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Abstract

Background: Highly pathogenic avian influenza A(H5N1) virus poses a global public health threat given severe and

fatal zoonotic infections since 1997 and ongoing A(H5N1) virus circulation among poultry in several countries. A

comprehensive assessment of the seroprevalence of A(H5N1) virus antibodies remains a gap and limits

understanding of the true risk of A(H5N1) virus infection.

Methods: We conducted a systematic review and meta-analysis of published serosurveys to assess the risk of

subclinical and clinically mild A(H5N1) virus infections. We assessed A(H5N1) virus antibody titers and changes in

titers among populations with variable exposures to different A(H5N1) viruses.

Results: Across studies using the World Health Organization-recommended seropositive definition, the point

estimates of the seroprevalence of A(H5N1) virus-specific antibodies were higher in poultry-exposed populations

(range 0–0.6%) and persons exposed to both human A(H5N1) cases and infected birds (range 0.4–1.8%) than in

close contacts of A(H5N1) cases or the general population (none to very low frequencies). Seroprevalence was

higher in persons exposed to A(H5N1) clade 0 virus (1.9%, range 0.7–3.2%) than in participants exposed to other

clades of A(H5N1) virus (range 0–0.5%) (p < 0.05). Seroprevalence was higher in poultry-exposed populations (range

0–1.9%) if such studies utilized antigenically similar A(H5N1) virus antigens in assays to A(H5N1) viruses circulating

among poultry.

Conclusions: These low seroprevalences suggest that subclinical and clinically mild human A(H5N1) virus infections

are uncommon. Standardized serological survey and laboratory methods are needed to fully understand the extent

and risk of human A(H5N1) virus infections.
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Background
Human infections with highly pathogenic avian influenza

(HPAI) A(H5N1) virus were first confirmed in Hong

Kong, China, in 1997 [1], in parallel with large outbreaks

in domestic poultry [2]. Since the re-emergence of human

infections with A(H5N1) virus in Vietnam and China in

2003, the viruses have become entrenched in poultry and

continue to evolve in parts of Asia, Africa, and the Middle

East [3]. A total of 861 human cases have been reported to

the World Health Organization (WHO) from 17 countries

since November 2003, including 455 deaths (case fatality

proportion of 53% among laboratory-confirmed cases) [4].

On the basis of current knowledge of A(H5N1) epidemics,

sporadic poultry-to-human A(H5N1) virus transmission

has occurred, accompanied by limited and non-sustained

human-to-human transmission [5]. Ongoing A(H5N1)

virus circulation among poultry is associated with genetic

divergence and emergence of antigenically distinct clades

and subclades of A(H5N1) virus in different geographic

areas [6, 7]. These evolving genetic and antigenic features

of A(H5N1) virus, as well as potential human adaptative

mutations [8], continue to pose a pandemic threat.

Despite epidemiological studies of the fatality risk of

A(H5N1) virus infections in humans, estimates of the

clinical severity remain biased because case-finding has

focused upon hospitalized patients with severe pneumo-

nia. Therefore, persons with subclinical or clinically mild

A(H5N1) virus infections are rarely ascertained and are

not included in the denominator of A(H5N1) virus in-

fections [5]. This under ascertainment bias can lead to

substantial underestimates of the infection risk and the

case fatality proportion in hospitalized patients overesti-

mates the overall severity of A(H5N1) virus infections

[9–11]. Population-based serological studies can be help-

ful to assess the extent of human A(H5N1) virus infec-

tions [12]. Since 1997, many serological studies were

conducted in endemic countries. However, these studies

enrolled people with different kinds of potential expo-

sures to A(H5N1) viruses, e.g., poultry exposures or case

contacts of symptomatic A(H5N1) cases, and have

reported a wide range of antibody seroprevalence esti-

mates, such as 0–12.7% among poultry workers and 0–

1.9% among the general population [13].

To evaluate the serological evidence for A(H5N1) virus

infections in humans, a previous systematic review and

meta-analysis reported a pooled seroprevalence of anti-

bodies against A(H5N1) virus of 1–2% through assess-

ment of published studies before 2012 [14]. However,

the seroprevalence in this study was criticized for not

considering many underlying uncertainties [15]. First,

the quality of serological testing methods [e.g., selection

of antibody titer to define a seropositive result and anti-

genic similarity between A(H5N1) virus antigens in as-

says and circulating A(H5N1) viruses in poultry] was not

considered, which could affect the validity of the esti-

mates [16]. Second, the overall seroprevalence of

A(H5N1) virus-specific antibodies may be overestimated

if the overall denominator among studies did not include

all exposed individuals. In addition, these studies

neglected the characteristics [e.g., level and different

types of exposures to A(H5N1) virus] of participants.

Given these limitations, there is a need for improved es-

timates of the risk of A(H5N1) virus infection among

populations with different exposures to A(H5N1) virus.

In this study, we aimed to systematically evaluate the

risk of subclinical and clinically mild A(H5N1) virus in-

fections in humans during 1997–2020 by comparing

A(H5N1) virus antibody titers, and changes in titers,

among different populations, accounting for factors such

as the level and type of exposure to A(H5N1) virus, spe-

cific virus clade, and methodological quality in reported

studies.

Methods
Search strategy and selection criteria

In this systematic review and meta-analysis, we searched

MEDLINE/PubMed, Embase, CENTRAL, and Web of

Science databases for articles published between January

1, 1997, and September 1, 2020, using predefined search

terms. Citations from MEDLINE were not presented

alone as PubMed comprises all citations that come from

MEDLINE-indexed journals. Details of the search strat-

egy are presented in Additional File 1: Table S1. To

identify more relevant gray literatures, we also searched

the following authoritative databases/websites: Open

Grey, Grey Matters, Grey Literature Report, Clinical-

Trials.gov, and The British Library. Abstracts of research

articles and gray literatures (i.e., dissertation, conference

paper/abstract, or technical/other reports) were included

if they reported data on the seroprevalence of A(H5N1)

virus-specific antibodies, despite full text was not avail-

able or peer-reviewed. Studies were excluded if they

were reviews, published study protocols without reports

on the results of serological tests, or case reports; re-

ferred to study subjects previously reported in publica-

tions; only assessed the seroprevalence of A(H5N1) virus

antibodies in animals; or reported laboratory-confirmed

cases regardless of clinical severity. In addition, we

checked reference lists of relevant studies to identify po-

tentially eligible studies for this systematic review. This

systematic review was conducted according to guidance

from the Cochrane handbook of interventions and

reported per PRISMA guidelines (http://www.prisma-

statement.org/). The review protocol is available in

PROSPERO (ID: CRD42020147759). Quality assessment

of individual studies was done using the scoring system

developed by Sikkema et al. [16]. Based on their overall

score, each study’s quality was classified into one of four
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categories: A, B, C, or D. Category A spanned studies

with scores ranging from 15 to 18, category B from 10

to 14, category C from 5 to 9, and category D from 0 to

4. Two researchers independently reviewed and identi-

fied eligible articles based on title and abstract, and then

based upon the review of full-text articles. Where the

two reviewers disagreed on inclusion, a third researcher

was consulted and consensus was attained before re-

cording an entry in the database. A full study protocol

outlining case definitions, data extraction, variable list,

and grades for study quality is available in the Supple-

mentary material (Additional File 1: Table S2-S5). Publi-

cation bias was investigated by constructing funnel plots

and formally tested using Egger’s line regression test

when ten or more studies were included in the primary

analyses.

Data analysis

From eligible studies, we extracted data for three prede-

fined A(H5N1) virus antibody outcomes in humans: (i)

seroprevalence, (ii) seroconversion, and (iii) seroinci-

dence. Seroprevalence was defined as the prevalence of

A(H5N1) virus-specific antibodies at or above a particu-

lar titer to define a seropositive result in cross-sectional

studies. Seroconversion was defined as at least a fourfold

increase in A(H5N1) virus-specific antibody titers in

serum collected at multiple time points. Seroincidence

was defined as the number of individuals with serologic

evidence of A(H5N1) virus infection divided by total

person-time during follow-up visits. For multi-year stud-

ies, to reduce variations in seroprevalence caused by

differences in the follow-up period among studies, only

baseline seroprevalence data were included to estimate

overall A(H5N1) virus antibody seroprevalence among

different populations. Once extracted, the study

populations were reclassified into eleven groups accord-

ing to differences in occupational and behavioral expo-

sures to A(H5N1) virus (e.g., poultry workers, poultry

cullers, poultry-exposed residents, household contacts,

social contacts, healthcare workers, mixed poultry and

human exposures, and the general population)

(Additional File 1: Table S6). The onset date for all

laboratory-confirmed human A(H5N1) cases and HPAI

A(H5N1) outbreaks in domestic/wild birds were ex-

tracted from the World Health Organization (WHO)

and Global Animal Disease Information System data

(http://empres-i.fao.org/eipws3g/).

