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Abstract: The continued global spread of high pathogenicity avian influenza (HPAI)
virus poses serious threats to poultry production, trade and food security.
Vaccination is gaining attention as a strategic complement to traditional control
measures. Vaccination reduces clinical disease and often slows the spread of viral
infection within and among flocks due to decreased virus shedding and susceptibility,
which can in turn affect virus detection, necessitating enhanced surveillance. Recent
studies suggest that targeted sampling of sick and dead birds remains a sensitive
approach in vaccinated populations. However, uncertainty persists regarding
transmission dynamics, disease mortality and other factors influencing within-flock
spread. To address these uncertainties, a stochastic within-flock model incorporating
multiple immunity classes was developed to simulate HPAI spread in vaccinated
birds. Model scenarios with varying transmission parameters and surveillance
strategies were evaluated to examine sampling design factors including targeted
sampling, number of samples per sampling event, sampling event frequency and split
sampling over consecutive days. Results indicate that increased sampling frequency
substantially reduces time to detection, thereby lowering the risk of lateral spread.
Vaccinated flocks require increased sampling varying with flock size, transmission
rate and mortality level. Splitting the sampling effort across two consecutive days
improved detection performance under slower spread scenarios in smaller flock
sizes. Overall, findings demonstrate that targeted sampling of dead birds remains an
effective surveillance strategy for HPAI detection in vaccinated flocks. Optimising
surveillance design to balance detection timeliness and resource efficiency and to
minimise risks associated with undetected transmission is essential to achieve
specific surveillance goals.
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Introduction

As the extensive global spread of the high pathogenicity avian influenza (HPAI)
virus H5Nx goose/Guangdong continues to have serious impacts on economic
and food security, there is a growing interest in vaccination as a supplemental
tool to control HPAI outbreaks. Strategies for virus detection need to be modified
for vaccinated flocks because of reduced clinical disease and transmission
within flocks after exposure. Given the slow spread and scarcity of clinical signs,
vaccinated flocks will require a greater surveillance effort.

Recent modelling studies evaluating surveillance for vaccinated flocks have
indicated that targeted sampling of dead birds continues to be a sensitive
approach [1,2]. However, there is considerable uncertainty regarding HPAI
transmission dynamics under suboptimal immunity conditions where sustained
transmission may occur in vaccinated flocks until the population achieves flock
immunity. In particular, factors such as antigenic distance, duration of immunity,
flock management practices and comorbidities can impact rates of HPAI
transmission within vaccinated flocks [3].

While some recent studies have addressed targeted sampling for HPAI in
vaccinated flocks, evaluating a broad range of disease dynamic scenarios and
sampling protocol options is beneficial to inform surveillance design to meet
specific goals such as delineating outbreak extent, informing emergency
response and demonstrating absence of infection [1,2]. This study used a within-
flock disease transmission model developed for characteristics of birds in a
single table egg layer house, hereafter referred to as a flock, to simulate potential
HPAI spread in vaccinated flocks and evaluate active surveillance protocol
options. Specifically, it examines the impact of various surveillance protocols on
relevant outcomes such as the predicted time to detect HPAI and the number of
infectious birds at the time of detection using simulated scenarios.

Materials and methods

Overview of high pathogenicity avian influenza within-flock trangmission model
forvaccinated birds

A stochastic, individual-bird-based, within-flock model with multiple immunity
classes was used to simulate HPAI spread in vaccinated birds. The main disease
states in the transmission model are susceptible, latently infected (referring to
the interval when a bird is infected but not infectious, also known as the eclipse
period), infectious, recovered and dead. Three immunity classes for birds were
incorporated to capture the impact of vaccination: full immunity, partial
immunity and poor immunity (Fig. 1; Supplementary material). These immune
classes were modelled with different virus transmission rates, disease mortality
rates (DMRs) and disease state durations. Fully immune birds are those that are
unlikely to become systemically infected. Birds with poor immunity
(e.g. improperly vaccinated birds) were considered to have similar disease
characteristics as unvaccinated birds. Finally, the partially immune class,
representing most birds in the vaccinated flock, consists of properly vaccinated
birds that may shed and transmit virus, although they are likely protected from
clinical disease and mortality. The model uses different DMRs and disease state
durations for the partial immunity and poor immunity classes.
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Figure 1. Predicted prevalence of infectious birds and daily disease mortality from high
pathogenicity avian influenza in a reference scenario for a 100,000-bird layer house with
no immunity

The probability Po that a vaccinated bird with partial immunity becomes infected
inatime step Atis shown in Equation 1. Here, B1is the adequate contact rate per
day for a bird with partial immunity. lo and |1 are the number of infectious birds
with partial and poor immunity, respectively, and N is the total number of birds in
the flock. The basic reproduction number (Ro) for a bird with partial immunity was
calculated as the product of B1and the infectious period.

