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Avian influenza in poultry 
 

Avian influenza (AI)  is an infectious disease of poultry caused by Influenza A 
viruses (AIv). These viruses are classified into different antigenic subtypes based on 
their surface glycoproteins: hemagglutinin (H) and neuraminidase (N). To date, sixteen 
H and nine N subtypes have been recognised [1,2]. AIv are also classified, according to 
their pathogenicity to poultry, into: highly pathogenic avian influenza viruses (HPAIv) 
and low pathogenic avian influenza viruses (LPAIv). The latter are less virulent than 
HPAIv  and cause mild and non-specific clinical signs in affected poultry [3,4].  LPAIv 
can contain any of the 16 H subtypes, but only infections in poultry with LPAIv 
containing the H5 or H7 subtypes are notifiable to the World Organization of Animal 
Health (OIE) [5]. This is because these virus subtypes are able to mutate to HPAIv,  
which cause large and severe consequences (industry and public health) for affected 
countries [6-9]. Therefore, it is important to detect and control H5 or H7 LPAIv 
infections in poultry, before these viruses mutate to their highly pathogenic forms.  

To date,  it is not possible to reliably predict whether or not this mutation would 
happen and when. LPAIv could mutate already in the first infected flock [10,11], or after 
the virus has spread to several flocks  [12]. It is reasonable to assume that the wider 
the spread of the LPAIv the higher the likelihood of virulence mutations. Hence, to 
minimize the risk of large epidemics and/or virulence mutations, LPAIv infections 
should be detected and eradicated when only one or a few flocks have been infected. 
 

Surveillance of LPAIv infections in poultry 
 

Detection, notification, control and eradication of LPAIv infections with H5 or H7 
subtypes have become compulsory by the OIE [5] and has been implemented into an 
European Union (EU) directive [13]. Surveillance programmes vary among countries, 
but in general include a combination of passive and active surveillance strategies. 
Passive (clinical) surveillance targets early detection of  diseases through the prompt 
notification, commonly by farmers and/or veterinary practitioners, of suspicions. To 
facilitate notification of AI suspicions and improve  passive surveillance, early warning 
systems (EWS) have been implemented, which are based on recommended clinical 
notification  thresholds (see for example [14] and [15] for the Dutch EWS). These 
systems may be useful for the detection of HPAIv infections in poultry. Poultry infected 
with HPAIv show clear clinical signs [4,16], which together with the current level of 
farmer awareness – which has been raised by the HPAI outbreaks in the past decade 
[6,8,17] –, may trigger the prompt notification of suspicions [10,18]. However, with 
LPAIv infections, clinical sign are mild and could go unnoticed, and therefore 
undetected by passive surveillance. This situation has led to the implementation of 
active (serological) surveillance programmes for detection of LPAIv infections.    

The EU serological surveillance programme aims at  determining the presence of  
H5 or H7 LPAIv infections in poultry on an annual basis [19]. To this end, serological 
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surveys should be designed to detect – with a given level of confidence (95% or 99%, 
which depends on the poultry species) – at least one infected farm, assuming a design 
prevalence of 5% infected farms.  The number of birds to be sampled within a farm 
must ensure the detection of at least one positive bird, with a 95% confidence level, 
and assuming a design prevalence of 30% [19,20]. In general, Member states (MS) 
implement a cross-sectional survey once a year. This strategy may be useful to record 
information of LPAIv introductions in the MS or establish freedom from infection. 
However,  it does not consider the possibility of multiple introductions  of LPAIv into 
poultry (i.e  LPAI introduction in Italy in 2007 [21]) and the spread of infection following 
these introductions. Hence, the current programme might result in missed or delayed 
detections and might not sufficiently reduce the risk of virulence mutations.  

The Dutch LPAI  surveillance programme is more stringent than the EU programme. 
In the Netherlands, all  poultry farms are tested once a year. Some poultry types (PT), 
such as fattening turkeys, are tested every production period, and outdoor (free-range) 
layer farms are tested every 3 months [22]. Backyard or hobby flocks (they contain less 
than 250 birds [23]) are not considered for surveillance. The higher sampling frequency 
of turkey and outdoor layer farms than farms of the other PT is due to the expected 
higher susceptibility to AI infections of  turkeys [24] and the assumed higher risk of 
introduction of infection into free-ranged poultry than poultry kept indoors [25]. The 
higher risk of introduction into free-ranged poultry is a logical assumption, but it has not 
been quantified yet. In addition, the frequency of sampling was based on intuition  
(Sjaak de Wit, personal communication),  and similar to the EU programme, the Dutch 
programme does not take into account the possible spread of infection upon 
introduction. Quantitative information about the risks of introduction and transmission of 
LPAIv infections would aid the design of more effective and efficient surveillance 
programmes. 

 

Poultry farms in the Netherlands and the risk of avian influenza 

Chickens are the main poultry species in the Netherlands. Approximately 94.8% of 
farms produce either chicks for re-stocking of farms, meat or commercial eggs. The 
remaining 5.2% are turkey or duck farms [26]. The total number of productive farms 
(farms will be also referred to as flocks) of each different production type is summarised 
in Table 1. In this table, it can be observed that  the majority (52%) of poultry farms in 
the Netherlands are commercial layer farms. Commercial layer farms have different 
production types (also referred to as poultry types), which mainly differ in their housing 
system. The majority of layer farms (74.6%)  house the chickens indoors (deep litter or 
caged) and the remaining 25.4% of the layer farms house the chickens outdoors (free-
range and organic) (Table 1). Most (66.6%) outdoor layer farms have only one poultry 
shed, while most indoor farms have one (37.4%) or two poultry sheds (34.7%) (Figure 
1). 
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Table 1. Poultry farm population in the Netherlands in 2010a 

Farm Type Number of farms Percentage Total number of animals 

Number and distribution of poultry farms  

Breeders   243 11.2 4 200 000 

Broilers  680 31.5 44 500 000 

Ducks 59 2.7 922 000 

Turkeys 53 2.5 870 000 

Layers 1126 52.1 33 691 000 
    

Number and distribution of layer chicken farms (n = 1126) based on their housing system  

Layers (organic) 95 8.4 994 000 

Layers (free-range) 191 17.0 4 429 000 

Layers (deep litter) 562 49.9 14 707 000 

Layers (cage) 278 24.7 13 56 1000 
    

Total  layers-indoor 840 74.6 28 268 000 

Total  layers-outdoor 286 25.4 5 423 000 

a This information was obtained from the Product Board for Livestock, Meat and Eggs (PVE) [26] 

 
 

Figure 1.  Distribution (in percentage) of layer farms with one, two, or more poultry sheds on the farm. 
This data (2011) was kindly provided by Ruiterkamp, F. from  G.D. Deventer. 

 
 
Chicken layer farms are concentrated in Gelderland  and Limburg. In contrast, 

broilers and breeders are more dispersed within the country (Figure 2). The high 
concentration of layer farms in the above mentioned provinces, increases the risk of 
transmission of AIv between farms, as has been quantified for HPAIv infections [27]. 
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Although,  no similar study has been performed for LPAIv infections,  it can be 
expected, based on farm density and a study suggesting that contact based 
transmission is more likely to occur within a PT (broilers or layers) than between 
different PT [28], that the risk of transmission of LPAIv will be higher between layer 
farms than the other poultry types (PT).   
 

 

 
Figure 2. Density of (a) layer, (b) broiler and (c) breeder farms in the Netherlands (2008). Farm density 
is classified  in colours:  green = 0 – 0.2 farms/km2,  yellow  =  0.2 – 0.4 farms/km2, orange = 0.4 – 0.6 
farms/km2,  red = 0.6 – 0.8 farms/km2 and purple ≥ 0.8 farms/km2. This figure was reproduced from 
Backer et al. [29] 

 
 
No quantitative evaluation of the risk of introduction of infection of LPAIv into the 

different PT has been performed yet. Field evidence in the Netherlands suggests that 
among chicken PT, commercial layers were more frequently infected with LPAIv than 
broilers, breeders or pullets [30]. In addition, a qualitative risk analysis suggested that 
outdoor farms might have a higher risk of introduction of AIv than indoor farms [25]. 
Hence, layers farms, out of which 25% are outdoor-farms, could be expected to have a 
higher risk of becoming infected with AIv than the other chicken PT.    
 

Aims and outline of this thesis 

The goal of this thesis was to develop a method for the design of serological 
surveillance programmes aiming at early detection of LPAI in chicken layers. First, the 
current EU and Dutch serological surveillance programmes are evaluated (Chapter 2a 
and Chapter 3) and the risk of introduction of LPAIv into different PT in the Netherlands 
is quantified (Chapters 2a and 2b). This risk needed to be quantified, so that the 
information could be used to argument targeted surveillance at PT at higher risk. In 
addition, the assumption that chicken layers, in particular outdoor layers, are a  PT with 

a b c 
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a high risk of introduction of infection with LPAIv in the Netherlands needed 
confirmation (Chapter 2b). Early detection might require high frequency of blood 
sampling, which would compromise animal welfare and might increase the costs. 
Therefore in the research described in Chapter 3, the economic feasibility of using eggs 
(better for animal welfare)  instead of blood samples for surveillance is evaluated. A 
comprehensive surveillance programme, should take into account the infection 
dynamics of the virus and the performance of the diagnostic tests used for surveillance. 
In Chapters 4a, 4b and 5, the within-flock transmission characteristics of different LPAIv 
strains are evaluated, and in Chapter 7, the between-flock transmission is quantified. 
The performance of the diagnostic test used for surveillance (using blood or egg 
samples) is  evaluated in Chapter 6. Finally, all the information from Chapters 2 to 6 is 
integrated in Chapter 7 to develop a method to design surveillance programmes aiming 
at early detection of LPAIv infections using blood or egg samples. In Chapter 8, the 
implications of the findings in this thesis are discussed.    
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Abstract 

 
Background Since 2003, Member States (MS) of the European Union (EU) have 
implemented serosurveillance programmes for Low Pathogenic Notifiable Avian 
Influenza (LPNAI) in poultry. To date, there is the need to evaluate the surveillance 
activity in order to optimise the programme’s surveillance design. 
Objectives   To evaluate MS sampling operations  (sample size and targeted Poultry 
Types (PTs)) and its relation with the probability of detection and to estimate the PTs 
relative risk (RR)  of being infected. 
Methods  Reported data of the surveillance carried out  from 2005 to 2007 were 
analysed using: a) descriptive indicators to characterise both MS sampling operations 
and its relation with the probability of detection and the LPNAI epidemiological situation; 
b) multivariable methods to estimate each PT’s  RR of being infected. 
Results  MS sampling a higher sample size than that recommended by the EU had a 
significantly higher probability of detection. PTs with ducks&geese, game-birds, ratites 
and “others” had a significant higher RR of being seropositive than chicken categories. 
The seroprevalence in duck&geese and game-bird holdings appears to be higher than 
5%, which is the EU-recommended design prevalence, while in chicken and turkey 
categories the seroprevalence was considerably lower than 5% and with that there is 
the risk of missing LPNAI seropositive holdings. 
Conclusion  It is recommended that the European Commission discusses with its MS 
whether the results of our evaluation calls for refinement of the surveillance 
characteristics such as sampling frequency, the between-holding design prevalence  
and MS sampling operation strategies.  

 

Keywords: Avian influenza, European Union, LPAI, risk factors, surveillance. 
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Introduction 

 
Avian Influenza (AI) is a contagious viral disease of various avian species. AI virus 

(AIv) strains of the subtypes H5 and H7 can be either of low or high pathogenicity. 
Highly pathogenic strains can cause high and progressive mortality in commercial 
poultry flocks and can lead to large outbreaks with severe economical consequences to 
poultry industries of affected countries. Highly Pathogenic AI (HPAI) epidemics 
occurred either as a consequence of direct introduction of HPAI virus (UK 2007 [1]) or 
mutations from H5 or H7 Low Pathogenic AI (LPAI) viruses.  The latter likely happened 
in the USA 1983,[2] Mexico 1994,[3] Italy 1999 – 2000,[4] Chile 2002,[5] the 
Netherlands 2003 [6,7] and UK 2008.[8] Based on the risk of LPAI strains changing to 
HPAI, the World Organization for Animal Health (OIE) [9] considers all AIv of the H5 or 
H7 subtypes a notifiable disease: Highly Pathogenic Notifiable Avian Influenza (HPNAI) 
and Low Pathogenic Notifiable Avian Influenza (LPNAI). 

In accordance with the OIE, early detection, notification, control and eradication of 
LPNAI has become compulsory in the European Union (EU).[10] Early detection is 
mainly based on passive surveillance, which in general  has proven effective for HPNAI 
strains (e.g. UK and Germany  2007 [11]). Introduction of these strains into poultry 
flocks induces clear clinical signs [12,13] and increased mortality in most  poultry 
species [14]. However, incursions with LPNAIv may remain undetected by passive 
surveillance, as signs could go unnoticed. As a consequence, the EU bases detection 
of LPNAI on active (serological) surveillance programmes [15,16], which should comply 
with the following objectives: 1. detecting sub-clinical infections with LPAI of subtypes 
H5 and H7 thereby complementing early detection systems and subsequently 
preventing possible mutation of these viruses to HPAI, 2. detecting infections of LPAI 
H5 and H7 subtypes in specifically targeted poultry populations at specific risk of 
infection due to their husbandry system or species reared and 3. contributing to the 
demonstration of a free status of a certain country, region or compartment from NAI in 
the framework of international trade according to OIE rules [15,16].   

The EU recognizes the application of  random, risk based (targeted) or both 
surveillance strategies, for the implementation of serological surveillance by its MS 
[15,16]. Risk based surveillance may be targeted to the poultry populations at specific 
risk and linked to factors such as type of production (free range production, backyard 
flocks), multi-age or multi-species flocks, use of surface water, poultry life span, and 
other relevant factors,  such as local trade patterns including live bird markets, holdings 
with poor biosecurity and  possible direct or indirect contact with wild birds [9]. 

Serological surveillance of poultry populations in MS were first carried out in 2003 
[17]. The objective was to perform an initial screening to get a first idea of the extent of 
LPAI H5 and H7 introductions in different species of poultry as a precursor study for a 
possible EU-wide surveillance programme. Since then, the number on MS 
implementing surveillance and the number of samples tested have increased over the 
past years [18]. However, despite the increase in participation of MS in the programme 
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and the overall large amount of samples processed, there are still gaps in our 
knowledge of the epidemiological situation of LPNAI infections in the EU. For example, 
there is no quantitative estimation of the risk of each poultry type (PT)  of being infected 
with LPNAI. This risk has been, so far, only qualitatively assessed [19].  Additionally, 
there is the need to evaluate the current surveillance results in order  to optimise the 
programme’s surveillance design [16,17]. This paper analyses the EU surveillance 
activity carried out from 2005 to 2007, in particular addressing: a) the MS adherence to 
the recommended sample size; b)  the degree of concordance of the observed 
prevalence and the a priori prevalence assumed in the surveillance design; c)  the risk 
of  each PT of being infected with LPNAI in the programme. 

Methods 

Sampling design 

For serological surveillance, the EU  sampling design  targets the detection of at 
least one infected holding based on an a priori prevalence (design prevalence) of AI 
infected holdings of 5% or more and a confidence level of 95% for each PT (layers, 
chicken breeders, broilers, etc) except turkey, duck, geese and quail holdings. For the 
latter four PTs the sampling design is based on a confidence level of 99%. The number 
of birds to be sampled within a  holding must ensure the detection of at least one 
positive bird assuming a design prevalence of 30% and a confidence level of 95%. In 
simple numbers, at least 5 to 10 birds (except ducks, geese and quail) should be 
sampled per holding, and if there is more than one house within a holding it is 
recommended to sample at least 5 birds per house (this would increase the sample 
size accordingly to the number of houses in the holding). In case of ducks, geese and 
quails it is recommended to sample at least 40 to 50 birds per holding [15,16]. This 
higher number of birds sampled is due to the expected lower sensitivity of serological 
tests when testing these bird species [20]. 

