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ABSTRACT

1.1, Jiabao Xing"-T, Hui Jiang?, Fayu Lu', Haoxuan Huang',
Yugian Zhang', Andi Sun', Yi Han', Jian Lu
5 Richard J. Webby®, Timothy M. Uyeki
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Highly pathogenic avian influenza (HPAI) A(HS) viruses have caused sporadic human infections since

1997, with recent detections in the Americas and Asia. However, the evolutionary dynamics of different

HPAI A(HS) viruses at the animal-human interface, along with their associated disease severity, propensity

for animal-to-human (zoonotic) spillover, and human-to-human transmission potential, remain unclear.

Here, we combine available genetic and epidemiological data with mechanistic models to better understand
the global spread of HPAI A(HS) viruses that spilled over to humans in 1997-2025. Analysis of 7445
subsampled hemagglutinin gene sequences revealed frequent regional succession of HPAI A(HS) virus
clades that varied by geographic location. The 1104 reported human HPAI A(HS) cases exhibited subtype-
and clade-specific heterogeneity in age, gender, and exposure sources (p < 0.001). After adjusting for
under-reporting, we estimated case-fatality risk to be low for HPAT A(HSN1) clade 2.3.4.4b (0.7%, 95%CI:
0.02%-3.9%) and for A(HSN6) clades 2.3.4x (0%, 0%-1.1%) and 2.3.4.4b (1.6%, 0.7%-3.2%), compared
with other A(HS) clades (range: 4.7%-15.0%). We also show that, while the transmissibility of HPAI A(HS)
viruses between humans remains very low to date (mean R;: 0.10-0.23), zoonotic transmission has

increased with the emergence of bovine-origin clade 2.3.4.4b (incidence: 7.85 per million people per year),
relative to other avian-origin A(HS) clades (range: 1.54-5.04 per million people per year). Although other
factors such as exposure sources, routes of transmission, immune function, underlying medical conditions,

and clinical management can influence outcomes of case-patients, these findings highlight the ongoing

pandemic threat posed by HPAI A(HS) viruses and the need for ongoing comprehensive surveillance,
genotypic and phenotypic characterization, and preparedness.

Keywords: Avian influenza A(HS) viruses, zoonotic infection, phylodynamics, epidemiology, disease

severity, transmission dynamics

INTRODUCTION

Highly pathogenic avian influenza (HPAI) A(HS)
viruses that are currently circulating worldwide
among wild birds and poultry are derived from
the A/goose/Guangdong/1/96 (Gs/Gd) lineage
that was first isolated from a goose in Guangdong
Province, China, in 1996 [1]. The first known hu-
man case of HPAI A(HSN1) virus infection was
identified in Hong Kong SAR, China, in May
1997 [2]; 17 additional human HPAI A(HSN1)
cases were virologically confirmed during 1997 be-
fore the outbreak was brought under control [3].
Although controlled in Hong Kong SAR, China,

viruses of the Gs/Gd lineage continued to spread
among poultry in the region until a dramatic in-
crease in HPAI A(HSN1) virus activity and distri-
bution was observed starting in late 2003 (num-
ber of countries being affected: 8 [4]), with sub-
sequent spread through migratory birds and poul-
try movement across Asia, Europe and Africa [3,5].
From 2008 onwards, several novel HPAI A(HS) sub-
type viruses were detected in wild birds and poultry,
including HPAI A(HSN2), A(HSN3), A(HSNS),
A(HSN6) and A(HSNS) viruses, with A(HSN6)
and A(HSNS8) viruses reported in poultry and
humans in China and Russia, respectively [6].
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Notably, the predominant clade 2.3.4.4b HPAI
A(HS) viruses, detected widely in wild birds, poul-
try, and various mammalian species across much of
the world, were spread by wild birds from Europe
to North America in late 2021 [1,7]. Clade 2.3.4.4b
A(HSN1) viruses of the B3.13 and D1.1 genotypes
have been detected in dairy cattle in addition to poul-
try in the United States, infecting 1081 dairy herds
cumulatively in 18 states through 27 October 2025
[8].

Since the first detected instance of presumed cow-
to-human transmission in the United States in late
March 2024 [9,10], a sharp increase occurred in hu-
man cases of HPAI A(HSN1) virus infection [11].
While spatiotemporal variation in case reporting rate
may be substantial, the officially reported number
of new cases during 2024-202S was nearly dou-
ble the cumulative number of cases recorded during
the previous 9 years (N = 36) [11,12]. Most HPAI
A(HSNI1) cases identified in the United States dur-
ing 2024-2025 have been associated with exposure
to dairy cattle (41/70, 58.6%), with conjunctivitis as
the predominant clinical finding [9,12,13]. In other
countries, most HPAI A(HS) cases detected during
2003-2024 were associated with poultry exposures,
including A(HSN1), A(HSN6) and A(HSN8) virus
infections [ 14,15]. Unlike human HPAI A(HS) cases
reported before the emergence of bovine-origin
HPAI A(HSN1) clade 2.3.4.4b viruses, the clini-
cal severity of HPAT A(HSN1) cases in the United
States, regardless of exposure source, has been pre-
dominantly mild (hospitalization proportion: 4/70)
[16]. While abundant genetic sequencing data ex-
ist on HPAI A(HS) viruses [ 17,18], their evolution-
ary trajectories at the animal-human interface re-
main poorly defined, with previous studies focusing
primarily on the domestic bird-wild bird interface
[5,19]. Furthermore, accurate characterization of the
long-term epidemiological profile, disease severity
and transmission potential of human infections with
different HPAI A(HS) virus subtypes and clades is
hindered by a lack of a standardized global database
ofindividual case data and by under-reporting driven
by variable surveillance quality.

We systematically collected and analyzed avail-
able human HPAI A(HS) case data reported to the
World Health Organization (WHO) and national
health authorities (Fig. S1), along with the available
virus sequence data from 1 May 1997, through 31
July 2025. We assessed the evolutionary dynamics of
different subtypes and clades of HPAI A(HS) viruses
at the animal-human interface since 1997. Lever-
aging detailed case incidence data, we used mathe-
matical models to estimate disease severity, zoonotic
spillover and human-to-human transmissibility of
HPAI A(HS) viruses, while accounting for hetero-
geneity in surveillance quality.