Ig+I
—(B ")

Py=1-—exp (Equation 1)
The probability Psthat a vaccinated bird with poor immunity becomes infected in
atime step At is shown in Equation 2. Here, B2 is the adequate contact rate per

day for transmission between birds with poor immunity and B2 = B.

1 I
P, =1 — exp By *Fz)t0) (Equation 2)

Due to data limitations, the adequate contact rate was assumed to be the same
for transmission i) between birds with partial immunity and ii) between a partially
immune bird and a poorly immune bird.

Disease transmission model Scenarios

The latent (eclipse) and infectious period distributions for both vaccinated and
unvaccinated birds were parameterised using experimental inoculation data
with birds tested at specific time points via real-time reverse transcriptase
polymerase chain reaction (rRT-PCR) and estimated using a Markov chain Monte
Carlo algorithm [4]. Three scenarios representative of moderate, fast and slow
spread for adequate contact rate and associated disease mortality were
considered, as shown in Table |. These scenarios were informed by experimental
transmission studies from literature representing suboptimal immunity due to
factors such as vaccine efficacy, inadequate number of vaccine doses and
antigenic distance to the outbreak strain.
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Table I. Key model parameters for spread of high pathogenicity avian influenza in
vaccinated table egg layer flock

Parameters used for all scenarios

Parameter Distribution or value
Latent period for vaccinated birds with Gamma (shape 16, scale 0.0938),
partial immunity mean 1.5 days
Infectious period for vaccinated birds with Gamma (shape 32, scale 0.1556),
partial immunity mean 4.98 days

Latent period for vaccinated birds with Gamma (shape 20, scale 0.0395),
poor immunity mean 0.79 days
Infectious period for vaccinated birds with Gamma (shape 20, scale 0.063),
poor immunity mean 1.26 days

Testing protocol sensitivity 0.90

Adequate contact rate for birds with poor

immunity (e.g. improperly vaccinated birds) 91

(B2)

Probability of poor immunity (depending on

field application procedures and between- Uniform (0.01-0.05)
bird variability)

Adequate contact rate scenarios

Moderate

Parameter spread Fast spread Slow spread
(baseline)

D!sease r.no.rtallty r.ate for vaccinated birds 0.20 0.20 010

with partial immunity

Adeq.uate co.ntgct rate.for vaccinated birds 047 059 034

(B4 with partial immunity per day

Reproduction number (Ro) for vaccinated 034 094 169

birds with partial immunity

Other parameters that vary by scenario

Parameter Distribution or value

Egg layer flock size 20,000 birds, 100,000 birds, 300,000 birds

Given the limited number of experimental HPAI transmission studies in
vaccinated birds, there is considerable uncertainty as to transmission rates and
disease mortality under suboptimal immunity scenarios in which sustained
transmission may occur. These studies indicate that virus transmission rates and
disease mortality rates are often correlated as they both depend on the effective
level of immunity. The adequate contact rate (B), defined as the number of
contacts a bird has per unit time such that it can transmit infection, is a key
parameter that impacts the rate of HPAI spread in a flock. In a European Food
Safety Authority (EFSA) scientific opinion on HPAI vaccination, a B of 0.47 per
day was used for chicken layers based on a DNA vaccine experiment in
chickens [2]. A range of contact rates was estimated based on the estimates of
Ro from the single and boosted rHVT-H5/inact-H5N2 (recombinant herpesvirus
of turkeys) vaccine experiments in chickens by Rauw et al. [5].

This study used a B of 0.47 per day for the moderate spread or baseline contact
rate based on the EFSA scientific opinion on HPAI vaccination [2]. Contact rates
in slow and fast spread scenarios were based on the estimated mean and upper
interval Ro values reported by Rauw et al. [5]. Specifically, a contact rate of
0.59 per day was used in the fast spread scenario based on an upper interval Ro
value of 2.94, and a contact rate of 0.34 was used in the slow spread scenario
based on amean Ro of 1.68, for the rHVT experiments where Ro was greater than 1
(both values from Rauw et al. [5]).
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The range of contact rates used (Table I) is comparable to estimates from
ongoing rHVT vaccine experiments in vaccinated chickens from the
Netherlands, where 95% confidence intervals were reported as 0.40-1.43 and
0.01-0.24 per day in single and boosted experiments, respectively [6].

