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Abstract

Background: Avian influenza (Al) virus detections occurred frequently in 2022 and continue to pose a health, economic, and
food security risk. The most recent global analysisof official reports of animal outbreaks and human infectionswith all reportable
Al viruses was published aimost a decade ago. Increased or renewed reports of Al viruses, especially high pathogenicity HSN8
and H5N1 in birds and H5N1, H5N8, and H5N6 in humans globally, have established the need for a comprehensive review of
current global Al virus surveillance data to assess the pandemic risk of Al viruses.

Objective: This study aimsto provide an analysis of global Al animal outbreak and human case surveillance information from
the last decade by describing the circulating virus subtypes, regions and temporal trendsin reporting, and country characteristics
associated with Al virus outbreak reporting in animals; surveillance and reporting gaps for animals and humans are identified.

Methods: We analyzed Al virus infection reports among animals and humans submitted to animal and public health authorities
from January 2013 to June 2022 and compared them with reports from January 2005 to December 2012. A multivariable regression
analysis was used to eval uate associations between variables of interest and reported Al virus animal outbreaks.

Results: From 2013 to 2022, 52.2% (95/182) of World Organisation for Animal Health (WOAH) Member Countries identified
34 Al virus subtypes during 21,249 outbreaks. The most frequently reported subtypes were high pathogenicity Al H5N1
(10,079/21,249, 47.43%) and H5N8 (6722/21,249, 31.63%). A total of 10 high pathogenicity Al and 6 low pathogenicity Al virus
subtypes were reported to the WOAH for the first time during 2013-2022. Al outbreaksin animals occurred in 26 more Member
Countries than reported in the previous 8 years. Decreasing World Bank income classification was significantly associated with
decreasesin reported Al outbreaks (P<.001-.02). Between January 2013 and June 2022, 17/194 (8.8%) World Health Organization
(WHO) Member States reported 2000 human Al virus infections of 10 virus subtypes. H7N9 (1568/2000, 78.40%) and H5N1
(254/2000, 12.70%) viruses accounted for the most human infections. As many as 8 of these 17 Member States did not report a
human case prior to 2013. Of 1953 human cases with available information, 74.81% (n=1461) had a known animal exposure
before onset of illness. The median time from illness onset to the notification posted on the WHO event information site was 15
days (IQR 9-30 days; mean 24 days). Seasonality patterns of animal outbreaks and human infections with Al viruses were very
similar, occurred year-round, and peaked during November through May.
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Conclusions: Our analysis suggests that Al outbreaks are more frequently reported and geographically widespread than in the
past. Global surveillance gaps include inconsistent reporting from all regions and human infection reporting delays. Continued
monitoring for Al virus outbreaks in animals and human infections with Al virusesis crucial for pandemic preparedness.

(JMIR Public Health Surveill 2023;9:e46383) doi: 10.2196/46383
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Introduction

Avian influenza (Al) viruses are a health, economic, and food
security risk. While substantial H5, H7, and H9 virus detections
in birds have occurred during the past severa years, little is
known about whether these detections are occurring more
frequently or threatening a greater proportion of the world’s
poultry, wild birds (especialy threatened species), and human
populations than in previous years.

Al viruses primarily affect avian species and are grouped as
low pathogenicity Al (LPAI) or high pathogenicity Al (HPALI).
The difference is based on the ability of the virus to cause
mortality and morbidity in poultry or as assessed through genetic
sequencing [1]. LPAI causes mild morbidity in poultry but
lowers production and may circulate undetected in poultry
populations. However, the virus can mutate (specifically H5
and H7 viruses) and become HPAI, which can cause severe
disease and mortality in poultry [2]. Migration patterns of
asymptomatic reservoirs such aswild waterfowl and shorebirds
can lead to the transmission of Al virusto other wild birds and
poultry, ultimately contributing to the global spread of Al
viruses [3]. Global movement of poultry through trade can
further lead to increased Al virus spread [2,4].

Al outbreaks in birds, especially HPAI in poultry, can have
large economic implications. A World Bank report from 2008
estimated that global costs attributableto HPAI outbreaks could
be as high as 0.7% of global gross domestic product, if Al
viruses wereto become enzootic throughout theworld [5]. Even
with control measures, outbreaks of Al viruses continue to occur
globally, leading to millions of dead and culled birds, as well
as increased chances of virus reassortment events in birds and
nonhuman mammals such as pigs and mink [6-8]. HPAI
outbreaks can lead to trade restrictions, expensive poultry
products, food insecurity, and loss of livelihood [9].

Zoonetically transmitted Al viruses can cause high mortality
and may recombinewith human influenza A virusesto become
more transmissible between humans [10,11]. Efficient and
sustained transmission among humans could result in an
influenza pandemic with high rates of illness and death [10].
Since 1997, there have been thousands of reports of Al virus
infectionsin humans, most of which have been associated with
the H5, H7, and H9 virus lineages [12-14].

A comprehensivereview of current global Al virussurveillance
information iskey to assessing the pandemic risk of Al viruses.
This includes reviewing the subtypes of Al viruses circulating
during the past decade, their locations, what speciesare hosting
them, and to determineif and why they areincreasing in number
and spread [15]. The most recent global analysis of official
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reports of Al outbreaks in birds and human infections with Al
viruses was almost a decade ago [16]. In this investigation,
contemporary Al virus reports were analyzed among animals
and humans from January 2013 to June 2022 and compared
with those from 2005 to 2012. Al outbreaks in animals and
human Al virus infections were described, detailing the
circulating virus subtypes, regions, and tempora trends in
reporting animal outbreaks and human cases, and Member
Country/Nation characteristics associated with animal Al
outbreak reporting; additionally, surveillance and reporting gaps
for animals and humans were identified.

Methods

Annual and Weekly Records of Al Outbreaks Among
Animals

The World Organisation for Animal Health (WOAH) is
responsiblefor improving animal health worldwide. During our
timeframe of interest, the WOAH's Terrestrial Animal Health
Code required Member Countries to submit outbreak
notifications of all HPAI viruses detected in domestic and wild
birds and unusual species (such as mammals), all LPAI viruses
of subtypes H5 and H7 detected in poultry, and unusual
mortality events among wild birds [1]. The WOAH defines an
outbreak as an occurrence of 1 or more cases in a group of
animals with a defined epidemiologic relationship, such as a
shared environment or common management practices. Each
Member Country is responsible for reporting outbreaks to the
WOAH. Immediate WOAH notification is not necessary for Al
virus subtypes that Member Countries judge endemic [1]. The
Food and Agriculture Organization of the United Nations (FAO)
publishes monthly reports on all Al virus subtypes including
outbreak information for HPAl H5N1 in endemic Member
Nationsand all LPAI H7N9 viruses[17].