Page 2 of 15

RESULTS

Genomic epidemiology of zoonotic HPAI
A(H5) cases

Overall, the detection frequency of HPATA(HSN1),
A(HSN6) and A(HSN8) virus hemagglutinin (HA)
gene sequences increased over time [N = 40 988;
hereafter referred to as A(HS)], with a significant
rise observed during 2014-2018 (N = 7603) and
again since 2021 (N = 27 123) (Fig. S2A). The
inferred phylogenetic tree, based on 7445 subsam-
pled HPAI A(HS) virus sequences from multiple
hosts (subsampling for computational efficiency, see
Supplementary Text for details), revealed frequent
viral clade turnovers followed by cross-regional
transmission, which is consistent with a previous
report [S]. These patterns were subsequently re-
flected in sequences obtained from clinical spec-
imens of human cases (human case-derived se-
quences, N = 838) (Fig. 1, Fig. S2B). Human case-
derived HPAT A(HS) virus clades were detected only
after the same clade had first been detected in ani-
mal hosts, with an observed mean time difference of
66 (IQR: 24-88) months between reported detec-
tions of animal- and human-derived sequences of the
same clade (Fig. S3). This finding was further sup-
ported by a temporal correlation between the num-
bers of reported human HPAT A(HS) cases and out-
breaks in animal hosts (r, = 0.26, P-value = 0.024)
(Fig. 2A). Additionally, we found geographical dom-
inance of HPAI A(HS) viruses in both animal hosts
and humans, with the latter showing greater pre-
dominance in distinct geographical regions (Fig. 1,
Fig. S2B).

We then focused on the geographic spread of
HPAI A(HS) viruses responsible for sporadic hu-
man infections. Clade O viruses that caused hu-
man infections in Hong Kong SAR, China, in 1997
clustered independently before being succeeded by
clade 1 viruses that caused human infections dur-
ing 2003-2014 (Fig. 1, Figs S2B and S4). Specifi-
cally, clade 1 viruses were first detected in humans in
Hong Kong SAR, China, who had traveled to south-
ern China in 2003, and was the dominant lineage
in Vietnam, Thailand and Cambodia during 2004-
2006 (Fig. 1, Figs S2B and S4). Clade 2 viruses,
which further diversified into five major phyloge-
netically distinct A(HSN1) HA clusters with hu-
man infections (2.1, 2.2, 2.3, 2.3.2.1x and 2.3.4.4b),
maintained comparable clade-specific geographical
signatures across human cases. Among these, clades
2.1x and 2.1.3.2x predominantly caused human in-
fections in Indonesia during 2005-2007, with the
latter continuing to predominate until 2016. Clade
2.2x viruses caused human infections in Azerbaijan,
Iraq and Turkey in 2005-2006, before clade 2.2.1
viruses emerged and became the predominant lin-
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Figure 1. Time-scaled maximum-likelihood tree of HPAI A(H5) virus HA sequences from human cases worldwide. The phylogeny is based on all available
sequences of viruses from human cases (N = 838). Each point, square and triangle indicates an HA subtype, while branch tips denote pre-defined major
virus clades. Phylogenetic clusters of human HPAI A(H5) cases are defined by their major spatiotemporal distribution and annotated with shaded areas
and text. The location and WHQ region of each isolation are shown as colored bars on the right. The box colors indicate the WHQ regions of the isolates.
Abbreviations for WHO regions: AFRO, Africa Region; AMRO, Americas Region; EMRO, Eastern Mediterranean Region; EURO, Europe Region; SEARO,
South-East Asia Region; WPRO, Western Pacific Region. HA = hemagglutinin gene; HPAI = highly pathogenic avian influenza.

eage in Egypt from 2006 to 2015. Within descen-
dants of clade 2.3 viruses, the earliest emerging clade
2.3.4x was predominant only in China and Viet-
nam during 2005-2013. Between 2013 and 2016,
A(HSNG6) and A(HSNS) viruses from this clade
continued to circulate among wild birds and poul-
try exclusively in the Western Pacific and Europe.
In contrast, clade 2.3.2.1x has been the predominant
lineage that has caused human infections in eight
countries across three WHO regions (including the
Western Pacific, South-East Asia and the Americas)
from 2008 to 2025 (Fig. 1, Figs S2B and S4). Cur-
rently, in addition to clade 2.3.2.1x, clade 2.3.4.4b
viruses, containing different NA subtypes includ-
ing N1, N6 and N8, have emerged as the domi-
nant lineage in Europe, the Western Pacific and the
Americas.
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Epidemiology of human HPAI A(H5) cases

As of 31 July 2025, a cumulative total of 1104 HPAI
A(HS) cases were reported worldwide, including
1009 A(HSN1) cases, 88 A(HSN6) cases and 7
A(H5NS) cases. Information on 226 (20.5%) of
1104 HPAI A(HS) cases was provided by national
health agencies, while data on the remaining 878
(79.5%) cases were collected from WHO and other
publicly available sources (Table S2). No statisti-
cally significant differences were found in the com-
pleteness of demographic, key timeline, or epidemi-
ological exposure variables between data provided
by the national health agencies and data obtained
from publicly available sources (P-value = 0.282),
indicating good representativeness of multi-source
case data used in the current study. Despite vari-
able numbers of reported human HPAT A(HS) cases
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Figure 2. Spatiotemporal distribution of human HPAI A(H5) cases worldwide. (A) Time series of human HPAI A(H5N1), A(H5N6) and A(H5NS8) cases
by epidemic months. Each bar represents the total number of reported cases by virus subtype and clade at 3-month intervals, while each black point
indicates the number of A(H5) animal outbreaks over the same time period. (B) Regional differences in the cumulative number of human HPAI A(H5N1),
A(H5NB), and A(H5N8) cases and associated disease severity. The size of grey bubbles indicates the cumulative number of reported cases in such
a location. Observed regional disease severity is presented as a circular bar plot, where blue and red bars represent the regional proportions of
hospitalized and fatal cases, respectively. Since seven human A(H5N8) cases were asymptomatic, their disease severity distributions were not included.
HPAI = highly pathogenic avian influenza.

caused by different virus subtypes and clades world-
wide, 87.8% of illness onset (N = 969) occurred
in countries in the Northern Hemisphere, where
epidemic peaks were more frequently observed in
January—March and September-December, corre-
sponding to the winter—spring seasons and spring
festival periods in these regions (Fig. 2A, Fig.
S5). Unlike the widespread distribution of reported
HPAI A(HSN1) cases, nearly all HPAT A(HSNG6)
and A(HSNS8) cases were reported from China
(N =87,98.9%) and Russia (N = 7, 100%), respec-
tively (Fig. 2B).
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Demographic data on both age and gender were
available for 1049 (95.0%) of the reported 1104
HPAI A(HS) cases studied (Table 1). The age dis-
tribution was younger for HPAI A(HSN1) cases
(median: 18 years, IQR: 5-32 years), compared
with HPAI A(HSNG6) cases (median: SO years,
IQR: 35-57 years, P-value < 0.001) and HPAI
A(HSNB8) cases (range: 29-60 [20]). No sex-based
differences were observed across the three HPAI
A(HS) virus subtypes, with male-to-female ratios
of 0.93 for A(HSN1), 1.26 for A(HSN6) and 0.40
for A(HSN8) cases (P-value = 0.237) (Table 1).