The fraction of birds with improper vaccination or poor immunity was assumed
to have a uniform distribution of 0.01-0.05 based on disease mortality and
shedding data from Lee et al. [4], given limited field data on this parameter. In the
present study, only 1 out of 39 rHVT (2.6%) vaccinated layers died and 2 of
39 (5.1%) birds had a peak oral shed titre greater than 4 log EIDso per millilitre
upon HPAI challenge.

A DMR of 20% was used in fast and moderate spread scenarios based on
boosted rHVT experiments in Rauw et al. [5]. A DMR of 10% was used in the slow
spread scenario, which represents a greater immunity relative to other
scenarios. The average mortality among HVT vaccinated chickens challenged at
24 weeks was around 10.5% in the Dutch pilot studies [6]. Note that the DMR
values in the present analysis are lower than those in other modelling studies,
where a DMR of 0.2-1 was used for vaccinated layers [2]. DMR was set to 100%
for birds with poor immunity.

Flock sizes of 20,000, 100,000 and 300,000 were used to represent a range of
layer house sizes. The EFSA scientific opinion on vaccination used a flock size of
20,000 based on layer flocks in Europe [2]. The United States Department of
Agriculture (USDA) National Animal Health Monitoring System’s Layers 2013
study indicated that 33.4% of layer houses had more than 100,000 birds, while
7.1% had more than 200,000 birds [7]. Large laying operations in the United
States of America may have 50,000 to 350,000 birds per house.

A reference scenario for a 100,000-bird unvaccinated layer flock (i.e. no
immunity) was also evaluated to represent transmission dynamics in potentially
lower vaccine coverage scenarios (e.g. failures in vaccine application). In this
scenario, only the parameters for poorly vaccinated birds from Table | would
apply with a 100% disease mortality.

Active surveillance model scenarios

To model detection via targeted active surveillance, the number of HPAI virus
positive swabs in each pooled sample was simulated given the HPAI disease
mortality from the transmission output and predicted normal daily mortality
unrelated to HPAI, based on layer flock production data from the USA. Each
pooled sample represents 11 oropharyngeal swabs from 11 individual birds [8].
The simulated normal daily mortality (i.e. not related to HPAI) was 30
(95% prediction interval [PI] 10-62) per 100,000 birds [9]. Testing of pooled
samples was assumed to follow a protocol necessary for regulatory action,
typically a confirmed positive. In the USA, a positive matrix rRT-PCR followed by
a positive on either an H5 or an H7 specific rRT-PCR from a USDA-approved
laboratory is actionable. The matrix, H5 and H7 rRT-PCR tests all have a
diagnostic sensitivity of at least 0.95 [10]. A conservative testing protocol
sensitivity of 0.90 was used in the simulations considering the sample collection,
handling and laboratory steps for two 0.95 sensitive tests in series. For the
remainder of this article, the terms ‘sampled’ and ‘sampling’ encompass both
testing and collection of pooled samples.

Multiple simulation runs were performed to evaluate the impact of different

aspects of surveillance protocol on time to detection and the number of
infectious birds at detection, as shown in Table |l.
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Table Il. Modelling scenarios for spread of high pathogenicity avian influenza in
vaccinated table egg layer flock

. . Sample size Sampling . Contact rate and
Bird sampling Flock size B 3
riorit {number of frequency (once (in1000s) disease mortality
p Y pooled samples) every X days) rate (DMR)
Scenarios to evaluate targeted versus random sampling
Not applicable;
Targeted simulated
sampling (select detection for Moderate
randomly from 6 one round of 100 spread and 10%
dead first then sampling and and 20% DMR
live birds) testing each day
post-exposure
Not applicable;
simulated
Random live detection for Moderate
bird samplin 6 one round of 100 spread and 20%
piing sampling and DMR
testing each day
post-exposure
Scenarios to evaluate frequency of sampling
Target.ed 6 7.15,30 20,100,300 Slow, moderate,
sampling fast
Scenarios to evaluate sample size
Target.ed 2,46 15 20,100,300 Slow, moderate,
sampling fast
High frequency scenarios
Targeted 6 2,4,5,7 20,100 Moderate
sampling

To evaluate the impact of targeted versus random sampling, results were
generated for surveillance of six pooled samples of randomly sampled birds and
of targeted sampling (randomly sampling from dead birds first, then live birds)
for each day post-exposure for the moderate spread scenario with DMR of 20%.
Detection using six pooled samples of only targeted sampling was generated for
moderate spread and a modified DMR of 10% for comparison. Targeted sampling
was used for all the remaining simulations. As this is a house-level protocol, it is
assumed to be applied to each house on the premises in practice.

