isolates. Inset of cluster in the Netherlands is provided for easier visualization. 
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related to HPAI viruses isolated during the epizootic of 
2016–17 (5).

We inoculated 10 ferrets intranasally with either the 
H5N6 or H5N5 virus (Appendix). None of the animals 
displayed any respiratory signs; the only change observed 
was a minor, short-lived increase in body temperature. 
Only 1 of the 5 ferrets inoculated with H5N5 exhibited 
body temperatures >40°C for 3 consecutive days (5–7 
days postinfection [dpi]). This particular animal also ex-
hibited a mild gait disorder at 5 dpi, and because these 
atactic movements persisted (a sign qualifying for termi-
nation), the ferret was euthanized at 7 dpi. The viral RNA 
loads in the nasal washings of animals inoculated with 
H5N5 and H5N6 were low up through 7 dpi (Table), and 
RNA excretion ceased thereafter. However, at 7 dpi, the 
H5N5-inoculated ferret showing mild ataxia displayed a 
peak of 100 copies/µL of extracted RNA (input volume 
100 µL) in the nasal washing fluid (Table).

Nucleoprotein antibody–specific seroconversion (Ta-
ble) was detected in all inoculated ferrets surviving until 
euthanasia at 14 dpi. The serum sample of the atactic ani-
mal euthanized at 7 dpi scored reactive but not positive.

We dissected all euthanized animals and analyzed 
spleens, tracheas, lungs, conchae, cerebellum, and cere-
brum for viral genome loads, as described previously (12). 
All organ samples taken at 14 dpi were negative; however, 
the cerebrum, trachea, and nasal concha of the single ani-
mal exhibiting disease euthanized at 7 dpi had a low viral 
load of 7–25 copies/µL of extracted RNA from ≈2 mm3 
tissue material homogenized in 1 mL of medium (input vol-
ume 100 µL).

Histopathologic workup of the sick ferret revealed 
mild, subacute necrotizing rhinitis; moderate, oligofocal, 

subacute necrotizing bronchointerstitial pneumonia; mod-
erate, multifocal necrotizing hepatitis; severe necrotizing 
salpingitis; and the focal-to-multifocal intralesional pres-
ence of influenza virus matrix protein (Appendix Figure 
2) consistent with systemic virus spread. Only 1 of 4 of 
the H5N5-infected ferrets and 2 of 5 of the H5N6-infected 
ferrets necropsied at 14 dpi revealed inflammatory lung le-
sions, yet all were negative for matrix protein by immu-
nohistochemical staining (Appendix Table 4). Considering 
the low morbidity rate (10%), these H5 viruses have a mild 
pathogenic potential in the ferret model compared with 
other HPAI viruses (13).

Conclusions
The genetic makeup of HPAI H5 clade 2.3.4.4b viruses 
fosters reassortment, which can expand their evolution-
ary capacity. Segment reassortment bears a concomitant 
danger of the emergence of strains that are more patho-
genic or zoonotic or that have a higher potential to evolve 
to propagate in avian hosts with different migratory be-
haviors. H5N6 and H5N5 viruses of this clade have been 
continuously present in Europe since 2017, necessitat-
ing continuous surveillance and virus characterization. 
Our study excludes the possibility of enhanced zoonotic 
potential for the analyzed H5N5 and H5N6 2.3.4.4b 
clade viruses. Nonetheless, existing reports of clade 
2.3.4.4c HPAI H5N6 virus infections in mammals and 
clade 2.3.4.4b-2.3.4.4d virus co-infections in humans 
indicate a continued risk for zoonotic events with H5Nx 
reassortants (9). Continued surveillance and character-
ization of these viruses is crucial to reduce the risk for 
outbreaks with burgeoning HPAI isolates of the goose/ 
Guangdong lineage.
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Table. Viral RNA loads in nasal washing samples from ferrets 
infected with highly pathogenic avian influenza A(H5N6/H5N5) 
clade 2.3.4.4b virus isolates from Germany, 2017–2018, and 
seroconversion in study assessing virus zoonotic risk* 

Group 

Day postinfection, viral RNA load, 
genome copies/µL 

Seroconversion† 0 1 3 5 7 9 
Controls – – – – – – – 
H5N5 – 0.2 0.2 0.1 100.6 ND‡ +/§ 

– 1.2 2.8 0.1 – – + 
– 1.9 0.9 2.9 – – + 
– 1.2 – 0.1 – – + 
– 0.1 – 8.2 0.9 – + 

H5N6 – – 0.8 1.3 1.3 – + 
– 0.2 1.9 13.8 3.2 – + 
– 0.2 – 0.2 0.2 – + 
– – – – – – + 
– 0 1.3 0.2 4.2 – + 

*ND, not done; –, negative. 
†Seroconversion measured with sensitive nucleoprotein ELISA (ID Screen 
Influenza A Antibody Competition ELISA Kit; ID.Vet, https://www.id-
vet.com) with day 14 or 7 serum sample, depending on day of animal 
sacrifice, and compared with preinoculation serum sample. 
‡Sacrificed day 7 because animal displayed neurologic symptoms. 
§Reaction interpreted as reactive but not positive. 
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Influenza is a contagious respiratory  
illness caused by influenza viruses. It can 
cause mild to severe illness. Serious out-
comes of influenza infection can result in 
hospitalization or death. Some people, 
such as older people, young children, 
and people with certain health condi-
tions, are at high risk for serious influenza  
complications. The best way to prevent 
the flu is by getting vaccinated each year.

EID SPOTLIGHT 
TOPIC

http://wwwnc.cdc.gov/eid/
page/influenza-spotlight

Influenza

®



Lassa Virus in Pygmy  
Mice, Benin, 2016–2017

Anges Yadouleton, Achaz Agolinou,  
Fodé Kourouma, Raoul Saizonou,  
Meike Pahlmann, Sonia Kossou Bedié,  
Honoré Bankolé, Beate Becker-Ziaja,  
Fernand Gbaguidi, Anke Thielebein,  
N’Faly Magassouba, Sophie Duraffour,  
Jean-Pierre Baptiste, Stephan Günther,  
Elisabeth Fichet-Calvet

Author affiliations: Laboratoire des Fièvres Hémorragiques Virales, 
Cotonou, Benin (A. Yadouleton, A. Agolinou); Ministry of Health, 
Cotonou (A. Yadouleton, H. Bankolé, F. Gbaguidi); Laboratoire 
des Fièvres Hémorragiques Virales, Conakry, Guinea  
(F. Kourouma, N. Magassouba); World Health Organization,  
Cotonou (R. Saizonou, S.K. Bedié, J.-P. Baptiste); Bernhard-
Nocht Institute for Tropical Medicine, Hamburg, Germany  
(M. Pahlmann, B. Becker-Ziaja, A. Thielebein, S. Duraffour,  
S. Günther, E. Fichet-Calvet)

DOI: https://doi.org/10.3201/eid2510.180523

Lassa virus has been identified in 3 pygmy mice, Mus baou-
lei, in central Benin. The glycoprotein and nucleoprotein se-
quences cluster with the Togo strain. These mice may be a 
new reservoir for Lassa virus in Ghana, Togo, and Benin.

Lassa fever has recently emerged in Benin and Togo, 
where it had been unknown until 2014. In November 

2014, two persons died of confirmed Lassa virus (LASV) 
infection at Saint Jean de Dieu Hospital, in Tanguieta, 
northern Benin. During January–February 2016, a second 
outbreak with 11 confirmed cases of Lassa fever occurred 
in the communes of Tchaourou and Parakou, department 
of Borgou, central Benin. These 11 cases were diagnosed 
at the Irrua Specialist Teaching Hospital (Irrua, Nigeria) 
and the Bernhard-Nocht Institute for Tropical Medicine 
(Hamburg, Germany). During the same period, 2 cases 
from neighboring Togo were also confirmed as Lassa  
fever (1,2).

In July 2016, to enable the affected countries to quick-
ly detect new cases of Lassa fever, the Bernhard-Nocht 
Institute for Tropical Medicine and the German Ministry 
of Cooperation established LASV diagnostic capacity in 
Cotonou (Benin) and Lomé (Togo). In 2017, another 2 cas-
es occurred in central Benin. 

The need to understand the epidemiology of Lassa 
fever in Benin and the involvement of rodents in the 
transmission of the disease led us to investigate the small 
mammal community living in and around the dwellings in 

villages where the index case-patients lived. To identify 
these villages, a first expedition in October 2016 traced 
back confirmed and probable cases according to the health 
registers of the local hospital in Tchaourou and the teach-
ing hospital in Parakou. An investigation of several vil-
lages enabled us to record some evidence from the nurses 
in the health centers.

On the basis of these findings, a second expedition in 
September 2017 used Sherman traps (https://www.sher-
mantraps.com) to capture small mammals in 6 villages in 
Tchaourou. The animals were sampled in several habitats: 
houses (inside, 80 traps) and fields and savannah (outside, 
120 traps). The animals were then killed with an overdose 
of halothane, and necropsies were performed in situ ac-
cording to Biosafety Level 3 security procedures (3).

We collected blood and organs (including spleen and 
liver) and identified the animals morphologically, accord-
ing to standard measurements: body weight; body, tail, 
hindfoot, and ear lengths. Because of possible sibling spe-
cies among Mastomys spp. and Mus spp. rodents, we per-
formed molecular identification through a PCR targeting 
cytochrome b. Distribution of the small mammals was 210 
Praomys daltoni mice, 14 Mus baoulei mice, 12 Rattus 
rattus rats, 10 Lemniscomys striatus mice, 7 Mus mattheyi 
mice, 6 Mastomys natalensis mice, and 26 Crocidura spp. 
shrews (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/25/10/18-0523-App1.pdf). The surprising finding 
was the scarcity of M. natalensis mice, the most probable 
reservoir of LASV; we trapped only 3 of these mice inside 
and 3 outside. In that area, the commensal rodent was P. 
daltoni, as is often found in Ghana and Nigeria (4,5).

We screened all samples for LASV by using 2 reverse 
transcription PCRs: 1 specific for LASV and 1 for panare-
naviruses (6,7). The 2 tests enabled us to detect 3 LASV-
positive animals, all pygmy mice (M. baoulei). To deter-
mine phylogeny more reliably than we could by using short 
fragments issued from the diagnostic tests, we performed 
additional PCRs on glycoprotein (GP) and nucleoprotein 
(NP) genes located on the small RNA segment (primers in 
Appendix Table 2). GP sequence of 1,408 nt and NP se-
quences of 1,654 nt were aligned with 31 LASV sequences 
belonging to all lineages.

The phylogenetic analyses performed with a Bayes-
ian approach on GP and NP alignments shows that the 3 
new sequences (Worogui50, Worogui51, and Odo-Aka-
ba13) clustered with Jirandogo76, from the same species 
(M. baoulie) collected in Ghana in 2011 (Figure). Further-
more, the analysis showed strong support with the strains 
from humans in Togo, which clustered with the sequences 
from humans in Benin (S. Günther, E. Fichet-Calvet, un-
pub. data). The differences between the 3 GP sequences 
in mice from Benin and the strain from humans in Togo 
ranged from 20.8% to 21.7% (8.5% to 10.3% at the amino 
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acid level). Differences between NP sequences ranged from 
22.2% to 25.7% (10.2% to 13.6% at the amino acid level). 
Jirandogo76 is closer to Togo on the NP tree, with a dif-
ference of 21% nt (8.9% at the amino acid level). These 
findings are consistent with past observations highlighting 
the high amino acid variability among LASV strains (9). 