Data analysis 

The data used for the analyses are those submitted in 2005, 2006 and 2007 by MS 
to the European Commission and published in the official LPNAI surveillance reports 
[18,21,22]. 

In order to summarise and describe MS sampling operations, the ratio between the 
total number of holdings sampled by each MS for each PT and the minimum sample 
size required by the EU for each specific PT (ratio = holdings sampled/required sample 
size) was used as a descriptive indicator. A ratio equal to 1 indicates that the MS 
sampled the minimum required number of holdings, a ratio higher than 1 means that 
the MS sampled more than required and a ratio lower than 1 means that the MS 
sampled less holdings than required. The relation between this ratio and the probability 
of finding at least one positive holding  was evaluated using a logistic regression model. 
The results of the model were interpreted as  (adjusted by the covariates year and PT) 
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summary odds ratios (sOR),  of detecting at least one positive holding when the ratio > 
1 compared to a ratio ≤ 1 (Table 1). The goodness of fit of the model was assessed by 
residual analysis. 

 
Table 1. Description of the variables used in the multivariable (Logistic and Poisson) regression models 

Variable Type Description 
   

Poultry Type (PT) Categorical 1 = Chicken breeders, 2 = commercial layers, 3 = broilers, 4 = turkey fatteners, 
5 = turkey breeders, 6 = backyard, 7 = ducks & geese, 8 = game-birds,              
9 = ratites, 10 = others†  

Year Categorical Year of each survey: 2005, 2006 and 2007 

Samples Numerical Total number of samples taken by each MS for each PT 

Ratio 
sampled/required 

Categorical 1 = Ratio > 1  
0 = Ratio ≤ 1‡ 

Member States§ Categorical Every Member State (MS) of the EU 

Result  Numerical Number of positive holdings for each PT and MS each year of survey 
This was the response variable in the Poisson model 

Detection  Categorical 1 = Detected  
0 = Not detected  
This was the response variable in the logistic model 

   
† Member States reported as others: pheasants, partridges, Zoo birds, quails, ostrich, Passeriformes, 
pigeons,  
ornamental birds and guinea fowl. 
‡ An initial evaluation showed no difference between Ratio = 1 and  Ratio < 1, therefore these were 
joined as one factor for the final logistic model evaluating the relation between the amount of sampling 
and the probability of detection. 
§ Member states were initially included as a categorical covariate in both, the logistic and the Poisson 
models. They were removed from the final models since no significant differences (between MS) were 
observed for this variable and the models fitted better when this variable was excluded. 
 

 
The seroprevalence  of LPNAI in poultry holdings was modelled using a Poisson 

regression model where ln(number of holdings positive/holdings sampled)j = b0 + bi 
(Poultry Type) + bk (Year of surveillance). Table 1 shows a description of the variables 
used in the model. In this model, ln (number of holdings positive)j is  the natural log of 
the number of  PTj positive holdings in  MSj. Ln(holdings sampled)j is the natural log of 
the total number of PTj  holdings sampled in MSj. The estimated parameters were b0 as 
the intercept,  bi  as the regression coefficients (RC) of PTi, bk as the RC for Yeark. The 
parameters were exponentially expressed (eRC) and the results interpreted as the 
Prevalence Ratio (PR) or relative Risk (RR) [23,24]. The significance of the RCs was 
estimated by the Wald test. The goodness of fit of the model was assessed by residual 
analysis. Turkey breeders as well as all the data from France were removed from the 
final model, because in the residual analysis they were outliers.  

To characterize the situation of poultry with respect to LPNAI in the EU, we 
calculated the observed seroprevalence in MS, but also the one tailed exact 95% 
Fisher’s upper confidence limits (UCL). The latter results were expressed as the 
maximum expected seroprevalence of LPNAI in each PT. 

All the statistical analyses were performed using the software packages ‘R’ [25] for 
fitting the Poisson and logistic models and WinPepi [26]  for the UCL estimations. 
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Results 

Member State’s surveillance sampling operation 

The surveillance activities were carried out by each MS not in an homogenous way, 
main differences included the sample size and the selected PTs. MS such as Denmark, 
Italy, Spain, Portugal, the Netherlands, Bulgaria and Romania sampled  higher 
numbers of holdings (some MS like the Netherlands even sampled all the poultry 
holdings included in the surveillance)  than the number requested by the EU guidelines 
(Tables 2a and 2b).   

The ratio  holdings sampled/required sample size was used for describing MS 
sampling operations and their relation with the probability of detection. The results of 
the logistic model, showed a significant relation between the ratio > 1 and the 
probability of detecting at least one positive holding. The estimated OR for the ratio > 1 
was 6.3 (95% CI: 3.22 – 16.30) compared to  the ratio ≤ 1, which means that the odds 
for detection of a positive holding were 6.3 times higher  when the number of holdings 
sampled were higher than the EU required sampled size. 

Tables 2a and 2b summarize each country sampling operation for 2005 – 2007 
surveillance.  MS were grouped in two groups: MS which detected at least one positive 
holding in at least one year surveillance (n=14) (Table 2a) and those which did not 
detect any positive holding (n=13) (Table 2b). Most MS with  positive findings had a 
median overall ratio of holdings sampled/required sample size higher than 1 
(approximately 50% of PTs targeted for sampling, were sampled in  higher numbers 
than the required sample size), while most MS with only negative results had a median 
ratio equal or lower than 1 (Figure 1).  

 

 
Figure 1. Proportion of MS with ratio holdings sampled/required sample size less than 1, equal to 1 and 
higher than 1, each year of surveillance. Comparing MS with negative findings vs MS with positive 
findings. Numbers in the table represent the number of MS with the corresponding ratio. 
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LPNAI in poultry and the PT risk of being infected 

Since 2005, an increase in the number of holdings sampled by MS and an increase 
in the number of positive holdings were observed for most PTs (Table 3). A 
multivariable analysis which included each year of surveillance and the targeted PTs 
showed an increase in the overall  prevalence ratio (PR) of LPNAI in poultry, in 2006 
and 2007 compared to 2005 (Table 4). When MS (including France) were also included 
as a variable in this analysis (Table 1), no significant differences in the PR between MS 
were observed. This variable was removed from the final model, in order to improve the 
fit of the model. 

 
Table 3. Number of MS targeting each PT and number of holdings sampled during  2005 – 2007 
surveys in the EU 

  2005   2006   2007  
Poultry 
Type (PT) 

MS 
sampling 
each PT 

No of 
holdings 
sampled 

No of 
positives 
(highest 
prevalence 
%)¶ 

MS 
sampling 
each PT 

No of 
holdings 
sampled 

No of 
positives 
(highest 
prevalence 
%) 

MS 
sampling 
each PT 

No of 
holdings 
sampled 

No of 
positives 
(highest 
prevalence 
%) 

Chicken 
breeders 

15 (12)† 2489 3 (4.2) 17 (11) 2130 1 (0.1) 22 (17) 2646  

Laying 
hens 

25 (22) 5869 1 (1.5) 25 (22) 8537 5 (1.5) 27 (24) 9554 9 (0.5) 

Broilers 7 (3) 1967 11 (6) 2383 18 (11) 2875 2 (0.5) 

Turkey 
fatteners 

20 (13) 2058 21 (13) 1981 1 (0.6) 22 (16) 3765 2 (1.8) 

Turkey 
breeders 

10 (4) 251 10 (5) 150 15 (10) 409  

Backyard 
flocks 

3 (1) 247 9 (8) 9051 2 (0.6) 15 (12) 99901 7 (4.2) 

Ducks & 
geese 

21 (14) 1795 68 (16.7) 22 (16) 2176 62 (33.3) 23 (16) 4096 92 (23.7) 

Game 
birds 

13 (5) 756 18 (8) 1500 12 (2.3) 21 (14) 1927 9 (10.0) 

Ratites 17 (5) 352 1 (11.1) 17 (8) 448 2 (2.2) 18 (7) 325  

Others‡ 3 (3) 441§ 1 (0.6) 1 (1) 649 6 (0.9) 9 (6) 1414 14 (1.3) 

Total 25 15784 25 29005  27 126912  

† Number of PT sampled to an equal or higher number of holdings than the required statistical sample 
size as stated in the EU surveillance guidelines. 
‡ MS reported as others: pheasants, partridges, Zoo birds, quails, ostrich, Passeriformes, pigeons, 
ornamental birds and guinea fowl. 
§ France sampled 156 free-range chicken holdings which were reported as others 
¶ The highest apparent prevalence observed  by PT in a specific MS.   
 

Positive holdings were detected in all PTs but turkey breeders (Table 3). Turkey 
breeders could not be included in the final Poisson model because the data of this PT 
did not fit the model.  The results of the model, where “Chicken breeders” were used as 
reference, showed significantly higher RRs for waterfowl PTs, ratites and “others” while 
no significant differences in the RR was observed between chicken (breeders, layers 
and broilers) and turkey PTs (Table 4).  
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Table 4. Relative risk (RR)† and accessory 95% confidence intervals  of poultry holdings being 
infected with LPNAI. RR are summarized by poultry type and year of survey. 

Variable RR 95% CI P 

Chicken breeders 1.00‡     

Layers 1.08 0.39 - 3.79 0.89 

Broilers 0.25 0.01 - 1.70 0.22 

Turkey fatteners 1.64 0.49 - 6.27 0.43 

Backyard 0.46 0.14 - 1.74 0.21 

Dunck&Geese 18.82 7.80 - 61.84 1.14 x 10-8 

Game-birds 6.98 2.55 - 24.39 5.19 x 10-4 

Ratite 4.80 0.94 - 21.80 0.04 

Others 12.80 4.79 - 44.25 3.84 x 10-6 

Year 2005 1.00‡   

Year 2006 2.03 1.16 - 3.76 0.02 

Year 2007 2.15 1.27 - 3.88 <0.01 
† Relative risks or prevalence ratios were estimated by fitting a multivariate Poisson regression 
model to the EU surveillance results from  2005 – 2007. Survey results were the response 
variable, poultry type as well as year of survey were used as explanatory variables and  the 
number of holdings sampled was used as an offset.  The final model was selected after following 
standard procedures of model evaluation.  
‡ Reference categories. 

 

LPNAI apparent prevalence in poultry compared to the programme’s design 
prevalence. 

The EU situation with respect to LPAI in poultry was characterised taking the point 
estimates and the 95%UCL for the seroprevalence. In many cases the absence of 
positive detections was linked to a lower sample size, which led to high and 
uninformative UCL, therefore we only used the positive results for these 
characterization. Table 3 shows the highest estimated  seroprevalence for each PT 
each year. For most PTs the estimated seroprevalence is lower than 5%, which is the a 
priori prevalence used for the surveillance design. Only, ducks & geese, ratites and 
game-birds had estimated prevalences higher than 5%.  Most of the UCLs for ducks & 
geese  as well as game birds were higher than 5%.  For the rest of PTs, UCLs were 
generally lower than 5% and in case of chicken layers the highest estimated UCL, 
within the three years surveillance,  was 3.5%; which was observed in free range 
chickens in France 2005 (reported as “others”) (Figure 2).  
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Figure 2. 95% UCL of the prevalence of MS with detected positive holdings, plotted by PT. The  line 
marks the current EU programme’s 5% design prevalence. The numbers at the top show the number of 
estimated UCL lower than 5% and higher than 5% for each PT.    

 

Discussion 

 
The overall Sensitivity (Se) of a surveillance system is a function of both the 

sampling scheme and the accuracy of the detection methods being employed [27]. In 
the context of the EU LPNAI surveillance: sampling procedures (targeted PTs and risk 
regionalization), sample size, sampling frequency and the applied diagnostic assays  
will determine the Se of the system. 

MS had different sampling procedures, and were grouped in  those with only 
negative findings and those which were able to detect LPNAI positive holdings. The 
latter group included  MS with risk based surveillance programmes (Italy, Spain, 
Denmark, the Netherlands, etc) which, in addition to sampling holdings in the whole 
country,  carried out enhanced surveillance in identified high risk areas or PTs [28-31]. 
For example, Denmark and the Netherlands sampled some specific PTs more than 
once a year (for instance free range layers and game-birds were sampled up to 4 times 
per year) [28,32].  Additionally, most MS with positive findings sampled more holdings 
than  required by the EU (ratio holdings sampled/required sample size > 1) (Figure 1) 
which was significantly associated with a higher probability of detection. On the 
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contrary, MS with only negative findings, sampled less or just the required number of 
holdings in each PTs. The latter may suggest that the sampling operations of these MS 
was not enough for detection. 

Targeted surveillance to PTs with higher risk of being infected  may improve the Se 
of the programme. In the EU, targeted sampling has been based on qualitative 
evaluations which indicated waterfowl (ducks, geese and game birds) as the poultry 
category with higher risk of being infected [19].  Our results not only confirm these 
qualitative observations but also provide quantitative estimations of the relative risk  of 
waterfowl PTs of being infected with LPNAI compared to chicken and turkey poultry 
categories. The higher risk observed in waterfowl might be  related to the species 
relatedness with migratory wild waterfowl, their long lifespan and the fact that these 
PTs are mainly kept outdoors which is associated with a higher risk of exposure to AIVs 
from the environment and wild fauna [19,33,34]. Commercial layers were the most 
targeted PT. This PT was targeted assuming a higher risk due to their lifespan and their 
production characteristics (e.g. marketing of eggs), which sustained transmission 
during HPAI [35] and LPNAI [36]  outbreaks. Our results do not show a significant  
higher risk for this PT compared to chicken breeders, which are expected to have lower 
risk due to the higher biosecurity measures implemented in this type of production.  
Outdoor or free range keeping of poultry is considered a major risk factor for 
introduction of AI into poultry [19,33]. For this reason, MS  targeted  backyard flocks 
with increasing numbers every surveillance-year, and also targeted free range layer 
and broiler holdings in 2007 [18]. Due to the absence of sufficient data (differentiation of 
holdings as outdoor or indoor was only done in 2007) it was not possible to include an 
outdoor/indoor evaluation in the model. The low RR estimated for backyard and 
broilers, although they were not significant, might raise the question of the value of 
sampling these PTs. The short lifespan of broilers explains their low RR and it has been 
observed that virus introduction into backyard flocks occurred at a lower rate than into 
commercial holdings during the H7N7 HPNAI in 2003 in the Netherlands [37]  and 
apparently this PT may not play a risk in  the transmission of AI to commercial farms in 
the EU [19,37]. Therefore, it might be advisable to consider sampling these PTs and 
refine their sample size according to the risk they represent to each MS poultry 
industry. 

It was observed that the expected prevalence in waterfowl PTs appears to be  
similar or higher than 5%, which is the EU programme’s between holdings design 
prevalence (DP). However the expected prevalence in chicken and turkey PTs appears 
to be  lower. The latter might explain the observed lower odds for detection when  
sampling the EU required holding sample size (ratio ≤ 1). If we take into account that 
some MS (n=6) with only negative findings sampled a few or no duck&geese 
holdings,[18,21,22] and the fact that no difference was observed in the PR between all 
MS when fitting the Poisson model,  it can be expected that many of  these negative 
MS might be detecting LPNAI introductions when using a lower than 5% DP.  