To assess the impact of sampling frequency, sampling was evaluated every 7,15
and 30 days for the 9 scenarios (3 contact rates by 3 flock sizes). On each
sampling day, the protocol involved collecting six pooled samples. To assess the
impact of sample size, surveillance protocols were evaluated with 2, 4 or 6
pooled samples with a frequency of once every 15 days and targeted sampling
under the 9 disease transmission scenarios. Evaluation was also conducted
using 6 pooled samples every 2, 4, 5 or 7 days under moderate HPAI spread rate
and flock sizes of 20,000 and 100,000 in high frequency scenarios, appropriate
when a short time to detection and a high confidence in negative premises status
is important.

The impact of split sampling, in which the required number of pooled samples is

collected over two days instead of on a single day, was also evaluated. Additional
details on split sampling are provided in the Supplementary material.
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Results

Figure 1 shows the predicted infectious bird prevalence and disease mortality
across time for a 100,000-bird reference unvaccinated layer flock. In this
scenario, there is rapid HPAI spread, with an exponential rise in infection
prevalence and mortality in the initial two weeks following flock exposure.

The model output on the infectious bird prevalence across time (days post-HPAI
virus exposure) of a100,000-bird vaccinated layer flock is shown in Figure 2. The
prevalence of infectious birds remains low in the initial three to four weeks post-
HPAI virus exposure, before the exponential phase with rapid increases in
disease prevalence. Compared to the unvaccinated flocks, the infection
prevalence increases much more gradually in the vaccinated flocks, particularly
during early stages.

Moderate spread Slow spread

02+

Q1=

Predicted prevalence of infectious birds
within a 100,000 bird layer flock
o
i

0 50 100 0 50 100

Time post-exposure (days)

Figure 2. Predicted prevalence of infectious vaccinated birds in a 100,000-bird layer
flock. The plots on the left and right represent moderate and slow spread scenarios,
respectively

The predicted detection probabilities for a single sampling event occurring at
any time (up to 60 days) post-infection and the two prioritisation schemes for
bird sampling are shown in Figure 3. Targeted sampling prioritising dead, then
live bird samples results in substantially higher HPAI virus detection
probabilities compared to random live bird sampling, even at the lower DMRs
expected in vaccinated flocks.

Results related to the impact of sampling frequency are shown in Figure 4. In the
moderate spread scenario, when sampling every 15 days with 6 pooled samples
in a flock size of 100,000, the predicted time to detection was 24 (95% PI 5-40)
days and the number of infectious birds at detection was 244 (95% Pl 1-1,354).
Increasing the sampling frequency to every 7 days resulted in a shorter predicted
time to detection at 19 (95% Pl 3-34) days and a lower number of infectious birds
at detection at 60 (95% Pl 1-246) birds. Conversely, decreasing sampling
frequency to every 30 days resulted in a longer time to detection of 30
(95% Pl 11-48) days and increased the number of infectious birds to 1,055
(95% P15-3,556). These trends hold true for the different flock sizes (i.e. number
of birds) and transmission rates.
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Larger flock sizes resulted in a substantially higher number of infectious birds at
detection, particularly at lower sampling frequencies. Flock size did not have a
substantial impact on the time to detection. These results highlight the impact of
increased sampling frequency on earlier detection and reduction of virus
shedding and spread.