This finding suggests that the sequences described for M. 
baoulei mice belong to the Lassa clade. Nevertheless, the 
node dividing the branches of the Togo strain from those 
of the newly identified LASV in M. baoulei mice is deep, 
suggesting that these strains diverged a long time ago by 
switching hosts between rodents and humans. Additional 
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Figure. Bayesian phylogenetic 
analyses based on nucleotide 
sequences of the partial 
glycoprotein and nucleoprotein 
genes of Lassa virus (LASV), 
showing the placement of the 
new sequences (in boldface) 
isolated from Mus baoulei pygmy 
mice, in comparison with other 
sequences representing the 
members of LASV lineages I–IV. 
A) Glycoprotein, 1,408 nt; B) 
nucleoprotein, 1,654 nt. The 
trees are rooted by Gbagroube, 
a LASV-like virus isolated from 
Mus setulosus mice in Côte 
d’Ivoire. Statistical support of 
grouping from Bayesian posterior 
probabilities is indicated at the 
nodes. Country, strain names, 
and GenBank accession 
numbers are indicated on the 
branches. The analysis was 
inferred by using the Bayesian 
Markov chain Monte Carlo 
method implemented in BEAST 
(8). The following settings were 
used: general time reversible 
plus gamma, strict clock, and 
constant population. Markov 
chain Monte Carlo chains were 
run for 10 million states and 
sampled every 10,000 states to 
obtain an effective sample size 
>200 for all parameters. The 
new viral and murine sequences 
are deposited under accession 
nos. MH028396–404. Scale bars 
indicate number of nucleotide 
substitutions per site.



reservoirs could still be implicated in the recent events of 
LASV transmission to humans. 

Our findings strongly point toward M. baoulei mice as 
a potential candidate for LASV spreading in Benin, Togo, 
and Ghana. Together with the multimammate mice M. na-
talensis and Mastomys erythroleucus and the soft-furred 
mouse Hylomyscus pamfi (10), the fourth rodent species 
reservoir of LASV is M. baoulei pygmy mice.
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An isolated Rift Valley fever (RVF) outbreak was reported 
in 2018 in Free State Province, South Africa. Phylogenetic 
analyses based on complete genome sequences of 3 RVF 
viruses from blood and tissue samples indicated that they 
were related to a virus isolated in 2016 from a man returning 
to China from Angola.

Rift Valley fever (RVF) is endemic to sub-Saharan Af-
rica; major outbreaks were reported in South Africa 

during the 1950s, the 1970s, and 2008–2011 (1). Molecu-
lar classification of RVF viruses (RVFVs) isolated from 16 
countries showed that these viruses cluster into 15 lineages 
(A–O) (2). Viral sequences from the previous outbreaks in 
South Africa clustered in lineage C (2008–2009), lineage H 
(2009–2010), lineage I (1951), and lineage L (1974–1975); 
1 isolate in 2009 from Kakamas in the Northern Cape Prov-
ince was in lineage K (Figure) (2). Lineage K contains the 
hepatotropic Entebbe-44 virus isolated from mosquitoes 
in Uganda in 1944 and its derivative, the Smithburn neu-
rotropic vaccine strain (SNS) commercially available in 
South Africa (2). RVFV was identified by unbiased deep 
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sequencing of the virus genome (isolate BIME-01) from a 
man returning to China in 2016 with fever and jaundice af-
ter a 22-month stay in Angola (3). Phylogenetic analysis of 
the complete RVFV genome of sample BIME-01 and the 
Vero cell culture isolate of the virus (RVFBJ01) showed 
that it clustered together with the Kakamas/2009 virus in  
lineage K (3).

On April 28, 2018, an outbreak of suspected RVF 
was reported on a sheep farm in the Jacobsdal area of the 
Free State Province of South Africa. The illness rate was 
≈55.8% and the case-fatality-rate 100% (335 sheep died) 
(4). Six persons either working or residing on the farm 
reported symptoms compatible with RVFV infection, 
but no human fatalities occurred (5). Clinical specimens 
from affected sheep were submitted to the Onderster-
poort Veterinary Institute Agricultural Research Council 

(Onderstepoort, South Africa) for laboratory confirma-
tion of the outbreak. 

We used flocculated nylon swabs (FLOQswabs, CO-
PAN, http://www.copanusa.com) to pierce and swab the 
tissue pools and then placed the swabs into Eppendorf 
tubes containing 700 µL phosphate-buffered saline (pH 
7.0). After agitation, we removed 200 µL buffer for to-
tal nucleic acid extraction. We used either whole blood in 
EDTA (RV2613-1/RSA/2018) or a combination of tissue 
swab specimens from liver, spleen, and kidney for extrac-
tions (RV2613-2/RSA/2018 and RV2613-3/RSA/2018) 
using the MagNA Pure 96 (Roche Molecular Systems, 
https://www.roche.com). We detected the presence of 
RVFV RNA using real-time reverse transcription PCR 
(RT-PCR) (6). We used the same 3 nucleic acid extracts 
as templates in 8 individual RT-PCRs (A–H), designed to 
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Figure. Phylogenetic comparison of the complete segments of 
Rift Valley fever viruses from South Africa, 2018, and reference 
isolates. A) Large segment; B) medium segment; C) small 
segment. Distinct clusters separate the isolates into 10 lineages 
(A, C, E, G, H, I, K, L, N, and M). Sequences RV2613/RSA/2018 
are marked as South Africa, Jacobsdal (FS), 2018 in cluster K. 
GenBank accession numbers are provided. FS, Free State. Scale 
bars indicate nucleotide substitutions per site.



overlap the entire genome (Appendix Table 1, http://ww-
wnc.cdc.gov/EID/article/25/10/18-1748-App1.pdf). We 
used the SuperScript III One-Step RT-PCR System with 
Platinum Taq DNA polymerase (Invitrogen, https://www.
thermofisher.com) in a 20-µL reaction with 0.25 µmol/L 
of each primer (Appendix Table 1) at an annealing temper-
ature of 53°C for 45 cycles. The resulting amplicons over-
lapped regions of all 3 genome segments: large (A, B, C, 
and H), medium (D, E, and F), and small (H). We submit-
ted the 8 amplicons to Inqaba Biotechnical Industries, Pre-
toria, South Africa (https://www.inqababiotec.co.za), for 
Sanger sequencing, using the primers incorporated during 
the generation of the amplicons and 9 additional primers 
(Appendix Table 1). We constructed the complete viral ge-
nome sequences from the 3 field specimens and submitted 
them to GenBank (accession nos. MK134834–42).

The 3 sequences (RV2613-1/RSA/2018, RV2613-2/
RSA/2018, and RV2613-3/RSA/2018) were similar to 
one another: no nucleotide differences in the large seg-
ment, 2 in the medium segment, and 1 in the small seg-
ment. The high sequence identity among these 3 viruses 
and the lack of segment reassortment, together with the 
isolated geographic distribution of the outbreak, indicate 
a single introduction. After phylogenetic analysis, we 
clustered the 3 viruses into lineage K, with their closest 
known relatives BIM-01/2016, isolated from a worker 
from China in Angola, and the virus RVFBJ01/2016 de-
rived from cell culture (Figure). We assessed each ge-
nome segment and found <1% sequence difference be-
tween any of the 3 South Africa viruses and the virus 
from Angola and <2.11% sequence difference for  Kaka-
mas/2009 (Appendix Table 2). Evolutionary analysis of 
segment M using Bayesian inference with BEAST ver-
sion 1.8.1 (https://beast.community) under the Hasega-
wa-Kishino-Yano substitution model, a strict molecu-
lar clock, and a constant population size estimated that 
RV2613/RSA/2018 and BIM-01/2016 had a common 
ancestor ≈7 years ago that shared a common ances-
tor with Kakamas/2009 ≈28 years ago. Virus RV2613/
RSA/2018 had a higher sequence identity with the origi-
nal Entebbe-44 isolate than the SNS vaccine or vaccine- 
derived Ken Rintoul-57 (Appendix Table 2). This re-
sult indicates that Kakamas/2009, BIM-01/2016, and 
RV2613/RSA/2018 probably evolved from a common 
ancestor of Entebbe-44 and not from its derivative  
SNS vaccine.

The sequence data imply that this outbreak was likely 
the result of a single introduction of virus that probably re-
mained localized to 1 farm because of the onset of colder 
winter temperatures and a decline in rainfall. The phylo-
genetic relationship of this virus to known others suggests 
a persistent, yet largely unnoticed, low-level spread of 
RVFVs in southern Africa. This finding reemphasizes the 
importance of active disease surveillance programs with 
diligent reporting of suspected cases, as well as suitable 
vaccination regimens.
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We estimated the incubation period and serial interval for 
human-to-human–transmitted avian influenza A(H7N9) vi-
rus infection using case-patient clusters from epidemics in 
China during 2013–2017. The median incubation period 
was 4 days and serial interval 9 days. China’s 10-day moni-
toring period for close contacts of case-patients should de-
tect most secondary infections.

As of April 2019, a total of 1,568 confirmed cases of 
avian influenza A(H7N9) virus infection acquired 

in China have been reported in humans since the virus 
emerged in spring 2013 (1,2). A large increase in infections 
occurred in China during the fifth H7N9 virus epidemic 
(2016–17), prompting concerns of increased H7N9 virus 
transmissibility in humans (3). However, as of June 2019, 
only evidence of limited, nonsustained human-to-human 
transmission has been reported (3).

Field investigations of case-patients with confirmed 
H7N9 virus infections are critical to assessing possible 
human-to-human transmission. The incubation period for 
H7N9 virus infection has been estimated to be 3–7 days (4–
6). However, the incubation period estimated in these studies 
primarily reflects sporadic poultry-to-human transmission; 
no study has specifically focused on the incubation period 
for human-to-human H7N9 virus transmission. Although the 
kinds of exposures, amount of virus per exposure, and routes 
of exposure might differ between poultry-to-human and lim-
ited human-to-human H7N9 virus transmission, whether the 
incubation periods differ is unknown. Data on the incuba-
tion period for H7N9 virus in the setting of human-to-human 
transmission can help determine the appropriate duration for 
monitoring exposed close contacts, including healthcare per-
sonnel, of confirmed H7N9 case-patients.

We analyzed the data on all clusters of epidemiologi-
cally linked H7N9 case-patients collected during field in-
vestigations of 5 epidemics that occurred in mainland China 
during 2013–2017 and that were reported to the Chinese 
Center for Disease Control and Prevention (China CDC). 