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf471#supplementary-data

Natl Sci Rev, 2026, Vol. 13, nwaf471

(0)o (Th)1 (T (o€1) €1 (e 6 (9¢) ¢ (t6) L1 (097) TS #s) ot (#11) 9t1 umowyun
(0)o (Th) 1 (re)e (07)¢ (0)o (0)o (€8) St (o1)¢ (co)1 (r7) €T ON
(oor) (L16) T (L6L) 1S (0s8) S8 (LL8) %9 (+'96) 18 (£28) 6¥1 (0€L) ot1 (€+6) 0S¢ (598) $S6 EON
s[ewrue 03 axnsodxas Auy
£103s1y 2ansodxyg
(0)o 0)o (0)o (oot) 01 (0)o (T1)1 (ro)e (0)o (0)o (1) 61 umowyun)
(o01) L (T69) 81 (697) 81 (00S) 0S (0L€) L2 (+'96) 18 (1er) 8L (091) € (8'99) 8¥T (0°TS) ¥LS par12A0dYY
(0)o (80¢€) 8 (reL) 6v (oot) oF (0€9) 9% +0)e (85S) 101 (0¥8) 891 (zee) et (c9v) 1S para
onOuUSO
(0)o 0)o (r+v1) 6 (012) 1T 1)1 (€8) L (99) et (007) 0F ()8 (68) 86 umowyun)
(oor) (€8)¢ 1)1 (0¢) € 1)1 (86L) L9 (90) 1 (0)o (€0)1 (sL) €8 ON
(0)o (L16) T (+'¥8) ¥S (09L) 9L (€L6) 1L (611) 01 (8'26) 891 (0°08) 091 (9L6) 79¢ (9¢8) €26 EON
Go_uaN:mﬁmwOI
(0)o (¢8)¢ (o1)1 (0'8s) 8S (99%) ¥¢ (8+) + (oor) 181 (oor) 00T (oor) 1€ (1LL) 1S8 umowyun)
(oo1) (0)o (0)o (0T (0)o (r2)9 (0)o (0)o (0)o (1) ST swojdwifs ue ynoyipm
swoydwfs
(0)o (0)o (0)o (0)o (9L1) €1 (s9) €1 A1ojendsar-uou pue spranoun(uon)
swoydwAs
(0)o (0)o (0)o (0)o (6'81) 1 (65) ¥1 £1oyendsax pue sprandun(uo)
(0)o (0)o (0)o (0)o (rs¢) 9t (6'01) 92 £quo spuanoun(uo)
(oor) Te (oor) €9 (oot) 0¥ (oot) 6¢ (¥'87) 1T (LLL) sst swopdwifs [eandunfuod-uou A[uQ
(0)o (L16) 7T (+'86) €9 (0ot) o (+€S) 6€ (1'88) ¥L (0)o (0)o (0)o (917) 8¢€T swojdwLs £ue g
SUOTJE[[9)SUOD [edIUID)
(0)o 0)o (0)o (0)o [Cavh! (09)s (0)o (01r) e (so0)c (L) og umowyun
(0)o (Th) 1 (T (0s)s [CaA: #0)c (T + (so)1 (ro)+ (92) 6T $9<
(oor1) £ (T6L) 61 (veL) Ly (0+S) ¥S (5'89) 0S (S¥8) 1L (8¥) 18 (s9¥) €6 (s'8t) 081 (S¥S) 209 +9-8T
(0)o (Lo1) ¥ +6)9 (01%) 0 (8'82) 1T (r2)9 (0€S) 96 (oth) 8 (6'6%) S8T (Tov) et L1-0
509-67 (S+-97) 6¢ (8S-St) €5 (Pe-+) o1 (Te-91) ST (€s-91) 8¢ (0€-9) 91 (62-6) 0T (te-¥) L1 (ce-¥) 8t q(e8uer amurenbiayur ‘sreak) uerpapy
By
(0)o 0)o (0)o 09)s (0)o (172¢) LT (0)o (sor) 1T (so0)c (05) sS umowyun
1) s (T¥S) €1 (90t) 9t (oer) e (¢6t) 9¢ (6L1) ST (T6r) 68 (09t) 6 (8'85) 81T (98t) 9€S srewag
(980) (8sh) 11 (+'6S) 8¢ (0°€s) €S (L0S) Lg (00S) T+ (805) 26 (sev) L8 (Lot) 18T (Sot) €18 R
pelN
(L=N) (¥T=N) +#9=N) (001 =N) (eL=N) (¥8=N) (181 =N) (002=N) (1L£=N) (+O11 =N) sonsLIAORIRYD)
Qe XpeT AQreT SPPO e QryeT x'T XCCTTRXIT  XITTRXCT &L,
(L=N) 8NSH (88 =N) 9NSH (6001 =N) INSH

'GZ0Z AINP—£66 1 AeJAl "BpImplIom L0IajUL SNUIA (GH)Y ezuanjul uelAe dluaboyied Ajybiy Jo sased paniodal jo sonsualoeleyd [eaibojolwapid] *L ajqer

Page 5 of 15



Natl Sci Rev, 2026, Vol. 13, nwaf471

'sioder OHM woxy paureqo 21om sjusned ased (QNSH)V 10§ SAWONNO [T, *213Y Uumoys st sjuared ased (SNSH)V £ Jo 28uex a8e oy £[uo

AyIIqe[reA. B3ep USALD), *saSe JoeXd IIM S[ENPIAIPUL U0 PIseq ST ST *UOTJRULIOJUT SPE[D STLIIA JNOTIIM SISED Ue ‘SUOTIORYUT STLITA / SPE]D YIIM SISED 7 ‘XT'7'€"C IPE[D YILM SISED [T “7°€°C IPE[O YIIM SIsed 4 () pe[d Y3Im sased pajrodar gT sapnyour st
Tqe] P D> v TeNPIAIPUL LE6 UO Paseq STSIYT Jut Opef; Y PSP ¥ LApeP 4 TXTTECTIPEP Y 1T TETapeP ¥ ¥ 0 9peP U |3 61 sopny; ULe