The US Centersfor Disease Control and Prevention (CDC) has
monitored reports of Al virus outbreaksin animals since 2005.
Information about animal outbreaks (in al nonhuman species)
reported to the WOAH, FAO, and other official sources (eg,
publicationsand local government websites) was compiled into
an Al virus outbreak database that included the number of new
outbreaks, by subtype, reported by each Member Country/Nation
by report publication year. Starting in 2016, the weekly (based
on report publication date) number of newly reported outbreaks,
by subtype, from each Member Country/Nation and all animal
categories in which that subtype had been reported since 2005
were aso included. Animal categories were defined as wild
birds (including aguatic and terrestria waterfowl and
shorebirds), zoo/captive birds (including exotic birds), birdsin
live bird markets, backyard/village birds (poultry such as
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chickens, ducks, turkeys, and geese), farm/commercial birds
(poultry), and nonhuman mammals. All outbreak data are based
on the number of outbreak events reported and not on the
guantity of animals affected.

Outbreak data from January 1, 2013, to June 30, 2022, were
used to determine annual totals for reported outbreaks; the
number of Member Countries reporting, by subtype; and the
predominant subtype. Subtypes that accounted for the most
global outbreaks each year were considered the yearly
predominant subtype. Weekly data from January 1, 2016, to
June 30, 2022, were used to calculate the total number of
outbreaks per subtype per month, aswell asthe number of newly
reported animal categories. A new animal category was defined
asaspecific animal category, per subtype, reported by aMember
Country for the first time since 2005. Results were compared
with database information from 2005 to 2012. World Bank data
were used to assign region categorization and income
classifications to maintain consistency between animal and
human health authorities[18]. WOAH datawere used to assign
the number of individual birds infected and culled [19]. The
FAOSTAT was used to assign each Member Nation the percent
of globa poultry production and total number of annua live-bird
imports [20]. The Wetlands International globa flyway map
was used to determine the number of major migratory flyways
passing through each Member Country/Nation [21].

SAS (version 9.4; SASIngtitute) was used to conduct univariate
analyses of the relationship between independent variables of
interest (World Bank income classification, yearly poultry
production, total number of flyways through WOAH Member
Countries, and total live-bird imports by Member Nations) and
the dependent variables of interest (reported animal outbreaks).
The regression analysis was restricted to 2013-2020, the years
for which FAOSTAT poultry production data were available.
Outbreaks from subtypes reported as endemic by a Member
Country were excluded from the regression analyses. Variables
of interest were assessed in the univariate model and covariates
significant at an a level of .10 wereincluded inthe multivariable
regression model. Relative rates were cal culated using a Poisson
regression and human population offset. A generalized
estimating equation was used to account for correlationswithin
Member Countries during the evaluation period. The fina
multivariable model was adjusted for World Bank income
classification, yearly poultry production, total number of
flyways, outbreak year, and total live-bird imports by WOAH
Member Countries. Significance for the final model was
assigned at P<.05.

Al VirusInfections Among Humans

The International Health Regulations (IHR) 2005 require
Member States to report events of international public health
importance to the World Health Organization (WHO) [22].
Human infectionswith influenza A viruses caused by subtypes
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that do not circulate in humans (novel) are notifiable [23]. The
CDC maintains alinelist of human infections caused by novel
influenza virus subtypes as reported by the WHO per the IHR
(2005) or other official sources (eg, ministries of health, FAO,
publications); data were collected by weekly checks of these
sources and include Member State of residence or diagnosis,
symptom onset and report dates, outcome, exposureinformation,
and reported human-to-human transmission (HTHT, which is
defined asinfection reported to have been caused by, or to have
caused, an infection in another person). We analyzed all human
Al virus infection notifications from January 1, 2013 to June
30, 2022.

The number of human cases was calculated by subtype,
geographic location, animal exposure, age, reported HTHT, and
reported case fatality proportion (rCFP). HTHT ratios (number
of cases associated with HTHT divided by all reported
infections) and rCFP (deaths noted at report time or in
subsequent notificationsdivided by all reported infections) were
calculated by subtype. Reporting lag was calculated as the
difference in reported onset date and report date by the WHO
in the event information site or other officia source. United
Nations data were used for population size calculations [24].

Ethical Consider ations

This study was reviewed by the CDC and is consistent with
federal law and CDC policy. The study was determined exempt
from Ingtitutional Review Board and Institutional Animal Care
and Use Committee approval as it uses deidentified data.

Results

Annual Al Outbreaks Among Animals

Between 2013 and 2022, 95 of 182 WOAH Member Countries
(52.2%), which currently produce 87.1% of theworld’s poultry
[20], reported 21,249 Al virus outbreaks among animals
associated with 34 Al virus subtypes (15 HPAI and 19 LPALI);
HPAI accounted for 93.39% (n=19,844) of the reported
outbreaks (Figure 1 and Table 1); 66% (39/59) of high-income
and 31% (9/29) of low-income Member Countries reported an
Al virus outbreak during 2013-2022 (Table 2). On average, 42
Member Countries reported Al virus outbreaks each year (65
in 2017 to 20 in 2013); 1 in 4 (26/95) Member Countries first
reported Al virus outbreaks among animals in 2013-2022
(Figure 2). All but 6 reporting Member Countries were in the
northern hemisphere (Table 2). High-income Member Countries
reported the greatest proportion of outbreaks (14,336/21,249,
67.47%; Table 2). Overall, the European and Central Asian
regions reported the greatest number of outbreaks
(10,550/21,249, 49.65%), whereas Latin American and the
Caribbean region reported the fewest number of outbreaks
(188/21,249, 0.88%); Table 2 and Figure 2).
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Figure 1. Global animal outbreaks (A) and human infections (B) with avian influenza (Al) virus by subtype, January 2013-June 2022.
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Table 1. Global avian influenza A virus subtypes reported in animal outbreaks from January 2013 to June 2022.