Although WHO published recommended laboratory

procedures (Additional File 1: Text 1) [6, 16–21] for

serologic confirmation of A(H5N1) cases with acute fe-

brile illness and respiratory symptoms, this guidance did

not apply to serological studies when A(H5N1) virus

infection was not suspected. Because of the lack of a

standardized definition of a seropositive result for

serologic studies of A(H5N1) virus infection among

non-ill persons, random effects models were performed

using three different antibody titer thresholds (i.e.,

WHO recommended, modified WHO recommended,

and non-standardized) to estimate overall A(H5N1)

virus antibody seroprevalence, seroconversion, and

seroincidence rates, and corresponding 95% confidence

intervals (CIs). WHO-recommended antibody titers to

define a seropositive result in ill persons are a neutraliz-

ing (NT) antibody titer ≥ 1:80 with a positive result using

a 2nd confirmatory assay [i.e., hemagglutination inhib-

ition test (HAI) (HAI antibody titer ≥ 1:160), enzyme-

linked immunosorbent assay, or western blot assay]. The

modified WHO seropositive definition refers to an NT

antibody titer ≥ 1:80 with a positive result using a 2nd

confirmatory assay (i.e., HAI antibody titer ≥ 1:40,

ELISA, or western blot assay). The non-standardized

seropositive definition refers to criteria used to define a

seropositive result other than the WHO or modified

WHO definitions.

In three studies conducted during or soon after the

1997 A(H5N1) outbreak in Hong Kong, target popula-

tions were assessed for serologic evidence of infection

with a distinct A(H5N1) virus genotype Gs/Gd that

differed from studies conducted after 2003. Higher

A(H5N1) virus antibody seroprevalence was found in ex-

posed persons in the 1997 Hong Kong studies (3.3%,

95% CI 0.9–5.6%) compared with those conducted

during 2001–2017 (0.1%, 95% CI 0.02–0.2%) (Z = 3.38,

p < 0.001) using random effects models. Therefore, we

analyzed the findings from these 1997 Hong Kong

studies separately from those conducted after 1997.

Additionally, we analyzed the impact of virus antigen

used in laboratory assays on serological results in a sen-

sitivity analysis according to whether included studies

reported the antigenic similarity between circulating

virus and virus antigen used in laboratory assay.

To assess the true risk of asymptomatic and symp-

tomatic A(H5N1) virus infections among different

populations, studies were screened according to

whether they reported any acute respiratory illness

(i.e., fever or respiratory symptoms) among partici-

pants identified with A(H5N1) virus antibodies shortly

before the time of serum collection. The proportion

of asymptomatic ( pasym;i ¼
Number of asymptomatic infections

Total number of infections
)

and symptomatic ( p sym;i ¼
Number of symptomatic infections

Total number of infections
)

infections in study population i were calculated in

studies that ascertained acute respiratory illness in

participants. In sensitivity analyses, these proportions

were applied to estimate the number of asymptomatic

(n1) and symptomatic (n2) A(H5N1) virus infections

in studies that did not ascertain acute respiratory

illness in participants (Additional File 1: Tables S12-
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S13). The n1, i and n2, i are defined as n1, i = psym, i ∙

Pi and n2, i = psym, i ∙ Pi, where Pi is the total number

of A(H5N1) virus infections detected in serologic

study population i at a particular antibody titer

threshold. Random effects models were then per-

formed to estimate the mean prevalence of asymp-

tomatic and symptomatic A(H5N1) virus infections

and corresponding 95% CIs using the estimated num-

ber of asymptomatic and symptomatic A(H5N1) virus

infections.

The extent to which study-level variables were associ-

ated with A(H5N1) virus antibody seroprevalence was

examined by the fitting of multivariable meta-regression

models using restricted maximum likelihood. To deter-

mine the extent of variation between the studies, hetero-

geneity tests (chi-squared test) with Higgins’ I2 statistic

were used to measure the proportion of the variation. A

higher I2 statistic and a low p value (or a large χ2 statistic

relative to its degree of freedom) provide evidence of

heterogeneity of A(H5N1) virus antibody seroprevalence

among different studies. Subgroup analyses were per-

formed when appropriate to assess A(H5N1) virus anti-

body seroprevalence by epidemic period, geographical

region, virus clade, and potential risk factors. All statis-

tical analyses were performed using statistical software R

(version 3.6.0).

Results
A total of 2599 articles/reports/theses were identified, of

which 941 were duplicates (Fig. 1). The remaining 1658

articles were screened, of which 61 met the inclusion

criteria in the main analysis. An additional five eligible

studies identified by screening of reference lists in previ-

ous reports [13, 14, 22, 23] were included in this system-

atic review and meta-analysis. Of the 66 included studies

[24–89], twenty-four studies involving 34 study popula-

tions ascertained influenza-like illness among partici-

pants with A(H5N1) virus antibodies (Fig. 1). When

reviewing the study quality (Additional File 1: Table S7-

S8), most studies (48/66, 72.7%) were graded as C (Add-

itional File 1: Fig. S1 and Table S9).

Figures 2 and 3 show the temporal and spatial distri-

bution of lab-confirmed A(H5N1) virus outbreaks in

humans and animal reservoirs and of sixty-six A(H5N1)

virus antibody serosurveys. A(H5N1) virus antibody ser-

osurveys were conducted in humans in association with

A(H5N1) human or animal outbreaks, except for four

studies that aimed to investigate A(H5N1) virus antibody

seroprevalence in the general population. The number

of A(H5N1) virus antibody serosurveys conducted in

humans increased during 2003–2017 when the number

of laboratory-confirmed human cases and the number of

affected countries increased in parts of Asia, Africa, and

Middle East (Spearman’s correlation rs = 0.428, p =

0.037). Among the 66 studies, a majority (39/66, 59.1%)

focused on occupationally exposed populations, and 17

studies were conducted among close contacts of con-

firmed human A(H5N1) cases.

We excluded three studies [55, 57, 60] that presented

data previously reported in three other included studies

[54, 56, 59]. Of the remaining 63 studies, 27 were con-

ducted among a total of 19,320 participants during 1997

to 2016 in five countries and utilized the WHO-

recommended seropositive antibody titer threshold

(Fig. 4). These studies reported A(H5N1) virus antibody

seroprevalence ranging from 0 to 7.0% (median 0%). Of

the remaining studies, two studies in four countries uti-

lized the modified WHO criteria to define a seropositive

result. A(H5N1) virus antibody seroprevalence was re-

ported as 0% in more than half of the studies that used

the WHO or the modified WHO seropositive definition

(Additional File 1: Fig. S2). A(H5N1) virus antibody

seroprevalence ranged from 0 to 12.7% in 35 studies that

applied a non-standardized seropositive definition,

resulting in a pooled seroprevalence of 0.2% (95% CI

0.1–0.3%) among 22,920 participants (Additional File 1:

Fig. S3).

Across studies that utilized the WHO seropositivity

criteria, the mean seroprevalence was 0.2, 0.6, and 1.8%

for poultry workers, poultry cullers, and persons with

both poultry and human exposures, respectively, while

the mean seroprevalence was 0% among the general

population and close contacts of confirmed A(H5N1)

cases using random effects models (Fig. 5a, Add-

itional File 1: Table S10). Similarly, poultry workers

(0.5%, 95% CI 0.3–0.7%), poultry cullers (0.4%,95% CI

0.0–0.9%), and persons with poultry and human expo-

sures (0.8%, 95% CI 0.2–1.4%) had relatively higher

A(H5N1) virus antibody seroprevalence than those with-

out poultry exposures, using the non-standardized sero-

positive definition. There was high heterogeneity of

A(H5N1) virus antibody seroprevalence in poultry

workers (I2 = 86.3%, p < 0.001), poultry-exposed resi-

dents (I2 = 85.1%, p < 0.001), poultry cullers (I2 = 73.8%,

p = 0.004), and persons with both poultry and human

exposures (I2 = 71.7%, p < 0.001), while the other study

populations did not demonstrate heterogeneity for

A(H5N1) virus antibody seroprevalence. After excluding

studies conducted during the 1997 Hong Kong outbreak,

using the WHO-recommended definition, mean sero-

prevalence was higher in confirmed mixed exposure

population (1.2%) than in poultry workers (0%, p =

0.015) or poultry-exposed residents (0.1%, p = 0.022).

Similar non-significant trends were also present when

considering modified definitions (p > 0.05) (Fig. 5b).