(0)o (oo1) t¢ (696) 79 (018) 18 (Te6) 89 (069) 85 (818) 81 (sLL) SSt (T68) 1€€ (0¥8) Lt6 ON
(oor) 0)o (1e)T (061) 61 (89)s (01€) 9T (T81) €€ (sTo) s+ (801) OF (091) LL1 EON
193sn]d 3s€d (SH)V Ue 03 s3uopog
(0)o (Lo1) ¥ (6'1L) 9% (0s2) St (95¢) 9t (se)¢ (1%9) 911 (012) Tt (6€L) LT (9£5) 9€9 umowyun
(oor1) L (00S) 1 (0)o (0ot) ot (Tve) st (506) 9L (Tar)ce (sor) 1T (69)tt (t'0t) STt ON
(0)o (¢€€) 8 (187) 8T (0's¢) s¢ (rog) e (09)s (8€2) €F (s81) L€ (z0T) SL (07T) €¥e EON
Anynod prefyoeq 0y amsodxg
(0)o (Lo1) ¥ (L6L) 1S (082) 8¢ (97s¢) 9t (9¢) ¢ (6'19) i (soL) 141 (6°€L) ¥LT (61L5) 6€9 umowyun
(oor) (0s2) 9 (0)o (09t) 9% (T¥¢g) st (+'96) 18 (#s€) +9 (007) oF (677) S8 (17¢) ¥5¢ ON
(0)o (£85) 1 (€07) €1 (097) 9t (rog) e (0)o (87)S (s6) 61 (ze)ar (Tor) 111 EON
Joyrewr £1y[nod JAT] PaYISIA
(0)o (Th) 1 (#+e) e (0+1) +1 (eTn)6 (9¢) ¢ (o1r) 0t (00€) 09 (L) 1T (9€1) 0ST umowyun
(0)o (€8)¢ (0)o 09)s (o1r) 8 (T1)1 (£8) ST (00) ¥ (0)o (Te)se ON
(0)o 0)o (0)o (0)o (0)o (88%) ¥ 0)o (0)o (0)o (L) 1 smod Lireq
(oo01) L (sL8) 12 (9'59) T (018) 18 (L9L) 9s (t9t) 6€ (L08) 9¥1 (0'89) 9¢€1 (£¥6) 0S¢ (s6L) 8L8 Anmog
SIX
s[ewrrue pajddyur A[fenuajod 10 pajdayur 03 aansodxyg
(L=N) (¥T=N) #9=N) (001 =N) (eL=N) (¥8=N) (181 =N) (002=N) (1L£=N) (Yot =N) SOMSHRORIRYD
Qe XpeT Qe SPYPRO XpeT Qe X' XTETTRXIT  X[TTRXCT oL,
(L=N) SNSH (88 =N) 9NSH (6001 =N) INSH

panunuog °| ajqer

Page 6 of 15



Natl Sci Rev, 2026, Vol. 13, nwaf471

A o 100 B 2 0.60
| ERL IR
+ - M 8
5% o0 4 i, * + £ 0.59 ¢ . ¢
i 5 ¢
40— T T T ©0.58 + ¢ ¢ ¢
Azerbaijan— o >
Bangladesh-] 3 057 — T T T T T T T T
Cambodia—| o o0 ° 32— —32
China—e o0 (1 Reporing & +
Egypt— 000000 000 rate (%) ;t; 24 24 <
Indonesia— eo0® o000 195 E <
Thailand—| ° 85 S 164 ++ * 162
© &
Turkey— 65 & + \ + =
United Kingdom— 5 87 # H + + -8 &
United States— ° £ ll N
Vietnam— o0 0 T 1 — A 0
T T T T N '\*'Lf\*'bfl*’zf\*’b‘b‘*bvb‘\o o Bh B0
1998 2007 2016 2025 rL:\' L '],?" QL 'L'rb; ’
. L JL J
Time HBNT H5NG

Figure 3. Trends in ascertainment for human HPAI A(H5) cases and their application to disease severity estimates. Each
point, square or triangle with error bar shows the point estimate and 95% confidence interval. (A) Estimated year- and
country-specific case ascertainment. Grey shaded area denotes different levels of disease surveillance quality in 1997-2025,
defined by global responses to major public health emergencies: the SARS outbreaks in 2003, the HIN1 pandemic in 2009,
the Ebola outbreaks in 2014, and the COVID-19 pandemic since 2020. (B) Estimated mean daily number of infections (upper
panel), case hospitalization and case fatality risks (lower panel) by HPAI A(H5) virus subtype and clade. In the lower panel
of (B), black points or blue triangles with error bars show the estimated mean case hospitalization and fatality risks and
corresponding 95% confidence intervals. HPAI = highly pathogenic avian influenza.

Following the emergence of the HPAI A(HSN1)
virus, clade 2.3.4.4b, the primary sources of virus
exposure for human HPAI A(HSN1) cases were
from dairy cattle and commercial poultry in the
United States (before and during culling operations)
(92.8%, 65/70). This contrasts with cases associ-
ated with HPAI A(HSN6) and A(HSNS) viruses
(95.6%-100%) and other HPAT A(HSN1) virus
clades (90.8%-100%), where the primary sources of
virus exposure were to backyard poultry and their
contaminated environments or at live poultry mar-
kets (P-value < 0.001).

Disease severity of human HPAI A(H5)
cases

We next investigated disease severity in reported hu-
man cases caused by HPAI A(HS) viruses, with a
specific focus on examining whether bovine-origin
clade 2.3.4.4b infections of humans (reported case-
fatality of 0.9% [16]) exhibit a lower disease sever-
ity compared with other clades (53.5% [14]) as pre-
viously reported. We found individual age, gender,
virus subtypes and clades, and the quality of surveil-
lance system (reflecting the capacity to ascertain un-
derlying human cases) to be significantly associated
with fatal outcome in multivariable analysis using a
generalized linear mixed model with country-level
random effects (Table S3). In particular, cases re-
ported through surveillance systems since the start
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of the COVID-19 pandemic in 2020 had 1.83- to
9.39-fold lower odds of death (P-value < 0.05).
Human cases with the N6 neuraminidase subtype
had 6.30-fold higher odds of death (95% CI: 2.36-
16.84) compared to those with the N1 subtype (P-
value < 0.001). Moreover, compared to cases as-
sociated with the bovine-origin HPAI A(HSN1)
virus, clade 2.3.4.4b, those associated with avian-
origin HPAI A(HS) virus clades show significantly
higher odds of death (range: 4.06-104.89), except
for cases linked to avian-origin HPAI A(HSN1)
virus, clade 2.3.4.4b (OR = 0.37,95% CI: 0.12-1.15;
P-value = 0.087).