Szablewski et a

Subtype

Subtype reported in animals (N=21,249), n (%)

High pathogenicity avian influenza

L ow pathogenicity avian influenza

H5N1
H5N2
H5N3
H5N4
H5N5
H5N6
H5N8
H5N9
H5NX
H7N1
H7N2
H7N3
H7N7
H7N8
H7N9

H3N1
H5N1
H5N2
H5N3
H5N5
H5N6
H5N8
H5N9
H5NX
HB6Nx
H7N1
H7N2
H7N3
H7N4
H7N6
H7N7
H7N8
H7N9
H7Nx

19,844 (93.39)
10,079 (47.43)
1341 (6.31)
41 (0.19)
10 (0.05)
179 (0.84)
926 (4.36)
6722 (31.63)
25(0.12)
333 (157)
1(0.00)
2(0.01)
137 (0.64)
15 (0.07)
1(0.00)
32(0.15)
1405 (6.61)
74.(0.35)
34(0.16)
211 (0.99)
54 (0.25)
1(0.00)
5(0.02)
2(0.01)

6 (0.03)
23(0.12)
1(0.00)

11 (0.05)
4(0.02)
25(0.12)
3(0.01)
7(0.03)

32 (0.15)

8 (0.04)
865 (4.07)
39(0.18)
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Table 2. WOAH?Member Countries reporting avian influenza outbreaks by region and income classification from January 2013 to June 2022.

Region All WOAH Member Proportion of all WOAH Member  Distribution of reporting Reported outbreaks
Countries” (n=182) Countries reporting outbreaks® Member Countries? (n=21,249)
(n=95) (n=95)
Hemisphere, n (%)
Northern 154 (84.6) 89 (57.8) 89 (93.7) 20,680 (97.3)
Southern 28 (15.4) 6(21.4) 6 (6.3) 569 (2.7)
World Bank region, n (%)
East Asiaand Pacific 24(13.2) 13(54.2) 13 (13.7) 5815 (27.4)
Europe and Central Asia 51 (28.0) 40 (78.4) 40 (42.1) 10,550 (49.6)
Latin Americaand the 29(15.9) 4(13.8) 4(4.2) 188(0.9)
Caribbean
Middle East and North 20 (11.0) 10 (50.0) 10 (10.5) 1484 (7.0)
Africa
North America 2(1y) 2(100.0) 2(21) 1057 (5.0)
South Asia 8 (4.4 6 (75.0) 6 (6.3) 537 (2.5)
Sub-Saharan Africa 48 (26.4) 20 (41.7) 20 (21.1) 1618 (7.6)
World Bank income classification, n (%)
High income 59 (32.4) 39 (66.1) 39(41.1) 14,336 (67.5)
Upper middle 47 (25.8) 23(48.9) 23(24.2) 3564 (16.8)
Lower middle 47 (25.8) 24 (51.1) 24 (25.3) 3233(15.2)
Low income 29(15.9) 9(31.0) 9(9.5) 116 (0.5)
Poultry production®,% 99.9 87.1 N/AS N/A
Population? 7,770,202,146 6,452,817,271 (83.0) N/A N/A

AWOAH: World Organisation for Animal Health.

PDenominator is all WOAH Member Countries.

“Denominator is all WOAH Member Countries in that hemisphere/region/income classification.
dDenominator is all WOAH Member Countries that reported an outbreak.

Proportion of world poultry production based on most recently reported data from FAOSTAT for 2020.
N/A: not applicable.

9Based on most recently reported data from 2021, Republic of Niue and Cook Islands are excluded from human population totals as data were not
available.
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Figure 2. World Organisation for Animal Health Member Countries reporting an animal avian influenza (Al) outbreak from January 2005 to December
2012 (A) and January 2013 to June 2022 (B) and World Health Organization Member States that reported human Al virusinfections from January 2005

to December 2012 (C) and January 2013 to June 2022 (D).
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A total of 10 HPAI and 6 LPAI virus subtypes were reported
for the first time during 2013-2022. As many as 4 HPAI virus
subtypes accounted for nearly 90% (n=19,068) of reported
anima outbreaks: H5N1 (10,079/21,249, 47.43%), H5N8
(6722/21,249, 31.63%), H5N2 (1341/21,249, 6.31%), and HSN6
(926/21,249, 4.36%); 2 LPAI virus subtypes accounted for 5%
(n=1076) of outbreaks: H7N9 (865/21,249, 4.07%) and H5N2
(211/21,249, 0.99%; Table 1). The predominant virus subtype
shifted from H5N1 (767/1659, 46.23%, in 2016 to 480/3439,
13.96%, in 2017) to H5N8 (686/1659, 41.35%, in 2016 to
1924/3439, 55.95%, in 2017; Figure 1). H5N8 continued to be
the predominant virus subtype in animal outbreaks each year
since 2017, except during 2019 and 2022 (Figure 1). Overal,
there were approximately 79,709,668 Al virus infections in
birdsand 323,884,584 hirdswere culled from 2013 to 2022 per
the WOAH.
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Results from the multivariable analysis for WOAH Member
Countries (Table 3) that reported at least one outbreak from
2013 to 2022 indicated that decreased Al virus outbreak
reporting among animalswas associ ated with decreasing country
income classification. Compared with high-income Member
Countries, on average, upper-middleincome countriesreported
56% (adjusted relative rate 0.44, 95% CI 0.21-0.90) fewer
animal outbreaks, lower-middleincome countriesreported 82%
(adjusted relative rate 0.18, 95% CI 0.09-0.36) fewer animal
outbreaks, and low-income countries reported 87% (adjusted
relative rate 0.13, 95% CI 0.04-0.43) fewer animal outbreaks.
Between January 2013 and June 2022, for every annual poultry
production increase of 50 million head, there was a2% decrease
in reported Al outbreaks.
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Table 3. Multivariable regression model? results for variables of interest associated with reported animal avian influenza outbreaks, January 2013-June

2022.
Independent variable Cruderelative  95% CI P value Adjusted relative  95% ClI P value
rate rate
World Bank income classification
High income Reference” Reference Reference Reference Reference Reference
Upper-middie income 0.24 0.12-0.45 <.001 0.44 0.21-0.90 .02
Lower-middle income 0.12 0.06-0.23 <.001 0.18 0.09-0.36 <.001
Low income 0.08 0.03-0.24 <.001 0.13 0.04-0.43 .001
Annual poultry import (per 50 million head) 1.09 1.00-1.18 .054 0.94 0.85-1.04 23
Annual poultry production (per 50 million head)  0.98 0.97-0.99 <.001 0.98 0.98-0.99 <.001
Flyways
1 Reference Reference Reference Reference Reference Reference
2 0.72 0.35-1.47 .36 1.34 0.72-2.51 .36
=3 0.18 0.09-0.36 <.001 0.67 0.32-1.38 .28

8poisson distribution with a generalized estimating equation and human population offset adjusted for outbreak year.
®No data to be presented here because thisis the reference group for the variable.