Frequency of sampling is a key element of the overall surveillance Se. The current 
EU sampling frequency of once a year inherently will result in missed or in delayed 
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detections, which might lead to the development of  undesired mutations. The rapid 
mutation (2 – 3 weeks after introduction) observed in the last H7N7 HPNAI outbreak in 
the UK [8] as well as evidence of multiple incursions (different times) of different LP or 
HPNAI, in Italy 2007 [30] and UK 2007 [11], highlights the need for early detection. This 
can be achieved by a higher sampling frequency. Strategies such as that of Denmark 
and the Netherlands, where PTs considered of higher risk and/or located in higher risk 
areas  are sampled in higher frequency than others, may contribute to improve the 
probability of early detection. 

To conclude, the estimates of PT RRs for LPNAI reported in this study can be used 
for the risk based design of  targeted surveillance [38], quantitative evaluations  of the 
Se of surveillance programmes (e.g. scenario tree models [39]) and risk assessments. 
It is recommended that the European Commission discusses with its MS whether the 
results of our evaluation calls for refinement of the surveillance characteristics such as 
sampling frequency,  the between-holding design prevalence (for chicken and turkey 
PTs), and MS sampling operation strategies. 
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Abstract 

Background Targeted risk-based surveillance of poultry types (PT) with different risks 
of introduction of low pathogenic avian influenza virus (LPAIv) infection may improve 
the sensitivity of surveillance.  
Objective To quantify the rate of introduction of LPAIv infections in different PT.   
Methods Data from  the Dutch LPAIv surveillance programme (2007-2010) were 
analysed using a generalised linear mixed and spatial model.  
Results   Outdoor layer,  turkey, duck breeder and  meat-duck farms had a 11, 8, 24 
and 13 times higher rate of introduction of LPAIv than indoor layer farms, respectively. 
Conclusion  Differences in rate of introduction of LPAIv could be used to (re)design a 
targeted risk-based surveillance programme.  

 

Keywords: Avian Influenza, LPAI, relative risk, outdoor farming, poultry 
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Introduction 

Low pathogenic avian influenza virus (LPAIv) infections in poultry with H7 and H5 
LPAIv subtypes are notifiable to the OIE. Hence member states (MS) of the European 
Union (EU) have implemented surveillance programmes [1]. Guidelines for the 
implementation of these programmes recommend risk based sampling of the different 
poultry production sectors (layer chickens, broilers, ducks, turkeys, etc) by suggested 
differences in  risk of introduction of a LPAIv infection (see Gonzales et al [2] and 
references therein). However, quantitative information regarding the possible 
differences in risk between these poultry sectors (here referred to as poultry types (PT)) 
is sparse. Such information is important to optimise the design of risk based 
surveillance [3] and carry out quantitative evaluations of these programmes using for 
example scenario tree models [3].  

In a previous study [2], we observed a significantly higher risk of introduction of 
LPAIv infections on farms housing Anseriformes PT (duck, geese and game birds) 
compared to  farms housing Galliformes PT (chicken breeders, broilers, layer chickens 
and turkeys) and no significant differences were observed among Galliformes PT. 
However, information on different farming systems such as outdoor (free-range) or 
indoor farming of Galliformes PT, which could be an important risk factor, was not 
available. 

Approximately 95% of the poultry farms in the Netherlands are chicken farms. 
These comprise of  breeder farms (≈ 18%), broilers farms (≈ 31%) and  indoor (≈ 35%)- 
and outdoor (≈10%)-layer chicken farms [4]. The latter are expected to have a higher 
risk of infection with LPAIv, because outdoor farming is suggested  to be a risk factor 
for the transmission of LPAIv from wild birds to poultry [5,6]. The objective of this study 
was to quantify the rate of introduction of a LPAIv infection for different PT in the 
Netherlands.  
 

Methods 

The Dutch LPAIv surveillance programme has been described elsewhere [2,7]. 
Briefly, all poultry farms, with the exception of outdoor-layer farms, should be tested at 
least once a year. Outdoor-layer farms are tested 3 to 4 times per year [7]. Surveillance 
data collected from 2007 to July 2010 was analysed. Farms were identified by their 
unique farm number (UBN) and PT [duck-breeders, duck-meat (meat production), 
turkeys, broilers, indoor-layers, outdoor-layers, pullets and broiler breeders].  Based on 
the sampling frequency (time interval between samplings), the time at risk of exposure 
to a LPAIv infection (“time at risk”) was calculated per PT. For PTs sampled once a 
year or once per production cycle, the age of the birds at the time of sampling was 
taken as the time at risk. For PTs sampled more than once per production cycle, the 
average sampling interval was taken as the time at risk. Positive cases were defined 
as: 1) farms with at least one seropositive animal – to any LPAIv strain – in both the 
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screening test (IDEXX FLockCheck AI MultiS-Screen or agar gel precipitation, which is 
only used for broilers) and the confirmatory test (Hemagglutination Inhibition test) or 2) 
three or more positives in the screening test.  Furthermore, only primary cases 
(excluding secondary spread detected by epidemiological tracing) were included.  

A generalized linear mixed model (GLMM) with a binomial error distribution and a 
cloglog link was used for the analysis. Assuming that  β  is the rate of introduction of 
infection onto a farm of a specific PT, then the probability of infection p in a given time 
interval t  is 1‐	exp ‐β	t . Following this reasoning, we modelled  p as pij	 	1‐	exp ‐βj	tij	y , 
which upon linearization gives  log ‐log 1‐pij 	 	 logβj	 	logtij	 	 logy. In this model, the 
status of farm i of poultry type  j	 pij  is the binary response variable, logβj  is the 
regression coefficient of   the  explanatory variable PT, “time at risk” in months logtij  is 
the offset, and logy (year of surveillance) is the grouping variable (random effect).  
Indoor-layer chickens were the reference category, therefore the exponent of the model 
intercept logβ0  represents the rate of introduction of LPAIv onto indoor-layer chicken 
farms per month. For a different PT, this rate is the exponent of the sum of logβ0 and 
the corresponding regression coefficient logβj. The exponent of logβj of each PT was 
interpreted as the Relative Risk (RR) of introduction of LPAIv.  The fit of the model was 
assessed by residual analysis. The GLMM was performed using  the library lme4 of the 
statistical software R [8].   

Because of lack of positive results, broiler data could not be modelled with a GLMM.   
Instead we estimated the 95% (one-sided) Fisher’s exact confidence interval (CI) of the 
rate of introduction.      

To identify risks associated with the geographical location of the farms, we carried 
out a spatial analysis using a spatial scan statistic to assess the presence of 
geographical clusters of LPAIv infected farms under the Bernoulli probability model 
assumption [9]. This analysis was carried out using the software SatScan version 9.1.1 
[10]. 

 

Results 

The surveillance results are summarised in Table 1. Almost all seropositive results 
appeared to be single introductions. Exceptions were: (i) six positive turkey farms 
detected in 2007, which were positive to  LPAIv of H1N5 subtype, and (ii) three 
seropositive layer-farms (1 indoor- and 2 outdoor-layers) detected in 2010, which were 
positive to LPAIv of H6N1 subtype.  Five of the seropositive turkey farms and two of the 
seropositive layer farms (1 indoor and 1 outdoor) were secondary cases linked to a 
primary outbreak. We excluded these secondary cases from the statistical analysis.  
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Table 1. Total number of poultry farms and total number of samplings (one farm per sampling) taken from 
2007 to July 2010 in the Netherlands. Farms are categorised by poultry type, in addition the average 
frequency of sampling, the average time at risk (in months) of exposure to infection and the total number of 
seropositive detections is given 

Year 
  Poultry Type  

  Duck 
breeders

Duck 
meat

Turkeys Indoor-
layers

Outdoor-
layers

Pullets Broiler 
breeders 

Broilers Total 

2007 Farms * 12 44 87 802 272 261 256 719 2453 

 No of 
samplings 

19 46 300 1057 652 261 256 811 3402 

 Frequency  1.6 1.0 3.4 1.3 2.4 1.0 1.0 1.1 1.4 

 Time_risk  9.8 1.2 3.7 10.4 6.3 3.7 8.9 1.2  

 Positive 2 0 6** 0 3 1 0 0 12 
           

2008 Farms 12 42 70 714 295 250 249 775 2407 

 No of 
samplings 

22 45 248 952 830 250 249 908 3504 

 Frequency  1.8 1.1 3.5 1.3 2.8 1.0 1.0 1.2 1.5 

 Time_risk  8.8 1.2 3.7 10.3 5.2 3.7 8.9 1.2  

 Positive 1 1 0 1 4 0 1 0 8 
           

2009 Farms 13 56 68 678 286 239 240 808 2388 

 No of 
samplings 

13 62 210 841 796 239 240 899 3300 

 Frequency  1.0 1.1 3.1 1.2 2.8 1.0 1.0 1.1 1.4 

 Time_risk  10.3 1.2 3.7 10.9 5.6 3.7 8.9 1.2  

 Positive 0 0 1 2 7 0 0 0 10 
           

2010 Farms 9 27 60 351 227 231 236 547 1688 

 No of 
samplings 

11 27 115 408 444 231 236 570 2042 

 Frequency  1.2 1.0 1.9 1.2 2.0 1.0 1.0 1.0 1.2 

 Time_risk  5.6 1.2 3.7 5.6 3.6 3.7 8.9 1.2  

  Positive 0 0 1 6*** 9*** 0 0 0 16 
* Farm population each year of surveillance. All farms in  the Netherlands were sampled at least once each 
year.                               
** These farms were all infected with LPAIv H1N5. Five of these farms were secondary cases, which were 
removed for the statistical analysis. 
*** One indoor-layer and two outdoor-layer farms were infected with LPAIv H6N1. Two of these (1 indoor- 
and 1 outdoor-layer farm) were secondary cases and were removed from the statistical analysis.  
 

 
No significant ( p > 0.17) geographical clusters were found in the spatial analysis 

(Figure 1). The rate of introduction of LPAIv onto indoor-layer farms was 3.5  10-4 per 
month. The rate  of  introduction of a LPAIv infection onto outdoor-layer, duck breeder, 
duck meat and turkey farms was 11, 24, 13 and 8 times – significantly (p < 0.05) – 
higher than onto indoor-layer farms respectively (Table 2). No significant differences 
were observed between the Relative Risk (RR) of introduction onto chicken breeders 
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and pullet farms compared with indoor-layer farms. The CI of the rate of introduction of 
LPAIv onto broiler farms, indicated no significant difference with the rate estimated for 
indoor-layers (Table 2). 

 
Table 2. Rate and Relative Risk (RR), with accompanying 95% confidence interval, of introduction of a 
LPAIv infection onto poultry farms. Indoor–layer farms were considered as the reference category. 

Poultry Type 
rate/month** RR*** 

Mean LCL* UCL*         Mean     LCL UCL 

Broiler breeders 1.0 x 10-4 1.4 x 10-5 7.8 x 10-4        0.3    0.0 2.4 

Pullets 2.5 x 10-4 3.2 x 10-5 1.9 x 10-3        0.7    0.1 5.7 

Indoor-layers 3.5 x 10-4 1.5 x 10-4 8.1 x 10-4        1.0   

Outdoor-layers 3.9 x 10-3 2.1 x 10-3 7.4 x 10-3      11.1    4.9 25.2 

Turkeys 2.7 x 10-3 7.9 x 10-4 9.3 x 10-3       7.7      2.0 29.3 

Duck meat 4.5 x 10-3 5.9 x 10-4 3.4 x 10-2      12.8    1.6 103.6 

Duck breeders 8.6 x 10-3 2.5 x 10-3 3.0 x 10-2      24.5    6.4 94.1 

Broilers† 0.0 0.0 8.1 x 10-4       0.0   
* Limits of the confidence interval. Lower confidence limit (LCL) and upper confidence limit (UCL).               
** The exponent of the model intercept β0 is the rate of introduction onto Indoor-layers. This rate for a 
different PT, say       Breeders	 	exp β0	 	βbreeders  and the variance var 	 	exp var β0 	 	var βbreeders 	 	
2cov β0	βbreeders . Confidence intervals were estimated using the normal approximation 	mean	
1.96*sqrt var .                                                                                                                                              

*** The RR was obtained by exponentiation of the model parameters. Eg. the RR for breeders 		
exp βbreeders . Confidence intervals were obtained by the normal approximation using the estimated 
variance of  βbreeders.                                                        
† One-sided 95% confidence interval of the rate of introduction per month were estimated. Here the 
number of farms (samplings) times the months at risk (3719 farm-months at risk) in the study period 
(2007 – July 2010) was taken as the denominator.   

 

Discussion 

Our analysis shows that outdoor-layer farms, duck (breeders and meat) farms and 
turkey farms have a significantly higher risk of introduction of a LPAIv infection 
compared to indoor-layer farms. Duck breeders have the highest risk. This could be 
related to (i) their higher susceptibility to infection with LPAIv of wild bird origin (ducks, 
geese, swans) than chickens [11], (ii) their long production cycle (time of exposure), 
and (iii) their higher exposure to LPAIv from a contaminated environment and/or 
contact with wild waterfowl. The latter could also be the reason for the higher risk 
observed in outdoor-layer than indoor-layer farms.  
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Figure 1. Location of poultry farms in the Netherlands. Poultry farms with birds sampled that were 
serologically positive to LPAIv in the study period of 2007 to July 2010 are shown as black triangles 
(only primary introductions) and negative farms are shown as smaller grey circles. No significant (P > 
0.17) spatial clustering was detected.   

 

In the Netherlands, turkeys are raised indoors and despite the small population of 
turkey farms, we observed a higher risk of introduction of a LPAIv infection to turkeys 
than indoor-layers. This higher risk might be partly associated with the apparent higher 
susceptibility of turkeys to LPAIv infections than chickens [12].  We also observed a 
significantly higher risk of introduction onto meat duck farms. This was surprising 
because this PT is kept indoors and has a short production cycle (6 weeks).  Higher 
susceptibility of ducks than chickens to LPAIv infections could be one reason for the 
observed higher risk [11]. On the other hand, there also might be flaws in biosecurity on 
indoor poultry farms enabling introduction. Future research should focus on unravelling 
the mechanisms of introduction of LPAIv on farms that house their birds inside. 

The risk of introduction of LPAIv onto broiler breeder and pullet farms appeared to 
be low but was not significantly different from indoor-layer farms. For broiler farms, not 
a single introduction of a LPAIv infection was detected in the study period. This 
suggests that this PT has a low risk of introduction. However, because of the short life 
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span of broilers, combined with testing only once a year, the rate of introduction onto 
broiler farms was not significantly different from indoor-layer farms.   

The estimated rates of introduction of LPAIv in each PT provide parameters for risk 
analysis and evaluation of surveillance programmes [3].  However, it should be noted 
that seasonal differences could be expected [5]. We did not include season in this study 
because some PTs such as indoor-layers and broiler breeders, whose production cycle 
is longer than a year, were sampled only once and in most seropositive cases no virus 
was isolated.  