We focused on clusters involving probable human-to-human 
transmission in which no poultry exposure, including visits 
to live poultry markets, was reported for epidemiologically 
linked secondary case-patients exposed to a symptomatic 
index case-patient, as previously described (3). We defined 
the incubation period for a secondary case-patient as days 
from the date of an unprotected exposure within 1 meter to 
an index case-patient for any duration beginning, at the ear-
liest, the day before illness onset of the index case-patient 
to the date of illness onset of the secondary case-patient. 
The exposures and dates of illness onset were determined 
through field investigations of each H7N9 case-patient. For a 
secondary case-patient with multiple days of exposure to an 
ill index case-patient, we used the earliest exposure date to 
define the maximum incubation period and the last exposure 
date (such as the index case-patient’s date of hospital isola-
tion) to define the minimum incubation period. We estimated 
incubation periods using median values, as done previously 
(1,7), and compared them by epidemic. We calculated se-
rial intervals using the reported illness onset dates of index 
and secondary case-patients. We classified secondary case-
patients as blood related or unrelated and compared median 
serial intervals by subgroup and epidemic.

Among 14 secondary H7N9 case-patients in 14 clusters 
of probable human-to-human transmission, the overall me-
dian estimated incubation period was 4 (range 1–12) days 
(Table). The median overall and medians of the minimum 
and maximum incubation periods estimated for secondary 
case-patients in the fifth epidemic were not significantly dif-
ferent than those estimated for case-patients in previous epi-
demics (Table). The estimated median serial interval among 
secondary case-patients who were blood related to an index 
case-patient (n = 6; 9.5 [range 5–12] days) and unrelated 
to an index case-patient (n = 8; 8 [range 6–15] days) were 
not significantly different (Appendix Table, https://wwwnc.
cdc.gov/EID/article/25/10/19-0117-App1.pdf). The median 
serial interval for H7N9 virus infection among all clusters 
from the 5 epidemics was 9 (range 6–11) days and was not 
significantly different between epidemics (data not shown).

Overall, the incubation period and serial interval for 
limited human-to-human H7N9 virus transmission (includ-
ing blood-related and unrelated persons) were unchanged 
during 2013–2017. Limitations to this study that could 
have affected our estimates include a small sample size of 
14 secondary case-patients and the potential to misclas-
sify secondary case-patients as a result of unrecognized 
or unreported poultry exposure. However, data on human, 
poultry, and environmental exposures and dates of illness 
onset included in our analyses were collected during de-
tailed field investigations that were initiated promptly 
among close contacts of index case-patients after labora-
tory confirmation of H7N9 virus infection and reported to 
the China CDC.
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Our use of median values to describe the epidemiologic 
parameters for H7N9 case-patients in the 14 clusters might 
have led to an overestimation of the incubation period and 
serial interval for human-to-human H7N9 virus transmis-
sion. For example, parametric analyses performed with data 
from much larger datasets (mostly H7N9 cases resulting 
from poultry exposures), in which data with right-skewed 
distributions were censored, were reported to provide shorter 
estimated incubation periods (4–6,8). The incubation period 
could also have been overestimated among case-patients with 
multiple exposure days to an index case-patient, if infection 
did not occur on the first day of exposure. Therefore, further 
comprehensive epidemiologic investigations to better define 
the transmission dynamics of human-to-human H7N9 virus 
transmission are critical. Nevertheless, our findings suggest 
that China’s policy since 2013 for a 10-day monitoring pe-
riod for close contacts of H7N9 case-patients should detect 
most symptomatic secondary infections.
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Table. Estimated incubation periods for avian influenza A(H7N9) virus infection in the setting of probable human-to-human 
transmission among 14 epidemiologically linked clusters of case-patients from 5 epidemic waves in mainland China, 2013–2017* 
Incubation period, d, 
median (range); p value  

Epidemic wave, no. secondary case-patients 
All, n =14 First, n = 2 Second, n = 3 Third, n = 2 Fourth, n = 3 Fifth, n = 4 

Overall 4 (1–12) 6.5 (1–12); 0.297 3.5 (1–7); 0.295 4.5 (1–7); 0.857 6 (1–11); 0.517 3.5 (1–8); 0.735 
Minimum 1 (1–7) 3 (1–5); 0.830 1 (1–3); 0.519 2 (1–3); 0.914 1 (1–7); 1.000 2 (1–6); 0.581 
Maximum 6.5 (3–12) 10 (8–12); 0.072 4 (4–7); 0.199 6.5 (6–7); 0.920 8 (5–11); 0.304 4 (3–8); 0.231 
*After the first epidemic wave of infections, defined as March–August 2013, an epidemic wave was defined as September 1–August 31 of the following 
year. Thirteen secondary case-patients had multiple exposure dates and 1 secondary case-patient had 1 exposure date to an index case-patient. The 
incubation period for secondary case-patients was defined as the time in days from the date of an unprotected exposure within 1 meter to an index case-
patient for any duration beginning at the earliest date before illness onset of the index case-patient to the date of illness onset of the secondary case-
patient. For secondary case-patients with multiple days of exposure to an ill index case-patient, we used the earliest exposure date to define the 
maximum incubation period and last exposure date (such as the date of hospital isolation of the index case-patient) to define the minimum incubation 
period. We compared the median incubation period for each epidemic wave with the 4 other epidemic waves. We used Wilcoxon rank-sum test to 
compare the distribution of median incubation periods; a p value <0.05 was considered statistically significant. 
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Mycobacterium canariasense had only been isolated in hu-
mans from blood and contaminated catheters. We report 
a case of pulmonary disease associated with M. canari-
asense infection that was identified by multilocus sequence 
analysis; the illness was initially ascribed to M. tuberculosis. 
M. canariasense should be considered a cause of respira-
tory infection. 

Mycobacterium tuberculosis is a widely known cause 
of pulmonary disease, specifically tuberculosis (TB). 

However, its symptoms may be similar to those of pulmo-
nary infections caused by other pathogens. We document a 
case in which disease initially ascribed to M. tuberculosis 
was ruled out through testing and a different mycobacte-
rium, M. canariasense, was identified as the likely cause. 

The patient was a 67-year-old woman with pulmonary 
infection living in a village in Afghanistan who traveled 
to Iran for treatment. Her signs and symptoms included 
fever, cough, sputum, weight loss, chest pain, and night 
sweats; the fever and cough had persisted for 6 months. 
Forty-six years earlier, at 21 years of age, she had expe-
rienced a pulmonary TB episode, which was treated with 
anti-TB drugs. She had no history of smoking or taking 
immunosuppressive drugs. No other pulmonary diseases 
were reported. 

Results of clinical parameters were normal, apart from 
an elevated C-reactive protein (CRP) rate (72.4 mg/L) and 
erythrocyte sedimentation (ESR) rate (85 mm/h). The indu-
ration from a tuberculin skin test was 21 mm. A computed 
tomography scan indicated calcified mediastinal lymph 
nodes, nodular opacities, and fibrotic changes in the left 
lower lobe (Appendix Figure, https://wwwnc.cdc.gov/EID/
article/25/10/19-0156-App1.pdf). The physician assumed a 
TB reactivation, and chemotherapy was initiated with iso-
niazid, rifampin, ethambutol, and pyrazinamide. However, 
the pulmonary symptoms did not disappear after 4 months. 

Five sputum samples from the patient were sent to 
the Pasteur Institute of Iran (Tehran, Iran) in August 2017 
for M. tuberculosis testing. Results of smear tests indi-
cated partially acid-fast bacilli, whereas all of the samples 
showed negative results when evaluated by insertion se-
quence 6110 PCR assay for M. tuberculosis. A culture of 
sputum samples on Lowenstein-Jensen medium after 3 
days showed rapidly growing mycobacteria with smooth, 
small, shiny, and nonpigmented colonies, which turned 
pale yellow and shinier after 4 days. Phenotypic tests of the 
isolate were positive on MacConkey agar without crystal 
violet, urease, Tween 80 hydrolysis, heat-resistant catalase, 
and arylsulfatase tests. On the other hand, nitrate reductase, 
growth in 5% NaCl, tellurite, and niacin accumulation tests 
were negative. 

Multilocus sequence analysis was performed for par-
tial hsp65 and rpoB genes and full 16S rRNA gene, as de-
scribed in the literature (1–3), and results indicated 100% 
homology to M. canariasense (Figure). This organism was 
described by Jiménez et al. in a suspected nosocomial out-
break infecting 17 patients during January 2000–Septem-
ber 2002 at a tertiary care hospital in the Canary Islands in 
Spain (4,5). The phenotypic and genotypic characteristics 
of the isolate agreed with those for M. canariasense, on the 
basis of guidelines of the American Thoracic Society and 
the Infectious Disease Society of America (6).

The results of susceptibility testing, performed accord-
ing to Clinical and Laboratory Standards Institute guide-
lines (7), indicated that the M. canariasense isolate was 
highly resistant to isoniazid, rifampin, ethambutol, and 
streptomycin; extremely susceptible to amikacin, levoflox-
acin, clarithromycin, cefoxitin, ciprofloxacin, imipenem, 
doxycycline, minocycline, and trimethoprim/sulfamethox-
azole; and intermediately susceptible to vancomycin. On 
the basis of these results, the patient was treated with levo-
floxacin and amikacin for 17 days. After treatment, sputum 
samples were collected from the patient over 5 days. The 
results of smear and culture tests were negative for partially 
acid-fast bacilli, and the results of a computed tomography 
scan and CRP and ESR measurements were normal.

Previously, M. canariasense had only been detected in 
the blood of patients and in contaminated catheters (8,9); 
no study had reported pulmonary infections associated with 
this isolate. Our results reveal that clinical and radiographic 
findings of M. canariasense pulmonary infection are simi-
lar in appearance to those of TB and other nontuberculous 
mycobacteria infections. However, these findings and im-
proved radiological findings and ESR and CRP levels due 
to chemotherapy, indicating that M. canariasense had been 
eliminated, strongly suggest that the bacterium could have 
been the cause of pulmonary disease in this patient. 

Although no specific treatment has been recommended 
for M. canariasense infection, combination therapy with 
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Figure. Neighbor-joining tree 
of the hsp65 (A), 16S rRNA 
(B), and rpoB (C) genes of 
an isolate from a patient 
infected with Mycobacterium 
canariasense, Tehran, Iran 
(black dots), and other rapidly 
growing mycobacteria. Outgroup 
for hsp65/rpoB genes was 
Mycobacterium tuberculosis 
and for the 16S rRNA gene was 
Tsukamurella paurometabola. 
Bootstrap values are 
represented on branch nodes. 
GenBank accession numbers 
are given in parentheses for 
reference sequences. The 
nucleotide sequences identified 
in this study were submitted to 
GenBank under the following 
accession numbers: hsp65, 
MK087992; rpoB, MK087993; 
and 16S rRNA, MK076944. 
Scale bars indicate nucleotide 
substitutions per site.



levofloxacin and amikacin produced a successful outcome 
in this case; no recurrent pulmonary disease was report-
ed in the patient. However, treatment with other drugs to 
which M. canariasense is susceptible might also succeed. 
In a 2006 report, Campos-Herrero et al. noted the favor-
able outcomes produced by fluoroquinolones and amikacin 
(8). However, the optimal antimycobacterial regimen for 
M. canariasense infection needs to be clearly established 
in more cases. 
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Approximately 21 human cases of infection with Mycobac-
terium conceptionense have been reported. However, most 
cases were outside the United States, and optimal treatment 
remains uncertain. We report a case of M. conceptionense 
pneumonitis in a patient with HIV/AIDS in the United States. 
The patient was cured with azithromycin and doxycycline.