Given the observed impact of surveillance quality
on estimated disease severity, we then used case inci-
dence data to fit our previously proposed Bayesian
Poisson model [21] to correct for potential under-
reporting of HPAT A(HS) cases when determining
clade-specific disease severity (Fig. 3). We estimated
that the HPAT A(HS) case reporting varied across
countries and years (mean: 73.9%, range: 57.3%-
98.1%), with the best surveillance performance ob-
served in Egypt in 2015 (98.1%, 95% CI: 93.7%-
99.8%) and in the United States during 2024 (96.8%,
95% CI: 89.7%-99.6%) (Fig. 3A). Moreover, we
found that the timing of improvements in case re-
porting broadly aligned with global responses to
infectious disease outbreaks, including the SARS
outbreaks in 2003, the 2009 HIN1 pandemic, Ebola
outbreaks in 2014, and the COVID-19 pandemic
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Figure 4. Transmission parameter estimates and model fit for human HPAI A(H5) cases across different virus subtypes and
clades. (A) Comparison of reported and estimated mean daily number of cases infected with various HPAI A(H5N 1) virus clades
and (B) A(H5N) virus clade in selected study locations. In both panels, the solid line indicates the estimated median of case
numbers, while black points represent the reported case numbers. The shaded bands, from dark to light, denote the 80%,
90% and 95% credible intervals for the time-specific case numbers. (C) Model-based annual incidence (per million people) of
human HPAI A(H5) virus infections attributable to animal-to-human transmission. Each bar with error bar indicates the mean
incidence and 95% confidence interval. (D) Estimated clade-specific A for human-to-human transmission of HPAI A(H5N1)
and A(H5NSB) viruses. The diamond and inner vertical line show the mean £ and corresponding 95% confidence interval.
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avian influenza.

since 2020. We observed that the estimated mean
daily number of infections was slightly higher for the
bovine-origin HPAI A(HSN1) virus, clade 2.3.4.4b
(mean: 0.595, 95% CI: 0.588-0.601) than for other
HPAI A(HSN1) and A(HSNG6) virus clades (mean:
0.587, 95% CI: 0.512-0.661; P-value = 0.019)
(Fig. 3B). We further determined HPAI A(HS)
virus clade-specific case hospitalization and fatal-
ity risk based on the reported number of hospital-
izations and deaths, together with the model-based
total number of infections. We estimated a rela-
tively lower risk of fatal outcomes for cases with
HPAI A(HSN1) virus, clade 2.3.4.4b (case-fatality
risk: 0.7%, 95% CI: 0.029%-3.9%), A(HSN6) virus,
clade 2.3.4x (0%, 95% CI: 0%-1.1%) and 2.3.4.4b
(1.6%, 95% CI: 0.7%-3.2%) than for other virus
clades (range: 4.7%-15.0%) (Fig. 3B). These esti-
mates differ from those derived directly from surveil-
lance data, as exemplified by the observed case fatal-
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ity risks of 3.5% (0.7%-9.9%) for HPAI A(HSN1)
clade 2.3.4.4b, and 28.1% (95% CI: 17.6%-40.8%)
and 75.9% (95% CI: 56.5%-89.7%) for A(HSN6)
clades 2.3.4.4b and 2.3.4x, respectively.

Transmission potential of HPAI A(H5)
viruses in humans

To understand animal-to-human and human-to-
human transmission intensity of HPAT A(HS) virus
clades that caused large outbreaks of human cases,
we used their case incidence data to fit a time-
discrete SIR model with time-varying transmission
rates (Fig. 4). We found that this model was able
to reconstruct the observed number of cases well
in the five selected study locations. These include
HPAI A(HSN1) outbreaks in Vietnam in 2004
(observed vs estimated number of cases: 21 vs 20,
95% Crl: 16-32), Indonesia in 2006 (20 vs 19, 95%
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Crl: 16-32), Egypt in 2014-2015 (160 vs 161, 95%
Crl: 102-235), the United States in 2024 (31 vs
32,95% Crl: 16-32), as well as an HPAI A(HSN6)
outbreak in China in 2022 (23 vs 18, 95% Crl:
10-20) (Fig. 4A and B). With this validated model,
we further estimated the mean annual incidence of
cases attributable to animal-to-human transmission,
with the highest incidence observed for bovine-
origin HPAI A(HSN1) virus, clade 2.3.4.4b (7.85,
95% CI: 7.48-8.21 per million people per year).
This was followed by A(HSN6) virus, clade 2.3.4.4b
(5.04, 95% CI: 5.00-5.07 per million people per
year), A(HSN1) virus clades 1.x (3.98, 95% CI:
3.69-4.27 per million people per year), 2.2.1x (1.93,
95% CI: 1.88-1.97 per million people per year) and
2.1x (1.54,95% CI: 1.45-1.64 per million people per
year) (Fig. 4C).

Regarding human-to-human transmissibility, no
substantial increase in the mean R; was observed
for HPAI A(HS) viruses before or after the emer-
gence of bovine-origin HPAT A(HSN1) virus, clade
2.3.4.4b (mean: 0.19, range: 0.10-0.23) (Fig. 4D), re-
gardless of virus subtype or clade. Based on 124 pos-
sible secondary cases, including 9 (7.3%) with con-
firmed human contacts only and 115 (92.7%) with
exposures to both human cases and infected ani-
mal populations, we found no substantial increase
in individual infection probability following expo-
sure to clade 2.3.4.4b viruses (mean: 0.252; by virus
origin: 0.2S for avian and 0.07 for bovine) com-
pared with earlier clades (mean range: 0.05-0.42)
(Fig. 4E).