If a LPAIv of an H5 or H7 subtype infects a farm and later spreads to other farms 
before detection, the risk of mutation to a highly pathogenic virus would be increased 
[13]. Hence, frequent sampling of high risk PTs, may contribute to reduce the risk of 
transmission between farms. Our study supports the need of sampling outdoor-layers 
and turkeys with a higher frequency than indoor-layers, which is currently carried out in 
the Netherlands. However, despite the higher sampling frequency, secondary spread 
may occur. Simulation models could be used to  optimise the current surveillance 
programme [14]. 
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Abstract 

Background: As low pathogenic avian influenza viruses can mutate into highly 
pathogenic viruses, the Dutch poultry sector implemented a surveillance system for low 
pathogenic avian influenza (LPAI) based on blood samples. It has been suggested that 
eggs could be sampled instead of blood  to survey egg layer farms. To support future 
decision making about AI surveillance, economic criteria are important. Therefore a 
cost analysis is performed on systems that use either blood or eggs as sampled 
material. 
Methodology/principal findings: The effectiveness of surveillance using egg or blood 
samples was evaluated using scenario tree models. Then an economic model was 
developed that calculates the total costs for eight surveillance systems that have equal 
effectiveness. The model considers costs for sampling, sample preparation, sample 
transport, testing, communication of test results and for the confirmation test on false 
positive results. The surveillance systems varied in sampled material (eggs or blood), 
sampling location (farm or packing station) and location of sample preparation 
(laboratory or packing station). It is shown that a hypothetical system in which eggs are 
sampled at the packing station and samples prepared in a laboratory had the lowest 
total costs (i.e. € 273,393) a year. Compared to this, a hypothetical system in which 
eggs are sampled at the farm and samples prepared at a laboratory, and the currently 
implemented system in which blood is sampled at the farm and samples prepared at a 
laboratory have 6% and 39 % higher costs respectively.  
Conclusions/significance: This study shows that surveillance for avian influenza on 
egg samples can be done at lower costs than surveillance based on blood samples. 
The model can be used in future comparison of surveillance systems for different 
pathogens and hazards. 

 

Keywords: Avian influenza, Cost, Surveillance, Egg Layer sector, Evaluation 
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Introduction 

Low Pathogenic Avian Influenza (LPAI) viruses are commonly found in aquatic wild 
birds,  which are assumed to be the main reservoir [1,2,3] for transmission to 
commercial poultry [4]. In poultry, LPAI viruses typically cause mild respiratory 
problems or decrease in egg production and/or water and feed intake which cause 
economic damage to the poultry sector [5].  However, the main concern about LPAI-
viruses of H5- and H7-subtypes  is that they can mutate to a Highly Pathogenic Avian 
Influenza (HPAI) virus. This has happened before, e.g. in the USA [6], Mexico [7], Italy 
[8], Chile [9], Netherlands [10], and Canada [11]. An outbreak of HPAI would cause a 
serious threat to both the poultry sector and public health. In poultry, large epidemics 
with major economic consequences have been reported [1,12]. Both LPAI and HPAI 
viruses can infect humans and have the potential to cause an outbreak of influenza in 
the human population [13,14]. To date, a total of 553 humans cases infected with the 
Asian HPAI H5N1 virus strain have been reported worldwide, out of which 323 were 
fatal [15]. 

Because of the animal and public health risks and economic impact, prevention of 
an AI outbreak of H5- or H7-subtype is a priority for the European Union (EU). 
Therefore, a serological surveillance system for  poultry has been implemented in the 
member states (MS) of the EU. The aim of this surveillance program is detection of 
infection with LPAI H5- and H7-subtypes and contribute to the demonstration of 
freedom of H5- and H7-subtypes [16]. The EU requires a surveillance system for LPAI 
H5- and H7-subtypes which is stratified throughout the territory of the whole MS, so that 
samples can be considered representative for the whole MS [16]. Depending on the 
total number of poultry farms in a MS, a minimal number of poultry farms is required to 
be sampled and tested, with a minimum of five blood samples per poultry house and 
ten per farm [16]. For the Netherlands the minimal requirement of the EU is that 60 
broiler farms, 60 egg layer farms, 60 turkey farms and 60 meat duck farms are sampled 
per year [16]. However, next to the EU surveillance system, the Dutch poultry industry 
implemented a more intensive AI surveillance system for the whole poultry sector [17]. 
This is because the risk of a fast spreading epidemic is considered to be high, as most 
poultry farms are concentrated in a few areas of the country [18].  

 This study focuses on alternative surveillance systems for egg layer farms. The egg 
layer sector is the most targeted poultry sector for surveillance in the EU and the 
Netherlands [19]. In the Dutch LPAI surveillance system, all egg layer farms with 
indoor-housed hens are required to send in 30 blood samples of randomly selected 
hens once a year [20]. By contrast, free-range and organic laying hen farms are 
required to send in 30 blood samples of randomly selected hens every 90 days [20]. 
This is because outdoor ranged poultry is considered more likely to have contact with 
wild birds and face a higher risk of an AI introduction than indoor housed poultry [4].  

Test validation studies suggest that the accuracy of diagnostic tests using egg 
samples is comparable to that of tests using blood samples [21,22]. Furthermore, egg 
samples have been used previously for the detection of infected farms during an 
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outbreak of LPAI viruses of H7N2 subtype [23].  This observation suggests that using 
egg samples for surveillance might be equally effective as using blood samples. The 
advantage of the egg surveillance is that the sampling of eggs is flexible.  In addition, 
egg sampling is more desirable from the perspective of animal welfare as hens do not 
have to be distressed and sampled in an invasive manner. On the other hand, egg-
sampling has disadvantages at the laboratory level. Preparing egg-yolk samples is 
technically more complex and more time consuming, hence it might be that processing 
yolk samples is more expensive than the processing of blood samples. Most 
advantages and disadvantages can be reflected in monetary terms, which enhances 
decision making [24]. 

Efficiency of a surveillance program can be measured in economic terms. This will 
not only include epidemiologic effectiveness of disease detection but also costs of this 
detection, the economic benefit from preventing an epidemic or the additional costs of 
missing an outbreak and subsequent problems. Therefore, with an economic analysis, 
it is possible to choose a strategy that has the least costs and thereby rationally 
allocate scarce resources [25]. For instance, for Bluetongue and Bovine tuberculosis, 
economic analysis have been used to identify the most profitable strategy of controlling 
or monitoring a disease [26,27]. 

For policy makers, it is necessary to have an economic comparison of different 
surveillance systems. This study will present the differences in costs between 
surveillance systems that originate from the before-mentioned advantages and 
disadvantages of using eggs as a sample commodity. Because hypothetical alternative 
surveillance systems should have a probability of detecting LPAI virus introductions 
comparable to the current system based on blood samples (i.e. an equal benefit), a 
cost minimization analysis is used, where the system with the lowest costs is preferred 
[28]. Thus, the objective of this study is to perform a cost minimization analysis of 
various LPAI surveillance systems for Dutch egg layer farms based either on blood or 
egg sampling with equal probability of detecting a LPAI virus introduction.  

 

Material & Method 

The Dutch egg layer sector 

The Dutch poultry sector consists of 838 indoor farms and 270 outdoor ranging 
farms producing a combined number of 9.6 billion eggs [29]. The product boards for 
Livestock Meat and Eggs does not register owners of less than 250 laying hens as 
farmers, as they are considered hobby “farmers”. The Dutch egg layer farms are mainly 
concentrated in the south-eastern and central part of the country. The eggs of egg layer 
farms are distributed every two or three days to 86 packing stations where they are 
sorted into size categories and then distributed to retailers and industry. There are 19 
large packing stations that process more than 100 million eggs per year and 67 small 
packing stations [29]. The small packing stations are often a farm that sorts and sells 
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his own eggs. A few small egg laying farmers are known to sell their own eggs unsorted 
directly to the consumer (e.g. on a local market). These are ignored in this study as this 
number was negligible. 

Alternative surveillance systems 

The various LPAI surveillance systems evaluated are summarized in Table 1. They 
can differ in five aspects: i) sample material: blood and/or eggs, ii) location of sampling: 
egg layer farm and/or packing station, iii) sampling frequency, iv) number of samples 
obtained per farm  and v) location of sample preparation: central laboratory and/or 
packing station.  

Acronyms are used to describe the different systems. The first part represents the 
sample material: Blood or Eggs. The second part represents the sampling location: 
Farm for egg layer farm or Packing station. The third part represents the location where 
the sample is prepared: Lab for central laboratory or Packing station. For example, the 
current surveillance system is represented by Blood/Farm/Lab meaning that blood 
samples are taken at the farm and send to a central laboratory for preparation and 
testing.  

 
 

Table 1. Overview of the evaluated Low Pathogenic Avian Influenza surveillance system 
Surveillance  Sampling  Sample preparation 

system  Material Location Frequency/year Number Location Method 

 Blood Eggs Layer Packing Indoor Outdoor Indoor Outdoor Central Packing Robot Hand 

          farm station  farms farms  farms farms  lab station       

B/F/L 
1 

X X    1 4 30 30  X X 

E/F/L 
2 

X X 1 4 35 35 X X 

E/P/L 
2 

X X 1 4 35 35 X X 

E/P/P 
2 

X X 1 4 35 35 X X 

E/P/LP 
2 

X X 1 4 35 35 X a X b X 

E/FP/LP 
2 

X X c X d 1 4 35 35 X a X b X 

BE/FP1/L 
2 

X e X f X X 1 4 30 35 X X 

BE/FP2/LP 
2 

X e X f X c X d 1 4 30 35 X a X b X 
1 Current system, implemented in practice 
2 Hypothetical alternative 
a Small packing stations send in eggs 
b Large packing station have a robot 
c Farms that deliver to small packing stations send in eggs 
d Large packing stations have a robot 
e Blood samples for conventional farms 
f  Egg samples for outdoor ranging farms 
Surveillance system acronyms: The first part is the sampled material either blood (B), eggs (E) or a 
combination of blood and eggs (BE). The second part is the sampling location either farm (F), packing 
station (P), a combination of farm and packing station (FP), blood sampled at the farm and eggs 
sampled at the packing station (FP1) or blood sampled at the farm and eggs sampled and prepared at 
the packing station (FP2). The third part is the location of sample preparation either laboratory (L), 
packing station (P) or a combination of laboratory and packing station (LP). 
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Effectiveness of surveillance systems 

The effectiveness (sensitivity) of the surveillance (here referred to as Surveillance 
Sensitivity (SSe)) carried out in egg layer farms in the Netherlands using blood samples 
or egg samples was estimated by using a scenario tree model [30]. First, the flock 
sensitivity was estimated (Fse  = probability of detection at the farm level) using the 
sample sizes mentioned in Table S1, the sensitivity of the ELISA test using blood or 
egg samples and a design prevalence of 10%. The design prevalence represents a 
hypothetical minimum prevalence expected, should a LPAI infection be present in the 
flock. Using this Fse the SSe was estimated, which consisted of two components: 1) 
surveillance in indoor layer farms and 2) surveillance in outdoor layer farms. The design 
prevalence used to estimate the SSe was 0.05% [19]. The estimated SSe is equal for all 
evaluated surveillance systems, because all systems sample the same number of 
farms with the same frequency. Note that for this evaluation, a perfect specificity of the 
surveillance systems is assumed. This is due to the fact that any seropositive detection 
has to be followed up until false positive results are excluded [16]. A detailed 
description of the scenario tree model is provided as appendix S1. 

Sampling  

Figure 1 shows a flow chart with the different processes of sampling for the current 
system using blood samples and hypothetical alternatives using egg samples. Blood 
samples for AI surveillance are taken by a licenced veterinarian (as required by the 
Dutch authorities) at the egg layer farms. This sampling is mostly done in combination 
with the compulsory sampling for Newcastle Disease (ND) and Mycoplasma 
gallisepticum (MG) surveillance, that requires farms to sample at the latest nine weeks 
before the slaughter date [31]. Eggs can be collected at either egg layer farms and/or 
packing stations depending on the surveillance system. At the farm, every day each 
hen produces one egg [32]. The eggs of all chickens will automatically be removed 
from laying nests and collected in trays containing thirty eggs each day. A tray of eggs 
can be considered a random sample as eggs of various laying nests are mixed in this 
process.  It is assumed that the egg collection can be performed by the farmer and/or a 
worker of the packing station as eggs are easy to collect (by randomly taking one tray 
and five eggs from another tray)  and to trace by the official printed date and unique 
farm code on the egg. The number of egg samples is higher than the number of blood 
samples to correct for the lower egg production due to a possible LPAI infection [33]. 
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Figure 1: Flow chart of the process of sampling for blood and eggs in the various surveillance systems. 

Sample preparation  

Blood samples are centrifuged at a central laboratory just after arrival to separate 
serum from other blood components. Next, a sample of the serum is taken by a robot 
from the vial. This sample is transferred to an ELISA-plate and diluted to a 
concentration appropriate for testing.  

The sample preparation of eggs would be different from that of blood. Trays of eggs 
can be handled by a specialised robot: a needle guided by a robot penetrates the egg-
shell, the egg white and finally the egg-yolk. Then a yolk sample is taken and 
transferred to an ELISA-plate and diluted to a concentration appropriate for testing [34]. 
A sample preparation robot is considered in this study because sampling egg-yolk by 
hand is very labour intensive and labour costs are high in the Netherlands [34].  

Testing 

Next, the sample is tested using an automated ELISA procedure. Samples are 
tested for the presence of antibodies against AI viruses using a commercial ELISA test 
kit which classifies samples as positive or negative. Studies evaluating the performance 
of the ELISA test using egg-yolk and blood samples showed that (once infected 
animals seroconvert) the sensitivity and specificity for both blood and egg yolk samples 
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are very similar [21,22,35]. Jeong et al. [22] estimated sensitivities of 100% and 
specificities 91.8% and 90.9% for blood and yolk samples respectively. 

Cost calculations 

The total costs of surveillance system 	 	 include costs related to the following 
activities: sampling (i.e.   for blood and  for eggs), sample preparation (  for 
blood and  for eggs), testing ( ), waste processing ( ), transport to the 
central laboratory ( ), communication to the farmer  and confirmation 
testing for positive results : 

 

iiiiiiiii CTComTransWPTestSPBSESBTC   (1) 

 
The cost calculations of each activity will be explained in detail in the following 

paragraphs and the inputs in Table S1. 
The costs related to blood sampling  includes the call out charge of the 

veterinarian , labour cost for preparation and sampling (i.e. the amount of hours 
multiplied with the veterinary tariff : ∗ , the cost of used materials  
and the cost of packing material on the farm : 

 

jifsvetbs
i
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Here   is the share of the cost for AI surveillance. In addition,  is the 

number of farms that is sampled by blood sampling which depends on the surveillance 
program. And   is the number of samplings per year which depends on the type of 

farm , i.e. indoor farms or outdoor farms.  
The cost related to egg sampling   includes the labour cost for sampling eggs 

from individual farms and the cost of packaging on the sampling location   in 
which  is either packing station or farm: 

 

 
i
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Here   is the time needed per sampling,  the labour cost of a worker at 

the packing station or at the farm and   is the number of samplings per year per 

farm.  
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The cost relating to sample preparation for blood   includes cost for spinning 
down sampled blood, cost for used materials  and cost for the sample 
preparation robot ) . 

 
i

bloodjiiblood CSPRNSYNSFNFBMTCSSSPB ***)(  (4) 

 
Here   is the cost per sample for spinning down the blood and booking in the 

samples when arrived at the laboratory,   is the number of samples per flock. 
The cost for the sample preparation robot  was calculated using the 

following equation:
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(5) 

 
Here,  is the labour cost per year of analysts who operate the robot and 

 the maintenance cost per year. The number of robots needed per year is 
calculated by dividing the number of samples prepared per year ∗ ∗  

by the robot capacity. Here   is the number of samples per hour,  the number of 
working hours per day and  the number of working days per year. Then, the yearly 
cost of the investment of one robot is calculated by dividing the difference between the 
purchase price  and the end value of the robot  by the technical life time 

. For multiple robots the investment costs should be multiplied by the number of 
whole robots needed to prepare all samples. 