Random live _ _ Targeted dead-live _ Targeted dead-live

Scenario — 20% DMR 10% DMR 20% DMR
1.00- e T
P
0.75-
[ =
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©
=
5 0.50-
k3]
Q
©
a]
0.25-
0.00-

0 20 40 60
Time post-exposure (days)

DMR: disease mortality rate

Figure 3. Probability of detecting high pathogenicity avian influenza with a single
sampling event in a 100,000-bird layer flock under random live or targeted testing with
6 pooled (11 individual bird swabs) samples, moderate spread rate and various disease
mortality rates
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Figure 4. Number of infectious birds and mean time to detection for varying sample and
testing frequencies of six 11-bird pooled swabs
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Figure 5 displays results of different sample sizes (6, 4 and 2 pooled samples for
each sampling event) when sampling every 15 days. Reducing the number of
pooled samples prolongs the time to detection, especially for slow spread
scenarios. Reducing the number of pools also increases the number of infectious
birds at detection, particularly under fast spread scenarios. Sample size had a
greater impact on the predicted time to detection and the number of infectious
birds for a 300,000-bird flock. In contrast, reducing sample size had less impact
on the outcomes for the smaller flock size of 20,000 birds. Compared to random
live sampling, targeted sampling can achieve acceptable surveillance objectives
with a smaller sample size. For example, for moderate spread and a 100,000-bird
flock, the mean time to detection is 38 days, with 2,169 infected birds when
sampling random live birds every 15 days with 6 pooled samples (Tables | and II;
Supplementary material), while targeted sampling prioritising dead birds every
15 days results in a mean time to detection of 26 days and 355 infected birds at
detection with 2 pooled samples (Figure 5). Similarly, detection probability for a
single test event with 6 pooled samples when the prevalence of infectious birds
is 5% was 95% with random live bird sampling and 99% with targeted dead bird
sampling (Text 2, Supplementary material).

Fast Moderate Slow
spread spread spread
a1 .1 a e , e

256 263 276 159 167 176 92 110 112

Number of
20- S 33 infectious chickens

a 500
& 1,000
8 e 6 @ s e @ g : d £ 1500
a 510 546 724 244 252 355 118 124 187 £ 2000
£
-HHE BEE SEE ...
@ Time to detection
o5 in days
3 45
= a6 a O 6 o @ s o @ § 40

856 1,228 2,093 355 524 1,105 174 26 38
30

6 546
CHEN BEs BEE
; o

6 4 2 6 4 2 6 4 2
Number of 11-swab pools
tested with rRT-PCR

rRT-PCR: real-time reverse transcriptase polymerase chain reaction

Figure 5. Mean time to detection and number of infectious birds across multiple
transmission rates and flock sizes based on number of 11-bird pooled swabs sampled and
tested every 15 days

Results for the high frequency scenarios are shown in Table Ill. More frequent
sampling decreases the time to detection and the number of infectious birds at
detection. For example, in a flock size of 20,000, sampling every 2 days leads to
a mean time to detection of 12 (95% Pl 2-26) days and a reduced number of
infectious birds (14, 95% Pl 0-55), while sampling every 7 days has a mean time
to detection of 18 (95% PI 2-30) days, with more infectious birds (mean of 53,
95% Pl 0-235) at detection. The days needed to reach 95% detection also
decreased from 30 days to 22 days with more frequent sampling. The results
were similar for both flock sizes evaluated.
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Results on split sampling indicate that testing across two days can reduce the
time to detection and the number of infectious birds, specifically for medium and
small layer houses. For example, in a slow spread scenario for a 100,000-layer
house, the mean time to detection decreased by 5 days when testing across
2 consecutive days, versus 1day (Text 3, Supplementary material).

Table Ill. Mean time to detection and number of infectious birds for high frequency
scenarios with 6 pools of 11

ST Mean time to Mean number of Day to reach
frz ugnc Flock size detect infectious birds 95% detection

quency (95% PI) (95% PI) PI
20K 12 (2-26) 14 (0-55) 22

Every 2 days
100K 13 (2-26) 15 (0-60) 22
20K 15 (2-30) 28 (0-116) 26

Every 4 days
100K 16 (2-30) 29 (0-121) 26
20K 16 (2-32) 33(0-136) 27

Every 5 days
100K 16 (2-32) 37(0-161) 27
20K 18 (2-30) 53(0-235) 30

Every 7 days
100K 18 (2-30) 60 (1-252) 30

Pl: prediction interval

Discussion

There is a growing interest in vaccination as a supplemental outbreak control
tool given the extensive spread of HPAI globally and a continual high field
challenge for poultry. Vaccination can reduce clinical signs of HPAI in poultry,
which can make detecting infection in vaccinated populations more difficult.
Importantly, transmission within the flock is also reduced; therefore, surveillance
of vaccinated populations needs to be tailored to transmission dynamics within
those populations and cannot rely on passive surveillance alone. Effective active
surveillance is therefore crucial for a successful vaccination strategy. In this
analysis, a range of disease dynamic scenarios and surveillance design aspects
was evaluated to develop robust surveillance options that can be tailored for
specific risk-based outbreak applications in layer flocks.