Weekly Reportsof Al Outbreaks Among Animals

The WOAH received 2485 weekly reports from 2016 to 2022,
comprising 15,240 Al virus outbreaks among animals from 91
Member Countries. On average, a median of 13 reports were
submitted per week. Taiwan (208/2485, 8.37%) and Germany
(176/2485, 7.08%) submitted the most weekly reports. The
greatest number of reported animal outbreaks occurred during
November 2021-June 2022 (6032/15,240, 39.58%) followed
by November 2016-June 2017 (3423/15,240, 22.46%). While
outbreaks occurred throughout the year, 87.17% (13,285/15,240)
began during November-May (13,024/14,755, 88.27%, in the
northern hemisphere Member Countries and 261/485, 53.8%,
in the southern hemisphere Member Countries), and onset
peaked in January and April in the northern hemisphere and
January and November in the southern hemisphere Member
Countries (Multimedia Appendix 1). The mean percentage of
all outbreaks reported each month that are in a new animal
category, for any given member-state, was 14% (range
0%-62%). Of the reports in new animal categories, wild bird

https://publichealth.jmir.org/2023/1/e46383

RenderX

(162/439, 36.9%), farm/commercial bird (112/439, 25.5%), and
backyard/village bird (105/439, 23.9%) categories comprised
most reports. Nonhuman mammals made up the least number
of new reports at 1.6% (7/439) of new animal category reports.

Al VirusInfections Among Humans

During 2013-2022, 17 of WHO's 194 Member States, which
contain more than one-half (4,469,153,194/7,890,000,000,
56.64%) of the world's population, reported 2000 Al virus
infections in humans, which were associated with 10 Al virus
subtypes (Figure 1). Both North American region Member States
and 40% (4/10) of South Asian region Member States reported
a human Al virus infection during 2013-2022 (Table 4). On
average, 4 Member States reported human Al virus infections
each year (range 2 in 2018 to 7 in 2014). Oman is the only
Member State, with areported human infection, that has never
reported an Al outbreak among animals; 8/17 (47%) Member
States first reported a human Al virus infection in 2013-2022
(Figure 2).
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Table 4. WHO® Member States reporting human infection with avian influenza virus by region and income classification (period: January 2013-June

2022).

Region and income classifica=  All WHO Member

Proportion of all WHO Member

Distribution of reporting  Reported infections

tion States” (n=194) States reporting infections® (n=17) Member States® (n=17) ~ (N=2000)
Hemisphere, n (%)

Northern 163 (84.0) 17 (10.4) 17 (100) 17 (100)

Southern 31(16.0) 0(0) 0(0) 0(0)
World Bank region, n (%)

East Asiaand Pacific 32(16.5) 6 (18.8) 6(35.3) 1786 (89.3)

Europe and Central Asia 50 (25.8) 1(2.0) 1(5.9 1(0.2)

Latin Americaand the 33(17.0) 0(0) 0(0) 0(0)

Caribbean

Middle East and North 20 (10.3) 2(10.5) 2(11.8) 195 (9.8)

Africa

North America 2(1.0) 2(100.0) 2(11.8) 6(0.3)

South Asia 9(4.6) 4(50.0) 4(23.5) 8(0.4)

Sub-Saharan Africa 48 (24.7) 2(4.2) 2(11.8) 4(0.2)
World Bank income classification, n (%)

High income 61 (31.4) 4 (6.6) 4(23.5) 9(0.5)

Upper middle 29 (14.9) 3(10.3) 3(17.6) 1743 (87.2)

Lower middle 50 (25.8) 10 (20.4) 10 (58.8) 248 (12.4)

Low income 55 (28.4) 0(0) 0(0) 0(0)
Poultry production®, % 96.9 67.8 N/AS N/A
Population?, n 7,853,022,689 4,469,153,194 N/A N/A

AWHO: World Health Organization.
bDenominator is all WHO Member States.

“Denominator is all WHO Member States in that hemisphere/region/income classification.

dDenominator isal WHO Member States that reported an infection.
®Based on most recently reported data from 2020.
N/A: not applicable.

9Based on most recently reported data from 2021, Republic of Niue and Cook Islands are excluded from human population totals as data were not

available.

H7N9 (1568/2000, 78.40%) and H5N1 (254/2000, 12.70%)
viruses accounted for the most human infections (Table 5).
China reported the most H7N9 virus infections (1565/1568,
99.81%). Egypt reported the majority of non-H7N9 human Al
virus infection cases (194/432, 44.9%), followed by China
(170/432, 39.4%). The remaining 15 Member States were
responsiblefor 15.7% (68/432) of cases (Figure 2). Overall, the
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East Asia and Pacific region reported the greatest number of
human cases (1786/2000, 89.30%), followed by the Middle East
and North Africa region (195/2000, 9.75%; Table 4). All
Member States that reported human infections were in the
northern hemisphere; 24% (4/17) were classified ashigh income
and none were classified aslow income (Table 4).
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Table 5. Reported case fatality proportion and known animal exposure for human infections with avian influenza virus (January 2013-June 2022).

Casesreported (n=2000), n  Deaths reported (n=446), n

Reported casefatality proportion®  Known animal expos.Jreb (n=1461),

Subtype (%) (%) (%) n (%)
H3N8  2(0.1) 0(0) 0 2 (100)
H5N1 254 (12.7) 89 (20.0) 35.0 219 (86.2)
H5N6 80 (4.0) 27 (6.1) 3338 70 (87.5)
H5Nx  3(0.2) 0(0) 0 3(100.0)
H7N2  2(0.1) 0(0) 0 0(0)
H7N4  1(0.1) 0(0) 0 1(100.0)
H7N9 1568 (78.4) 326 (73.1) 20.8 1106 (70.5)
HON2  86(4.3) 2(0.4) 2.3 58 (67.4)
HION3  1(0.1) 0(0) 0 0(0)
HION8  3(0.2) 2(0.4) 66.7 2(66.7)

3Deaths noted at report time or in subsequent notifications divided by all reported infections.