The cost related to sample preparation of eggs  includes cost for the sample 
preparation robot , booking the samples when arrived at the laboratory  

and cost for used materials . 
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The cost for the sample preparation robot  was calculated using a similar 

equation as for blood: 
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(7) 

 
Here  represents the number of robots for egg samples as some surveillance 

systems contain a fixed number of robots (namely on all or some packing stations) 
instead of the number of robots required for the number of samples to be processed.  

The cost related to the transport of sampled material and/or prepared samples to 
the central laboratory   either cost for sending the material with the postal 
service or transport by a courier: 
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Here  represents the price of sending a package with the postal service. From 

the number of samplings per year  and the number of sampling batches per 
package  the number of packages per year is calculated. And  is the 
distance in kilometres between packing station and central laboratory is multiplied by 

 the cost of transport per kilometre. 
The cost related to the ELISA test  includes the price of one test  and the 

number of tests performed per year. 
 

 
i
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The cost related to waste processing  includes the difference in the amount of 

waste produced when samples are prepared from one egg  and the amount of 
waste produced when samples are prepared from one blood sample  multiplied 
by the number of egg samples and the price for  incinerating the waste .  

 

 
i
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For blood samples, the cost for waste processing are included in the test price as 
this is a commercial price that includes all laboratory costs. The use of eggs for sample 
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preparation is known to give more waste material than the use of blood samples. 
Therefore, the extra waste processing costs are calculated. 

The cost made to communicate the test results to the farmers  includes the 
price of sending a notification  and the number of samplings per year :  

 

 
i
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The cost of the confirmation tests performed due to positive results  is  

the number of tests per year ∗ ∗ ∗ ∗  multiplied by the 

expected percentage of positive results  and the price of the confirmation test 
 summarized with the cost of transporting samples to the Dutch national 

reference laboratory . 
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i

ii TPSPCTPFPNTCTest   (12) 

 
For the confirmation test, the originally tested samples are send to the Dutch 

national reference laboratory and retested in a confirmation test.  consist of the 
transport distance for a central lab to the Dutch national reference laboratory times the 
transport cost per kilometre. The cost of additional tests and measures after a true 
positive result is obtained by the surveillance system are considered to be cost of an AI 
outbreak or epidemic and are therefore not included. 

Inputs 

The inputs summarized in Table S1, were used for the calculation of cost of the 
various surveillance systems. These inputs were obtained from official reports, scientific 
literature and experts. One expert was a professional poultry veterinarian, the second 
one was a sector specialist of the product board for poultry, meat and eggs and the last 
one was a veterinarian working in the central laboratory who has developed the sample 
preparation robot for eggs.  

Sensitivity analysis 

A sensitivity analysis was performed to assess and identify the inputs that  influence 
the total costs the most. Each individual input was changed with +10% and -10% and 
the total costs were calculated. This analysis was carried out using the add-in software 
TopRank 5.5 for Excel of Palisade Decision Tools [36]. 
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Results 

Effectiveness of surveillance 

The Flock sensitivity (Fse) sampling 30 blood or 35 egg samples was estimated to be 
95.5% (95% Confidence Intervals (CI): 95.2 – 96.0) and 94.2% (95% CI: 93.0 – 95.0) 
respectively. The sensitivity of surveillance (SSe) was estimated to be 96.5% (95%CI:  
96.4 – 96.6) using blood samples and 96.4% (95%CI: 96.3 – 96.5) using egg samples. 
Thus, it was concluded that the effectiveness of surveillance is the same regardless of 
the type of sample used. 

Total costs of the surveillance systems 

Figure 2 and Table 2 show that the Eggs/Packing station/Packing station system 
had total costs of €  2,354,734 and was thereby the most expensive.  

 

 
Figure 2: Total net costs of various surveillance systems and differentiation to various activities. 
Surveillance system acronyms: The first part is the sampled material either blood (B), eggs (E) or a 
combination of blood and eggs (BE). The second part is the sampling location either farm (F), packing 
station (P), a combination of farm and packing station (FP), blood sampled at the farm and eggs 
sampled at the packing station (FP1) or blood sampled at the farm and eggs sampled and prepared at 
the packing station (FP2). The third part is the location of sample preparation either laboratory (L), 
packing station (P) or a combination of laboratory and packing station (LP). 

 



Cost of avian influenza surveillance 

55 

The lowest costs  € 273,494 were estimated for the Eggs/Packing station/Lab 
system (Table 2). This was a result of the lower costs for sampling which was partially 
offset by higher costs of sample preparation. Compared to the Eggs/Packing 
station/Lab system the other systems were more costly: plus 39% for Blood/Farm/Lab, 
plus 6% for Eggs/Farm/Lab, plus 761% for Eggs/Packing station/Packing station, plus 
36% for Eggs/Packing station/Lab+Packing station, plus 38% for Eggs/Farm+Packing 
station/Lab+Packing station, plus 24% for Blood+Eggs/Farm+Packing station(1)/Lab 
and plus 60% for Blood+Eggs/Farm+Packing station(2)/Lab.  

Costs of different activities 

Table 2 shows that sampling costs of system Blood/Farm/Lab was 11 - 20 times 
higher than the costs of systems Eggs/Farm/Lab and Eggs/Packing station/Lab. By 
contrast, the costs for sample preparation of systems Eggs/Farm/Lab and 
Eggs/Packing station/Lab were about twice the sampling costs of Blood/Farm/Lab. The 
rates charged by the veterinarian for blood sampling caused the high costs for sampling 
in the Blood/Farm/Lab system. The higher purchase price and lower capacity of a robot 
for egg-preparation caused the high costs for sample preparation in the Eggs/Farm/Lab 
and Egg/Packing station/Lab systems. For Blood/Farm/Lab, testing costs were lower 
than in the other systems, which was caused by the lower sample sizes needed in the 
Blood/Farm/Lab system (30 blood samples per farm per sampling) compared to the 
other systems (35 egg samples per farm per sampling). The costs for transport, waste 
processing, communication, transport of positive results and the confirmation test were 
of minor importance as they are only 5% of the total costs of a surveillance system. 

Table 3 shows that in each surveillance system the costs for surveillance per 
outdoor farm were higher than for surveillance per indoor farm. This difference was 
caused by the higher sampling frequency required for outdoor farms. Costs for 
sampling eggs at farm level were much lower than blood sampling. The costs on a 
packing station was higher than other systems when preparation is located on packing 
stations. Costs per packing station were € 2,237 higher when only large packing station 
are preparing samples (Table 3). Preparing blood samples at the central laboratory 
resulted in much lower costs € 22,524 than preparing egg samples € 40,358. The costs 
were the highest  € 49,766 when both blood and egg samples were prepared in a 
central laboratory (Table 3).  
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Table 2. Total costs of LPAI surveillance systems 

 Costs for each activity and total costs of various surveillance systems 

Activity within 
surveillance 
system 

B/F/L E/F/L E/P/L E/P/P E/P/LP E/FP/ 
LP 

BE/FP1
/L 

BE/FP2
/L 

 
Sampling 

  
157,609 

  
13,628 

  
8,116 

  
8,116 

  
8,116 

  
10,286 

   
61,118  

   
61,118  

 
Sample 
preparation 

  
22,524 

  
40,358 

  
40,358 

  
2,111,808 

  
137,838 

  
137,838 

   
49,766  

   
147,246  

 
Transport to 
central lab 

  
13,053 

  
13,053 

  
3,263 

  
13,053 

  
2,945 

  
6,800 

   
7,506  

   
8,467  

 
ELISA test 

  
172,398 

  
201,131 

  
201,131 

  
201,131 

  
201,131 

  
201,131 

   
188,679  

   
188,679  

 
Waste 
processing 

  
-   

  
5,415 

  
5,415 

  
5,415 

  
5,415 

  
5,415 

   
3,068  

   
3,068  

 
Communicating 
test results 

  
967 

  
967 

  
967 

  
967 

  
967 

  
967 

   
967  

   
967  

 
Confirmation 
false positive 
results 

  
12,124 

  
14,144 

  
14,144 

  
14,144 

  
14,144 

  
14,144 

   
13,269  

   
13,269  

 
Total Costs 

  
378,674 

  
288,695 

  
273,393 

  
2,354,632 

  
370,554 

  
376,580 

   
324,372  

   
422,813  

The total costs are the sum of the costs for surveillance on indoor and outdoor farms. Surveillance 
system acronyms: The first part is the sampled material either blood (B), eggs (E) or a combination of 
blood and eggs (BE). The second part is the sampling location either farm (F), packing station (P), a 
combination of farm and packing station (FP), blood sampled at the farm and eggs sampled at the 
packing station (FP1) or blood sampled at the farm and eggs sampled and prepared at the packing 
station (FP2). The third part is the location of sample preparation either laboratory (L), packing station 
(P) or a combination of laboratory and packing station (LP). 

 
 
 

Table 3. Cost per firm (i.e. farm, packing station or laboratory) per year 

 Sampling  Sampling preparation   

 
Blood Egg 

 
Blood Egg 

 Blood 
+Eggs 

Farm (€/farm/year)        

Indoor 67.45 7.05  nr nr  nr 

Outdoor 374.41 28.60  nr nr  nr 

Packing station (€/packing station/year)        

Sampling nr 94.37  nr nr  nr 

Sampling+sample preparation nr 94.37  nr 24,556  nr 

Small nr 38.97  nr nr  nr 

Large nr 1,230  nr 26,793  nr 

Laboratory (€/laboratory/year)        

Laboratory nr nr  22,524 40,358  49,766 
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Sensitivity analysis 

Figure 3 shows the results for the sensitivity analysis, the effect on total costs are 
shown for individual inputs that change the total costs by more than 5%. Some 
individual inputs in the model had a substantial influence on the total costs of the 
Blood/Farm/Lab system: A 10% increase in the following inputs resulted in an increase 
in total costs of: 6.6% for sampling frequency for outdoor farms, 6.0% for number of 
outdoor farms, 5.6% for samples per flock for outdoor farms and 5.2% for price per test.  
 

 
Figure 3: Sensitivity analysis for the most influential inputs (below the bars). For each surveillance 
system only inputs are shown that cause at least a 5% increase and decrease of total costs. 
Surveillance system acronyms: The first part is the sampled material either blood (B), eggs (E) or a 
combination of blood and eggs (BE). The second part is the sampling location either farm (F), packing 
station (P), a combination of farm and packing station (FP), blood sampled at the farm and eggs 
sampled at the packing station (FP1) or blood sampled at the farm and eggs sampled and prepared at 
the packing station (FP2). The third part is the location of sample preparation either laboratory (L), 
packing station (P) or a combination of laboratory and packing station (LP).Other abbreviations: SF out: 
Sampling Frequency outdoor farms, NF out: Number of outdoor farms, NSF: Number of Samples per 
Farm, PT: Price of one Test, NRE: Number of Robot for Eggs, TLT: Technical lifetime of a robot and 
PPR eggs: Purchase Price Robot for eggs. 

 
 

For example when the number of outdoor farms was increased by 10 % (i.e. 270 +27) 
the output (total costs) increased by 6.0%. Inputs associated with the robot were the 
most influential inputs in the Eggs/Packing station/Packing station system. A 10% 
increase in the following inputs resulted in an increase in total costs of: 8.9% for 
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number of robots, 8.5% for technical lifetime and 7.7% for robot price. Test price and 
number of outdoor farms were the most influential inputs for systems Eggs/Farm/Lab 
(7.9% and 5.6%) and Eggs/Packing station/Lab (8.3% and 5.4%) The test price, was 
the most influential input in the other systems. Here the change in total costs ranged 
from 5.2% to 6.7%. 
 

Discussion 

The objective of this study was to perform a cost analysis of various LPAI 
surveillance systems for Dutch egg layer farms based either on blood or egg sampling. 
System Eggs/Packing station/Packing station was expected to have the highest total 
costs as it was designed with a sample preparation robot for eggs on each single 
packing stations. It can be concluded that the systems Eggs/Farm/Lab, Eggs/Packing 
station/Lab, Eggs/Packing station/Lab+Packing station, Eggs/Farm+Packing 
station/Lab+Packing station and Blood+Eggs/Farm+Packing station(1)/Lab had lower 
total costs than the current Blood/Farm/Lab system. The difference in total costs 
between the Blood/Farm/Lab system and the Eggs/Farm/Lab and Eggs/Packing 
station/Lab systems were -€ 89,965 and -€ 105,267 respectively. For policy makers, 
matters of animal welfare and vulnerability to fraud will also be an issue. The 
Eggs/Packing station/Lab system seems interesting in this perspective because 
packing stations are independent of farmers and all eggs are printed with a unique 
identification number when they arrive at a packing station. The sampling frequency 
and the sample size were the most influential inputs of the economic model. The 
reason for their importance was that these inputs determine the amount of work in 
every activity of a surveillance system. It was expected that the egg surveillance 
systems would be cheaper than the Blood/Farm/Lab system. The main reason was that 
sampling costs for eggs are lower. This is explained by the difference in labour costs: a 
veterinarian is more expensive than a farmer. Although the costs related to the sample 
preparation robot were relatively high, they did not exceed the savings in the sampling 
activities. Sampling eggs at a packing station seemed more efficient and therefore total 
cost for Eggs/Packing station/Lab were lower than other systems based on egg 
samples. 

In this study a cost analysis was used to compare systems with equal 
epidemiological effectiveness. The study was limited as it did not show the relation 
between cost and effectiveness. So cost and benefits of the actual detection of a LPAI 
virus remain unknown although this could be relevant information.  

If the hypothetical systems would be implemented in practice, the implementation 
and start-up would result in additional cost. In this study calculations of costs were done 
for the hypothetical situation in which all systems would be implemented and working. 
The implementation and start-up costs are however incidental, and therefore beyond 
the scope of the current research. For all egg layer farms it was assumed that they 
supply eggs to a packing station. However, it is known that some farms sell unsorted 
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eggs directly to the end users. When the packing station is the sampling location, this 
type of farms should be sampled separately. As the number of those farms is small, 
only a limited increase of total costs can be expected. For the testing, it was assumed 
that the confirmation test has no false negative results. Only after a virus is isolated on 
a farm, measures will be taken. So considering the small amount of false negative 
results and the knowledge that no measures are taken when no virus is isolated, this 
assumption could, in the perspective of total costs of surveillance, result in a small 
underestimation of total costs. 

In western countries, labour costs are generally high and therefore the use of robots 
in a laboratory would result in lower costs. In countries with lower labour costs, 
conventional sample preparation could be the cheapest and most simple solution. 
Lower labour costs will probably decrease the total costs of a surveillance system. 
Apart from costs, reliability should be also considered. A robot is expected to be more 
consistent than manual sample preparation because it will prepare samples for testing 
at a constant quality and can be controlled better, which may increase the reliability of 
the tests performed in a laboratory. 

The preparation of samples on a packing station resulted in inefficient use of the 
robot and therefore to high total costs. An egg-based system reduces the cost for 
sampling whereas it increased the cost for sample preparation compared to a blood-
based system. For the number of samples that are taken in one year, 3 robots would 
have sufficient capacity. The Eggs/Packing station/Packing station system was highly 
inefficient because it used 29 times the minimal number of robots. For instance a 
packing station that only processes the eggs of one indoor farm will use the robot for 
sample preparation ¼ of a day a year. 

The most influential inputs were of a chosen value based on the epidemiological 
effectiveness of the surveillance systems or the current situation. Therefore, the values 
are given based on epidemiological data (e.g. sampling frequency for indoor farms) or 
facts (e.g. the number of indoor farms). For decision makers it is however important to 
know that the test price was an important factor in the total costs of a surveillance 
system. In recent years, the number of outdoor farms increased in the Dutch egg layer 
sector [37]. It seems reasonable to assume that this trend will continue in the coming 
years [37] and thus increase total costs of any AI surveillance system.  