DISCUSSION

Through the collation and analyses of available data
on reported human HPAI A(HS) cases reported
worldwide from 1 January 1997 through 31 July
2025, we demonstrate the geographic succession
of goose/Guangdong-lineage HPAI A(HS) virus
clades. Our results demonstrate that individual bi-
ological, viral, and surveillance factors collectively
complicate the assessment of the true disease sever-
ity of HPAI A(HS) cases. By incorporating case as-
certainment into the estimation of the denomina-
tor for case hospitalization and case fatality risks, we
generated robust estimates of clinical severity pro-
files for HPAI A(HS) cases. We show that disease
severity varied considerably across HPAI A(HS)
virus subtypes and clades, with comparable case fa-
tality observed for bovine-origin HPAI A(HSN1)
virus, clade 2.3.4.4b and HPAI A(HSNG6) virus,
clades 2.3.4x and 2.3.4.4b. Despite the complexity of
estimating the epidemiological parameters of HPAI
A(HS) viruses, our SIR models, which accounted for
both animal-to-human and human-to-human trans-
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mission, provided a good fit to the data. Although
transmissibility of HPAI A(HS) virus clades be-
tween humans remains low, animal-to-human trans-
mission of more recent clade 2.3.4.4b viruses appears
enhanced, regardless of virus subtype and animal ori-
gin, increasing additional opportunities for human
infections.

Our phylogenetic analysis of available virus se-
quences from human cases reveals a striking pat-
tern of regional clade succession. Specific clades of
HPAI A(HS) viruses identified from human cases
have dominated defined regions during distinct time
periods, rather than causing simultaneous outbreaks
across multiple areas, a pattern derived from phy-
logenetic analyses of HPAI A(HS) viruses from all
hosts, as reported previously [ S]. This contrasts with
the relatively uniform distribution sometimes ob-
served with viruses identified from infected animals
such as clade 2.3.2.1x and 2.3.4.4b. This trend is
likely because human-derived virus sequences are
more likely to represent the dominant viral clades cir-
culating in animal hosts, thereby making the clade
turnover appear more punctate in humans. While we
identified distinct spatiotemporal patterns in clade-
specific dominance, the complex mechanisms driv-
ing clade-specific dominance in both zoonotic and
rare past episodes of limited, non-sustained human-
to-human transmission of any HPAI A(HS) virus
are not fully elucidated. Previous studies have shown
that vaccination of poultry against avian influenza A
virus subtypes is directly associated with viral dy-
namics through immune pressure-driven selection
[22]. For example, an increase in antigenic evolu-
tion of A(HS) viruses in China was observed fol-
lowing the implementation of the mass A(HS) poul-
try vaccination in 2005 and the ongoing A(HS-H?7)
poultry vaccination since 2017 [23]. Given the scope
of our assessments, we did not conduct a quantita-
tive comparative analysis of the association between
poultry vaccination and virus evolutionary dynam-
ics. Future studies could assess whether and to what
extent widespread use of A(HS) poultry vaccina-
tion impacts HPAI A(HS) virus reassortment, evo-
lution, and transmissibility among poultry and other
animals.

Viral-
tributed to the region-specific epidemiology and
disease severity in reported human HPAI A(HS)
cases. Currently, the relative contributions of many

and human-related factors have con-

potential factors (e.g. virus virulence, exposure
routes, receptor-binding tropism, surveillance ap-
proaches, clinical management practices, underlying
partial cross-protective immunity) influencing the
clinical severity observed in HPAI A(HS) cases
remain to be disentangled. The high prevalence of
conjunctivitis among dairy workers infected with
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clade 2.3.4.4b viruses in the United States (83%)
[16,24], along with its occurrence in a critically
ill adolescent case with HPAI A(HSNI1) virus,
clade 2.3.4.4b infection in British Columbia [25],
suggests that human infections with this clade may
be more likely to be associated with conjunctivitis
than infections caused by other virus clades [26].
It is also likely that the abundance of «2,3-linked
sialic acid receptors on conjunctival epithelial cells
enables the A(HS) virus to use the mucus mem-
branes of the human eye as an initial site for its
replication through contact transmission such as
touching the eyes with virus contaminated gloves
or fingers or when raw milk containing high levels
of HPAI A(HSN1) virus splashes onto the faces of
dairy workers [1,26-28]. Such milder illness might
also be linked to the characteristics of the affected
population, who were generally healthy young
farm workers, and to the fact that increased active
surveillance in this occupationally-exposed popu-
lation following the COVID-19 pandemic enabled
rapid case detection and clinical management (e.g.
early access to influenza antiviral treatment) [16].
Despite a relatively low case-fatality risk of clade
2.3.4.4b viruses (0.7%), these viruses have caused
severe and critical illness in patients in Canada [29],
Chile [30], China [31], Ecuador [32], the United
States [33,34], and Mexico [35], with some fatal
outcomes.

This study has several limitations. We relied upon
the available reported case data, and correspond-
ing virus clade information for human HPAI A(HS)
cases were retrospectively collected from published
data. This may also introduce limitations to our
transmission models in terms of both the under-
lying model structure and assumptions. For exam-
ple, we inferred specific disease transmission param-
eters and case ascertainment solely from case inci-
dence data, without incorporating additional data
from active case investigations or other case detec-
tion approaches (e.g. sero-epidemiological investi-
gations in high-risk populations). This hinders our
models’ ability to account for ascertainment at a finer
spatiotemporal scale and for potential variation in in-
dividual susceptibility to HPAI A(HS) viruses in the
general population. Additionally, we cannot exclude
the possibility that some reported human HPAI
A(HS) cases may not represent true infections. Ex-
amplesinclude asymptomatic HPATA(HSN1) cases
reported in Spain [36], a case of fatigue only in
Colorado, United States [37], as well as seven re-
ported asymptomatic HPAI A(HSN8) cases in Rus-
sia [20], all that lacked serologic testing results meet-
ing WHO criteria for confirmed cases. Furthermore,
our virus phylogenetic and epidemiological analyses
were limited by the public availability of individual
case data and the robustness of virologic/genomic
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surveillance across different settings. Given the in-
herent bias in global surveillance of HPAI A(HS)
viruses and its unpredictable changes, largely at-
tributable to uneven genomic sampling (with only
50% of animal outbreaks and 0.2% of cases in animals
were sequenced [5]), we cannot exclude the possi-
bility that the inferred start and end time of virus
clade epidemics might be biased. Moreover, in most
HPAI A(HS) cases, data on genotype, antiviral treat-
ment or other clinical management were not avail-
able and could not be included in our analyses. Po-
tential genotype variations in the effectiveness of and
regional differences in the use of antiviral treatment
are unknown and could further widen the large dif-
ferences in disease severity and outcomes of HPAI
A(HS) cases that we have estimated.