The time to detect HPAI virus infection and the number of infectious birds at
detection were used as the main outcome variables in the protocol evaluation.
The risk of HPAI virus lateral spread from an undetected premises is dependent
on the number of infectious birds for several transmission pathways (movement
of birds and people, vehicles and other fomites). Earlier detection and a lower
number of infectious birds can reduce the between-premises reproduction
number and thereby minimise the chances of a sustained spread [11].

Simulation results presented here support conclusions by others that targeted
sampling of dead birds in vaccinated flocks increases probability of detection
compared to random sampling of live birds. Given the slow transmission of HPAI
virus, infection prevalence increases at a more gradual rate in vaccinated flocks,
lowering the sensitivity of random live bird sampling. A recent World
Organisation for Animal Health conference concluded that targeted sampling
was effective but random sampling of healthy birds was inefficient [11].

The European Commission Delegated Regulation (EU) 2023/361 requires

member states to perform surveillance that enables detection of 5% prevalence
in vaccinated establishments with a 95% confidence level.
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Based on calculations with a binomial distribution and 90% diagnostic sensitivity,
approximately 66 birds would need to be tested to achieve this metric if sampling
focused on random live birds. The increase in detection probability provided by
targeted sampling of dead birds first followed by live birds under all the disease
spread scenarios for egg layer chickens evaluated in the current study indicates
that a lower sample size (e.g. Text 2, Supplementary material; Fig. 5) could
achieve the same surveillance objective. Future studies will be critical to inform
model parameters for other vaccinated poultry species, as the results may vary
due to differences in HPAI transmission rates, mortality and other factors.

Based on the simulations, higher sampling frequencies can substantially reduce
both the time to detection and the number of infectious birds at detection.
A greater reduction in detection time was achieved for slow spread, while a
greater reduction in the number of infectious birds at detection was seen under
fast spread scenarios, as frequency of sampling increased. Simulation results
indicate that the time to detection can be further decreased with higher sampling
frequencies. However, even with increased frequency, several weeks of testing
may be required to demonstrate absence of infection for vaccinated flocks
(assuming no new virus introduction during the sampling time frame). Increased
sampling frequency also supports outbreak containment by lowering the
number of infectious birds before detection and shortening the infected but
undetected interval with a higher lateral transmission risk.

Changes in sample size had the greatest impact on outcomes for large layer
flocks of 300,000 birds. Reducing the number of pools from six to four or two
resulted in appreciably higher numbers of infectious birds at detection under fast
spread scenarios and a longer time to detection under slow spread scenarios for
large flocks. Reducing the sample size from 4 to 2 pools had a moderate impact
on the outcomes for a 100,000-bird flock size. In contrast, the number of pools
had minimal impact on the outcomes for a flock size of 20,000 birds.
These results may be explained by the impact of flock size on normal daily
mortality (i.e. unrelated to HPAI) and the probability of sampling an HPAI virus
positive bird. For example, in a flock size of 20,000, mean normal mortality was
predicted to be 6 birds using normal mortality rates from Malladi et al. [9].
In these flocks, all daily dead birds (from normal [9] and HPAI causes) would be
captured in two pooled samples in most cases. Further increasing the sample
size for these smaller flocks mostly increases random live bird sampling, offering
little to no additional improvement in detection probability. The mean normal
mortality for a 300,000-bird flock is much higher, estimated to be about 90 birds
per day. In this case, a single HPAI positive dead bird among 90 dead birds has
only a 24% chance of being sampled with only 2 pooled samples (22 birds
sampled in total), and increasing the sample size improves detection by
increasing the chance of selecting HPAI-infected birds out of the available dead
birds. Flocks with a higher mortality due to routine production causes will require
greater sample sizes for HPAI detection. Future evaluation of protocols in which
sample size is adjusted by the daily mortality rate (e.g. collecting additional
samples for every 50 dead birds) may be beneficial to efficiently sample small
and medium-size flocks while ensuring sufficient sampling in large flocks.
Dividing the required sampling over two consecutive days is another potential
approach to efficiently sample small and moderate-size flocks and enhance
detection (Text 3, Supplementary material). In summary, vaccinated flocks may
require a greater sample size depending on flock size and normal mortality
patterns for specific poultry sectors.