Mycobacterium conceptionense is a nonpigmented, 
rapidly growing, nontuberculous mycobacterium, 

first isolated in France in 2006 (1). Approximately 21 
cases of human infection have been reported (1–10). How-
ever, excluding the case we report here, only 2 cases have 
been reported in the United States (2). Optimal treatment 
for M. conceptionense infection remains uncertain. We 
report the clinical course and management of M. concep-
tionense pneumonitis in a patient with HIV/AIDS in the 
United States.

A 47-year-old black cisgender man sought care at an 
emergency department during 2015 for cough, shortness of 
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breath, and diarrhea. He denied travel outside of the United 
States. The patient had HIV/AIDS, which was diagnosed 
during the 1980s but was untreated until this admission. He 
also had chronic hepatitis C, which was diagnosed during 
this admission. He was positive for HLA-B*5701, indicat-
ing hypersensitivity to the antiretroviral drug abacavir, but 
had no other known allergies to medications.

At admission, the patient was febrile (temperature 
38.9°C) and had tachycardia (heart rate 112 beats/min) 
with low oxygen saturation (92% on room air), bibasilar 
rales, and poor inspiratory effort. Baseline laboratory test 
values were compiled (Table). A baseline chest radiograph 
showed increased interstitial marking and bibasilar patchy 
opacities. A baseline chest computed tomography scan 
showed bilateral interstitial and ground-glass opacities and 
a 6-mm nodule in the right middle lobe.

The patient was given empiric antimicrobial drugs 
(azithromycin 250 mg/d and ceftriaxone 1 g/d, both intra-
venously [IV]) for presumptive community-acquired pneu-
monia and trimethoprim/sulfamethoxazole (TMP/SMX; 
800/160 mg every 6 h IV) for presumptive Pneumocys-
tis jirovecii pneumonia (PJP). On day 4, ceftriaxone and 
azithromycin were discontinued. Induced sputum culture 
obtained on day 2 showed acid-fast bacilli (AFB) on day 8.

Infection with M. tuberculosis was not suspected 
because of the patient’s clinical manifestations and fast 
growth of the organism. The symptoms improved after ad-
mission. On day 11, he was discharged from the hospital 
and received oral TMP/SMX equivalent to that for intrave-
nous dosing for PJP treatment. In addition, he erroneously 
received oral azithromycin (1,250 mg/wk) for M. avium 
complex prophylaxis.

On day 22, the patient returned to the ambulatory care 
clinic at the same institution. At this time, additional in-
duced sputum cultures from days 3 and 4 were positive 
for AFB. His TMP/SMX treatment course was completed 
and decreased to 800/160 mg/day orally for secondary 
PJP prophylaxis. Azithromycin was corrected to treat-
ment doses and increased to 250 mg/d orally. Baseline 
HIV genotyping showed wild-type virus, and antiretrovi-
ral therapy (ART) was initiated with elvitegravir/cobici-
stat/emtricitabine/tenofovir alafenamide (E/c/F/TAF) in a 
fixed-dose combination.

At day 43, the pneumonitis had clinically resolved, 
and repeat computed tomography and AFB culture showed 
negative results. A diagnosis of infection with M. concep-
tionense was confirmed from 3 induced sputum cultures 
obtained during days 2–4. Growth of M. conceptionense 
was identified by rpoB gene sequencing. Testing was per-
formed at National Jewish Mycobacteriology Reference 
Laboratory (Denver, CO, USA). Drug susceptibility testing 
was not performed. An environmental source of the infec-
tion was not sought. Doxycycline (100 mg 2×/day orally) 

was given in addition to azithromycin because of lack of 
susceptibility information and previous case reports using 
dual therapy, although there is no clear guidance for man-
agement. ART with E/c/F/TAF was continued.

The patient is still profoundly immunosuppressed 
(CD4 cell count 60 cells/µL [6%]) because of nonadher-
ence to ART. Darunavir (800 mg/day orally) was added to 
E/c/F/TAF because of development of resistance to ART, 
most notably the M184V pathway. We plan to continue 
oral azithromycin and doxycycline at current doses until 
immune reconstitution is achieved.

Cases of infection with M. conceptionense have been 
reported in immunocompetent and immunocompromised 
patients and in traumatic (e.g., after surgery or injury) and 
nontraumatic situations (1–10). The lungs are the most 
common site for M. conceptionense infection, comprising 
7 of the ≈21 cases reported (1–4). Our patient was immu-
nocompromised because of infection with HIV. Pathogen 
entry occurred by inhalation in a nontraumatic fashion and 
led to pneumonitis.

Outside the United States, M. conceptionense infection 
has been reported in France, Iran, Taiwan, South Korea, 
China, and Japan (1,3–10). The only 2 previously reported 
case-patients with M. conceptionense infection in the Unit-
ed States were also in Chicago but were epidemiologically 
unrelated to the patient we describe (2).

Similar to other reported case-patients, this patient 
was given broad-spectrum antimicrobial drugs, which were 
tailored once diagnosis of nontuberculous mycobacterium 
was confirmed. In vitro drug susceptibility data from rap-
idly growing mycobacteria indicate that M. conceptionense 
is susceptible to clarithromycin, doxycycline, and fluoro-
quinolones but resistant to sulfamethoxazole (3). In addi-
tion, macrolides, fluoroquinolones, or doxycycline have 
been used for treatment of M. conceptionense infections in 
case reports. (1–10) These cases have assisted our choice of 
treatment for this case. In summary, our case report shows 
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Table. Pertinent baseline laboratory test results for a 47-year-old 
man with Mycobacterium conceptionense pneumonitis and 
HIV/AIDS, United States* 
Laboratory test Value or result 
Serum creatinine 0.89 mg/dL 
Aspartate aminotransferase 25 U/L 
Alanine aminotransferase 23 U/L 
HIV RNA 25,611 copies/mL 
CD4 cells 19 cells/uL (5%) 
Hepatitis C virus antibody Positive 
Leukocytes 2.3 × 103/L 
Neutrophils 1.9 × 103/L 
Lymphocytes 0.2 × 103/L 
Lactate dehydrogenase 546 U/L 
Histoplasma antigen Negative 
Rapid plasma reagin 1:0 
Clostridioides difficile Negative 
Stool culture Negative 
*Abnormal values are indicated in bold. 

 



clinical and microbiological cure of M. conceptionense 
pneumonitis by using azithromycin and doxycycline in a 
patient with HIV/AIDS in the United States.
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Active surveillance in high-risk sites in Cambodia has iden-
tified multiple low-pathogenicity influenza A(H7) viruses, 
mainly in ducks. None fall within the A/Anhui/1/2013(H7N9) 
lineage; however, some A(H7) viruses from 2018 show 
temporal and phylogenetic similarity to the H7N4 virus that 
caused a nonfatal infection in Jiangsu Province, China, in 
December 2017.

Avian influenza virus (AIV) subtype A(H7) is of con-
cern because it has been a leading cause of zoonotic 

infections over the past 2 decades (1). The A/Anhui/1/2013-
lineage A(H7N9) viruses, a leading cause of zoonotic in-
fections in Asia since 2013, have not been detected in the 
Greater Mekong Subregion, but independent H7 lineages, 
including H7N3, H7N7, and H7Nx, have been detected oc-
casionally in Cambodia since 2009 (2–4). H7N3 virus was 
detected from a duck mortality event in Kampong Thom dur-
ing January 2017 (2), and H7N7 virus was detected in a live-
bird market (LBM) in Takeo in September 2017 (4). Further-
more, highly pathogenic avian influenza (HPAI) A(H5N1) 
and low-pathogenicity avian influenza (LPAI) A(H9N2) are 
endemic in Cambodia (5); 59 poultry outbreaks of AIV and 
56 human HPAI A(H5N1) cases have occurred since 2006. 
Although the exact ecologic links are unknown, serologic 
studies suggest that AIVs of multiple subtypes are frequently 
introduced into poultry in Cambodia, possibly through cross-
border trade or through wild birds (2,6,7).

In December 2017, a 68-year-old woman in Jiangsu, 
China, who had underlying medical conditions was in-
fected by an LPAI influenza A(H7N4) virus, which led to 
severe pneumonia and intensive care unit admission, but 
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she recovered and left the hospital after 21 days (8,9). Ge-
netically similar H7N4 viruses were subsequently detected 
in contact chickens (9,10) and aquatic poultry in Jiangsu 
(GISAID, https://www.gisaid.org), substantiating that the 
infection was zoonotic and raising concerns of endemicity 
of H7N4 in the region. Because of the antigenic differenc-
es between the A/Jiangsu/1/2018-like A(H7N4) virus and 
other H7 lineages (10), including A/Anhui/1/2013(H7N9) 
lineage, this newly detected H7N4 virus has been proposed 
as a vaccine candidate for pandemic preparedness (10).

Beginning in February 2018, 2 months after the H7N4 
case in China, this virus was detected in ducks in Cam-
bodia; the frequency of detection increased in March and 
April (4). Therefore, because of the novelty of the strain 
and the association with human infection, we sought to un-
derstand the genomic diversity of H7 viruses in Cambodia. 

We characterized the whole genomes (for sequenc-
ing methods, see Appendix, http://wwwnc.cdc.gov/EID/
article/25/10/19-0506-App1.pdf) of 16 viruses collected during 

2015–2018 subtyped by reverse transcription PCR (RT-PCR) 
as having an H7 hemagglutinin (HA) gene or an N4 neuramin-
idase (NA) gene; we also included viruses for which the HA 
or NA could not be typed but that were epidemiologically as-
sociated with A(H7) viruses (Appendix Table). We obtained 
samples from poultry swabs collected across multiple LBMs, 
slaughterhouses, and poultry collection centers in Cambodia; 
most H7 viruses originated from domestic ducks (4).

All AIV samples collected during February–April 
2018 in Cambodia (n = 9) (Appendix Table 1, Figure 1) 
contained >1 segment with high similarity and common 
evolutionary origins to the Jiangsu H7N4 samples, whereas 
AIV collected before this period formed other independent 
lineages derived from wild birds. Seven H7-HA from vi-
ruses collected in 2018 in Cambodia (4 H7N4, 1 H7N5, 1 
H7Nx, and 1 H7 with mixed N4 and N7 segments) were 
most closely related to the HA and NA genes of Jiangsu 
H7N4 isolates; all 6 N4 NA were most closely related to 
the NA genes of Jiangsu H7N4 isolates (Figure). We also 
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Figure. Maximum-likelihood phylogeny of the evolutionary origins of influenza A(H7N4) virus in Cambodia and comparison with 
reference isolates. H7 hemagglutinin (A) and N4 neuraminidase (B) genes were inferred using a general time-reversible nucleotide 
substitution model with a gamma distribution of among-site rate variation in RAxML version 8 (https://cme.h-its.org/exelixis/web/
software/raxml) and visualized using Figtree version 1.4 (http://tree.bio.ed.ac.uk/software/figtree/). Branch support values were 
generated using 1,000 bootstrap replicates. Scale bars represent nucleotide substitutions per site. A color version of this figure is 
available online (https://wwwnc.cdc.gov/EID/article/25/10/19-0506-F1.htm).



observed close relationships between the Jiangsu and Cam-
bodia isolates in the internal segments polymerase basic 
protein 2 (PB2), polymerase acidic protein (PA), and nu-
cleoprotein (NP); most viruses carried a common PA gene 
(Appendix Figure 1). However, none of the H7N4 viruses 
from Cambodia shared all segments with Jiangsu isolates, 
indicating continual reassortment with AIV co-circulating 
in the region.