However, with the exception of poultry workers, there

were no significant differences in A(H5N1) virus

antibody seroprevalence among different exposed
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populations when the three seropositive criteria were

applied (p > 0.05). The seroprevalence of A(H5N1)

virus-specific antibody was higher among occupationally

exposed populations in studies that have antigenically

similar A(H5N1) virus antigens in assays to circulating

A(H5N1) viruses (range 0.3–0.8), and in studies that

used hemagglutination inhibition assay with horse eryth-

rocytes (range 0.5–0.7) when the WHO or modified

WHO antibody titer threshold to define seropositive re-

sults was applied (Additional File 1: Table S11).

Fig. 1 Flowchart of the selection of A(H5N1) serological studies, 1997–2020
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Fig. 2 (See legend on next page.)
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Overall, persons with poultry exposures experienced

relatively higher seroprevalence of A(H5N1) virus-

specific antibodies than non-poultry-exposed partici-

pants in sixty serological studies (Additional File 1: Fig.

S4). Additional File 1: Figs. S5-S6 and Tables S12-S13

also indicate a higher seroprevalence of asymptomatic or

symptomatic A(H5N1) virus infections among poultry-

exposed participants than those without poultry

exposures. Poultry-exposed participants who were in

areas with A(H5N1) outbreaks among poultry had sig-

nificantly higher levels of A(H5N1) virus-specific

antibodies (0.6%, 95% CI 0.3–0.9%) than those in non-

epidemic areas (0.1%, 95% CI 0–0.2%) (Z = 2.92, p =

0.004). With the exception of participants exposed to

A(H5N1) clade 1 and clade 2.5 viruses in studies that

utilized the non-standardized seropositive definition,

study participants exposed to A(H5N1) clade 0 virus had

relatively higher seroprevalence (range 1.1–1.9%) of

A(H5N1) virus-specific antibodies than participants ex-

posed to other A(H5N1) virus clades (range 0–0.5%)

(p < 0.05) (Fig. 5c). Meta-regression and subgroup

analyses (Additional File 1: Fig. S7) revealed that popula-

tions with poultry exposures only experienced an in-

creased risk of A(H5N1) virus infection (β = 0.6, 95% CI

0–1.2, p = 0.037) (Table 1), compared to those without

any exposure to A(H5N1) virus.

Seroconversion data were available in twelve studies.

The median A(H5N1) virus antibody seroconversion rate

in these studies was 0% (range 0–44.0%) (Add-

itional File 1: Fig. S8 and Table S14). Poultry workers

had the highest A(H5N1) virus antibody seroconversion

rate of 1.3% (Fig. 6a). Of the twelve studies, follow-up

duration was available in five, allowing estimation of

seroincidence. The median follow-up duration was 12

months (range 2.0–40.2 months). Seroincidence rate was

much higher in three studies conducted during

A(H5N1) outbreaks (9.1 per 100 person-years) (Fig. 6b,

Additional File 1: Fig. S9) than in two studies conducted

when A(H5N1) outbreaks were not occurring (0.6 per

100 person-years) (Fig. 6c, Additional File 1: Fig. S10).

The general population consistently had the lowest

mean seroconversion (0.0% 95% CI 0.0–0.1) and

seroincidence (0.0, 95% CI 0.0–0.1) rates, regardless of

the presence of symptoms (Fig. 6a and c and Add-

itional File 1: Fig. S11).

Observed and tested funnel plot asymmetry revealed

evidence of publication bias in studies of the seropreva-

lence of A(H5N1) virus-specific antibody using three dif-

ferent criteria to define a seropositive result (p < 0.001)

(Additional File 1: Fig. S12). However, between-study

heterogeneity and small-study effects (i.e., the tendency

for smaller studies to show greater effects than larger

studies) are also possible explanations. After including

an abstract of one study that reported data on the

seroprevalence of A(H5N1) virus-specific antibody, the

estimation of the seroprevalence did not change among

poultry workers (Additional File 1: Fig. S13) in a sensi-

tive analysis.

Discussion
Our findings provide the most comprehensive assess-

ment of the seroprevalence of A(H5N1) virus infections

to date and reveal differences in seroprevalence of

A(H5N1) virus antibody titers among populations with

different occupational and behavioral exposures to

A(H5N1) virus. We have shown that higher estimates of

A(H5N1) virus antibody seroprevalence have been ob-

served in occupationally and behaviorally exposed popu-

lations than those with very low levels of exposures to

A(H5N1) virus. In comparison, none or very low

frequencies of antibodies against A(H5N1) virus have

been detected among all close contacts of confirmed

A(H5N1) cases. Our results also show variations in

A(H5N1) virus antibody titers among populations ex-

posed to different clades of A(H5N1) virus, with clade 0,

related to the Hong Kong A(H5N1) outbreak in 1997,

being associated with higher rates of seropositivity than

other clades. Importantly, however, there was a lack of

standardization of study design and laboratory assay

methods among the 66 published studies. This led to

generally low overall study quality and inconsistent con-

clusions about asymptomatic human A(H5N1) virus in-

fections among studies.

(See figure on previous page.)

Fig. 2 Epidemic curves of highly pathogenic avian influenza A(H5N1) virus infections in humans and animal reservoirs by country and temporal

distribution of sixty-six A(H5N1) serosurveys in human by type of exposure, 1997–2020. a Epidemic curve of lab-confirmed human infections with

highly pathogenic avian influenza A(H5N1) viruses. b Epidemic curve of lab-confirmed A(H5N1) outbreaks in poultry and wild birds. c Temporal

distribution of the implementation of sixty-six A(H5N1) serological studies in poultry workers (PW), poultry cullers (PC), other occupationally

exposed populations (OP), poultry-exposed residents (ER), exposed healthcare workers (HCW), household contacts (HC), social contacts (SC), other

close contacts (OC), persons with both poultry and human exposures (MP), suspected mixed exposure population (SP), and general population

(GP). In panel c, the color represents whether A(H5N1) virus infection occurred in humans, poultry, or wild birds occurred (red) or not (white)

before or during the implementation of each study. The number below each symbol is the study reference number. The symbols in red color

refer to A(H5N1) outbreaks that occurred in one of three species (i.e., humans, domestic poultry, or wild birds), while the human+chicken symbols

together refer to A(H5N1) outbreaks that occurred in both humans and domestic poultry. Note that three multi-year cohort studies were

classified as independent studies in panel c
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Variations in seroprevalence of A(H5N1) virus-

specific antibodies seem to be consistent with the ex-

tent of reported exposures to A(H5N1) virus and are

highest among occupationally and behaviorally ex-

posed populations. Among occupationally exposed

populations, persons who worked in live poultry mar-

kets had higher frequencies of A(H5N1) virus-specific

antibodies than poultry farmers and veterinarians,

probably because they were typically involved in more

than one high-risk operation (e.g., butchering and

processing poultry). Despite prolonged and concen-

trated poultry exposures among occupational popula-

tions, these populations likely had a very low risk of

A(H5N1) virus infection when A(H5N1) outbreaks

among poultry had not occurred in the study region.

Although very few or no seropositive results have

Fig. 3 Geographical distribution of highly pathogenic avian influenza A(H5N1) virus infections in human and animal reservoirs by country and

distribution of sixty-six A(H5N1) virus antibody serosurveys in humans by type of exposure, 1997–2020. a The geographical distribution of

laboratory-confirmed human cases of highly pathogenic avian influenza A(H5N1) virus infection. b The geographical distribution of A(H5N1)

outbreaks in domestic poultry and wild birds. c–e The geographical distribution of 66 A(H5N1) serosurveys in humans by type of exposure. Note

that one human A(H5N1) case reported in Canada was in a returned traveler from China
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been detected among close contacts of A(H5N1)

cases, we cannot exclude the potential higher risk

among blood-related individuals. As demonstrated in

previous studies, the preponderance of familial clus-

tering of cases (50/54, 92.6%) [90] and an increased

relative risk of secondary infections in blood relatives

of A(H5N1) index cases (RR = 8.96, 95% CI 1.30–

61.86) [91] suggests that there may be familial suscep-

tibility risk factors for A(H5N1) virus infection.

Heterogeneity in the seroprevalence of A(H5N1)

virus-specific antibodies among included serological

studies may in part be due to a lack of

(See figure on previous page.)