The rate veterinarians charge for sampling blood was an important factor in the 
costs of the blood surveillance system. The costs were only attributed for one third to 
LPAI surveillance and two third to the ND and Mg surveillance, as blood samples are 
taken for three surveillance systems. Therefore, the costs for the veterinarian should be 
considered as sunk costs (i.e. costs that are incurred and cannot be recovered) in case 
of a combined surveillance. Meaning that the surveillance costs for ND and Mg will 
increase because the same veterinary costs are attributed to two diseases (only to ND 
and Mg) instead of three (not to LPAI anymore).  

In practice, farmers usually combine the blood sampling for AI with the pre-slaughter 
test for ND and MG. In the calculations it was assumed that this combined test occurs 
every year. In practice however, it occurs that conventional egg laying farmers start-up 
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a new flock during year 1 and slaughter them in year 3 so no sampling is done in year 2 
for ND and MG, some farmers might also skip the sampling for AI [31]. Furthermore, 
total costs for surveillance may be underestimated because non-combined samplings 
can occur in practice. 

When blood is sampled from laying hens, the catching and handling of the birds will 
cause stress in the flock. Therefore, a drop in egg-production could be expected and 
subsequently additional indirect costs to the surveillance system. Quantification of this 
drop in production has not been shown in literature. In practise this effect seems to be 
limited [38]. The costs caused by a loss of production are neglected in our calculations. 
A reduction of stress for the birds or less indirect costs for farmers might be arguments 
in favour of using egg sampling for surveillance. 

A study similar to the study in this paper has been done on the costs of surveillance 
for bovine tuberculosis. In that study, it was concluded that sampling bulk-tank milk for 
surveillance will require a higher sampling frequency to have the same effectiveness as 
other testing methods [39]. However, using bulk-milk samples results in lower costs 
than other sampling methods, including blood testing [26]. For the egg layer sector a 
surveillance system based on egg-sampling has been suggested for Salmonella 
enterica [40]. However, Thomas et al. [40] did not provide any comparison to other 
testing methods nor is there an economic analysis of such a system available. These 
previous findings indicate that the use of egg yolk samples can be interesting for 
surveillance on other diseases in poultry and for more intensive surveillance.  

Combining the surveillance on LPAI described in this paper with surveillance 
programs based on egg samples for other diseases (e.g. the salmonella surveillance) 
would most probably reduce the combined costs for these surveillance systems.  

In this paper economies of scale and inflation or discounting have not been 
considered. Hypothetical alternative systems would have more or less the same scale 
so the effect of economies of scale is less relevant. As most costs are incurred in the 
same year inflation or discounting were less relevant. Results will be the same as all 
systems use similar numbers of consumables in the same time periods. 

 
Future research 

Surveillance for other diseases could possibly be done on samples of eggs. Current 
systems in the Dutch egg layer sector use blood (MG and ND), manure or 
environmental (Salmonella) samples. At present no epidemiological studies are 
available that compare the effectiveness of the current programs with programs based 
on egg samples. Improvements in animal welfare, higher surveillance effectiveness and 
lower surveillance costs seem to be possible, if more surveillance would be done on 
egg samples. 

The current economic model can be used to calculate the costs of surveillance 
programmes with a different aim from the programme here studied. For example a 
similar study could be done on the costs of surveillance for salmonella, ND and Mg 
based on egg yolk samples. This economic model could also be of interest for an early 
warning programme that allows rapid detection of LPAI virus introduction in laying 
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hens, and therefore reduces the probability of both spread of the LPAI viruses to other 
farms and mutation of the LPAI viruses to HPAI viruses. Such surveillance programme 
would require higher sampling frequency and sampling size than the programme 
studied here and this model can be used to evaluate the economic impact of increased 
sampling either of blood or egg samples.   
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Appendix S1. Evaluation of the effectiveness of the surveillance systems. 

The effectiveness of a surveillance system was evaluated by quantifying its 
sensitivity. The sensitivity of a surveillance system (here referred to as Surveillance 
Sensitivity (SSe)) carried out in egg layer farms in the Netherlands using blood or egg 
samples was estimated using a scenario tree model [1].  

The effectiveness to test an individual infected farm positive for LPAI is estimated 
(here referred to as Flock Sensitivity  ) by:   

 

 
m

se efF )1(1 *   (1) 

 
where ∗ is the design prevalence [1],  is the expected egg production of infected 
chickens (only applies when eggs are used as samples),  is the sensitivity of the 
commercial ELISA test used to test blood or egg samples, and  is the number of 
blood (30) or egg (35) samples taken from each farm. Table S1 describes the values 
and distributions given to these parameters. Note that for this evaluation ∗= 10% is 
used which is lower (more sensitive) than the design prevalence of 30% recommended 
by the European Union [2].    

To estimate the  two components were considered: 1) component , which 
represents the surveillance carried out in indoor layer farms and 2) component , which 
represents the surveillance carried out in outdoor layer farms. First the sensitivity of 
surveillance was estimated in each of these components, which is called Component 
Sensitivity  and is given by 1 1 . Where  is the probability that 
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an indoor  or outdoor  farm is infected, and  is the number of farms (indoor or 

outdoor) sampled. For indoor farms which are sampled once a year,  is given by: 

 ∗ ∗ ∗  (2) 

 
where  is the proportion of indoor farms in the Netherlands, ∗ the farm level design 
prevalence and  the flock sensitivity. For outdoor farms, which are sampled four 
times per year,  is given by the sum of the probabilities of a farm being infected and 

detected in the first sampling or in the second, third or fourth sampling conditional on 
escaping detection (classified as negative) in the previous samplings:  
 

 ∗ ∗ ∑ 1  (3) 

 
In equation (3),  is the proportion of outdoor farms in the Netherlands. Note that for 

this evaluation, ∗ 0.05% was used, which is lower than the 5% recommended by the 
European Union [2,3]. 

Finally, the  was estimated, which is the complement of the probability that all 
indoor and outdoor farms are classified as non-infected. This  (of a system sampling 
blood or of a system sampling eggs) is given by:  

 
))1)(1((1 OI CSeCSeSSe   (4) 

 
Models (for systems using eggs or blood) were implemented in Excel® using the 

add-in software Poptools [4]. Stochastic simulations of 500 iterations for each model 
were performed. 
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Table S2: Values of the variables used in the Scenario Tree model to estimate the Flock and 
Component sensitivity for LPAI. Values are either a single point estimate or a distribution. 

Variable Value Description Reference 

Flock Sensitivity   
 ∗ 10 % Within flock design prevalence  

  Pert(0.72,0.79,0.83)a Probability of an infected chicken producing an 
egg 

[5] 

  Pert(0.96,0.99,1.00)a Sensitivity of the commercial ELISA test. [6,7] 

  Blood = 30; eggs = 35 Sample size  

Component  Sensitivity   
 ∗ 0.05% Farm level design prevalence [3] 

  Indoor farms = 838 Number of farms in the Netherlands. All farms 
are sampled. 

[8] 

  Outdoor farms = 270  

  0.76 Proportion of indoor layer farms in the 
Netherlands. 

 

  0.24 Proportion of outdoor layer farms in the 
Netherlands 

 

a Pert Distribution (a, b, c) where a = the minimum, b = the most likely  and c = the maximum value. 
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Table S1: Input variables of the model, including values, units and data sources. 

Variable Description Value Unit Explanation Source  

Sampling      

NFin Number of egg laying farms 
(indoor) 

838 #  [1] 

NFout Number of egg laying farms 
(outdoor) 

270 #  [1] 

 Number of egg laying farms 
delivering to large packing station 

475   [2] 

NSYin Number of samplings per year per 
farm (indoor) 

1 #/year/farm  [3] 

NSYout Number of samplings per year per 
farm (outdoor) 

4 #/year/farm  [3] 

NSFblood Number of blood samples per farm 30 #/farm/sam-
pling 

 [3] 

NSF egg Number of egg samples per farms 35 #/farm/sam-
pling 

 [4] 

EV Egg value 0.0556 €/egg Average egg price over the 
year 2005 - 2009 

[1] 

CCV Call out charge veterinarian 20.58 €/visit  [5] 

LCvet Hourly rate veterinarian 116.17 €/hour  [5] 

Hoursbs Hours for preparation and blood 
sampling 

0.667 hour  [6] 

      

SCSin Share cost attributed to AI 
surveillance (indoor farms) 

33.3 % Sampling for three diseases so 
one third for Avian influenza 

Calcu-
lation 

SCSout Share cost attributed to AI 
surveillance (outdoor farms) 

83.3 % Of four samplings one 
combined sampling of which 
one third is taken. (Note that 
only sampling is combined and 
separate tests are used.) 

Calcu-
lation 

      

hoursF Hours needed per sampling (farm) 0.333 h/sample  Best 
guess 

hoursPS Hours needed per sampling (PS) 0.167 h/sample  Best 
guess 

Lclow The labour cost of a worker 12.06 €/hr Based on €25,000 a year and 
1983.6 working hours a year 

[7] 

PMF Packing material (farm) 1 € A cardboard box with 
protective material 

Best 
guess 

PMPS Packing material (PS) 0.25 € It is estimated that 4 batches of 
eggs can be send in one 
package for the price of 
sending one package. 

Best 
guess 

Sample preparation     

SHblood Number of blood samples per hour 
prepared by a robot 

330 Sample/hour  

PPRblood Price robot blood sample 
preparation 

50000 €  [8] 
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EVRblood End value robot blood sample 
preparation 

0 €  [8] 

TLTblood Technical life time robot blood 
sample preparation 

5 years  [8] 

MYblood Maintenance costs robot blood 
sample preparation 

1604 €/year  [8] 

MTblood Material cost robot blood sample 
preparation 

0.1 €/test Assumed to be the same 
percentage (3.2%) of the 
purchase price as it is for an 
egg-robot. 

[8] 

OCblood Operating costs 0.06111 €/test  [8] 

WYD Number of working days per year 252 Days/year  Best 
guess 

HWD Number of working hours per day 8 Hours/day  Best 
guess 

SHegg Number of egg samples per hour 
prepared by a robot 

165 Samples/hour  [8] 

PPRegg Price robot egg sample preparation 105000 €  [8] 

EVRegg End value robot egg sample 
preparation 

0 €  [8] 

TLTegg Technical life time robot egg sample 
preparation 

5 years  [8] 

MYegg Maintenance robot egg sample 
preparation 

3370 €/year  [8] 

MTegg Material costs robot egg sample 
preparation 

0.1 €/test  [8] 

OCegg Operating costs 0.12221 €/test Based on the number test 
samples that can be prepared 
per day and assuming 8 
working hours (7 operating 
hours and 1 for cleaning) with 
a labour cost of € 35,000 for 
1983.6 working hours a year. 

[8] 

CSS Spinning down and booking in blood 
samples 

0.02713 €/sample Based on 2 minutes for 
booking in a batch of 30 
samples, 1.5 minutes to load 
120 samples in a centrifuge 
and 6 minutes for centrifuging 
with a labour cost of € 35,000 
for 1983.6 working hours a 
year. 

[8] 

BS Booking in egg samples 0.01400 €/sample  [8] 

NRE/P/P, Number of robot, each packing 
station a robot. 

8 #   

NRLP Number of robots on large packing 
stations 

4 # Number of large packing 
stations based on data 
provided by the product board, 
packing station with at least 75 
farms contracted. 

[2] 

Transport 

PPP Price package <10 kg (postal 
service) 

6.75 €/package  [9] 

DPL Totally travelled distance to central 
lab (25 largest packing stations) 

3952 Km Shortest route calculated using 
google maps.  Based on the 
number and type of farms the 
number of transports is 
calculated using product board 
data and the robot capacity 

 

CTK Cost of transport per km 0.49006 €/km Based on € 0.28 /km for a van 
and € 0.19 /km for a driver with 
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an average driving speed of 60 
km/h and a salary of € 25,000 
for 1983.6 working hours a 
year. 

ELISA test     

PT Price test 3.36 €/sample  The commercial price is 
decreased with the price for 
the preparation of 1 blood 
sample =  

 
| |

 

[10] 

Waste       

AWB Amount of waste from blood sample 
preparation 

0.035 kg/test  Best 
guess 

AWE Amount of waste from egg sample 
preparation 

0.075 kg/test  Best 
guess 

PDW Price of waste destruction 2 €/kg Based on € 5 per full barrel of 
waste and € 1.84 per kg of 
filling under the assumption of 
30 kg of waste per barrel. 

[8] 

Communication     

PNM Price sending message 0.5 €/farms tested € 0.44 for postal service          
+ € 0.06 for processing at lab 

Best 
guess,  

Positive results     

PFP Percentage of positive 2 %  [10] 

TPSblood Transport of blood samples for 
confirmation test 

521 €/year Using the robot capacity, the 
number of samples and the 
percentage of false positives 
the lab would have 7 samples 
a day on average. Therefore it 
is assumed that the samples 
are transported in batches of 7 

Google 
maps 

TPSegg  Transport of egg samples for 
confirmation test 

608 €/year   

PCT Price of confirmation test 10 €/sample  [10] 
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Abstract 

The transmissibility of an H7N1 Low Pathogenic Avian Influenza (LPAI) virus isolated 
from a turkey flock during the large epidemic in Italy in 1999, was experimentally 
studied in chickens. Four group transmission experiments were performed. Infection 
and transmission were monitored by means of virus isolation on swab samples and 
antibody detection in serum samples. From the results of these groups, we estimated 
the mean infectious period at 7.7 (6.7 – 8.7) days, the transmission rate parameter at 
0.49 (0.30 – 0.75) infections per infectious chicken per day and the basic reproduction 
ratio at 3.8 (1.3 – 6.3). These estimates can be used for the development of 
surveillance and control programmes of LPAI in poultry. 

 

Keywords: Avian Influenza, LPAI,  H7N1, Transmission, Transmission parameters, 
Reproduction ratio 
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Introduction 

Highly pathogenic Avian influenza (HPAI) is caused by AI viruses of H7 or H5 
subtypes, that have evolved from preceding Low Pathogenic Avian Influenza viruses 
(LPAIv) [1-4]. The H7N1 LPAI epidemic in Italy in 1999, which preceded the HPAI 
(1999 – 2000) epidemic, is one of the largest LPAI epidemics reported in a western 
country. In the absence of control measures – no compulsory regulations for control of 
LPAI outbreaks were in place – a total of 199 LPAI infected poultry farms were detected 
before the HPAI virus (HPAIv) took over [4,5]. Current knowledge does not allow to 
predict when an H5 or H7 LPAIv strain will mutate into a HPAIv strain. However, 
assuming that the molecular changes necessary for the virulence transformation occur 
at random, the probability that a LPAIv strain will mutate into a HPAIv strain will depend 
on the number of virus replicates, which in turn is associated with the number of birds 
acquiring infection. Hence, besides knowledge of the molecular biology of these 
viruses, quantitative knowledge of the transmission of LPAIv is important for the 
development of surveillance programmes that target early detection (see for example 
Graat et al., [6]), hence reducing the probability of both undesired mutations and/or 
large epidemics.  

To our knowledge, until now only one  study quantifying LPAI virus transmission 
between chickens has been published in the peer reviewed literature – a chicken-
derived H5N2 LPAI precursor virus of the 1983 HPAI epidemic in Pennsylvania (Van 
der Goot et al., 2003) – and  there is no information about the transmissibility between 
chickens  of  H7 LPAIv subtypes . The objective of this study was to characterize – by 
means of transmission experiments – the between-chicken transmission of an H7N1 
LPAIv isolated from turkey during the 1999 epidemic in Italy.  
 