Phylogenetic analysis showed that the Cambodia–
Jiangsu H7-HA genes emerged during late 2017 (mean 
time to most recent common ancestor November 2017; 
95% CI August 2016–July 2017) and were derived from 
H7N7 and H7N2 viruses previously detected in aquatic 
birds in east Asia (Appendix Figure 2). In contrast, the 
N4-NA exhibited a greater diversity in Cambodia (mean 
time to most recent common ancestor January 2016; 95% 
CI January 2015–November 2016) and were derived from 
H10N4 and H8N4 viruses previously detected in Georgia, 
Russia, and Mongolia.

Our results show that H7N4 is a newly developing vi-
rus lineage that originated from divergent avian lineages 
within the Eurasian AIV gene pool. The dispersed genetic 
origins from locations in Europe and central Asia and the 
similarity of the Cambodia and Jiangsu H7N4 samples in-
dicates that the H7N4 virus was generated in aquatic birds, 
likely just before their first detection. Detection of H7N4 
in LBMs in Cambodia in such a short span of time at such 
a large spatial distance highlights the risk and potential for 
rapid spread of AIV lineages throughout the region. The 
ability to infect a human subject, the continual reassort-
ment and antigenic evolution of this lineage, and the en-
demicity of numerous LPAI and HPAI viruses may fur-
ther increase the risk for zoonotic infections and warrants 
vigilant, active surveillance in wild birds and poultry in 
the region.
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We describe a case of facial skin infection and sinusitis 
caused by Mycobacterium marseillense in an immunocom-
petent woman in China in 2018. The infection was cleared 
with clarithromycin, moxifloxacin, and amikacin. Antimicrobial 
drug treatments could not be predicted by genetic analyses; 
further genetic characterization would be required to do so.

Mycobacterium marseillense is a member of the M. avi-
um complex (1) that has caused infections with lym-

phatic or pulmonary involvement sporadically in humans 
(2–4). We report M. marseillense infection involving facial 
skin in an immunocompetent woman in eastern China.

In April 2018, a 59-year-old woman was referred to 
our institute (Institute of Dermatology, Chinese Academy 
of Medical Sciences and Peking Union Medical College, 
Nanjing, China) for a 4-year history of an erythematous 
plaque with ulceration located on the right cheek. The pri-
mary lesion was a small erythematic patch that gradually 
developed into an asymptomatic ulcerative plaque (i.e., the 
plaque had no heat, swelling, pain, or pruritus). She also 
reported occasional bloody, purulent nasal discharge over 
the course of 2 years. Two years before visiting our hospi-
tal, cutaneous tuberculosis was suspected, so she received 
treatment for tuberculosis (rifampin, isoniazid, ethambutol, 
pyrazinamide) for 10 months. No obvious improvement 
was observed with this treatment. Her medical history was 
otherwise unremarkable.

On physical examination, an infiltrated erythematous 
plaque with yellow scales and crusts on the right cheek was 
visible (Figure, panel A). Routine laboratory tests showed 
no remarkable findings. The results of autoantibody and 
HIV tests were negative, and immune subset cell counts 
were unremarkable. Histologic examination showed infil-
tration of a large number of lymphocytes, plasma cells, and 
neutrophils and some tissue cells in the dermis (Appendix 
Figure 1, https://wwwnc.cdc.gov/EID/article/25/10/19-
0695-App1.pdf). Computed tomography scan of the pa-
ranasal sinuses showed bilateral maxillary, right ethmoid, 
and frontal sinusitis (Figure, panel C). Culture and PCR for 
mycobacteria in nasal discharge yielded negative findings.

After 3 weeks of skin tissue culture at 32°C in Löw-
enstein–Jensen medium, we observed smooth, yolk-yellow 
bacterial colonies (Appendix Figure 2). Ziehl-Neelsen 
staining confirmed the cultured organism was acid-fast ba-
cilli. Sequence analysis indicated that the complete genetic 
sequence of 16S rRNA was 99.0%, hsp65 100%, and rpoB 
99.8% homologous with M. marseillense strain FLAC0026. 
Phylogenetic analysis of the 16S rRNA sequence showed 
the isolate clustered with M. chimaera and M. intracellu-
lare (Figure, panel D). Although the 16S rRNA gene se-
quence of the isolate was 100% similar to M. intracellu-
lare subsp. yongonense 05-1390, the sequence similarities 
to hsp65 and rpoB were relatively low. Sequence analyses 
suggested M. marseillense infection.

Referring to the guidelines for pulmonary M. avium 
complex disease, we treated the patient with the antimicro-
bial drugs clarithromycin, rifampin, and ethambutol (5). 
Afterward, in vitro drug susceptibility testing showed the 
isolate was sensitive to clarithromycin, azithromycin, and 
amikacin; moderately sensitive to moxifloxacin; and resis-
tant to ethambutol and rifampin. Therefore, 3 months after 
initiating treatment, we changed the regimen to clarithro-
mycin, moxifloxacin, and amikacin, which she received 
for 2 months. The patient’s skin lesions healed gradually, 
and nasal symptoms disappeared, but a scar and erythema 
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remained (Figure, panel B). Computed tomography scans 
of the paranasal sinuses showed the reduction of sinusitis 
(Figure, panel C). No recurrence was observed during 4 
months of monitoring.

We characterized this isolate’s genome (GenBank ac-
cession no. VASI0000000) further to help determine the 
cause of its virulence and resistance (Appendix Figure 3). 
Genetic analyses indicated the genome (≈5,706,022 bp) 
contained 5,343 predicted genes, 3 rRNAs, and 48 tRNAs 
and had a GC content of 67.73%. We annotated the genes 
functionally through multiple databases (Appendix Table 
1, Figure 4). Using the Virulence Factors of Pathogenic 
Bacteria database, we identified 137 potential virulence 
genes (identity >95.0%, E value <1 × 10–5), such as type 
VII secretion system genes (e.g., esxH, esxC, esxH, and 
esxC) (6), in the isolate’s genome (Appendix 2, https://
wwwnc.cdc.gov/EID/article/25/10/19-0695-App2.xlsx). In 
Comprehensive Antibiotic Resistance Database searches, 

we detected the antimicrobial drug resistance genes mtrA, 
murA, and gyrA (identity >90.0%, E value <1 × 10–5; Ap-
pendix Table 2); mtrA modulates antimicrobial drug efflux, 
murA encodes the fosfomycin resistance protein, and gyrA 
encodes the fluoroquinolone resistance protein.

 M. marseillense infections are rare in humans. Our 
case demonstrates that M. marseillense can cause infec-
tions in immunocompetent persons. For facial skin infec-
tion with M. marseillense, this and similar (7) reports in-
dicate the need for vigilance of paranasal sinus infection. 
Although many potential virulence factors could be detect-
ed by genomic analysis, cases of infection and transmission 
with this bacterium are rarely reported, suggesting the pres-
ence of other influencing factors.

The drug resistance mechanisms of M. marseillense 
have not been completely elucidated. The drug susceptibil-
ity test results and treatment response we observed were 
generally consistent with those previously reported for 
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Figure. Skin lesions and 
computer tomography scans 
of woman with Mycobacterium 
marseillense skin infection, 
China, 2018, and genomic 
analysis of isolate. A, B) Facial 
skin lesion of woman with M. 
marseillense infection before 
and after treatment. Infiltrated 
erythematous plaque with 
yellowish scales and crusts 
(A) resolved to a scar after 
clearance of infection (B). C) 
Computed tomography imaging 
before treatment (top) shows 
heterogeneous hypersignal in 
right ethmoid sinus and after 
treatment (bottom) shows 
recovery of right ethmoid 
sinus. P, posterior; R, right. D) 
Phylogenetic tree constructed 
with 16S rRNA gene sequence 
of isolate from patient (bold) 
and other species. Scale bar 
indicates nucleotide substitutions 
per site.



cases of pulmonary infection, although sensitivity to ri-
fampin and quinolones yielded various results (2–4). Drug 
susceptibility testing indicated that the isolate we obtained 
was resistant to ethambutol and rifampin. However, in ge-
netic analyses, mutations associated with ethambutol and 
rifampin resistance were not detected. According to the 
Comprehensive Antibiotic Resistance Database, our isolate 
was resistant to fluoroquinolone, but drug susceptibility 
test results were inconsistent. Our results indicate that drug 
susceptibility testing should be performed for M. marseil-
lense to guide antimicrobial drug treatment. If drug suscep-
tibility results are absent, treatments including macrolides 
and amikacin appear to be reasonable.
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We evaluated rotavirus vaccination rates in the United 
States by using records from a nationwide health database. 
From data on 519,697 infants, we found 68.6% received the 
entire rotavirus vaccine series. We noted pockets of under-
vaccination in many states, particularly in the Northeast and 
in some western states.

Vaccination coverage in the United States frequently 
is evaluated with telephone and mailed surveys (1). 

However, telephone response rates have declined over the 
past 2 decades (2) and parents who choose not to vac-
cinate their children might be less likely to participate  
in surveys (3). 
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The Advisory Committee on Immunization Practices 
(ACIP) recommends routine vaccination among US infants 
to prevent rotavirus infection, the most common cause of 
gastroenteritis in children worldwide (4). We designed a 
study to evaluate rotavirus vaccination rates using nation-
wide health insurance records.

We conducted a longitudinal study of rotavirus vac-
cination rates during January 1, 2010–June 30, 2017. We 
obtained deidentified data from Clinformatics Data Mart 
(Optum, https://www.optum.com), an integrated database 
containing demographic, service type (inpatient and out-
patient), medication, and laboratory data for ≈77.8 million 
privately insured persons of all ages across 50 states. We 
included data on infants (<1 year of age) with continuous 
health insurance enrollment from birth to 1 year of age and 
an available residential ZIP code. We determined completion 
of the rotavirus vaccine series by using Current Procedural 
Terminology (CPT) codes and data on vaccine administra-
tion, including vaccine type, date, and location. Vaccine 
completion requires 2 doses of monovalent Rotarix (Glaxo-
SmithKline, https://www.gsk.com; CPT 90681) or 3 doses 
of pentavalent RotaTeq (Merck and Company, https://www.
merck.com; CPT 90680). To evaluate geographic variation, 

we used the first 3 digits of residential ZIP codes and ex-
cluded areas with <20 infants to provide stability of the es-
timates. The study was reviewed and deemed exempt by the 
institutional review board of the University of Michigan.