Fig. 4 Seroprevalence of antibodies to highly pathogenic avian influenza A(H5N1) virus estimated through random effects models, using

standard antibody titers for seropositivity recommended by the World Health Organization. The World Health Organization (WHO)

recommendations refer to a neutralizing (NT) antibody titer ≥ 1:80 with a positive result using a 2nd assay method, i.e., hemagglutination

inhibition (HAI) assay (HAI antibody titer ≥ 1:160), enzyme-linked immunosorbent assay, or western blot assay

Fig. 5 Seroprevalence of antibodies to avian influenza A (H5N1) virus estimated through random effects models by type of exposure and virus

clade, using three antibody titer thresholds (World Health Organization recommended, modified World Health Organization recommended, and

non-standardized antibody titer thresholds to define a seropositive result). World Health Organization (WHO) recommendations refer to a

neutralizing (NT) antibody titer ≥ 1:80 with a positive result using a 2nd assay method, i.e., hemagglutination inhibition test (HAI) (HAI antibody

titer ≥ 1:160), enzyme-linked immunosorbent assay, or western blot assay. The modified WHO definition of a seropositive result refers to an NT

antibody titer ≥ 1:80 with a positive result using a 2nd confirmatory assay (i.e., HAI antibody titer ≥ 1:40, ELISA, or western blot assay). The non-

standardized seropositive definition refers to criteria used to define a seropositive result other than the WHO or modified WHO definitions. Data

are presented if A(H5N1) virus-specific antibodies were detected. a A(H5N1) virus antibody seroprevalence by type of exposure. b Changes in

A(H5N1) virus antibody seroprevalence by type of exposure after excluding studies related to A(H5N1) outbreaks in Hong Kong in 1997. c

A(H5N1) virus antibody seroprevalence by virus clade
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standardization of survey and laboratory methods for

testing A(H5N1) virus-specific antibodies. Generally,

the design and conduct of such studies can affect the

quality and interpretability of the serological evidence,

and the measurement of A(H5N1) virus-specific anti-

body titers has been problematic due to the presence

of cross-subtype antibodies and natural antibody kin-

etics. For example, Shimizu et al. [79] reported a very

high seroconversion rate of 44% based on a relatively

low HAI antibody titer threshold that was likely a

consequence of detection of false-positive, cross-

subtype antibodies and therefore may have substan-

tially overestimated the true number of A(H5N1)

virus infections that had occurred [20, 92]. Also, an

overly long interval between exposures and serum

sampling will possibly lead to uninterpretable results,

since antibody titers may have decayed below the

antibody titer to define a seropositive result due to

the kinetics of antibody titers following mild or

asymptomatic A(H5N1) virus infection [93].

To accurately and reliably estimate subclinical A(H5N1)

virus infections that have occurred, standardized methods

for study procedures and laboratory assays should be used

for sero-epidemiological investigations. Although the Con-

sortium for the Standardization of Influenza Seroepide-

miology (CONSISE) developed protocols to standardize

sero-epidemiological investigation [12, 94], no antibody

titer to confirm asymptomatic or clinically mild A(H5N1)

Table 1 Multivariable meta-regression for change in seroprevalence of antibodies to highly pathogenic avian influenza A(H5N1)

virus by different factors

Study characteristics All studies (β
coefficient¶, 95% CI)

All studies excluding reports related to A(H5N1) outbreaks in Hong Kong in
1997 (β coefficient, 95% CI)

Year of study

1997–2002 1.0 –

2003–2017 − 1.7 (− 3.2, − 0.2)* –

Epidemic region

Southeast Asiaa 1.0 1.0

Hong Kong, China 1.8 (− 0.0, 3.7) –

Mainland China − 0.4 (− 1.2, 0.4) − 0.8 (− 1.5, − 0.1)*

Middle East and Africab − 0.4 (− 1.4, 0.6) − 0.6 (− 1.6, 0.4)

Other countriesc − 0.7 (− 1.7, 0.3) − 1.0 (− 2.0, − 0.1)*

A(H5N1) outbreaks in poultry

No 1.0 1.0

Yes 0.2 (− 0.5, 0.8) − 0.1 (− 0.7, 0.5)

Virus clade

Clade 0 1.0 1.0

Clade 1 0.2 (− 0.8, 1.1) − 0.0 (− 0.9, 0.9)

Clade 2 0.2 (− 0.6, 1.1) 0.0 (− 0.8, 0.8)

Study quality

Category B 1.0 1.0

Category C − 0.2 (− 0.9, 0.6) − 0.1 (− 0.8, 0.6)

Category D 0.1 (− 1.1, 1.4) 0.2 (− 1.0, 1.4)

Level of exposure

Without any exposure 1.0 1.0

Human case contact only − 0.1 (− 1.5, 1.3) − 0.3 (− 1.7, 1.1)

Both poultry exposure and
human case contact

0.5 (− 0.4, 1.5) 0.2 (− 0.8, 1.2)

Poultry exposure only 0.6 (0.0, 1.2)* 0.5 (− 0.0, 1.1)

*p < 0.05
¶The regression coefficient β refers to the change in the seroprevalence of A(H5N1) virus-specific antibodies. A negative sign for the coefficient β corresponds to a

reduction in the seroprevalence of A(H5N1) virus-specific antibodies for given changes in the covariate, while a positive sign corresponds to an increase in the

seroprevalence of A(H5N1) virus-specific antibodies
aIncluding Vietnam, Indonesia, Cambodia, Thailand, and Bangladesh
bIncluding Egypt, Turkey, Pakistan, and Nigeria
cIncluding Romania, Russia, South Korea, the USA, England, and Germany
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virus infections was recommended. Echoing the recom-

mendations of WHO, performing a 2nd confirmatory

assay after a screening serological assay can be helpful in

reliably detecting subclinical A(H5N1) virus infections.

A(H5N1) virus-specific T cell responses, which have low

or no cross-reactivity with H3 or H1 HA peptides and are

most likely to have been generated as a result of prior in-

fection with or exposure to a low level of A(H5N1) virus,

should also be assessed [95].

Our study has multiple limitations. First, our classi-

fication of populations with different types of expo-

sures to A(H5N1) virus was based upon limited

information available from published studies, and

thus, some participants’ exposures might be misclassi-

fied. Second, because of the inaccessibility of data on

the frequency of exposure among different

populations, we cannot quantify the risk of A(H5N1)

virus infections among populations with different

kinds of exposures. Third, the estimates of A(H5N1)

virus antibody seroprevalence among these popula-

tions cannot be extrapolated to non-epidemic popula-

tions, due to variations in levels of exposure to

A(H5N1) virus among study populations involved in

these studies and the variability in infectivity and

transmissibility of A(H5N1) virus strains.

Conclusion
In conclusion, this study provides the best available esti-

mates to date of the overall seroprevalence of A(H5N1)

virus-specific antibodies among populations with differ-

ent occupational and behavioral exposures to A(H5N1)

virus. A lack of standardization of survey and laboratory

Fig. 6 Comparison of seroconversion rate and seroincidence for human infection with highly pathogenic avian influenza A(H5N1) virus estimated

through random effects models by type of exposure, using a non-standardized antibody titer threshold. The non-standardized antibody titer

threshold refers to criteria to define seropositive results in each study rather than the World Health Organization-recommended or modified

World Health Organization-recommended criteria [i.e., a neutralizing (NT) antibody titer ≥ 1:80 with a positive result confirmed by a 2nd assay (i.e.,

HAI antibody titer ≥ 1:40, ELISA or western blot assay)]. Data are presented for seroconversion rate for human infection with A(H5N1) virus (a),

and seroincidence of human infection with A(H5N1) virus considering whether A(H5N1) outbreaks in humans or animal reservoirs occurred (b) or

not (c). The red color in panel a represents the estimates of the pooled seroconversion rate are based on all thirteen studies excluding reports

related to A(H5N1) outbreaks in Hong Kong in 1997
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methods to test for A(H5N1) virus-specific antibodies

has resulted in heterogeneities in the reported seropreva-

lence of A(H5N1) virus-specific antibodies among differ-

ent sero-epidemiological investigations. In particular,

inappropriate antibody titer thresholds to define sero-

positive results and antigenic dissimilarity between

A(H5N1) virus antigens used in assays and A(H5N1)

virus strains circulating among poultry can cause chal-

lenges in interpreting the risk of human infection with

A(H5N1) viruses. Therefore, it is essential that future

serological studies adhere to strict antibody titer thresh-

olds (e.g., WHO-recommended criteria) to define sero-

positive results, and apply standardized survey and

laboratory methods as recommended by the CONSISE

statement [12].

Supplementary Information
The online version contains supplementary material available at https://doi.

org/10.1186/s12916-020-01836-y.

Additional file 1: Text 1. Materials and Methods. Table S1. Search

strategy used in this systematic review. Table S2. Characteristics of

eligible studies. Table S3. Summary of antibody detection assays in

eligible studies. Table S4. Data describing seroprevalence of antibodies

to A(H5N1) virus, prior seasonal influenza vaccination and infections, risk

factors for A(H5N1) virus infections. Table S5. Summary of studies

reporting seroconversion rate and seroincidence of human A(H5N1)

infections. Table S6. Definition of subjects. Table S7. Scoring system

used for evaluation of eligible studies. Table S8. Scores for antibody

detection assays. Table S9. Quality assessment of eligible studies. Table

S10. Seroprevalence of antibodies to A(H5N1) virus by type of exposure.