BA total of 438 cases had a missi ng value for the animal exposure variable.

While human Al virusinfections occurred throughout the year,
89.65% (1793/2000) had illness onset dates during
December-May, with the frequency of onset typically peaking
in January (Multimedia Appendix 1). Of the 1953 human
infections with available exposure information, 1461 (74.81%)
had a known animal exposure prior to illness onset and 101
(5.17%) had no known animal exposure (Table 5). Age and sex
information was available for 1989/2000 cases (99.45%);
64.30% (1286/2000) of cases were in males. Most cases were
in persons aged 18-64 years (1253/2000, 62.7%). The rCFP
varied by virus subtype from 0% (H3N8; 0/2) to 67% (H10NS;
2/3). The overall rCFP was 22.30% (446/2000; Table 5). There
were 58/2000 reports of confirmed or possible HTHT (2.90%).
The median time from illness onset to the notification posted
onthelHR (2005) event information site or other official source
was 15 (IQR 9-31; mean 24) days.

Discussion

Principal Results and Comparison With Prior Work

Between 2013 and 2022, more Al virus outbreaks in animals
werereported by WOAH Member Countriesthaninthe previous
8 years, with 26 Member Countries reporting their first animal
Al virusoutbreak. From January 2013 to June 2022, there were
reports of more than 21,000 Al virus outbreaks in animals and
2000 human infections with Al viruses globally. As many as
10 new HPAI virus subtypes (new hemaggl utinin/neuraminidase
[HA/NA] combinations) wereidentified in animals, representing
an almost 2-fold increase in the number of subtypes identified
during our study period compared with the previous 8 years.
This likely reflects broadened vira diversity, increased
reporting, and enhanced surveillance. Although there were 34
subtypesreported, only 4 accounted for 89.74% (19,068/21,249)
of animal outbreaks; all 4 were of the HPAI H5 lineage. During
the study period, the predominant subtype causing animal
outbreaks changed from H5N1 to H5NS, for al years but 1.
However, in 2022, HS5N1 reemerged as the predominant subtype.
From 2016 to 2022, about 14% of outbreaks each month
occurred in anew animal category with wild birds representing

https://publichealth.jmir.org/2023/1/e46383

the highest percentage (36.9%, 162/439). Thisfinding suggests
that in addition to spreading geographically, Al virusesare also
moving into more animal categories. Increases in geographic
and animal category reporting could be attributed to increased
poultry production and commercial trade [25], increased
exposure to wild birds through repeated annual migrations of
infected birds, changesin migration patterns because of climate
change or land conversion to agricultural production [4,26,27],
viral genetic evolution, and improved Al virus awareness and
surveillance capacity [28].

Seasonality patterns of animal Al virus outbreaks and human
infections with Al viruses were very similar and occurred
year-round; the frequency of both peaked during November
through May. This finding likely reflects the dominance of
reporting from the northern hemisphere countries. The seasonal
concurrence of animal and human infections indicates the
potential for animal-to-human transmission of Al and highlights
theimportance of improved monitoring of Al virus subtypesin
humans and animals. Animal outbreaks might rise during periods
when commercia bird distribution surgesin preparation for the
winter holidaysand lunar new year [16]. Thisisconsistent with
our quantitative results which suggest that the risk of human
infection increased for those with aknown exposureto animals.
These epidemic patterns suggest that animal and human health
authorities might consider intensifying Al virus infection
prevention and control measures immediately before the onset
of the November-May increase in Al animal outbreaks[16].

While Al virus outbreaks among animals and human Al virus
infections had similar epidemic periods, less than one-half
(92172000, 46.1%) of human cases occurred during yearswhen
the same HPAI virus subtype was reported among animals in
the same country. In our data set, HON2 was the third most
reported Al virus infection in humans. However, LPAI H9
subtypes are not required to be reported to the WOAH. As
human surveillance complements animal surveillance, Al virus
detections in humans may serve as signals of Al virus activity
among animals. The IHR (2005) stipul ates reporting of human
Al virusinfection within 48-72 hours of identification. Although
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thetime from laboratory detection to reporting was not eval uated
(laboratory confirmation date was not routinely reported), the
median time of onset to IHR (2005) notification was 15 days
with about 26.1% (517/1976) of reports lagging by 30 or more
days. Delayed reporting is especially concerning for Al viruses
that become capable of efficient HTHT, as significant
community transmission may occur by the time of reporting.
Timely identification and notification of novel influenzaviruses
arevital for global pandemic influenza preparedness. The most
effective Al virus surveillance would include comprehensive
surveillance, inclusive of all subtypes, and timely reporting in
domestic and wild birds, humans and, ideally, nonhuman
mammals especially swine, as pigs can play a crucia role in
novel influenza virus reassortment [6,28].

In our analysis, Member Countries with World Bank income
classifications other than high income were lesslikely to report
animal Al virus outbresks. Latin America and the Caribbean
region reported the fewest number of outbreaks. There are
published reports of Al virus outbreaks in the Americas,
especialy Latin America [29]; however, these outbreaks were
not reported to the WOAH, and therefore, global surveillance
systems that rely on the WOAH reporting mechanism did not
capture these outbreaks. A 2022 report from the WOAH noted
that HPAI is nationally notifiable in only 73.4% of Member
Countries and only 67.5% of Member Countries report having
surveillance in place [30]. The lack of established surveillance
systems or lack of reporting from these and other Member
Countries exposes a gap in global Al virus surveillance.
Additionally, the WOAH does not require Member Countries
to report enzootic Al [1]. Thiscan lead to routine undercounting
of Al virus activity in those Member Countries and shows that
while surveillance and reporting may haveimproved since 2012,
thereis still room for improvement.