Material and methods 

Virus and inoculation  

The LPAIv used for this study was the H7N1 LPAI A/turkey/Italy/1067/99 virus 
isolate. Its intravenous pathogenicity index  and  amino acid sequence of the 
hemagglutinin gene (GenBank accession number AF364134) have been published 
elsewhere [1,4]. Birds were inoculated  both intranasally and intratracheally with 0.1 
ml/route of inoculum containing 106 EID50 (50% egg infectious dose)/ml.  

Birds and experimental procedure 

A total of two transmission experiments were performed and each experiment 
consisted of two replicates (here referred to as trials). A trial comprised 10  six-week-old 
specific pathogen free (SPF) white leghorn chickens (Charles Rivers, the Netherlands). 
Five of the 10 birds were inoculated and the remaining five kept as contacts. The 
experiments were carried out in the High Containment Unit  at the Central Veterinary 
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Institute of Wageningen UR in Lelystad using biosafety level 3 procedures. Birds were 
housed in different pens  in the same experimental room. Next to each experimental 
pen, 2 pairs of birds, housed in separate smaller pens, were placed as sentinels to 
detect whether between-pen (indirect) transmission should be considered and monitor 
independence of the trials. Chickens were housed 1 week before challenge to allow 
adaptation, and during this period they were tested for presence of antibodies against 
influenza A virus using an in-house competitive NP ELISA [7] and for virus by virus 
isolation. The day of inoculation (day = 0), contacts were removed from their pen and 
placed back 24 hours later. Trachea and cloaca swabs were collected daily from   1 to 
10 days post inoculation (dpi) and then on 14, 17 and 21 dpi. Serum samples were 
taken at  7, 14 and 21 dpi. All surviving birds were euthanized at 21dpi. All experiments 
complied with the Dutch Law on Animal Experiments and were reviewed by an ethical 
committee.     

Trachea and cloaca swabs were used for virus isolation using SPF embryonated 
chicken eggs that were incubated for 9 days. Serum samples were tested for antibodies 
using the Hemagglutinin Inhibition test (HI) using  8 Hemagglutination units (HAU) of 
H7N1 as antigen. Diagnostic procedures were similar as those described by van der 
Goot et al. [8]. A bird was considered infected when it scored positive in virus isolation 
or serology. A bird was considered infectious for the time it remained positive in virus 
isolation. 

Data analysis 

The basic reproduction ratio (R0), which is defined as the average number of new 
infections caused by one infectious individual in a susceptible population, was 
estimated by the final size (FS) and the generalized linear model (GLM) methods as 
described by van der Goot et al. [8,9].  

The latent period was estimated as the time (in days) from inoculation to the first 
day the inoculated chicken was positive to virus isolation. The infectious period was 
estimated by fitting a parametric survival regression model with a Weibull distribution. In 
some cases, infected birds were detected positive by virus isolation, late, for example 
at  10 dpi and were tested again at  14 dpi when they became negative and assumed to 
have recovered (Table 1). These cases were treated as interval censoring in the 
survival analysis. Survival analysis and the GLM method were carried out with the 
statistical software R  [10]. 

 

Results 

In the first experiment, all inoculated birds in both trials became infected and 
transmitted virus to 4 and 5 contact birds in the first and second trial respectively 
(Tables 1a and 1b). In the second experiment (trials 3 and 4) all inoculated and contact 



Transmission of an H7N1 LPAIv 

75 

birds became infected (Tables 1c and 1d). No apparent clinical signs were observed in 
infected birds. The sentinels remained negative during the course of the experiment, 
which confirmed the independence of the trials. 

Table 1. Overview of the transmission process in the four group-transmission trials
(a) Trial 1 Days post – inoculation 

Serology 
 1 2 3 4 5 6 7 10 14 17 21 
Inoculated +|-a +|- +|- +|+ +|+ +|- - - nd nd nd + (7)c 

Inoculated +|- +|+ +|+ +|+ +|+ -|+ -|+ - nd nd nd + (7) 
Inoculated +|+ +|+ -|+ -|+ -|+ -|+ -|+ - nd nd nd + (6) 
Inoculated +|- +|- +|+ +|+ -|+ -|+ -|+ - nd nd nd + (7) 
Inoculated +|- +|- +|- +|- - - - - nd nd nd + (4) 
Contact ndb - +|- +|- +|+ +|+ +|+ - - - - + (7) 
Contact nd -|+ - - - +|- +|- - - - - - (2) 
Contact nd - - - - - - +|- - - - + (5) 
Contact nd - - - - - - - -|+ - - + (6) 
Contact nd - - - - - - - - - - - 

(b) Trial 2 Days post – inoculation 
Serology 

 1 2 3 4 5 6 7 10 14 17 21 
Inoculated +|- -|+ +|- +|- - - - - nd nd nd + (8) 
Inoculated +|- +|+ +|+ +|+ +|+ -|+ - - nd nd nd + (6) 
Inoculated +|- +|- +|- +|- +|- -|+ - - nd nd nd + (5) 
Inoculated +|+ +|+ +|+ +|+ +|+ -|+ -|+ - nd nd nd + (6) 
Inoculated +|- +|- +|- +|- +|+ +|+ - - nd nd nd + (6) 
Contact nd - - - - +|- +|+ - - - - - 
Contact nd - - +|- +|+ +|+ +|+ +|+ - -|+ - + (6) 
Contact nd - - - - +|- +|- +|- - - - + (5) 
Contact nd - - - - - +|+ -|+ -|+ - - + (5) 
Contact nd - - - - +|+ +|+ -|+ - - - + (6) 

(c) Trial 3 Days post – inoculation Serolo-
gy  1 2 3 4 5 6 7 8 9 10 14 17 21 

Inoculated +|- +|- +|- +|- - +|- - - - - - - - + (6) 
Inoculated +|- +|- - +|- +|- +|- - - - - - - - + (3) 
Inoculated +|- +|- +|- +|- - +|+ - - - - - - - + (5) 
Inoculated +|- +|+ +|+ +|+ -|+ -|+ -|+ -|+ - - - - - + (7) 
Inoculated +|- +|- +|- +|- +|- +|+ -|+ -|+ -|+ -|+ - - - + (5) 
Contact nd - - +|- +|- - - +|- - - - - - + (5) 
Contact nd - +|- +|- +|- +|+ -|+ - -|+ - - - - + (4) 
Contact nd - +|- +|+ -|+ -|+ +|+ -|+ -|+ -|+ - - - + (6) 
Contact nd - - +|- +|- +|- +|- +|- -|+ -|+ -|+ - - + (7) 
Contact nd - - +|- - +|- - +|- - - - - - - (2) 

(d) Trial 4 Days post – inoculation Serolo-
gy  1 2 3 4 5 6 7 8 9 10 14 17 21 

Inoculated +|- +|- +|- +|+ +|+ +|- - - - - - - - + (7) 
Inoculated +|- +|+ +|+ +|+ +|+ +|+ -|+ - - - - - - + (7) 
Inoculated +|- +|- +|- +|- +|- - - - - - - - - + (6) 
Inoculated +|- +|+ +|+ +|+ +|+ -|+ -|+ - - - - - - + (7) 
Inoculated +|- +|- +|- +|- +|- -|+ -|+ - -|+ - - - - + (6) 
Contact nd - - - -|+ +|+ +|+ -|+ -|+ -|+ -|+ -|+ - + (8) 
Contact nd - +|- +|- +|-  +|+ -|+ -|+ -|+ - -|+ - + (6) 
Contact nd - - - - -|+ -|+ -|+ +|- -|+ - - - + (6) 
Contact nd - +|- +|- - - +|- +|+ -|+ -|+ - - - + (6) 
Contact nd - - +|+ -|+ -|+ -|+ -|+ -|+ -|+ -|+ - - + (6) 
a +|+, +|-, -|+, - : virus isolation results of “trachea | cloaca” swab samples. The single “-” means that both type 
of samples were negative. 
b nd: test not done  
c HI results at day 21 post-inoculation. Number in parenthesis are log2 HI titers. Titers higher than 2 were 
considered positive. 
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Inoculated birds were positive to virus isolation at  1 dpi. The estimated mean length 
of the infectious period (IP) was 7.7 (95% Confidence Interval (CI): 6.7 – 8.7) days and 
the mean estimate of the transmission parameter  β was equal to 0.49 (95% CI: 0.30 – 
0.75) infections/day per chicken. R0 was estimated to be 3.8 (95% CI: 1.3 – 6.3) by the 
GLM method and 4.0 (95% CI: 1.7 – 11.0) by the FS method (Table 2). 

 

Table 2.  Estimates (95% confidence interval) of transmission parameters of H7N1 LPAI 

Parameter Estimates 

Number of contacts infected per trial 4, 5, 5, 5 

Latent periodb ≤1 

Mean length Infectious period 7.7 (6.7 – 8.7) 

Transmission rate β  (day-1) 0.49 (0.30 – 0.75) 

Reproduction ratio R0 (GLM)a 3.8 (1.3 – 6.3) 

Reproduction ratio R0 (FS)a 4.0 (1.7 – 11.0) 
a R0 estimates using the generalized lineal model (GLM) or the final size (FS) methods. 
b Inoculated birds were swab-sampled 24 hours post inoculation.  

 

Discussion 

Herein the transmissibility in chickens of the H7N1 LPAIv, which caused a severe 
epidemic in poultry in Italy in 1999 and later evolved into a HPAI epidemic, was 
characterized. We have, in particular, estimated  β and the IP. These parameters give 
an indication of how fast the virus would spread to another susceptible bird and how 
long an infected chicken would remain infectious. Due to, mainly, the subclinical 
presentation of LPAI infections, it is difficult to accurately follow the course of the 
infection in field conditions, and characterization of transmission in the field would be 
limited to estimates of the R0 [11].  Our experimental approach allowed us to follow the 
course of the infection under controlled conditions and have objective estimates of the 
transmission parameters.  

The mean estimates of the IP,  β and R0 in chickens for this H7N1 LPAIv  are higher 
than those observed for an H5N2 LPAIv [8]. This is remarkable because the latter strain 
was isolated from a chicken whereas our strain originated from turkey. Upon 
introduction, the virus here studied would reach its peak (highest prevalence of 
infectious animals) faster and at a higher prevalence than the H5N2 virus. Thus, it 
could be hypothesized that the infectivity of the flock would be higher, resulting in a 
higher probability of transmission (assuming similar contact rate) to other flocks. In this 
scenario, surveillance programmes would need to sample at a higher frequency if the 
objective is to detect in an early stage infection and to reduce the probability  of 
between- flock transmissions. 

Of the two methods used to estimate R0, the GLM method yielded a more precise 
estimate (Table 2). This is because the GLM method uses all the detailed (day to day) 
information about the time course of the infection chain, while the FS method uses only 
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the total number of animals that got infected throughout the experiment. We also used 
the FS method, because with that method there is no dependency on whether or not 
there is a latency period, as intrinsically assumed in the GLM  method. 

In conclusion, this study revealed valuable information on transmission parameters 
for LPAI virus in chickens. Such information can be used to improve or develop 
surveillance programmes and control measures. 
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Abstract 

Low pathogenic avian influenza virus (LPAIv) infections of H5 and H7 subtypes in 
poultry are notifiable to the OIE, hence surveillance programmes are implemented. The 
rate at which LPAIv strains spread within a flock determines the prevalence of infected 
birds and the time it takes to reach that prevalence and, consequently, optimal sample 
size and sampling frequency. The aim of this study was to investigate the transmission 
characteristics of an H7N7 and an H5N7 LPAIv in layer chickens. Two transmission 
experiments were performed, which consisted of 30 (first experiment) and 20 (second 
experiment) pairs of conventional layers respectively. At the start of the experiments, 
one chicken per pair was inoculated with LPAIv and the other chicken was contact-
exposed. Occurrence of infection was monitored by regularly collecting tracheal and 
cloacal swab samples, which were examined for the presence of virus RNA by RT-
PCR. The results of the test were used to estimate the transmission parameter (β), the 
infectious period (T) and the basic reproduction ratio (R0). In addition, egg production 
and virus shedding patterns were quantified. For the H7N7 virus, the β,	 T and R0 
estimates were 0.10 (95% confidence interval (CI): 0.04 – 0.18) day-1, 7.1 (95% CI: 6.5 
– 7.8) days and 0.7 (95% CI: 0.0 – 1.7) respectively. With the H5N7 virus, only a few 
inoculated chickens (5 out of 20) became infected and no transmission was observed.  
This study shows that transmission characteristics of LPAIv strains may vary 
considerably, which has to be taken into account when designing surveillance 
programmes. 

 

Keywords: Avian influenza, LPAI, transmission, reproduction ratio, transmission 
parameters, Infectious period.  
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Introduction 

Avian influenza (AI) is a mild to severe disease of poultry, caused by Influenza A 
virus strains (AIv). AIv strains are classified into different subtypes according to their 
haemagglutinin (H1 – H16) and their neuraminidase (N1 – N9) surface proteins [1] and 
into highly pathogenic and low pathogenic strains [2]. All H and N subtypes can be 
found as low pathogenic avian influenza virus (LPAIv) strains in aquatic wild birds, 
which are assumed to be the main reservoir [3,4]. LPAIv of the H7 and H5 subtypes are 
of major importance, since once introduced into poultry flocks, they may mutate into a 
highly pathogenic (HPAI) variant causing severe clinical disease with high economic 
consequences for the poultry industry [1,5].  

Because of the risk of mutation from low to highly pathogenic AI and its 
consequences for the poultry industry, many countries have implemented surveillance 
programmes for LPAI. In these programmes usually a design prevalence – a   
conservative estimate of the prevalence in case infection had been present – is 
defined, which is used to determine the number of samples to be collected. However, to 
detect a new virus introduction timely, the frequency of sample collection is even more 
important [6], and to determine the optimal frequency, it is vital to know how much time 
it will take after introduction of the virus before the design prevalence is reached. 
Current surveillance programmes for AIv do not take this into account [7].  

Often used parameters to quantify transmission are the transmission rate β and the 
basic reproduction ratio R0.		β is defined as the number of secondary  infections caused 
by one infectious individual per unit of time and R0 as the average number of secondary 
infections caused by one infectious individual, throughout its infectious period, in an 
entirely susceptible population [8]. Currently, there is scant information about the 
transmission characteristics of LPAIv in chickens. To our knowledge, only two studies 
quantified – experimentally – transmission of an H5N2 and an H7N1 LPAIv [9,10]. A 
comparison of the results of these studies suggests a considerable variation in the 
transmission dynamics of LPAIv between chickens. This variation appears to be 
dependent on the virus subtype and/or strain (within the same subtype). Hence, 
studying transmission of other – H5 and H7 – LPAIv strains would improve our 
knowledge about the transmission dynamics of these viruses.  

Although clinical signs of a LPAIv infection are usually mild, passive surveillance 
can aid the rapid detection of infections because field observations reported drops in 
egg production [11-13]. As production drops can be easily noticed by farmers, it would 
be relevant to evaluate the effect of LPAI infections on egg production at different 
stages of the infection process.  