Table S11. Seroprevalence of antibodies to A(H5N1) virus, considering

antigenic similarity between virus strains circulating among poultry and

antigens used in laboratory assays. Table S12 and S13. Seroprevalence

of antibodies to A(H5N1) virus by type of exposure and virus clade in

studies without ascertainment of influenza-like illness in participants.

Table S14. Seroconversion rate and seroincidence estimates of human

A(H5N1) infections by type of exposure. Fig. S1. Quality score by type of

exposure. Fig. S2 and S3. Seroprevalence of antibodies to A(H5N1) virus

by type of exposure, using modified WHO recommended and non-

standardized antibody titer threshold. Fig. S4. Relative risk of human

A(H5N1) infections by type of exposure. Figs. S5 and S6. Estimated sero-

prevalence of antibodies to A(H5N1) virus in asymptomatic or symptom-

atic persons by type of exposure or virus clade. Fig. S7. Subgroup

analysis of seroprevalence of antibodies to A(H5N1) virus. Fig. S8. Esti-

mated seroconversion rates of human A(H5N1) infections by type of ex-

posure. Fig S9 and S10. Estimated seroincidence of human A(H5N1)

infections among studies with and without A(H5N1) outbreaks. Fig S11.

Estimated seroconversion rate and seroincidence of asymptomatic hu-

man A(H5N1) infections by type of exposure. Fig S12. Funnel plot with

pseudo 95% confidence limits. Fig S13. Estimated seroprevalence of anti-

bodies to A(H5N1) virus in all studies, regardless of the availability of full-

text.

Acknowledgements

We thank Marius Gilbert from the Université Libre de Bruxelles and the

Fonds National de la Recherche Scientifique, Qianli Wang and Junbo Chen

from the Fudan University, and Othmar G. Engelhardt from UK Medicines

and Healthcare products Regulatory Agency for the technical support.

Disclaimer

The views expressed are those of the authors and do not necessarily

represent the official policy of the Centers for Disease Control and

Prevention or other institutions with which the authors are affiliated.

Authors’ contributions

H.Y. conceived, designed, and supervised the study. X.C. and W.W. did the

literature search, set up the database, and did all statistical analyses. X.C. and

W.W. co-drafted the first version of the article. Y.W. helped with the data col-

lection and did the figures. S.L., J.Y., B.J.C., P.W.H., and T.M.U. provided critical

revision of the manuscript. All authors interpreted the results and critically re-

vised the manuscript for scientific content. All authors approved the final ver-

sion of the article.

Funding

This study was funded by the National Natural Science Foundation of China

(grant no. 82073613), National Science and Technology Major project of

China (grant nos. 2018ZX10201001-007, 2017ZX10103009-005,

2018ZX10201001-010), Program of Shanghai Academic/Technology Research

Leader (grant no. 18XD1400300), and National Science Fund for Distin-

guished Young Scholars (grant no. 81525023).

Availability of data and materials

The datasets used and analyzed during the current study are available in

Additional file 1.

Ethics approval and consent to participate

This study was approved by the Institutional review board from the School

of Public Health, Fudan University (IRB#2019-08-0771). All data were collected

from publicly available sources and did not contain any personal

information.

Consent for publication

Not applicable.

Competing interests

H.Y. has received research funding from Sanofi Pasteur, and Shanghai Roche

Pharmaceutical Company; none of this research funding is related to avian

influenza viruses. BJC has received honoraria from Roche and Sanofi Pasteur.

X.C., W.W., Y.W., S.L., J.Y., B.J.C., P.W.H., and T.M.U. declare no competing

interests.

Author details
1School of Public Health, Fudan University, Key Laboratory of Public Health

Safety, Ministry of Education, Shanghai 200032, China. 2WorldPop, School of

Geography and Environmental Science, University of Southampton,

Southampton SO17 1BJ, UK. 3WHO Collaborating Centre for Infectious

Disease Epidemiology and Control, School of Public Health, Li Ka Shing

Faculty of Medicine, The University of Hong Kong, Hong Kong, Special

Administrative Region, China. 4Centre for Tropical Medicine and Global

Health, Nuffield Department of Clinical Medicine, University of Oxford,

Oxford, UK. 5Influenza Division, National Center for Immunization and

Respiratory Diseases, Centers for Disease Control and Prevention, Atlanta,

USA.

Received: 31 July 2020 Accepted: 2 November 2020

References

1. Ku AS, Chan LT. The first case of H5N1 avian influenza infection in a human

with complications of adult respiratory distress syndrome and Reye’s

syndrome. J Paediatr Child Health. 1999;35(2):207–9.

2. Shortridge KF, Zhou NN, Guan Y, Gao P, Ito T, Kawaoka Y, Kodihalli S, Krauss

S, Markwell D, Murti KG, et al. Characterization of avian H5N1 influenza

viruses from poultry in Hong Kong. Virology. 1998;252(2):331–42.

3. Uyeki TM. Human infection with highly pathogenic avian influenza A

(H5N1) virus: review of clinical issues. Clin Infectious Dis. 2009;49(2):279–90.

4. Cumulative number of confirmed human cases for avian influenza A(H5N1)

reported to WHO, 2003-2019 [https://www.who.int/influenza/human_

animal_interface/2019_09_27_tableH5N1.pdf?ua=1].

5. Writing Committee of the Second World Health Organization Consultation

on Clinical Aspects of Human Infection with Avian Influenza AV, Abdel-

Ghafar AN, Chotpitayasunondh T, Gao Z, Hayden FG, Nguyen DH, de Jong

MD, Naghdaliyev A, Peiris JS, Shindo N et al. Update on avian influenza A

(H5N1) virus infection in humans. New England J Med 2008, 358(3):261–273.

Chen et al. BMC Medicine          (2020) 18:377 Page 13 of 16

https://doi.org/10.1186/s12916-020-01836-y
https://doi.org/10.1186/s12916-020-01836-y
https://www.who.int/influenza/human_animal_interface/2019_09_27_tableH5N1.pdf?ua=1
https://www.who.int/influenza/human_animal_interface/2019_09_27_tableH5N1.pdf?ua=1


6. Li KS, Guan Y, Wang J, Smith GJ, Xu KM, Duan L, Rahardjo AP, Puthavathana

P, Buranathai C, Nguyen TD, et al. Genesis of a highly pathogenic and

potentially pandemic H5N1 influenza virus in eastern Asia. Nature. 2004;

430(6996):209–13.

7. Katz JM, Veguilla V, Belser JA, Maines TR, Van Hoeven N, Pappas C, Hancock

K, Tumpey TM. The public health impact of avian influenza viruses. Poult Sci.

2009;88(4):872–9.

8. Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, de Jong MD, Lochindarat S,

Nguyen TK, Nguyen TH, Tran TH, et al. Avian influenza A (H5N1) infection in

humans. N Engl J Med. 2005;353(13):1374–85.

9. Cowling BJ, Jin L, Lau EH, Liao Q, Wu P, Jiang H, Tsang TK, Zheng J, Fang VJ,

Chang Z, et al. Comparative epidemiology of human infections with avian

influenza A H7N9 and H5N1 viruses in China: a population-based study of

laboratory-confirmed cases. Lancet (London, England). 2013;382(9887):129–37.

10. Yu H, Cowling BJ, Feng L, Lau EH, Liao Q, Tsang TK, Peng Z, Wu P, Liu F,

Fang VJ, et al. Human infection with avian influenza A H7N9 virus: an

assessment of clinical severity. Lancet (London, England). 2013;382(9887):

138–45.

11. Ip DK, Liao Q, Wu P, Gao Z, Cao B, Feng L, Xu X, Jiang H, Li M, Bao J, et al.

Detection of mild to moderate influenza A/H7N9 infection by China's

national sentinel surveillance system for influenza-like illness: case series.

BMJ (Clinical research ed). 2013;346:f3693.

12. Horby PW, Laurie KL, Cowling BJ, Engelhardt OG, Sturm-Ramirez K, Sanchez

JL, Katz JM, Uyeki TM, Wood J, Van Kerkhove MD, et al. CONSISE statement

on the reporting of seroepidemiologic studies for influenza (ROSES-I

statement): an extension of the STROBE statement. Influenza Other Respir

Viruses. 2017;11(1):2–14.

13. Toner ES, Adalja AA, Nuzzo JB, Inglesby TV, Henderson DA, Burke DS.

Assessment of serosurveys for H5N1. Clin Infect Dis. 2013;56(9):1206–12.