Limitations

Our study is subject to at least four limitations. First, not all
Member Countries/States report Al virus outbreaks among
animals or human infections with Al viruses to the WOAH or
WHO, respectively, because of inadequate surveillance systems
or political and economic concerns about the impact of reporting
on poultry trade [28,31]. Further, our multisource data
acquisition process may not haveidentified all cases. Therefore,
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thesereportsare likely underestimates. Second, sequencing and
clade datawere not consistently reported or recorded for animal
outbreaks; therefore, genetic relatedness of virus subtypes was
not available for this analysis. Third, data collection for the
yearly and weekly outbreak and human infection databases
occurred manually over the years and is therefore subject to
human error. Finally, observed increases in outbreak numbers
and reporting Member States/Countries may be an artifact of
enhanced surveillance and not necessarily wholly because of
an increase in outbreak frequency over time.

Conclusions

Al virus surveillance from 2013 to 2022 identified 10 new
HA/NA combinations of HPAI virus, Al virusin novel animal
categories, and 26 more Member Countries reporting animal
outbreaksthan in the preceding 8 years. Although we are unable
to fully quantify the magnitude of each animal outbreak from
our data, outbreaks from January 2013 to June 2022 have
resulted in the cumulative loss of over 325 million birds.
Zoonetic vira transmission from animals to humans poses a
continued public health threat because efficient, sustained
transmission of Al viruses in humans could trigger the next
pandemic [10]. Public and anima health leaders should
encourage Member Countries to adhere to international
standards put forth by the WOAH and report Al virus events
as indicated [1]. Timely notifications from all Member
States/Countries of novel influenza virus infectionsin humans
and Al virus outbreaks in animals are central to pandemic
preparedness and prevention. It is essential for global Al virus
surveillance that WHO Member State and WOAH Member
Country hedlth officials ensure that Al virus reports are
submitted within the required timeline by international
standards. Commonly reported Al virus subtypes in humans
were not required to be reported in animal's, making One Health
collaboration between animal and human surveillance systems
even more crucia. Further research to explore causes for Al
virus increases in animals might prove beneficial, including
evaluation of commercial poultry and swine farm biosecurity,
mechanisms of domestic poultry and swine exposure to wild
migratory bird populations, laboratory studies to investigate
phenotypic characteristics of currently circulating viruses, and
the effects of climate and ecological degradation on migration
patterns.

This analysis was funded by the US Centers for Disease Control and Prevention (US CDC). This project uses deidentified data
and is Institutional Review Board/Institutional Animal Care and Use Committee (IACUC) exempt. All authors have met al 4
International Committee of Medical Journal Editors (ICMJE) authorship criteria. We thank Ray Arthur, Joshua Mott, Young M.
Yoo, Jazmin Duque, Diane Gross, Natalie Olson, Francisco Palomeque, and Katherine Roguski for helping the Division track
avian influenza outbreaks during the past decade. The findings and conclusionsin this report are those of the authors and do not
necessarily represent the official position of the US CDC.

Data Availability

The data sets generated during or analyzed in this study may be made available from the corresponding author on reasonable
request.

https://publichealth.jmir.org/2023/1/e46383 JMIR Public Health Surveill 2023 | vol. 9 | e46383 | p. 11

(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Szablewski et &

Conflictsof Interest
None declared.

Multimedia Appendix 1

Seasonality of global avian influenza animal outbreaks and human avian influenza virus infections, January 2016 to June 2022.
[PNG File, 49 KB-Multimedia Appendix 1]

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Thiermann AB. International standards: the World Organisation for Animal Health Terrestrial Animal Health Code. Rev
Sci Tech. Apr 01, 2015;34(1):277-281. [FREE Full text] [doi: 10.20506/rst.34.1.2340] [Medline: 26470463]

Aidllo SE, Moses MA. The Merck Veterinary Manual, 11th Edition. Hoboken, NJ. Wiley; Jul 2016.

Olsen B, Munster VJ, Wallensten A, Waldenstrém J, Osterhaus AD, Fouchier RA. Global patterns of influenzaavirusin
wild birds. Science. Apr 21, 2006;312(5772):384-388. [doi: 10.1126/science.1122438] [Medline: 16627734]

Kilpatrick AM, Chmura AA, Gibbons DW, Fleischer RC, Marra PP, Daszak P. Predicting the global spread of HSN1 avian
influenza. Proc Natl Acad Sci U SA. Dec 19, 2006;103(51):19368-19373. [EREE Full text] [doi: 10.1073/pnas.0609227103]
[Medline: 17158217]

Burns A, van der Mensbrugghe D, Timmer H. Evaluating the economic consequences of avian influenza. World Bank.
Washington DC. World Bank Group; Jun 01, 2006. URL : https.//documents.worldbank.org/en/publi cation/documents-reports/
documentdetail/977141468158986545/eval uati ng-the-economi c-consequences-of -avian-influenza [ accessed 2021-04-07]
Chauhan RP, Gordon ML. Deciphering transmission dynamics and spillover of avian influenza viruses from avian species
to swine populationsglobally. Virus Genes. Dec 08, 2021;57(6):541-555. [FREE Full text] [doi: 10.1007/s11262-021-01873-6]
[Medline: 34625868]

Floyd T, Banyard AC, Lean FZX, Byrne AMP, Fullick E, Whittard E, et a. Encephalitis and Death in Wild Mammals at
a Rehabilitation Center after Infection with Highly Pathogenic Avian Influenza A(H5N8) Virus, United Kingdom. Emerg
Infect Dis. Nov 2021;27(11):2856-2863. [FREE Full text] [doi: 10.3201/eid2711.211225] [Medline: 34670647]

Agiliero M, Monnel, Sanchez A, Zecchin B, Fusaro A, Ruano MJ, et a. Highly pathogenic avian influenza A(H5N1) virus
infection in farmed minks, Spain, October 2022. Euro Surveill. Jan 2023;28(3):5-10. [FREE Full text] [doi:
10.2807/1560-7917.ES.2023.28.3.2300001] [Medline: 36695488]

Sonaiya E. Family poultry, food security and the impact of HPAI. World's Poultry Science Journal. Mar 14,
2007;63(1):132-138. [doi: 10.1017/50043933907001353]

Richard M, de Graaf M, Herfst S. Avian influenza A viruses: from zoonosis to pandemic. Future Virol. May 01,
2014;9(5):513-524. [EREE Full text] [doi: 10.2217/fvl.14.30] [Medline: 25214882]