Sampling frequency and number of samples collected for surveillance events

must be adjusted for specific outbreak applications while balancing between
consequences of failing to detect, surveillance costs and logistic feasibility.
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For instance, a higher sampling frequency may be considered in control zones,
which have an increased risk of sustained transmission due to local spread
pathways. Lower frequency may be appropriate for surveillance of randomly
selected premises outside of the control zones (i.e. free areas), where risk of
lateral spread is lower. Premises with epidemiological links to infected premises
represent a higher risk of exposure and lateral transmission, and the
consequences of failing to detect disease are greater, especially when these
linked premises are in the free areas. In these cases, increased frequency and/or
increased sample sizes may be considered to reduce time to detection and
mitigate the consequences of false negatives.

Given the limited number of experimental transmission studies and lack of
outbreak data, modelling parameters for vaccinated flocks carry significant
uncertainty, with several knowledge gaps. The fraction of birds with poor
immunity was 1% to 5% in the main scenarios representing routine conditions
with high vaccine coverage. However, a greater proportion of birds may have
poor immunity in some scenarios, such as failures in vaccine application,
handling or vaccine antigenic matching. Results for the unvaccinated flock
reference scenario indicate faster HPAI transmission and higher mortality in
such cases, increasing detection via targeted sampling (Fig. 1). Multiple disease
dynamic scenarios were evaluated to encompass potential suboptimal
vaccination conditions in which transmission may occur. The current evaluation
focused on specific parameter scenarios and a simplified representation of the
transmission dynamics in the field using mathematical models. Results in
individual flocks may differ due to the variability in the transmission process
under field conditions. Additional research s still needed to address gaps related
to duration of immunity, vaccine coverage and transmission rates under various
suboptimal vaccination conditions.

This study focused on targeted sampling of dead birds followed by random live
bird sampling and did not model targeting of sick birds due to data limitations.
As vaccinated birds may have clinical disease before recovery, exploring
mortality and egg production triggers and evaluating dead first, followed by sick
and finally apparently healthy bird sample priority may be beneficial in future.
Exploring protocols with combination PCR and serological tests (e.g.
nucleoprotein enzyme-linked immunosorbent assay or enzyme-linked lectin
assay-neuraminidase inhibition) is another key area for future work.
Complementary research on approaches to maintain market continuity,
including effective premovement biosecurity as well as premovement
surveillance for vaccinated flocks, is also an important area for future work.

Concluions

Effective active surveillance is critical for a successful HPAI response
incorporating vaccination together with traditional outbreak control measures.
Increasing sampling frequency and sample size for vaccinated flocks improves
key outcomes relevant to the risk of HPAI virus spread, such as time to detection
and infection prevalence at detection. Targeting of dead birds for sampling was
much more effective than random sampling of live birds. The level of surveillance
and protocol design should be tailored to specific applications considering the
HPAI virus spread risks, surveillance costs and logistical constraints. Given the
variability in HPAI virus transmission dynamics in vaccinated flocks under
suboptimal conditions, evaluating a broad set of disease dynamic scenarios and
production characteristics is important to develop robust risk-based
surveillance strategies.
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surveillance ciblég de [influenza aviaire de haute pathogenicité chez les oiseaux
vaccinés