14. Wang TT, Parides MK, Palese P. Seroevidence for H5N1 influenza

infections in humans: meta-analysis. Science (New York, NY). 2012;

335(6075):1463.

15. Van Kerkhove MD, Riley S, Lipsitch M, Guan Y, Monto AS, Webster RG,

Zambon M, Nicoll A, Peiris JS, Ferguson NM. Comment on “Seroevidence

for H5N1 influenza infections in humans: meta-analysis”. Science. 2012;

336(6088):1506 author reply 1506.

16. Sikkema RS, Freidl GS, de Bruin E, Koopmans M. Weighing serological

evidence of human exposure to animal influenza viruses - a literature

review. Euro Surveillance. 2016;21(44):30388.

17. Recommendations and laboratory procedures for detection of avian

influenza A(H5N1) virus in specimens from suspected human cases

[https://www.michigan.gov/documents/mdch/RecAIlabtestsAug07_2

07909_7.pdf].

18. Vijaykrishna D, Bahl J, Riley S, Duan L, Zhang JX, Chen H, Peiris JS, Smith GJ,

Guan Y. Evolutionary dynamics and emergence of panzootic H5N1

influenza viruses. PLoS Pathog. 2008;4(9):e1000161.

19. Le TH, Nguyen NT. Evolutionary dynamics of highly pathogenic avian

influenza A/H5N1 HA clades and vaccine implementation in Vietnam. Clin

Exp Vaccine Res. 2014;3(2):117–27.

20. Rowe T, Abernathy RA, Hu-Primmer J, Thompson WW, Lu X, Lim W, Fukuda

K, Cox NJ, Katz JM. Detection of antibody to avian influenza A (H5N1) virus

in human serum by using a combination of serologic assays. J Clin

Microbiol. 1999;37(4):937–43.

21. Bo H DL, Zhang Y, Dong J, Zou SM, Gao RB, Wang DY, Shu YL.

Establishment of micro-plaque reduction assay to detect human serum

neutralization antibody level against avian influenza A ( H7N9) virus. Disease

Surveillance. 2016;31(2):126–9.

22. Van Kerkhove MD. Brief literature review for the WHO global influenza

research agenda--highly pathogenic avian influenza H5N1 risk in humans.

Influenza Other Respir Viruses. 2013;7(Suppl 2):26–33.

23. Qi Y, Ni HB, Chen X, Li S. Seroprevalence of highly pathogenic avian

influenza (H5N1) virus infection among humans in mainland China: a

systematic review and meta-analysis. Transbound Emerg Dis. 2020. https://

doi.org/10.1111/tbed.13564. Epub ahead of print. PMID: 32259345.

24. Katz JM, Lim W, Bridges CB, Rowe T, Hu-Primmer J, Lu X, Abernathy RA,

Clarke M, Conn L, Kwong H, et al. Antibody response in individuals

infected with avian influenza A (H5N1) viruses and detection of anti-H5

antibody among household and social contacts. J Infect Dis. 1999;

180(6):1763–70.

25. Buxton Bridges C, Katz JM, Seto WH, Chan PK, Tsang D, Ho W, Mak KH, Lim

W, Tam JS, Clarke M, et al. Risk of influenza A (H5N1) infection among

health care workers exposed to patients with influenza A (H5N1), Hong

Kong. J Infect Dis. 2000;181(1):344–8.

26. Bridges CB, Lim W, Hu-Primmer J, Sims L, Fukuda K, Mak KH, Rowe T,

Thompson WW, Conn L, Lu X, et al. Risk of influenza A (H5N1) infection among

poultry workers, Hong Kong, 1997-1998. J Infect Dis. 2002;185(8):1005–10.

27. Uyeki TM, Nguyen DC, Rowe T, Lu X, Hu-Primmer J, Huynh LP, Hang NL,

Katz JM. Seroprevalence of antibodies to avian influenza A (H5) and A (H9)

viruses among market poultry workers, Hanoi, Vietnam, 2001. PLoS One.

2012;7(8):e43948.

28. Kwon D, Lee JY, Choi W, Choi JH, Chung YS, Lee NJ, Cheong HM, Katz JM,

Oh HB, Cho H, et al. Avian influenza A (H5N1) virus antibodies in poultry

cullers, South Korea, 2003-2004. Emerg Infect Dis. 2012;18(6):986–8.

29. Liem NT, Lim W. Lack of H5N1 avian influenza transmission to hospital

employees, Hanoi, 2004. Emerg Infect Dis. 2005;11(2):210–5.

30. Schultsz C, Dong VC, Chau NV, Le NT, Lim W, Thanh TT, Dolecek C, de Jong

MD, Hien TT, Farrar J. Avian influenza H5N1 and healthcare workers. Emerg

Infect Dis. 2005;11(7):1158–9.

31. Lu CY, Lu JH, Chen WQ, Jiang LF, Tan BY, Ling WH, Zheng BJ, Sui HY.

Potential infections of H5N1 and H9N2 avian influenza do exist in

Guangdong populations of China. Chin Med J. 2008;121(20):2050–3.

32. Hinjoy S, Puthavathana P, Laosiritaworn Y, Limpakarnjanarat K, Pooruk P,

Chuxnum T, Simmerman JM, Ungchusak K. Low frequency of infection with

avian influenza virus (H5N1) among poultry farmers, Thailand, 2004. Emerg

Infect Dis. 2008;14(3):499–501.

33. Apisarnthanarak A, Erb S, Stephenson I, Katz JM, Chittaganpitch M,

Sangkitporn S, Kitphati R, Thawatsupha P, Waicharoen S, Pinitchai U, et al.

Seroprevalence of anti-H5 antibody among Thai health care workers after

exposure to avian influenza (H5N1) in a tertiary care center. Clin Infectious

Dis. 2005;40(2):e16–8.

34. Khuntirat B, Love CS, Buddhari D, Heil GL, Gibbons RV, Rothman AL,

Srikiatkhachorn A, Gray GC, Yoon IK. Absence of neutralizing antibodies

against influenza A/H5N1 virus among children in Kamphaeng Phet,

Thailand. J Clin Virol. 2015;69:78–80.

35. Vong S, Coghlan B, Mardy S, Holl D, Seng H, Ly S, Miller MJ, Buchy P,

Froehlich Y, Dufourcq JB, et al. Low frequency of poultry-to-human H5NI

virus transmission, southern Cambodia, 2005. Emerg Infect Dis. 2006;12(10):

1542–7.

36. Dejpichai R, Laosiritaworn Y, Phuthavathana P, Uyeki TM, O'Reilly M,

Yampikulsakul N, Phurahong S, Poorak P, Prasertsopon J, Kularb R, et al.

Seroprevalence of antibodies to avian influenza virus A (H5N1) among

residents of villages with human cases, Thailand, 2005. Emerg Infect Dis.

2009;15(5):756–60.

37. Santhia K, Ramy A, Jayaningsih P, Samaan G, Putra AA, Dibia N, Sulaimin C,

Joni G, Leung CY, Sriyal J, et al. Avian influenza A H5N1 infections in Bali

Province, Indonesia: a behavioral, virological and seroepidemiological study.

Influenza Other Respir Viruses. 2009;3(3):81–9.

38. Schultsz C, Nguyen VD, Hai le T, Do QH, Peiris JS, Lim W, Garcia JM, Nguyen

DT, Nguyen TH, Huynh HT et al. Prevalence of antibodies against avian

influenza A (H5N1) virus among Cullers and poultry workers in Ho Chi Minh

City, 2005. PLoS One 2009, 4(11):e7948.

39. Apisarnthanarak A, Puthavathana P, Kitphati R, Thavatsupha P,

Chittaganpitch M, Auewarakul P, Mundy LM. Avian influenza H5N1

screening of intensive care unit patients with community-acquired

pneumonia. Emerg Infect Dis. 2006;12(11):1766–9.

40. Buchy P, Mardy S, Vong S, Toyoda T, Aubin JT, Miller M, Touch S, Sovann L,

Dufourcq JB, Richner B, et al. Influenza A/H5N1 virus infection in humans in

Cambodia. J Clin Virol. 2007;39(3):164–8.

41. Liao Q, Bai T, Zhou L, Vong S, Guo J, Lv W, Dong L, Xiang N, Li Z, Huai Y,

et al. Seroprevalence of antibodies to highly pathogenic avian influenza A

(H5N1) virus among close contacts exposed to H5N1 cases, China, 2005-

2008. PLoS One. 2013;8(8):e71765.

42. Ilyicheva T, Sobolev I, Susloparov I, Kurskaya O, Durymanov A, Sharshov

K, Shestopalov A. Monitoring of influenza viruses in Western Siberia in

2008–2012. Infection Genetics Evol.