In conclusion, we identified frequent transitions
and regional succession of HPAI A(HS) virus clades
that have caused sporadic human infections, along
with a clear geographic dominance of each virus
clade. We provide a quantitative evidence base for
monitoring epidemiological profiles and transmissi-
bility of human HPAI A(HS5) virus infections. While
the risk of HPAI A(HS) virus transmission between
humans remains very low to date, the zoonotic trans-
mission potential has increased following the emer-
gence and widespread circulation of clade 2.3.4.4b
viruses, regardless of virus subtype and animal ori-
gin. As HPAI A(HS) viruses continue to evolve, in-
cluding through genetic reassortment, and spread
globally among birds, with spillover and evidence
of HPAI A(HSN1) virus circulation among some
mammals [38,39], efforts are needed to increase use
of appropriate personal protective equipment and re-
duce human exposure to infected poultry and other
animals worldwide, including to infected dairy cat-
tle in the United States. Ongoing global surveillance
of HPAI A(HS) viruses and associated human in-
fections with standardized collection and analyses of
epidemiologic, clinical, and virologic data will help
inform the development and implementation of pre-
ventive measures against human infections, and pan-
demic influenza preparedness and response.

MATERIALS AND METHODS
Case definition

The definition of a confirmed HPAI A(HS) case
was based on the WHO case definition for hu-
man infections with avian influenza A(HS) virus re-
quiring notification under the International Health
Regulations (2005), that is, a patient with defined
clinical signs, epidemiological linkage, and labora-
tory confirmation by an influenza laboratory ac-
cepted by WHO [40]. In contrast, for the purposes
of this analysis, a possible case refers to a person
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with an unexplained acute respiratory illness who is
epidemiologically linked by time, place and expo-
sure to a confirmed case or sick/dead animals, and
whose infection was identified by a country or lo-
cal institution but did not meet WHO criteria or
was not reported to the WHO. A cluster of HPAI
A(HS) cases was defined as a group of one or more
confirmed cases and additional confirmed and pos-
sible cases with household contacts or shared ex-
posure to the same infected animal population (e.g.
neighbors in the same village or coworkers in the
same facility), with illness onset within a 7-day pe-
riod. Within a cluster, the index case referred to
the case with the earliest onset data, while remain-
ing cases in the same cluster were termed possible
secondary cases.

Data collection

Case line list

Human HPAI A(HS) case data were identified and
compiled according to the case definitions above.
The initial dataset included cases provided by na-
tional health agencies (N = 226) [14,41], and those
compiled from WHO reports (N = 878) (Table S1,
Fig. S1). The latter included the WHO Disease Out-
break News [42], the WHO Weekly Epidemiolog-
ical Record [43], the WHO risk assessments and
summaries of influenza at the human-animal inter-
face [44], and the WHO Western Pacific Region’s
Avian Influenza Weekly Update [45]. After matching
with this initial case line list from national and WHO
sources using case age, gender, illness onset date and
location, we supplemented information for 381 cases
from other publicly available sources (including Flu-
Trackers [46], ProMED-mail [47], the Center for In-
fectious Disease Research and Policy [48], and the
websites of ministries of health in individual coun-
tries or regions, and the Centers for Disease Control
and Prevention). We also systematically searched the
MEDLINE/PubMed, Embase, and Web of Science
databases for articles published from 1 January 1997
through 31 July 2025. Articles containing informa-
tion on individual cases (N = 140) were identified
using the search terms ‘(HSN1 [title] OR HSN6
[title] OR HSNS [title]) AND (patient*[title] OR
person*[title] OR human*[title] OR case*[title])’,
without any language restrictions (Fig. S1). After
removing 89 duplicate reports identified by cross-
checking case data from national/WHO sources and
published articles, 1153 cases remained in the final
case line list.

Individual case data were extracted by a trained
data collection team and entered in a standardized
database comprising three sections: demographic
characteristics, key timelines (including exposure
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timeline, symptom onset, hospitalization, and out-
come dates) and exposure history (Table S2). For
each individual case’s data, a cross-check was per-
formed by three members of the data collection team
to ensure data accuracy, and first-hand data reported
by local health authorities were selected when dis-
crepancies in the reports were identified. Data on the
clade of HPAT A(HSN1), A(HSNG6) and A(HSNS)
viruses sequenced from cases were collated from
WHO or local public health reports. For individual
cases without sequencing data specifying the clade,
the infection was presumed to belong to the domi-
nant HPAI A(HSN1), A(HSN6) or A(HSNS) virus
clade present in birds, poultry, other animals, or hu-
man cases that occurred in the same time period and
area (see details in Supplementary Text, Fig. $4).

Virus sequences

We retrieved HPAT A(HS5) virus HA sequences from
human cases and other animal hosts available in
the GISAID and GenBank databases on 31 July
2025. The sequence data from the two databases
were then subjected to quality control and cura-
tion. The two validated datasets, which included
HPAI A(HS) virus sequences from 1997 onwards,
were then merged, resulting in a final dataset of
40 988 HPAI A(HS) virus sequences (including
838 sequences from human cases; see details in
Supplementary Text). For each curated sequence, we
first manually determined its virus clade. To do this,
we established a HPAI A(HS) virus HA gene refer-
ence database containing specific clade information.
Within this HA gene reference database, up to 10 se-
quences per HPAI A(HS) virus clade (or all available
sequences for clades with fewer than 10 entries) were
downloaded from GISAID and annotated with the
corresponding clade, then integrated into the above-
mentioned human sequence database. The curated
sequences were aligned using MAFFT v7.50S, fol-
lowed by removal of ambiguously aligned regions
using trimAL v1.4.rev1S. Finally, a maximum like-
lihood (ML) tree was constructed using IQ-TREE
v2.14, and clade distributions were assigned to all
virus sequences from human cases based on the ref-
erence sequence database. We additionally used our
final dataset to assign virus clades with Nextclade and
GISAID and cross-checked these against our manu-
ally assigned clades to assess clade assignment accu-
racy, yielding a final consistency of >99%.