S. Malladi, A. Carestia, P. Bonney, A. Ssematimba, J. Sinatra, H. Richmond-Woods,
E. Spackman & M. Remmenga

Résume

La propagation mondiale continue du virus de linfluenza aviaire de haute
pathogénicité (IAHP) fait peser de graves menaces sur la production avicole, le
commerce et la sécurité alimentaire. La vaccination suscite un intérét croissant
en tant que complément stratégique aux mesures de lutte traditionnelles.
La vaccination réduit les manifestations cliniques de la maladie et ralentit
souvent la propagation de l'infection virale au sein des troupeaux et entre eux, en
raison d’'une diminution de 'excrétion virale et de la sensibilité a I'infection, ce qui
peut asontour affecter la détection du virus, rendant nécessaire une surveillance
renforcée. Des études récentes suggérent que I'échantillonnage ciblé des
oiseaux malades et morts reste une approche sensible dans les populations
vaccinées. Cependant, des incertitudes persistent concernant la dynamique de
transmission, la mortalité liée a la maladie et d’autres facteurs influengant la
propagation au sein des troupeaux. Afin de prendre en compte ces incertitudes,
un modéle stochastique intra-troupeau intégrant plusieurs classes d'immunité a
été développé afin de simuler la propagation de 'lAHP chez les oiseaux vaccinés.
Des scénarios du modele faisant varier les paramétres de transmission et les
stratégies de surveillance ont été évalués afin d’examiner les facteursliés au plan
d’échantillonnage, notamment I'échantillonnage ciblé, le nombre d’échantillons
par séance d’échantillonnage, la fréquence des séances d’échantillonnage et
léchantillonnage fractionné sur plusieurs jours consécutifs. Les résultats
indiquent qu’une fréquence d’échantillonnage accrue réduit considérablement
le délai de détection, diminuant ainsi le risque de propagation latérale.
Les troupeaux vaccinés nécessitent un effort d’échantillonnage accru, qui varie
en fonction de la taille du troupeau, du taux de transmission et du niveau de
mortalité. La répartition de 'effort d’échantillonnage sur deux jours consécutifs
a amélioré les performances de détection dans des scénarios de propagation
plus lente pour les troupeaux de plus petite taille. Dans I'ensemble, les résultats
démontrent que I'échantillonnage ciblé des oiseaux morts reste une stratégie de
surveillance efficace pour la détection de 'lAHP dans les troupeaux vaccinés.
Il est essentiel d’'optimiser le dispositif de surveillance afin de trouver un équilibre
entre la rapidité de détection et I'utilisation efficace des ressources, tout en
réduisant au minimum les risques associés a une transmission non détectée,
pour atteindre des objectifs de surveillance spécifiques.

Mots-clés

Conception du dispositif de surveillance, Influenza aviaire de haute
pathogénicité, Réponse aux foyers, Transmission, Vaccination.
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\igilancia especifica de [a influenza aviar de afta patogenicidad en aves
vacunadas

S. Malladi, A. Carestia, P. Bonney, A. Ssematimba, J. Sinatra, H. Richmond-Woods,
E. Spackman & M. Remmenga

Resumen

La propagacion continua del virus de la influenza aviar de alta patogenicidad
(IAAP) a nivel mundial plantea graves amenazas para la produccién avicola, el
comercio y la seguridad alimentaria. La vacunacién suscita cada vez mayor
interés como complemento estratégico de las medidas de control tradicionales.
La vacunacion reduce la enfermedad clinicay a menudo frena la propagacion de
la infeccion viral dentro de las parvadas y entre ellas, puesto que disminuye la
excrecion del virus y la susceptibilidad, lo que, a su vez, puede tener incidencia
en la deteccidn del virus, aumentando la necesidad de una vigilancia reforzada.
Estudios recientes sugieren que el muestreo especifico de aves enfermas y
muertas sigue siendo un enfoque sensible en poblaciones vacunadas.
No obstante, persisten incertidumbres con respecto a la dindamica de
transmision, la mortalidad por la enfermedad y otros factores que influyen en la
propagacién dentro de la parvada. Para abordar estas incertidumbres, se
elaboré un modelo estocastico de propagacién dentro de la parvada que
incorpora multiples categorias de inmunidad para simular la propagacién de la
IAAP en aves vacunadas. Se evaluaron escenarios del modelo con diversos
parametros de transmision y estrategias de vigilancia para examinar factores del
disefio de muestreo, como muestreo especifico, nimero de muestras por
muestreo, frecuencia de los muestreos y fragmentacion del muestreo durante
dias consecutivos. Los resultados indican que una mayor frecuencia de
muestreo reduce considerablemente el plazo de deteccion, lo que disminuye el
riesgo de propagacion lateral. Para las parvadas vacunadas, se requiere un
mayor esfuerzo de muestreo, que varia en funcién del tamafio de la parvada, la
tasa de transmisiony el nivel de mortalidad. Fragmentar el muestreo en dos dias
consecutivos mejoro la eficacia de la deteccion en escenarios de propagacion
mas lenta y en parvadas mas pequefias. En general, los resultados demuestran
que el muestreo especifico de aves muertas sigue siendo una estrategia de
vigilancia eficaz para detectar la presencia de IAAP en parvadas vacunadas.
Optimizar el disefio de la vigilancia, para equilibrar la rapidez de deteccién con
la eficacia de los recursos y minimizar los riesgos asociados a la transmisién no
detectada, resulta esencial para alcanzar objetivos de vigilancia especificos.

Palabras clave

Disefio de la vigilancia, Influenza aviar de alta patogenicidad, Respuesta ante
brotes, Transmision, Vacunacién.
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