Kalthoff D, Globig A, Beer M. (Highly pathogenic) avian influenza as a zoonotic agent. Vet Microbiol. Jan 27,
2010;140(3-4):237-245. [doi: 10.1016/j.vetmic.2009.08.022] [Medline: 19782482]

Lai S, QinY, Cowling BJ, Ren X, Wardrop NA, Gilbert M, et al. Global epidemiology of avian influenza A H5N1 virus
infection in humans, 1997-2015: a systematic review of individual case data. The Lancet Infectious Diseases. Jul
2016;16(7):e108-e118. [doi: 10.1016/s1473-3099(16)00153-5] [Medline: 27211899

Wang X, Jiang H, Wu P, Uyeki TM, Feng L, Lai S, et al. Epidemiology of avian influenza A H7N9 virusin human beings
across five epidemics in mainland China, 2013-17: an epidemiological study of laboratory-confirmed case series. The
Lancet Infectious Diseases. Aug 2017;17(8):822-832. [doi: 10.1016/s1473-3099(17)30323-7] [Medline: 28583578]

Song W, Qin K. Human-infecting influenza A (HON2) virus: A forgotten potential pandemic strain? Zoonoses Public
Health. May 12, 2020;67(3):203-212. [doi: 10.1111/7ph.12685] [Medline: 31930694]

Centers for Disease Control and Prevention (CDC). Influenza Risk Assessment Tool (IRAT):National Pandemic Strategy.
CDC. 2020. URL : https:.//www.cdc.gov/flu/pandemi c-resources/nati onal -strategy/risk-assessment.htm [accessed 2020-06-01]
Durand LO, Glew P, Gross D, Kasper M, Trock S, Kim IK, et a. Timing of influenza A(H5N1) in poultry and humans and
seasonal influenza activity worldwide, 2004-2013. Emerg Infect Dis. Feb 2015;21(2):202-208. [FREE Full text] [doi:
10.3201/€id2102.140877] [Medline: 25625302]

Food and Agriculture Organization of the United Nations (FAO). Empres-Plus. EMPRES-i. 2021. URL: https.//empres-i.
review.fao.org/#/ [accessed 2021-04-05]

World B. World Bank Country and Lending Group Income and Region Data. World Bank. 2021. URL: https://datahel pdesk.
worldbank.org/knowledgebase/arti cles/906519-worl d-bank-country-and-lending-groups [accessed 2021-04-10]

World OFAH. WOAH-WAHIS Quanitative Data. WOAH-WAHI S, URL: https://wahis.woah.org/#/dashboards/qd-dashboard
[accessed 2021-04-07]

Food and Agriculture Organization of the United Nations. FAOstat Crops and Livestock Products. FAOstat. 2021. URL :
http://www.fao.org/faostat/en/?#data/ QA [accessed 2021-06-11]

Galbraith CA, Jones T, Kirby J, Mundkur T. A Review of Migratory Bird Flyaways and Priorities for Management (CMS
Technical Series Publication No. 27). UNEP/CMS Secretariat. Bonn, Germany. Secretariat of the Convention on the

https://publichealth.jmir.org/2023/1/e46383 JMIR Public Health Surveill 2023 | vol. 9 | e46383 | p. 12

RenderX

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=publichealth_v9i1e46383_app1.png&filename=03bf8071a717cb8e75dac20f0cdc69fc.png
https://jmir.org/api/download?alt_name=publichealth_v9i1e46383_app1.png&filename=03bf8071a717cb8e75dac20f0cdc69fc.png
https://doi.org/10.20506/rst.34.1.2340
http://dx.doi.org/10.20506/rst.34.1.2340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26470463&dopt=Abstract
http://dx.doi.org/10.1126/science.1122438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16627734&dopt=Abstract
https://europepmc.org/abstract/MED/17158217
http://dx.doi.org/10.1073/pnas.0609227103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17158217&dopt=Abstract
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/977141468158986545/evaluating-the-economic-consequences-of-avian-influenza
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/977141468158986545/evaluating-the-economic-consequences-of-avian-influenza
https://europepmc.org/abstract/MED/34625868
http://dx.doi.org/10.1007/s11262-021-01873-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34625868&dopt=Abstract
https://doi.org/10.3201/eid2711.211225
http://dx.doi.org/10.3201/eid2711.211225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34670647&dopt=Abstract
http://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2023.28.3.2300001
http://dx.doi.org/10.2807/1560-7917.ES.2023.28.3.2300001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36695488&dopt=Abstract
http://dx.doi.org/10.1017/s0043933907001353
https://europepmc.org/abstract/MED/25214882
http://dx.doi.org/10.2217/fvl.14.30
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25214882&dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2009.08.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19782482&dopt=Abstract
http://dx.doi.org/10.1016/s1473-3099(16)00153-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27211899&dopt=Abstract
http://dx.doi.org/10.1016/s1473-3099(17)30323-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28583578&dopt=Abstract
http://dx.doi.org/10.1111/zph.12685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31930694&dopt=Abstract
https://www.cdc.gov/flu/pandemic-resources/national-strategy/risk-assessment.htm
https://doi.org/10.3201/eid2102.140877
http://dx.doi.org/10.3201/eid2102.140877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25625302&dopt=Abstract
https://empres-i.review.fao.org/#/
https://empres-i.review.fao.org/#/
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups
https://wahis.woah.org/#/dashboards/qd-dashboard
http://www.fao.org/faostat/en/?#data/QA
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Szablewski et &

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Conservation of Migratory Species of Wild Animals; 2014. URL: http://www.cms.int/sites/defaul t/files/publication/
CMS Hyways Reviews Web.pdf [accessed 2023-07-31]

World Health Organization (WHO). International Health Regulations (2005) Third Edition. In: WHO. Geneva, Switzerland.
WHO; 2016.