We identified 526,376 infants with continuous health 
insurance for >1 year during 2010–2017. We excluded 
5,708 (1.1%) with no known residential ZIP code and 971 
(0.2%) from areas with <20 infants. Our final cohort con-
tained 519,697 eligible infants; 99.8% had no copayment 
for vaccine administrations. The number of infants in each 
3-digit ZIP code area was 20–9,426 (median 223; inter-
quartile range 85–682).

In our cohort, 68.6% (95% CI 68.5%–68.8%) of infants 
completed the rotavirus vaccine series; 15.9% completed 
only part of the series, and 15.5% received no rotavirus vac-
cine. Of infants completing the vaccine series, 79% received 
RotaTeq, 19% received Rotarix, and 2% received both. The 
mean interval between vaccine doses was 64.9 days. 

Rotavirus vaccination rates were higher in eastern 
states, although some states in the Northeast had low pro-
portions of vaccination (Figure). Alaska had considerably 
lower vaccination rates, ranging from 17% to 28%. Series 
completion was lowest in northeastern Wyoming at 9% 
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Figure. Percentage of infants (<1 year of age) covered by private health insurance who completed the rotavirus vaccination series in the 
United States, 2010–2017.



(95% CI 4%–17%) and highest (>80%) in upstate New 
York, several areas of Pennsylvania, and 1 suburb of San 
Francisco, California.

Rotavirus vaccination coverage varied considerably 
across the United States, with pockets of undervaccination 
in many states. National Immunization Survey (NIS) data 
show ≈59.2% of infants completed the rotavirus vaccine 
series in 2010 and ≈73.2% completed the series in 2017 
(1,5). Our overall estimate was 68.6% during 2010–2017 
among privately insured infants. However, we note several 
differences in these samples. NIS used a nationwide sample 
of 15,333 children in 2017, whereas our study used 34× 
that number (519,697), giving us an opportunity to assess 
vaccination rates in local areas. NIS weights for nonpar-
ticipation but could underestimate coverage rates in less 
densely populated areas (6). Our use of deidentified data 
rather than telephone surveys might provide an opportunity 
to include vaccine-hesitant populations (3). However, our 
sample does not shed light on vaccination rates in children 
covered under Medicaid or the Children’s Health Insurance 
Program or those with no insurance coverage.

Parents’ decision to vaccinate their children involves a 
complex interplay between advice from family and friends; 
school and institutional mandates; experience with health-
care professionals; personal beliefs; and social impacts, in-
cluding media coverage, access, and transportation issues 
(7). The geographic variation in vaccination rates we found 
might reflect some of these determinants. For instance, low 
coverage in remote areas may reflect an inability to travel to 
providers; lower overall vaccination rates have been found 
in children living in rural areas (1,8). Because 99.8% of our 
cohort did not have a copayment, we do not believe there 
was financial disincentive, but other financial obstacles 
could exist. Previous studies suggest rotavirus vaccination is 
lower among persons with public or no insurance (9). There-
fore, vaccination rates might be <68% in geographic regions 
with a high number of uninsured or underinsured children.

The 15.9% of infants in our cohort who did not com-
plete the vaccination series could reflect an inability to 
meet the start- and end-date requirements. Rotavirus vacci-
nation has an exceptionally narrow window of administra-
tion; ACIP recommends the first dose at <15 weeks of age 
and conclusion of all doses before 8 months of age. 

In summary, we found considerable geographic varia-
tion in rotavirus vaccination rates in the United States. We 
recommend additional efforts at the local and county levels 
to address pockets of rotavirus undervaccination.
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To the Editor: I welcome the findings of Mehand et 
al. in putting together a methodology that can prioritize 
emerging infectious diseases in need of research and devel-
opment (1). These approaches are vital in establishing how 
global research funders and research institutions can best 
contribute to establishing a knowledge base around what 
diseases to address and how.

There is also a distinct need to understand ongoing 
research portfolios at international and national levels. 
The data emerging from these projects can provide further 
knowledge and impact in health policy and inform further 
research priorities.

Our ongoing project involves the Research Invest-
ments in Global Health (ResIn) study. ResIn has described 
research portfolios for cancer and infectious disease re-
search in the United Kingdom (2,3). Internationally, the 
study has covered investments into global pneumonia re-
search (4) and malaria research across Africa (5). Findings 
have examined, for example, the burden of disease along-
side levels of investment, as well as providing informed 
comment on research gaps. ResIn also considers how best 
to implement findings from a research database into health 
policy and practice, and has presented results and sought 
opinion from meetings with key stakeholders, including 
the World Health Organization (WHO), European Com-
mission, and Wellcome Trust.

I encourage WHO and other stakeholders to consider 
an open-access global research investments portfolio for all 
areas of health, using open datasets to describe spending on 
research alongside other areas, such as burden of disease. 
Alongside the WHO R&D Blueprint (https://www.who.
int/blueprint), this resource can support decision-making 
around research knowledge and innovation.
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To the Editor: Blood donors in Australia who test 
positive for transfusion-transmissible infections, includ-
ing human T-lymphotropic virus (HTLV), hepatitis B virus 
(HBV), hepatitis C virus, and HIV, undergo posttest coun-
seling, as previously described (1). Similar to Tang et al. 
(2), we identified self-flagellation as a possible unique risk 
factor for HTLV-1 infection. History of self-flagellation was 
elicited in 7 (28%) of 25 HTLV-1–positive donors identified 
during January 2012–December 2018. All 7 donors were 
men 20–37 years of age, of whom 5 were born in Pakistan 
and 2 in India; 6 had given blood in Victoria, Australia. The 
18 remaining HTLV-1–positive donors were 29–68 years of 
age; 10 (56%) were men; 1 was born in India and none in 
Pakistan; and 7 (39%) gave blood in Victoria.

HBV shares transmission routes with HTLV-1 and is 
highly infectious, including through minor blood exposures 
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(3). After discussion of recognized infective risk factors, the 
610 HBV-positive donors from the same period, of whom 83 
were born in India or Pakistan, were asked about any other 
potential blood exposures. None reported self-flagellation.

At the time of posttest counseling, no previous HTLV re-
sults were available for donors reporting self-flagellation or 
for their family members. Until the known modes of vertical 
and sexual transmission have been excluded by such results, 
the likelihood of self-flagellation as an infective risk factor 
remains unclear. Although India and Pakistan are not known 
to be geographic risk areas for HTLV-1, few prevalence stud-
ies are available (4), and HTLV-1 is commonly present in 
small geographic foci (5). In addition, a noticeable degree of 
transmission through communal self-flagellation would first 
require a raised prevalence of infection among the practicing 
group. We look forward to further research that may clarify the 
apparent link between self-flagellation and HTLV-1 infection.

Australian governments fund the Australian Red Cross Blood 
Service for the provision of blood, blood products, and services 
to the Australian community.
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Corrections
Vol. 25, No. 3

Figure 2 contained incorrect values in Cross-Border Movement of Highly Drug-Resistant Mycobacterium tuberculosis from Papua 
New Guinea to Australia through Torres Strait Protected Zone, 2010–2015 (A. Bainomugisa et al.). The corrected figure is provided, 
and the article has been corrected online (https://wwwnc.cdc.gov/eid/article/25/3/18-1003_article).

Figure 2. Flow diagram of included Mycobacterium tuberculosis 
isolates from Papua New Guinea citizens residing in Torres 
Strait Protected Zone, 2010–2015. *Isolates unable to grow or 
were contaminated. †Included were 4 additional isolates among 
Queensland residents that were a part of an epidemiologic 
cluster linked to the Torres Strait Protected Zone. TB, 
tuberculosis; WGS, whole-genome sequencing.

Vol. 25, No. 9
Clostridioides was misspelled in Risk for Clostridioides difficile Infection among Older Adults with Cancer (M. Kamboj et al.).  
The article has been corrected online (https://wwwnc.cdc.gov/eid/article/25/9/18-1142_article).
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Flu Hunter: Unlocking the 
Secrets of a Virus offers an 

engaging and highly readable 
homage to the influenza virus by 
one of the world’s preeminent 
influenza virologists, Dr. Robert  
Webster. Although the book is 
nominally an autobiographical 
account of Webster’s career, the 
central figure is often the influ-
enza virus itself, with each of 
the 17 chapters focusing on an 
influenza-related event from the 
past century. Drawing on expe-
rience from 50 years as a virologist, Webster provides a 
first-person account of what happened in each event, and 
why and how it happened. 

Webster points out that it was the heavy toll in human 
suffering caused by the devastating 1918 Spanish flu pan-
demic that jump-started influenza research and ultimately 
led the international scientific community to implement 
many clinical and public health improvements. Research 
from this and subsequent influenza events, including the 
2009 H1N1 “swine flu” pandemic, has shaped our cur-
rent understanding of influenza as a continuously mutating 
pathogen that demands constant global attention. 

Two themes appear throughout the book. The first 
is that influenza is a quintessential One Health pathogen 
that can only be understood when studied in humans and 
other animals but especially in both its wild and domes-
tic bird reservoirs. Throughout his career, Webster has 
championed this approach, which has led to many of the 
breakthroughs in how we approach influenza preven-
tion and control today. The second theme is the need for  

collaboration and cooperation to successfully address 
the challenges posed by influenza, an idea Webster has 
lived out by mentoring and working with influenza sci-
entists throughout the world. 

Webster weaves anecdotes throughout the book about 
himself, his family, and his colleagues, among these a walk 
on an Australian beach littered with dead birds that led to his 
lifelong interest in influenza. There are wonderful descrip-
tions of his involvement in field expeditions to the Great Bar-
rier Reef, horseshoe crab nesting sites on Delaware Bay, and 
Spitsbergen, Norway. However, some sections of the book 
focus so intently on describing influenza viruses or the work 
of other investigators that readers may be left wanting to hear 
more of the remarkable personal stories he has to tell.  

The book does not entirely shy away from controversial 
topics. In the latter sections of the book, Webster addresses 
the pros and cons, from scientific and societal perspectives, 
of reconstituting the 1918 influenza virus. This section in-
cludes a discussion of gain of function research into the po-
tential transmissibility of novel influenza viruses—research 
that might be used for the benefit or to the detriment of hu-
mankind. Webster concludes the book with a discussion of 
as-yet unanswered questions about the virus and how pre-
pared the world is for an inevitable future pandemic. 

Flu Hunter: Unlocking the Secrets of a Virus offers a 
welcome addition to the bookshelf of anyone wanting to 
know more about the science of influenza, whether as an in-
terested observer or a seasoned virologist. Indeed, science 
aside, this story of a remarkable, rewarding, and impactful 
career and life makes for compelling reading on its own. 
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With an MA degree in art from the University of  
Missouri, Robert Lee Kocher pondered a career  

illustrating medical textbooks. Instead, his passion for 
painting led him to pursue a course that allowed him 
full immersion in art as both an academic and an artist.  
Kocher served as chair of the art department at Coe College 
in Cedar Rapids, Iowa USA, where he is the Marvin D. 
Cone Professor of Art, Emeritus. Cone, who preceded Ko-
cher at Coe College, was a close friend of a famous painter  
associated with Cedar Rapids, Grant Wood (P. Kocher, 
pers. comm., email, 2019 Aug 4).