Statistical and phylogenetic analysis

Phylogenetic analysis

We analyzed the spatiotemporal distribution of
HPAI A(HS) virus clades from both animal
(N = 40510) and human hosts (N = 838)—
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excluding any other subtypes of goose/Guangdong-
lineage A(HS) viruses—across countries during
three major epidemic periods of HPAI A(HS) virus
infections of animal hosts and humans: in South-East
Asia (1997-2003), across Africa and Asia (2004
2021) and clade 2.3.4.4b outbreaks in Asia, Europe
and the Americas (2022-2025). Given the need for
computational efficiency in inferring the total host
phylogeny, we proposed a stratified subsampling
of our final dataset above to create spatiotempo-
rally representative sequences while maintaining
genetic diversity, thereby enabling further phyloge-
netic analysis (see details in Supplementary Text).
We realigned the subsampled sequence dataset
(N =7445) using MAFFT v7.505 and removed am-
biguously aligned regions using trimAl v1.4.revl1S.
A maximum likelihood (ML) tree was constructed
using IQ-TREE v2.1.4 under the best-fit nucleotide
substitution model of GTR + F + I+T, (selected
based on the Bayesian Information Criterion).
Temporal signal assessment and time-calibrated
phylogenetic analysis were performed using Tree-
Time v2.4.1. Moreover, we evaluated the molecular
clock signal using the root-to-tip regression analysis.
The reconstruction of time-calibrated phylogenies
was then performed using: (1) coalescent skyline
model to infer population dynamics; (2) relaxed
molecular clock dealing with rate variation across
branches (clock-std-dev = 0.001); (3) a maximum
of S iterations to ensure convergence; (4) confl-
dence intervals for divergence time estimates; (5)
polytomies resolved via maximum likelihood. The
phylogenetic trees were analyzed and visualized
using the ape and ggtree packages in R. Addition-
ally, to map the evolutionary history of each virus
associated with reported human cases of HPAI
A(HS) onto the total host phylogeny, we built a
tanglegram linking the total host phylogeny and the
phylogeny of zoonotic human infections by using the
Nextstrain pipeline.

Statistical analysis

We used information on age, sex, location of de-
tection, exposure history, dates of symptom onset
and hospital admission, and available clinical out-
comes to describe the demographic and epidemio-
logical characteristics of human HPAT A(HS) cases.
We conducted statistical analyses of these charac-
teristics by stratifying HPAI A(HSN1) cases into
distinct virus clade clusters derived from phyloge-
netic analysis: 1.x, 2.1x and 2.1.3.2x, 2.2x and 2.2.1x,
2.3.4x, 2.34.4b and others. For HPAT A(HSNG6)
cases, we stratified them into two previously identi-
fied clade clusters: 2.3.4x and 2.3.4.4b. We then com-
pared clade-specific differences in case sex, clinical
constellation, hospitalization rate, and exposure his-

Page 12 of 15

tory using Fisher exact test, X2 test, or the Mann—
Whitney U test, while the Kruskal-Wallis H test
was used to compare age distributions. Addition-
ally, generalized linear mixed models with a logit
link function and country-level random effects were
employed to identify factors associated with the re-
ported fatality risk for confirmed cases of various
HPAI A(HS) virus subtypes and clades. In this mul-
tivariable analysis, we considered three main types of
factors: case biological characteristics (age and sex),
virus characteristics [virus subtype, clade and ani-
mal origin (avian or bovine)] and the quality of the
surveillance system. In particular, we defined differ-
ent levels of disease surveillance quality in 1997-
2025, which were accelerated by global responses
to public health emergencies: the SARS outbreaks
in 2003, the 2009 HIN1 pandemic, the Ebola out-
breaks in 2014 and the COVID-19 pandemic since
2020 [49-51].

Mathematical modelling

Disease severity estimates

To determine the clinical severity profile of human
HPAI A(HS) virus infections, we first corrected for
under-reporting and estimated the total number of
symptomatic infections for each virus clade with at
least 20 reported human cases in 1997-2025. Specif-
ically, following our previously established Bayesian
Poisson model for analyzing population-based time
series of case onsets [21], we assumed a constant
daily force of onset A; ; in country i during its out-
break period in year k (i.e. the time from the first to
the last case onset in that year), with a case ascertain-
ment probability p; . (as a comprehensive measure
reflecting both health seeking biases and diagnostic
testing quality). Under this assumption, the detected
case counts, x; ;. ;, would follow a Poisson distribu-
tion with an expected mean of A; ;. p; 1. We jointly es-
timated the country- and year-specific daily forces of
onset and case ascertainment probabilities using the
Hamiltonian Monte Carlo method in CmdStanR,
based on the time-specific number of cases observed
in selected countries. We then determined clade-
specific case hospitalization and fatality risks as the
reported number of hospitalizations and deaths di-
vided by our estimated total number of onsets.

Transmission dynamics in humans

Focusing on HPAI A(HS) virus clades that led
to a substantial number of reported human cases,
we fitted a discrete-time SIR model to determine
their animal-to-human and human-to-human trans-
mission potential using the reported case data in
five selected countries (China, Indonesia, Egypt, the
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United States and Vietnam), assuming an incubation
period of 3.3 days [52], and an infectious period of
9.0 days [53]. In each selected country, the number
of susceptible individuals was derived from the pop-
ulation estimates in cities with reported cases, with
the population assumed to be completely suscepti-
ble. In particular, the rates of change of each compart-
ment are described in Equations (1)-(3):

% — _BOIO)S(E) — AO)S(E), (1)
% = BOIO)SE) + A(D)S(E) — oT(t), ()
‘ii: — ol (), (3)

where S, I and R represent the susceptible, in-
tected and recovered proportions of the population;
A(t) and B(t) are the time-varying transmission
rates attributable to animal-to-human and human-
to-human transmissions, respectively; o is the rate

of recovery from infection. We then determined the
d

a’
where N is the total population size and p denotes
a constant case ascertainment probability during the

study period. The model was fit using a negative bi-

expected number of cases at day tas C(t) = Np

nomial likelihood, based on the Hamiltonian Monte
Carlo method. Three independent chains were used
for the two models above, with each model having
1000 warmup samples and 2000 post-warmup sam-
ples. Convergence was assessed by visual assessment
of chain mixing and by R-hat convergence diagnos-
tic. To obtain the parameter estimates, we calculated
the median of the posterior distribution for each pa-
rameter, as well as the 95% credible interval.

In addition, we assessed HPAI (HSN1) virus
clade-specific human-to-human transmission poten-
tial by estimating the probability of infection upon
exposure to an infected case, p. Here, we applied our
previously established method [54,55] using data
from all clustered human HPAI A(HSN1) cases with
complete exposure history and household contact
information. This analysis assumes an equal proba-
bility of detecting both sporadic and clustered cases.
The number of human HPAI A(HSN1) cases in a
household with the size n was modeled using a bi-
nomial distribution, Bin(n, p).

All statistical analyses were performed in R ver-
sion 4.4.3.
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