World Health Organization. Case definitions for the four diseases requiring notification in all circumstances under the
international health regulations. WHO. Geneva, Switzerland. WHO; 2009. URL : https://www.who.int/publications/m/item/
case-definitions-for-the-four-di seases-requiring-notification-to-who-in-all - circumstances-under-the-ihr-(2005) [accessed
2022-06-21]

United N. World Population Prospects-Popul ation Division-United Nations. UN Department of Economic and Socia Affairs
Population Division. 2021. URL : https://population.un.org/wpp/ [accessed 2021-06-11]

Radin JM, Shaffer RA, Lindsay SP, Araneta MRG, Raman R, Fowler JH. International chicken trade and increased risk
for introducing or reintroducing highly pathogenic avian influenza A (H5N1) to uninfected countries. Infect Dis Model.
Nov 2017;2(4):412-418. [FREE Full text] [doi: 10.1016/j.idm.2017.09.001] [Medline: 30137719]

Rohr JR, Barrett CB, Civitello DJ, Craft ME, Delius B, Deleo GA, et a. Emerging human infectious diseases and the links
to global food production. Nat Sustain. Jun 11, 2019;2(6):445-456. [EREE Full text] [doi: 10.1038/s41893-019-0293-3]
[Medline: 32219187]

Carey C. Theimpacts of climate change on the annual cycles of birds. Philos Trans R Soc Lond B Biol Sci. Nov 27,
2009;364(1534):3321-3330. [FREE Full text] [doi: 10.1098/rstb.2009.0182] [Medline: 19833644]

Machalaba CC, Elwood SE, Forcella’S, Smith KM, Hamilton K, Jebara KB, et al. Global avian influenza surveillancein
wild birds: a strategy to capture viral diversity. Emerg Infect Dis. Apr 2015;21(4):el-e7. [FREE Full text] [doi:
10.3201/€id2104.141415] [Medline: 25811221]

Afanador-Villamizar A, Gomez-Romero C, Diaz A, Ruiz-Saenz J. Avian influenzain Latin America: A systematic review
of serological and molecular studies from 2000-2015. PLoS One. Jun 20, 2017;12(6):e0179573. [FREE Full text] [doi:
10.1371/journal .pone.0179573] [Medline: 28632771]

World Organisation for Animal Health. Implementation of WOAH standards: the Observatory Annual Report First edition
2022. World Organisation for Animal Health. Paris, France. World Organisation for Animal Health; 2022. URL: https:/
/www.woah.org/en/what-we-do/standards/observatory/impl ementati on-of -standards-the-observatory-annual -report/ [accessed
2023-07-31]

Vallat B, Pinto J, Schudel A. International organisations and their role in helping to protect the worldwide community
against natural and intentional biological disasters. Rev Sci Tech. Apr 01, 2006;25(1):163-172. [FREE Full text] [doi:
10.20506/rst.25.1.1645] [Medline: 16796046]

Abbreviations

Al: avian influenza

CDC: Centersfor Disease Control and Prevention
FAO: Food and Agriculture Organization of the United Nations
HA: hemagglutinin

HPALI: high pathogenicity avian influenza

HTHT: human-to-human transmission

IHR (2005): International Health Regulations 2005
LPAI: low pathogenicity avian influenza

NA: neuraminidase

rCFP: reported case fatality proportion

WHO: World Health Organization

WOAH: World Organisation for Animal Health

Edited by A Mavragani, T Sanchez, submitted 17.02.23; peer-reviewed by A Hammond, S von Dobschuetz; comments to author
15.03.23; revised version received 25.04.23; accepted 26.06.23; published 31.08.23

Please cite as.

Szablewski CM, lwamoto C, Olsen SJ, Greene CM, Duca LM, Davis CT, Coggeshall KC, Davis WW, Emukule GO, Gould PL, Fry
AM, Wentworth DE, Dugan VG, Kile JC, Azziz-Baumgartner E

Reported Global Avian Influenza Detections Among Humans and Animals During 2013-2022: Comprehensive Review and Analysis
of Available Surveillance Data

JMIR Public Health Surveill 2023;9:e46383

URL: https://publichealth.jmir.org/2023/1/e46383

doi: 10.2196/46383

PMID: 37651182

https://publichealth.jmir.org/2023/1/e46383 JMIR Public Health Surveill 2023 | vol. 9 | e46383 | p. 13

RenderX

(page number not for citation purposes)


http://www.cms.int/sites/default/files/publication/CMS_Flyways_Reviews_Web.pdf
http://www.cms.int/sites/default/files/publication/CMS_Flyways_Reviews_Web.pdf
https://www.who.int/publications/m/item/case-definitions-for-the-four-diseases-requiring-notification-to-who-in-all-circumstances-under-the-ihr-(2005)
https://www.who.int/publications/m/item/case-definitions-for-the-four-diseases-requiring-notification-to-who-in-all-circumstances-under-the-ihr-(2005)
https://population.un.org/wpp/
https://linkinghub.elsevier.com/retrieve/pii/S2468-0427(17)30001-5
http://dx.doi.org/10.1016/j.idm.2017.09.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30137719&dopt=Abstract
https://europepmc.org/abstract/MED/32219187
http://dx.doi.org/10.1038/s41893-019-0293-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32219187&dopt=Abstract
https://europepmc.org/abstract/MED/19833644
http://dx.doi.org/10.1098/rstb.2009.0182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19833644&dopt=Abstract
https://europepmc.org/abstract/MED/25811221
http://dx.doi.org/10.3201/eid2104.141415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25811221&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0179573
http://dx.doi.org/10.1371/journal.pone.0179573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28632771&dopt=Abstract
https://www.woah.org/en/what-we-do/standards/observatory/implementation-of-standards-the-observatory-annual-report/
https://www.woah.org/en/what-we-do/standards/observatory/implementation-of-standards-the-observatory-annual-report/
https://doi.org/10.20506/rst.25.1.1645
http://dx.doi.org/10.20506/rst.25.1.1645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16796046&dopt=Abstract
https://publichealth.jmir.org/2023/1/e46383
http://dx.doi.org/10.2196/46383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37651182&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Szablewski et &

©Christine M Szablewski, Chelsealwamoto, SonjaJ Olsen, Carolyn M Greene, Lindsey M Duca, C Todd Davis, KiraC Coggeshall,
William W Davis, Gideon O Emukule, Philip L Gould, Alicia M Fry, David E Wentworth, Vivien G Dugan, James C Kile,
Eduardo Azziz-Baumgartner. Originally published in JMIR Public Health and Surveillance (https://publichealth.jmir.org),
31.08.2023. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in IMIR Public Health and Surveillance, is properly cited. The complete bibliographic

information, alink to the original publication on https://publichealth.jmir.org, as well as this copyright and license information
must be included.

https://publichealth.jmir.org/2023/1/e46383 JMIR Public Health Surveill 2023 | vol. 9 | e46383 | p. 14
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