2013;20(12):177–87.

43. Ceyhan M, Yildirim I, Ferraris O, Bouscambert-Duchamp M, Frobert E, Uyar

N, Tezer H, Oner AF, Buzgan T, Torunoglu MA, et al. Serosurveillance study

on transmission of H5N1 virus during a 2006 avian influenza epidemic.

Epidemiol Infect. 2010;138(9):1274–80.

44. Ortiz JR, Katz MA, Mahmoud MN, Ahmed S, Bawa SI, Farnon EC, Sarki MB,

Nasidi A, Ado MS, Yahaya AH, et al. Lack of evidence of avian-to-human

Chen et al. BMC Medicine          (2020) 18:377 Page 14 of 16

https://www.michigan.gov/documents/mdch/RecAIlabtestsAug07_207909_7.pdf
https://www.michigan.gov/documents/mdch/RecAIlabtestsAug07_207909_7.pdf
https://doi.org/10.1111/tbed.13564
https://doi.org/10.1111/tbed.13564


transmission of avian influenza A (H5N1) virus among poultry workers, Kano,

Nigeria, 2006. J Infect Dis. 2007;196(11):1685–91.

45. Vong S, Ly S, Van Kerkhove MD, Achenbach J, Holl D, Buchy P, Sorn S, Seng

H, Uyeki TM, Sok T, et al. Risk factors associated with subclinical human

infection with avian influenza A (H5N1) virus--Cambodia, 2006. J Infect Dis.

2009;199(12):1744–52.

46. Wang M, Di B, Zhou D-H, Zheng B-J, Jing H, Lin Y-P, Liu Y-F, Wu X-W, Qin P-

Z, Wang Y-L, et al. Food markets with live birds as source of avian influenza.

Emerg Infect Dis. 2006;12(11):1773–5.

47. Cai W, Schweiger B, Buchholz U, Buda S, Littmann M, Heusler J, Haas

W. Protective measures and H5N1-seroprevalence among personnel

tasked with bird collection during an outbreak of avian influenza A/

H5N1 in wild birds, Ruegen, Germany, 2006. BMC Infect Dis.

2009;9(1):170.

48. Wang H, Feng Z, Shu Y, Yu H, Zhou L, Zu R, Huai Y, Dong J, Bao C, Wen L,

et al. Probable limited person-to-person transmission of highly pathogenic

avian influenza A (H5N1) virus in China. Lancet (London, England). 2008;

371(9622):1427–34.

49. Reed C, Bruden D, Byrd KK, Veguilla V, Bruce M, Hurlburt D, Wang D,

Holiday C, Hancock K, Ortiz JR, et al. Characterizing wild bird contact and

seropositivity to highly pathogenic avian influenza A (H5N1) virus in Alaskan

residents. Influenza Other Respir Viruses. 2014;8(5):516–23.

50. Cavailler P, Chu S, Ly S, Garcia JM, Ha do Q, Bergeri I, Som L, Ly S, Sok T,

Vong S et al. Seroprevalence of anti-H5 antibody in rural Cambodia, 2007. J

Clin Virol 2010, 48(2):123–126.

51. Holle MR-DRvB, Setiawaty V, Kivi M, Pangesti K, Bouma A, Nell AJ,

Sedyaningsih E: Seroprevalence of avian influenza A/H5N1 among poultry

farmers in rural Indonesia. Southeast Asian J Tropical Med Public Health

2008, 12:E133.

52. Wang M, Fu CX, Zheng BJ. Antibodies against H5 and H9 avian influenza

among poultry workers in China. N Engl J Med. 2009;360(24):2583–4.

53. Wallensten A, Salter M, Bennett S, Brown I, Hoschler K, Oliver I. No evidence of

transmission of H5N1 highly pathogenic avian influenza to humans after

unprotected contact with infected wild swans. Epidemiol Infect. 2010;138(2):210–3.

54. Blair PJ, Putnam SD, Krueger WS, Chum C, Wierzba TF, Heil GL, Yasuda CY,

Williams M, Kasper MR, Friary JA, et al. Evidence for avian H9N2 influenza

virus infections among rural villagers in Cambodia. J Infection Public Health.

2013;6(2):69–79.

55. Gray GC, Krueger WS, Chum C, Putnam SD, Wierzba TF, Heil GL, Anderson

BD, Yasuda CY, Williams M, Kasper MR, et al. Little evidence of subclinical

avian influenza virus infections among rural villagers in Cambodia. PLoS

One. 2014;9(5):e97097.

56. Khuntirat BP, Yoon IK, Blair PJ, Krueger WS, Chittaganpitch M, Putnam SD,

Supawat K, Gibbons RV, Pattamadilok S, Sawanpanyalert P, et al. Evidence

for subclinical avian influenza virus infections among rural Thai villagers. Clin

Infect Dis. 2011;53(8):e107–16.

57. Krueger WS, Khuntirat B, Yoon IK, Blair PJ, Chittagarnpitch M, Putnam SD, Supawat K,

Gibbons RV, Bhuddari D, Pattamadilok S, et al. Prospective study of avian influenza

virus infections among rural Thai villagers. PLoS One. 2013;8(8):e72196.

58. Ly S, Vong S, Cavailler P, Mumford E, Mey C, Rith S, Van Kerkhove MD, Sorn

S, Sok T, Tarantola A, et al. Environmental contamination and risk factors for

transmission of highly pathogenic avian influenza A(H5N1) to humans,

Cambodia, 2006-2010. BMC Infect Dis. 2016;16(1):631.

59. Okoye J, Eze D, Krueger WS, Heil GL, Friary JA, Gray GC. Serologic evidence

of avian influenza virus infections among Nigerian agricultural workers. J

Med Virol. 2013;85(4):670–6.

60. Okoye JO, Eze DC, Krueger WS, Heil GL, White SK, Merrill HR, Gray GC.

Evidence for subclinical H5N1 avian influenza infections among Nigerian

poultry workers. J Med Virol. 2014;86(12):2070–5.

61. Cao N, Zhu W, Chen Y, Tan L, Zhou P, Cao Z, Ke C, Li Y, Wu J, Qi W, et al.

Avian influenza A (H5N1) virus antibodies in pigs and residents of swine

farms, southern China. J Clin Virol. 2013;58(4):647–51.

62. Nasreen S, Uddin Khan S, Azziz-Baumgartner E, Hancock K, Veguilla V, Wang

D, Rahman M, Alamgir AS, Sturm-Ramirez K, Gurley ES, et al. Seroprevalence

of antibodies against highly pathogenic avian influenza A (H5N1) virus

among poultry workers in Bangladesh, 2009. PLoS One. 2013;8(9):e73200.

63. Zhang R, Rong X, Pan W, Peng T. Determination of serum neutralization

antibodies against seasonal influenza A strain H3N2 and the emerging

strains 2009 H1N1 and avian H5N1. Scand J Infect Dis. 2011;43(3):216–20.

64. Nasreen S, Khan SU, Luby SP, Gurley ES, Abedin J, Zaman RU, Sohel BM,

Rahman M, Hancock K, Levine MZ, et al. Highly pathogenic avian influenza

A(H5N1) virus infection among workers at live bird markets, Bangladesh,

2009-2010. Emerg Infect Dis. 2015;21(4):629–37.

65. Coman A, Maftei DN, Krueger WS, Heil GL, Friary JA, Chereches RM, Sirlincan

E, Bria P, Dragnea C, Kasler I, et al. Serological evidence for avian H9N2

influenza virus infections among Romanian agriculture workers. J Infection

Public Health. 2013;6(6):438–47.

66. Yu Q, Liu L, Pu J, Zhao J, Sun Y, Shen G, Wei H, Zhu J, Zheng R, Xiong D,

et al. Risk perceptions for avian influenza virus infection among poultry

workers, China. Emerg Infect Dis. 2013;19(2):313–6.

67. Huo X, Zu R, Qi X, Qin Y, Li L, Tang F, Hu Z, Zhu F. Seroprevalence of avian

influenza A (H5N1) virus among poultry workers in Jiangsu Province, China:

an observational study. Bmc Infectious Diseases. 2012;12:93.

68. Chen Y, Zheng Q, Yang K, Zeng F, Lau SY, Wu WL, Huang S, Zhang J, Chen

H, Xia N. Serological survey of antibodies to influenza A viruses in a group

of people without a history of influenza vaccination. Clin Microbiol Infect.

2011;17(9):1347–9.

69. Pawar S, Tandale B, Gurav Y, Parkhi S, Kode S. Immunity status against

influenza a subtype H7N9 and other avian influenza viruses in a high-risk

group and the general population in India. J Infect Dis. 2014;210:160–1.