Throughout his career, Kocher found opportunities to 
explore myriad styles and formats. Many of his works are 
drenched in color, whereas others feature deliberately lim-
ited palettes. His versatility is underscored by the contrast 
between his vivid abstract works overlaid with petroglyphs 
that he created in New Mexico and his more subdued 
rendering of a row house near the South Carolina coast.  
Kocher sometimes painted directly on wood instead of  
traditional surfaces, using the textures from the wood as 
another distinctive element.

Two Birds, appearing on this month’s cover, is one of 
Kocher’s more somber paintings. The artist depicts a pair 
of common grackles (Quiscalus quiscula) perched on a tree 
branch, visible from a window in his late mother’s home. 
The distinct symmetry of dark and light tones instills a 
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Robert Lee Kocher (1929–), Two Birds (1959). Oil on wood, 12 in × 7.75 in/30.5 cm × 19.7 cm. Image used by permission of the artist. 
Private collection, Fayetteville, Georgia, USA. Photography by James Gathany.
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palpable sense of stillness and quiet. He matches the dark 
colors of the birds and the tree but varies their textures. Ko-
cher’s grackles are nearly all black: purple, green, and blue 
iridescence is muted in the filtered sunlight of an overcast 
winter’s afternoon.

Native to North America, grackles forage in farm fields, 
rural pastures, suburban lawns, cattle feedlots, and marshes. 
Their song is a cacophonous crackling and high-pitched 
screech that the National Audubon Society guide likens to 
the sound made by a rusty hinge. In his poem “The Grackle,” 
Ogden Nash does not flatter the species, writing, “I cannot 
help but deem the grackle / an ornithological debacle.”

Kocher’s painting, however, offers a different per-
spective on this common bird. Kocher probably looked 
out that window many times before he noticed the sym-
metry and contrast that prompted him to paint Two Birds. 
His grackles are subdued, claws tightly clenched as they 
huddle, their curved silhouettes edged by the cold Iowa 
winter. The bare tree branches that bisect the lower part of 
the painting extend beyond the edges of the painting, like 
unclenched claws grasping for warmth in cold sunlight. 
Kocher focuses on a pair of grackles, but his painting 
serves as a quiet reminder that birds are our ubiquitous 
neighbors.

Indeed, tallying the number of individual birds on 
Earth is a challenging endeavor. Some bird experts sug-
gest an upper range of 200 to 400 billion, or 40 to 60 birds 
for every human. Birds are incredibly diverse—a recent 
study suggests there are more than 18,000 species—and 
very mobile. The interconnections among birds, humans, 
domestic animals, and wildlife are intricate and of concern 
to public health. 

Wild and domestic birds carry various emerging and 
reemerging pathogens, including some that can be trans-
mitted to humans. For example, soils with large accumula-
tions of bird droppings may expose humans to potentially 
infectious fungal pathogens such as Cryptococcus neo-
formans or Histoplasma capsulatum, although the human 
respiratory infections caused by those pathogens—cryp-
tococcosis or histoplasmosis—are rare. Avian influenza A 

viruses have sporadically caused severe, sometimes fatal, 
infections in humans. Chlamydia psittaci has caused rare 
zoonotic respiratory infections.

A safe and healthy world depends on animal, envi-
ronmental, and human health. Birds are found in virtually 
every ecosystem, so studying their worldwide population 
numbers provides compelling evidence for gauging the 
overall health of our environments. Because pathogens can 
mutate and gain the ability to spread among people, scien-
tists must vigilantly monitor avian populations for telltale 
signs that could signal a spillover event. Not to do those 
things would be, to revisit Nash’s poem, a very serious  
ornithological debacle.
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Upcoming Issue
•  Vaccine-Derived Poliovirus Infection among Patients with Primary 

Immunodeficiency and Impact of Patient Screening on Disease 
Outcomes, Iran 

•  Rare Detection of Bordetella pertussis Pertactin-Deficient Strains  
in Argentina 

•  Clinical and Molecular Epidemiology of Invasive Group B 
Streptococcus Disease among Infants, China 

•  Lack of Efficacy of High-Titered Immunoglobulin in Patients with 
West Nile Virus Central Nervous System Disease 

•  Molecular and Clinical Comparison of Enterovirus D68 Outbreaks 
among Hospitalized Children, Ohio, USA, 2014 and 2018 

•  Mansonella ozzardi Infection in the Amazon Region, Ecuador 

•  Human-to-Human Transmission of Influenza A(H3N2) Virus with 
Reduced Susceptibility to Baloxavir, Japan, February 2019 

•  Preventing Sexual Transmission of Zika Virus Infection During 
Pregnancy, Puerto, Rico, USA, 2016 

•  Endemicity of Yaws Shown by Treponema pallidum Antibodies in 
Nonhuman Primates, Kenya 

•  Middle East Respiratory Syndrome Coronavirus, Saudi Arabia, 
2017–2018 

•  Unavailability of Injectable Antimicrobial Drugs to Treat Gonorrhea 
and Syphilis, United States, 2016 

•  Mutation and Diversity of Diphtheria Toxin in Corynebacterium 
ulcerans 

•  Molecular Epidemiology of Hantaviruses in the Czech Republic 

•  Psittacosis Outbreak at Chicken Slaughter Plants, Virginia and 
Georgia, USA, 2018 

•  Mycobacterium microti Infection in Free-ranging Wild Boar, Spain, 
2017–2019 

•  Drug-Susceptible and Multidrug-Resistant Mycobacterium 
tuberculosis in a Single Patient 

•  Outbreak of Achromobacter xylosoxidans and Ochrobactrum 
anthropi Infections after Prostate Biopsies, France, 2014 

•  Macrolide-Resistant Mycoplasma genitalium in Southeastern 
Region of the Netherlands, 2014–2017 

Complete list of articles in the November issue at  
http://www.cdc.gov/eid/upcoming.htm

®

Upcoming Infectious
Disease Activities
November 20–24, 2019
ASTMH
American Society of Tropical Medicine 
and Hygiene
68th Annual Meeting
National Harbor, MD, USA
https://www.astmh.org/

January 28–30, 2020
American Society for Microbiology
2020 ASM Biothreats
Arlington, VA, USA
https://www.asm.org/Events/ 
ASM-Biothreats/Home 

February 20–23, 2020
International Society for  
Infectious Diseases
Kuala Lumpur, Malaysia
https://www.isid.org/

March 8–11, 2020
CROI
Conference on Retroviruses and 
Opportunistic Infections
Boston, MA, USA
https://www.croiconference.org/
March 26–30, 2020
SHEA

March 26–30, 2020 
SHEA Decennial 2020
6th International Conference on 
Healthcare Associated Infections
Atlanta, GA, USA
https://decennial2020.org

April 18–21, 2020
ECCMID 2020
European Congress of Clinical 
Microbiology and  
Infectious Diseases
Paris, France
https://www.eccmid.org/
eccmid_2020/

June 18–22, 2020
American Society for Microbiology
ASM Microbe
Chicago, IL, USA
https://www.asm.org/Events/ASM-
Microbe/Home

Announcements
Email announcements to EIDEditor 
(eideditor@cdc.gov). Include the event’s 
date, location, sponsoring organization, and 
a website. Some events may appear only on 
EID’s website, depending on their dates.

NEWS AND NOTES



Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in 
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies 
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed 
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
medical association for review.

Article Title
Edwardsiella tarda Bacteremia, Okayama, Japan, 2005–2016

CME Questions

1. Your patient is a 75-year-old man with a liver 
tumor who is suspected of having Edwardsiella tarda 
bacteremia (ETB). According to the clinical series of 
26 patients with ETB by Kamiyama and colleagues, 
which of the following statements about the clinical 
epidemiology and characteristics of ETB is correct? 
A.  The most common clinical manifestation was urinary 

tract infection
B.  Patients with ETB were older than patients with 

nonbacteremic E. tarda infection and had higher rates 
of hepatobiliary infections and solid tumors

C.  The most common underlying disease was 
hematologic malignancy

D.  More than half of the patients had hospital-acquired 
bloodstream infections 

2. According to the clinical series of patients with ETB 
by Kamiyama and colleagues, which of the following 
statements about treatment and outcomes of ETB  
is correct?

A.  E. tarda strains isolated from blood cultures were 
resistant to most tested antibiotics

B.  More than half of patients in this cohort died within 90 
days of developing ETB

C.  E. tarda is naturally resistant to benzylpenicillin, 
colistin, and polymyxin B

D.  ETB could not be successfully treated with ampicillin

3. According to the clinical series of patients with ETB 
by Kamiyama and colleagues, which of the following 
statements about seasonal distribution and other 
clinical implications is correct? 
A.  In this series, E. tarda infection more likely occurred 

during summer and autumn
B.  This series showed that ETB is relatively common
C.  Mortality of ETB in this series was higher than 

previously reported
D.  E. tarda is a rare human pathogen causing 

salmonella-like gastrointestinal disease, usually self-
limited enteritis, in ≈80% of infections

2002 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019
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Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in 
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies 
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed 
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
medical association for review.

Article Title
Case Studies and Literature Review of Pneumococcal Septic Arthritis in Adults

CME Questions

1. Your patient is a 62-year-old woman with severe 
bronchitis and presumed pneumococcal septic 
arthritis (SA). According to results from the 
retrospective case series and literature review by 
Dernoncourt and colleagues, which of the following 
statements about clinical and epidemiological features 
of pneumococcal SA in adults >18 years old reported 
to the “Picardie Regional Pneumococcal Network” 
from January 2005 to December 2016 is correct? 
A.  SA accounted for 0.5% of cases of invasive 

pneumococcal disease
B.  SA prevalence increased significantly from 0.69%  

in 2005–2010 to 2.47% in 2011–2016 (p = 0.02)  
after introduction of pneumococcal 13-valent 
conjugate vaccine 

C.  Most patients had no predisposing comorbid condition
D.  Most patients had polyarticular infection of the knee 

and shoulders

2. According to results from the retrospective case 
series and literature review by Dernoncourt and 
colleagues, which of the following statements about 
diagnosis and treatment of pneumococcal SA in adults 
>18 years old reported to the “Picardie Regional 
Pneumococcal Network” from January 2005 to 
December 2016 is correct?

A.  Median interval between admission and diagnosis was 
15 days

B.  Leukocyte scintigraphy and positron emission 
tomography scan did not contribute to diagnosis in 
any patient

C.  All patients received 2 intravenous antibiotics followed 
by oral antibiotics for >42 days alone or in combination

D.  Joint fluid and blood cultures were both Streptococcus 
pneumoniae–positive for one-quarter of recovered 
strains

3. According to the retrospective case series and 
literature review by Dernoncourt and colleagues, 
which of the following statements about outcomes 
and implications of pneumococcal SA in adults 
>18 years old reported to the “Picardie Regional 
Pneumococcal Network” from January 2005 to 
December 2016 is correct? 
A.  57% of cases completely recovered, 36% had 

moderately reduced range of motion of the affected 
joint, and 1 died from colchicine-related multiple organ 
failure 2 days after admission

B.  Vaccination would have been unlikely to prevent any 
of the SA cases

C.  The rate of concomitant extra-articular infection in this 
study was higher than that of previous studies

D.  Treatment of choice for SA is antibiotic therapy alone



Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
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Article Title
Risk for Invasive Streptococcal Infections among Adults  

Experiencing Homelessness, Anchorage, Alaska, USA, 2002–2015

CME Questions
1. You are in the clinic preparing to see a 40-year-
old gentleman with a past history of experiencing 
homelessness and a chief complaint of rash. What 
should you consider regarding the epidemiology 
and health risks for homelessness before you enter 
the room?
A.  The total population of persons experiencing 

homelessness (PEH) in the United States has 
increased steadily for decades

B.  The population of PEH in the United States was 
>550,000 in 2017

C.  PEH have higher risks for tuberculosis but not 
hepatitis C virus infection

D.  PEH have higher risks for HIV infection but not 
tuberculosis

2. The patient appears to have cellulitis of the left leg. 
You inquire about his health history. Which of the 
following characteristics was less common among 
PEH vs. the general population with infection in the 
current study?
A.  Diabetes
B.  Alcohol abuse
C.  Diagnosis of pneumonia
D.  Younger age

3. You suspect this patient has infection with a gram-
positive bacteria. People experiencing homelessness 
had higher rates of which of the following types of 
infection vs. the general population in the current study?
A.  Group A Streptococcus (GAS) only
B.  GAS and Group B Streptococcus (GBS) only
C.  Invasive pneumococcal only
D.  GAS, GBS, and invasive pneumococcal

4. What should you consider regarding the types of 
bacteria identified among PEH in the current study?
A.  There was no correlation between bacterial types in 

the PEH and general populations
B.  The most common type of GAS identified in the PEH 

and general populations was emm1
C.  Only isolates of invasive pneumococcal infection were 

the same in the PEH and general populations
D.  The GAS strains more common in PEH are associated 

with skin infections
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Summary of Authors’ Instructions
Authors’ Instructions. For a complete list of EID’s manuscript guidelines, see the 

author resource page: http://wwwnc.cdc.gov/eid/page/author-resource-center. 

Manuscript Submission. To submit a manuscript, access Manuscript Central from 
the Emerging Infectious Diseases web page (www.cdc.gov/eid). Include a cover letter 
indicating the proposed category of the article (e.g., Research, Dispatch), verifying the 
word and reference counts, and confirming that the final manuscript has been seen and 
approved by all authors. Complete provided Authors Checklist. 

Manuscript Preparation. For word processing, use MS Word. Set the document 
to show continuous line numbers. List the following information in this order: title page, 
article summary line, keywords, abstract, text, acknowledgments, biographical sketch, 
references, tables, and figure legends. Appendix materials and figures should be in 
separate files. 

Title Page. Give complete information about each author (i.e., full name, graduate 
degree(s), affiliation, and the name of the institution in which the work was done). Clearly 
identify the corresponding author and provide that author’s mailing address (include phone 
number, fax number, and email address). Include separate word counts for abstract and text. 

Keywords. Use terms as listed in the National Library of Medicine Medical  
Subject Headings index (www.ncbi.nlm.nih.gov/mesh).

Text. Double-space everything, including the title page, abstract, references, tables, 
and figure legends. Indent paragraphs; leave no extra space between paragraphs. After 
a period, leave only one space before beginning the next sentence. Use 12-point Times 
New Roman font and format with ragged right margins (left align). Italicize (rather than 
underline) scientific names when needed. 

Biographical Sketch. Include a short biographical sketch of the first author—both 
authors if only two. Include affiliations and the author’s primary research interests. 

References. Follow Uniform Requirements (www.icmje.org/index.html). Do not 
use endnotes for references. Place reference numbers in parentheses, not super-
scripts. Number citations in order of appearance (including in text, figures, and tables). 
Cite personal communications, unpublished data, and manuscripts in preparation or 
submitted for publication in parentheses in text. Consult List of Journals Indexed in 
Index Medicus for accepted journal abbreviations; if a journal is not listed, spell out 
the journal title. List the first six authors followed by “et al.” Do not cite references in 
the abstract.

Tables. Provide tables within the manuscript file, not as separate files. Use the MS 
Word table tool, no columns, tabs, spaces, or other programs. Footnote any use of bold-
face. Tables should be no wider than 17 cm. Condense or divide larger tables. Extensive 
tables may be made available online only.  

Figures.  Submit editable figures as separate files (e.g., Microsoft Excel, PowerPoint).  
Photographs should be submitted as high-resolution (600 dpi) .tif or .jpg files. Do not embed 
figures in the manuscript file. Use Arial 10 pt. or 12 pt. font for lettering so that figures, sym-
bols, lettering, and numbering can remain legible when reduced to print size. Place figure 
keys within the figure. Figure legends should be placed at the end of the manuscript file.

Videos. Submit as AVI, MOV, MPG, MPEG, or WMV. Videos should not exceed 5 
minutes and should include an audio description and complete captioning. If audio is 
not available, provide a description of the action in the video as a separate Word file. 
Published or copyrighted material (e.g., music) is discouraged and must be accompanied 
by written release. If video is part of a manuscript, files must be uploaded with manu-
script submission. When uploading, choose “Video” file. Include a brief video legend in 
the manuscript file.

Types of Articles
Perspectives. Articles should not exceed 3,500 words and 50 references. Use of 

subheadings in the main body of the text is recommended. Photographs and illustra-
tions are encouraged. Provide a short abstract (150 words), 1-sentence summary, and 
biographical sketch. Articles should provide insightful analysis and commentary about 
new and reemerging infectious diseases and related issues. Perspectives may address 
factors known to influence the emergence of diseases, including microbial adaptation and 
change, human demographics and behavior, technology and industry, economic devel-
opment and land use, international travel and commerce, and the breakdown of public 
health measures.  

Synopses. Articles should not exceed 3,500 words in the main body of the text 
or include more than 50 references. Use of subheadings in the main body of the 
text is recommended. Photographs and illustrations are encouraged. Provide a short 
abstract (not to exceed 150 words), a 1-line summary of the conclusions, and a brief 

biographical sketch of first author or of both authors if only 2 authors. This section 
comprises case series papers and concise reviews of infectious diseases or closely 
related topics. Preference is given to reviews of new and emerging diseases; how-
ever, timely updates of other diseases or topics are also welcome.  If detailed methods 
are included, a separate section on experimental procedures should immediately fol-
low the body of the text.

Research. Articles should not exceed 3,500 words and 50 references. Use of sub-
headings in the main body of the text is recommended. Photographs and illustrations are 
encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical 
sketch. Report laboratory and epidemiologic results within a public health perspective. 
Explain the value of the research in public health terms and place the findings in a larger 
perspective (i.e., “Here is what we found, and here is what the findings mean”).

Policy and Historical Reviews. Articles should not exceed 3,500 words and 50 refer-
ences. Use of subheadings in the main body of the text is recommended. Photographs 
and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence sum-
mary, and biographical sketch. Articles in this section include public health policy or his-
torical reports that are based on research and analysis of emerging disease issues.

Dispatches. Articles should be no more than 1,200 words and need not be divided 
into sections. If subheadings are used, they should be general, e.g., “The Study” and 
“Conclusions.” Provide a brief abstract (50 words); references (not to exceed 15); figures 
or illustrations (not to exceed 2); tables (not to exceed 2); and biographical sketch. Dis-
patches are updates on infectious disease trends and research that include descriptions 
of new methods for detecting, characterizing, or subtyping new or reemerging pathogens. 
Developments in antimicrobial drugs, vaccines, or infectious disease prevention or elimi-
nation programs are appropriate. Case reports are also welcome.

Research Letters Reporting Cases, Outbreaks, or Original Research. EID  
publishes letters that report cases, outbreaks, or original research as Research Letters. 
Authors should provide a short abstract (50-word maximum), references (not to exceed 
10), and a short biographical sketch. These letters should not exceed 800 words in the 
main body of the text and may include either 1 figure or 1 table. Do not divide Research 
Letters into sections.

Letters Commenting on Articles. Letters commenting on articles should contain a 
maximum of 300 words and 5 references; they are more likely to be published if submitted 
within 4 weeks of the original article’s publication.

Commentaries. Thoughtful discussions (500–1,000 words) of current topics.  
Commentaries may contain references (not to exceed 15) but no abstract, figures, or 
tables. Include biographical sketch.

Another Dimension. Thoughtful essays, short stories, or poems on philosophical  
issues related to science, medical practice, and human health. Topics may include sci-
ence and the human condition, the unanticipated side of epidemic investigations, or how 
people perceive and cope with infection and illness. This section is intended to evoke 
compassion for human suffering and to expand the science reader’s literary scope.  
Manuscripts are selected for publication as much for their content (the experiences they 
describe) as for their literary merit. Include biographical sketch.

Books, Other Media. Reviews (250–500 words) of new books or other media on 
emerging disease issues are welcome. Title, author(s), publisher, number of pages, and 
other pertinent details should be included.

Conference Summaries. Summaries of emerging infectious disease conference ac-
tivities (500–1,000 words) are published online only. They should be submitted no later 
than 6 months after the conference and focus on content rather than process. Provide 
illustrations, references, and links to full reports of conference activities.

Online Reports. Reports on consensus group meetings, workshops, and other ac-
tivities in which suggestions for diagnostic, treatment, or reporting methods related to 
infectious disease topics are formulated may be published online only. These should not 
exceed 3,500 words and should be authored by the group. We do not publish official 
guidelines or policy recommendations.

Photo Quiz. The photo quiz (1,200 words) highlights a person who made notable 
contributions to public health and medicine. Provide a photo of the subject, a brief clue 
to the person’s identity, and five possible answers, followed by an essay describing the 
person’s life and his or her significance to public health, science, and infectious disease. 

Etymologia. Etymologia (100 words, 5 references). We welcome thoroughly researched 
derivations of emerging disease terms. Historical and other context could be included. 

Announcements. We welcome brief announcements of timely events of interest to 
our readers. Announcements may be posted online only, depending on the event date. 
Email to eideditor@cdc.gov. 

Emerging Infectious Diseases is a peer-reviewed journal established expressly to promote the recognition of new and 
reemerging infectious diseases around the world and improve the understanding of factors involved in disease emergence, prevention, and elimination. 

The journal is intended for professionals in infectious diseases and related sciences. We welcome contributions from infectious disease specialists in 
academia, industry, clinical practice, and public health, as well as from specialists in economics, social sciences, and other disciplines. Manuscripts in all 
categories should explain the contents in public health terms. For information on manuscript categories and suitability of proposed articles, see below and 
visit http://wwwnc.cdc.gov/eid/pages/author-resource-center.htm.
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December, 2019 Emerging Infectious Diseases marks the 
final issue that will be published in print. We encourage you 
to make the transition with us. Read the journal and sign up 
for table of contents alerts: https://wwwnc.cdc.gov/eid
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