70. Ahad A, Thornton RN, Rabbani M, Yaqub T, Younus M, Muhammad K,

Mahmood A, Shabbir MZ, Kashem MA, Islam MZ, et al. Risk factors for H7

and H9 infection in commercial poultry farm workers in provinces within

Pakistan. Preventive Veterinary Med. 2014;117(3–4):610–4.

71. Li LH, Yu Z, Chen WS, Liu SL, Lu Y, Zhang YJ, Chen EF, Lin JF. Evidence for

H5 avian influenza infection in Zhejiang province, China, 2010-2012: a cross-

sectional study. J Thoracic Dis. 2013;5(6):790–6.

72. Gomaa MR, Kayed AS, Elabd MA, Zeid DA, Zaki SA, El Rifay AS, Sherif LS,

McKenzie PP, Webster RG, Webby RJ, et al. Avian influenza A(H5N1) and

A(H9N2) seroprevalence and risk factors for infection among Egyptians: a

prospective, controlled seroepidemiological study. J Infect Dis. 2015;211(9):

1399–407.

73. Dung TC, Dinh PN, Nam VS, Tan LM, Hang Nle K, Thanh le T, Mai le

Q. Seroprevalence survey of avian influenza A(H5N1) among live

poultry market workers in northern Viet Nam, 2011. Western Pacific

Surveillance Response J 2014, 5(4):21–26.

74. Chea N, Yi SD, Rith S, Seng H, Ieng V, Penh C, Mardy S, Laurent D,

Richner B, Sok T, et al. Two clustered cases of confirmed influenza

A(H5N1) virus infection, Cambodia, 2011. Euro Surveillance. 2014;

19(25):20839.

75. Chakraborty A, Rahman M, Hossain MJ, Khan SU, Haider MS, Sultana R, Ali Rimi N,

Islam MS, Haider N, Islam A et al. Mild respiratory illness among young children

caused by highly pathogenic avian influenza A (H5N1) virus infection in Dhaka,

Bangladesh, 2011. J Infect Dis 2017, 216(suppl_4):S520-s528.

76. Su S, Ning Z, Zhu W, Jiao P, Ke C, Qi W, Huang Z, Tian J, Cao L, Tan L, et al.

Lack of evidence of avian-to-human transmission of avian influenza A

(H5N1) virus among veterinarians, Guangdong, China, 2012. J Clin Virol.

2013;56(4):365–6.

77. Shi J, Gao L, Zhu Y, Chen T, Liu Y, Dong L, Liu F, Yang H, Cai Y, Yu M, et al.

Investigation of avian influenza infections in wild birds, poultry and humans in

Eastern Dongting Lake. China PloS one. 2014;9(4):e95685.

78. Xiong C, Su Z, Liu Z, Liu Q, Zhao L, Gao Z, Chen Q, Deng F, Chen J.

Serological study of antibodies to influenza A viruses among general

population in Wuhan city China. J Clin Virol. 2014;61(1):178–9.

79. Shimizu K, Wulandari L, Poetranto ED, Setyoningrum RA, Yudhawati R,

Sholikhah A, Nastri AM, Poetranto AL, Candra AY, Puruhito EF, et al.

Seroevidence for a high prevalence of subclinical infection with avian

influenza A(H5N1) virus among workers in a live-poultry market in

Indonesia. J Infect Dis. 2016;214(12):1929–36.

80. Horm SV, Tarantola A, Rith S, Ly S, Gambaretti J, Duong V, Y P, Sorn S, Holl

D, Allal L et al. Intense circulation of A/H5N1 and other avian influenza

viruses in Cambodian live-bird markets with serological evidence of sub-

clinical human infections. Emerging Microbes Infections 2016, 5(7):e70.

81. Wang X, Fang S, Lu X, Xu C, Cowling BJ, Tang X, Peng B, Wu W, He J, Tang

Y, et al. Seroprevalence to avian influenza A(H7N9) virus among poultry

workers and the general population in southern China: a longitudinal study.

Clin Infectious Dis. 2014;59(6):e76–83.

82. Chen J, Ma J, White SK, Cao Z, Zhen Y, He S, Zhu W, Ke C, Zhang Y, Su S, et al.

Live poultry market workers are susceptible to both avian and swine influenza

viruses, Guangdong Province, China. Vet Microbiol. 2015;181(3–4):230–5.

83. To KK, Hung IF, Lui YM, Mok FK, Chan AS, Li PT, Wong TL, Ho DT, Chan JF,

Chan KH, et al. Ongoing transmission of avian influenza A viruses in Hong

Chen et al. BMC Medicine          (2020) 18:377 Page 15 of 16



Kong despite very comprehensive poultry control measures: a prospective

seroepidemiology study. J Infection. 2016;72(2):207–13.

84. Ma MJ, Ma GY, Yang XX, Chen SH, Gray GC, Zhao T, Bao J, Zhou JJ,

Qian YH, Lu B, et al. Avian influenza A(H7N9) virus antibodies in close

contacts of infected persons, China, 2013-2014. Emerg Infect Dis. 2015;

21(4):709–11.

85. Yang P, Ma C, Cui S, Zhang D, Shi W, Pan Y, Sun Y, Lu G, Peng X, Zhao J,

et al. Avian influenza A(H7N9) and (H5N1) infections among poultry and

swine workers and the general population in Beijing, China, 2013-2015. Sci

Rep. 2016;6:33877.

86. Ma MJ, Zhao T, Chen SH, Xia X, Yang XX, Wang GL, Fang LQ, Ma GY, Wu

MN, Qian YH, et al. Avian influenza A virus infection among workers at live

poultry markets, China, 2013-2016. Emerg Infect Dis. 2018;24(7):1246–56.

87. Ly S, Horwood P, Chan M, Rith S, Sorn S, Oeung K, Nguon K, Chan S, Y P, Parry A

et al. Seroprevalence and transmission of human influenza A(H5N1) virus before and

after virus reassortment, Cambodia, 2006-2014. Emerg Infect Dis 2017, 23(2):300–03.

88. Quan C, Wang Q, Jie Z, Min Z, Qigang D, Ting H, Zhang Z, Mao S, Nie Y, Liu

J et al. Avian influenza A viruses among occupationally exposed

populations, China, 2014–2016. Emerg Infect Dis. 2019;25(12):2215–25.

89. Sirawan A, Berry A, Badra R, El Bazzal B, Dabaja M, Kataya H, Kandeil A, Gomaa

MR, Ali M, Kayali G. Avian influenza surveillance at the human-animal interface

in Lebanon, 2017. Eastern Mediterranean Health J. 2020;26(7):774–8.

90. Aditama TY, Samaan G, Kusriastuti R, Purba WH, Misriyah, Santoso H,

Bratasena A, Maruf A, Sariwati E, Setiawaty V et al. Risk factors for cluster

outbreaks of avian influenza A H5N1 infection, Indonesia. Clinical Infectious

Dis 2011, 53(12):1237–1244.

91. Qin Y, Horby PW, Tsang TK, Chen E, Gao L, Ou J, Nguyen TH, Duong TN,

Gasimov V, Feng L, et al. Differences in the epidemiology of human cases

of avian influenza A(H7N9) and A(H5N1) viruses infection. Clin Infectious Dis.

2015;61(4):563–71.

92. Garcia JM, Pepin S, Lagarde N, Ma ES, Vogel FR, Chan KH, Chiu SS, Peiris JS.

Heterosubtype neutralizing responses to influenza A (H5N1) viruses are

mediated by antibodies to virus haemagglutinin. PLoS One. 2009;4(11):e7918.

93. Buchy P, Vong S, Chu S, Garcia JM, Hien TT, Hien VM, Channa M, Ha do Q, Chau NV,

Simmons C et al. Kinetics of neutralizing antibodies in patients naturally infected by

H5N1 virus. PLoS One

2010, 5(5):e10864.

94. Global Influenza P. Expert consultation on diagnosis of H5N1 avian influenza

infections in humans. Influenza Other Respir Viruses. 2007;1(4):131–8.

95. Powell TJ, Fox A, Peng Y, Quynh Mai le T, Lien VT, Hang NL, Wang L, Lee LY,

Simmons CP, McMichael AJ et al. Identification of H5N1-specific T-cell responses in a

high-risk cohort in Vietnam indicates the existence of potential asymptomatic

infections. J Infect Dis 2012, 205(1):20–27.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Chen et al. BMC Medicine          (2020) 18:377 Page 16 of 16


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Search strategy and selection criteria
	Data analysis

	Results
	Discussion
	Conclusion
	Supplementary Information
	Acknowledgements
	Disclaimer
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