The objective of this study was to experimentally investigate the transmission 
dynamics of an H7N7 and an H5N7 LPAIv in layer chickens and obtain quantitative 
estimates of the transmission parameters. We chose these LPAIv strains because they 
circulated recently (in poultry) in Europe.  Additionally, we also evaluated the 
association between infections with LPAIv and drop in egg production at different 
stages in the infection process.  
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Material and Methods 

Viruses and inoculation 

The LPAIv strains used for this study were A/Chicken/Netherlands/2006 H7N7 and 
A/Turkey/Italy/2369/2009/H5N7. The H7N7 virus was isolated from a chicken breeder 
farm in 2007 [14]. The H5N7 virus was isolated from a turkey farm in 2009 [15]. Both 
viruses were characterized as LP strains based on their intravenous pathogenicity 
index (IVPI: 0.19 and 0.0 for the H7N7  virus and the H5N7 virus (Terregino, personal 
communication) respectively) and the  amino acid sequence of the genome segment 
which encoded for the cleavage side of the precursor of the haemagglutinin molecule 
[16,17]. Birds were inoculated both by the intranasal and intratracheal route with 0.1 ml 
(per route) of inoculum containing 5x106 EID50 (50% egg infectious dose)/ml 
(inoculation dose = 106 EID50 /bird).  

Birds and experimental design 

Conventional layers (32 – 35 weeks old) in peak of egg production were used. Two 
experiments were performed sequentially using the H7N7 virus in experiment-1 and the 
H5N7 virus in experiment-2. Experiment-1 consisted of a set of 30 pairs of layer 
chickens divided in two groups of 15 pairs in one room. Experiment-2 consisted of 20 
pairs divided in two groups of 10 pairs in one room.  Individually housed sentinels were 
placed with each group (experiment-1: 5 sentinels per group; experiment-2: 2 sentinels 
per group). In one group, Lohmann Brown (LB, producing brown eggs) layers were 
inoculated with virus and 24 h later Lohmann White (LSL, producing white eggs) layers 
were placed as contacts. In the other group, LSL layers were inoculated and LB layers 
were placed as contacts. We paired these two breeds because the differently coloured 
eggs could be linked to the two individual birds within the cage [18]. These eggs were 
used to monitor egg-production and to study antibody response to LPAIv in egg yolk as 
part of another study (In preparation).  

Cloacal and tracheal swabs and serum samples were taken on arrival of the birds, 
and subsequently tested for the presence of AIv RNA or antibodies (see section 2.4). 
Birds were given three weeks of adaptation period and were tested again for AIv 
antibodies one week before inoculation (inoculation day = 0). All birds were PCR and 
serology negative. Egg production was recorded at the end of the adaptation period. 
After inoculation (day > 0), layers were monitored for clinical signs and egg production. 
Tracheal and cloacal swabs were taken daily during 11 days post-inoculation (p.i.). 
Blood samples were taken every other day from day 5  to 14 p.i., and then on days 18 
and 21 p.i. Eggs were collected daily from day 5  until the end of the experiments (day 
21 p.i.). The association between egg production and infection status was compared 
using the chi-square test correcting for within-group correlation [19].  
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Housing 

The animal experiments were performed in a high containment unit under biosafety 
level 3 conditions at the Central Veterinary Institute (CVI), Lelystad, the Netherlands. 
The experiments complied with the Dutch Law on Animal Experiments. The 
experimental setup consisted of pairs of layers (one LSL + one LB chicken) housed in 
cages with an approximate surface of 2200 cm2, which is comparable to the stocking 
density of a commercial barn (litter) production system. Cages, for each experimental 
group, were placed in line with a cage-to-cage distance between 15 – 20 cm and 
isolated (between cages) with wood boards in order to reduce the chance of spreading 
of manure, and dust between cages.  The floor of the cage was covered with bedding 
material. To monitor the independence of the pairs (trials) and possible between-cage 
virus transmission, sentinel birds were housed individually every three cages.  Food 
and water were provided at libitum. The light scheme was 16 h light per day.  

Diagnostic tests 

Quantitative RT – PCR 
Swab samples were put in 2 ml of 2.95% tryptose phosphate buffer with 5 X 103 IU 

penicillin – sodium and 5 mg streptomycin per ml. Swabs were stored at -70 °C until 
tested. RNA isolation was done using a commercial extraction kit (QIAamp® Virus 
BoRobot® MDx Kit, QIAGEN). Quantitative PCR targeting the matrix gene of the virus 
was performed as described by van der Goot et al. [20], using a MX3005P 
thermocycler (Agilent Technologies).  Samples with log10 viral RNA copies (equivalent 
(EID50) PCR titer) ≥ 1.0 (approximate cycle threshold ≤ 38) were classified as test-
positive and assumed to be infectious. This assumption was based on an internal 
evaluation performed in our laboratory, which showed that samples (from chickens) 
with this PCR titer have a probability of positive virus isolation around 90% 
(unpublished data). To quantify virus shedding, 10-fold dilutions of each virus stock 
were prepared as standard curves for estimation of equivalent (EID50) PCR titers.  

ELISA  
Blood samples were left overnight and serum was collected the next day and stored 

at -20°C until tested. Serum samples were tested using a commercial ELISA kit (IDEXX 
AI MultiSpecies Screen Ab Test), following the provider instructions. 

Data analysis 

Virus shedding  
To characterize virus shedding patterns, log10 PCR equivalent (EID50) titers were 

estimated from cloacal and tracheal samples. These data were used to calculate: (i) the 
area under the curve (AUC) (shedding against time) and (ii) the peak of virus shedding 
(highest equivalent titer estimated at any given day in the infection period). Median and 
range (lowest value – highest value) of the AUCs and peak of virus shedding were 
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calculated for inoculated LB (iLB) and inoculated LSL (iLSL) layers per experiment. 
These variables were compared (iLB vs iLSL) using generalized linear models using 
the statistical software R [21].  The mean length of the infectious period T 	 (mean 
number of days chickens shed virus) and corresponding 95% confidence interval (CI) 
(for iLB and iLSL layers) were estimated by parametric survival analysis using a Weibull 
distribution (distribution that best fitted the data) and compared using the Logrank test. 
The library ‘survival’ for the statistical software ‘R’ [21]. was used for the survival 
analysis. Comparisons were performed in order to evaluate a possible difference in the 
infectiousness between layer breeds and the relationship between virus shedding and 
transmission (an inoculated layer infected its contact or not).  

Transmission characteristics  
By treating each pair of chickens as an independent trial [22], the following 

transmission parameters were estimated: the transmission rate parameter (β), the 
infectious period (T) and the basic reproduction ratio (R0).  β  was estimated by using a 
generalized linear model (GLM) as described elsewhere [9,23]. The mean length of T 
was estimated by a parametric survival analysis using a Weibull distribution. Inoculated 
and contact infected chickens were used in this estimation, and chickens that remained 
infected the last day that swab samples were taken, were treated as censored. The 
GLM and survival analysis were performed with the statistical software ‘R’ [21]. A 
detailed explanation of these analyses including the R scripts is provided as 
supplementary information. 

 R0 and corresponding 95% CI were estimated either as the product of  β  and T as 
described by van der Goot et al [9,23] or  by the final size (FS) method, which directly 
estimates R0 from the end states (no infectious or susceptible chicken were left within a 
pair) of the trials [24]. Finally, estimates of R0  (FS estimates)  from each group in each 
experiment were compared based on the null hypothesis of similar R0 values  as 
described by De Jong and Kimman [24]. 
 

Results 

Susceptibility and virus shedding 

In experiment-1, 14 out of 15 inoculated LB layers (iLB) and 14 out of 15 inoculated 
LSL layers (iLSL) became infected with H7N7 LPAIv. Most inoculated infected chickens 
were positive in PCR (trachea- and/or cloaca-swab samples) for more than 5 days and 
became seropositive (Table S1a and S1b).  The number of infected iLB layers were not 
significantly different (p>0.05) from the number of infected iLSL layers and neither were 
their shedding patterns (AUC and peak of shedding) and length of T (Table1). No 
significant differences (p > 0.05) were observed in shedding patterns in trachea, cloaca 
(Table 2) or the combination of both (data not shown) and length of T between 
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inoculated infected layers that spread virus to their contacts and those which did not 
(Table 2).  

 

Table 1. Comparisona of susceptibility and shedding patterns of inoculated layers (LSL vs LB)b 
Experiment Inoculated 

layersb 
No 
infected/No 
inoculated 

Swab 
samples 

No of 
shedding 
birds 

AUCc  
median  
(range) 

Peak 
sheddingc 
median 
(range) 

Days 
infectious 
period 
(95% CI) 

H7N7 LB 14/15 Trachea 14 24.08  
(16.10 – 31.80)

5.41  
(3.87 – 5.94)  

8.0  
(7.0 – 8.9) 

   Cloaca 12 15.91  
(0.85 – 31.29)  

3.42  
(0.80 - 6.24) 

 

 LSL 14/15 Trachea 14 21.37  
(3.97 – 33.03) 

5.36  
(1.14 – 5.89) 

6.8  
(5.8 – 7.7) 

   Cloaca 7 10.23  
(0.85 – 22.99) 

2.48  
(0.85 – 4.16) 

 

H5N7 LB 3/10 Trachea 3 1.20  
(0.65 – 4.90) 

2.20  
(1.30 – 2.40)  

1.0  
(1.0 – 4.0)d 

   Cloaca 0 0 0  

 LSL 2/10 Trachea 2 1.10 – 2.65e 2.00 – 2.20 e 1.0 – 2.0e  

   Cloaca 0 0   
a Comparisons were only performed within H7N7 inoculated chickens. Susceptibility of the two layer 
breeds to infection (number of inoculated layers becoming infected) was compared (LB vs LSL) by the 
Chi-square test. Shedding patterns were evaluated by pairwise comparisons between Area Under the 
Curves (AUC), peak of virus shedding (trachea vs trachea, cloaca vs cloaca) and Infectious Period. 
No statistical differences were observed in any of these variables. 
b Lohmann White (LSL) and Lohmann Brown (LB) layer breeds. 
c AUC and peak of virus shedding are expressed in PCR equivalent EID50 titers. 
d These are the observed (not estimated) median  (range) days that these 3 chickens were PCR 
positive.  
e Observed values of the 2 infected chickens. 

 

In experiment-2, three out of 10 iLB and two out of 10 iLSL were positive by PCR, 
only in trachea-swab samples (Table 1). Two layers were positive for 1 day, another 
two for 2 days and one for 4 consecutive days (Table S2). Only the latter two reacted 
positive in the ELISA. Due to lack of power associated with the small number of PCR+ 
layers in this experiment, no statistical comparisons were performed. The significantly 
lower number of H5N7 inoculated chickens that became PCR+ (5 (iLB + iLSL) out of 
20) compared to the H7N7 experiment (28 out of 30) (Chi-square test = 22.02, df = 1, 
p-value < 0.001) is an indication of lower susceptibility of chicken layers to the H5N7 
LPAIv used in this study.   

Chicken sentinels in both experiments remained negative during the course of the 
experiments; this confirmed the independence of the experimental pairs (trials). 
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Table 2. Comparisona of shedding patterns between inoculated layers (LSL+LB) that infected their 
contacts and inoculated layers that did not infect their contacts 

Experiment Transmis
sion 

No of 
layers 

Swab 
samples 

No of 
shed-
ding 
birds 

AUCb                 
median (range) 

Peak 
Sheddingb 
median 
(range) 

Days Infectious 
period    
(95%CI)) 

Experiment 1        

H7N7 Yes 8 Trachea 8 24.22  
(11.02 – 31.80) 

5.34  
(2.93 – 5.79) 

8.2 (7.0 – 9.5) 

   Cloaca 5 19.16  
(1.27 – 31.29) 

4.34 
(1.27 – 6.19) 

 

 No 20 Trachea 20 22.45  
(3.97 – 33.03) 

5.43  
(1.14 – 5.94) 

7.0 (6.2 – 7.8) 

   Cloaca 14 11.10  
(0.85 – 22.99) 

2.80  
(0.73 – 6.24) 

 

a Since no differences in susceptibility and shedding patterns were observed between layer breeds 
(LSL and LB), no differentiation of layer breeds was done for this comparison. Pair-wise comparisons 
of AUCs, peak of virus shedding and infectious period were performed. No significant differences 
(P>0.05) were observed.  
b Area under the curves (AUC) and peak of virus shedding are expressed in PCR equivalent EID50 
titers. 

 

Transmission parameters 

Since transmission was observed only in experiment-1, transmission parameters 
were estimated only for the H7N7 LPAIv strain. All inoculated animals were positive on 
day 1 p.i., indicating that the latent period might be ≤ 1 day. The mean length of T was 
7.8 (95% CI: 7.0 – 8.6) days in the iLB – cLSL group (referred to as group-1) and 6.4 
(95% CI: 5.4 – 7.4) days in the iLSL – cLB group (referred to as group-2). No significant 
differences (p > 0.05) were observed in the mean length of T when comparing either 
group-1 vs 2 or inoculated vs contact-infected chickens.  Mean estimates of β for 
groups 1 and 2 were 0.16 (95% CI: 0.06 – 0.32) and 0.04 (95% CI: 0.01 – 0.14) 
contact-infections/day per infectious chicken respectively. The mean R0 estimate for 
group-1 was: 1.2 (95% CI: 0.0 – 2.5) with the GLM method or 1.5 (95% CI: 0.4 – 4.9) 
with the FS method. For group 2, the mean R0 estimate was 0.3 (95% CI: 0.0 – 2.3) or 
0.3 (95% CI: 0.0 – 1.5) with the GLM or FS method, respectively. No significant 
differences (p>0.05) were observed when comparing  or R0 estimates between groups 
(Table 3). 

Egg production 

In experiment-1, median egg production before inoculation was 93% (range: 90 – 
96%). After inoculation with the H7N7 virus, egg production by infectious layers (PCR+) 
dropped significantly (p<0.05) compared with uninfected layers (PCR-) (Figure 1). The 
highest drop was observed from day 5 to 10 p.i. The median egg production by 
infectious layers was 56% (range: 50 – 73%). Production slightly increased when 
animals recovered (stopped shedding virus).  Their median egg production was 72% 
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(range: 64 – 81%), which could be seen by the slight increase in production from day 
11 onwards (Figure 1). Egg production in recovered layers was significantly (P<0.05) 
lower than in uninfected layers. Median egg production of uninfected layers during the 
study period was 90% (range: 75 – 100%).  In experiment-2, no drop in egg production 
was observed in PCR+ layers, their median egg production was 100% (range: 80 – 
100%). The median egg production of PCR-  layers was 94% (range: 87 – 97%) (Figure 
1).  

 

Table 3. Estimates of transmission parameters and basic reproduction ratio for LPAI H7N7 in layers. 

Experimental conditions No. of 
trials with 
transmissi
on / total 
No. of 
trials 

Median 
days to 
start of 
virus 
sheddinga  
(range)   

Days 
Infectious 
period  
(95%CI) 

Transmission 
rate (β) 
(95%CI) 

R0 (95% CI)c 

Virus Group GLMc FSc 

Experiment 1             

H7N7 iLBb – cLSLb 6/14 1 7.8  
(7.0 – 8.6) 

0.16  
(0.06 – 0.32) 

1.2  
(0.0 – 2.5) 

1.5  
(0.4 – 4.9) 

 iLSL – cLB 2/14 1 6.4  
(5.4 – 7.4) 

0.04  
(0.01 – 0.14) 

0.3  
(0.0 – 2.3)  

0.3  
(0.0 – 1.5) 

Overall  8/28 1 7.1 
(6.5 – 7.8) 

0.10  
(0.04 – 0.18) 

0.7  
(0.0 – 1.7)  

0.8  
(0.4 – 1.8) 

a This was estimated only with inoculated layers. These estimates represent the latent period. 
b iLB – cLSL: inoculated Lohmann Brown (LB) layer with a contact Lohmann White (LSL) layer. iLSL – 
cLB: inoculated LSL layer with a contact LB layer. 
c Basic reproduction ratio, estimated by the generalized linear model (GLM) and final size (FS) 
methods. Pairwise comparisons between the R0 estimates of each group within each experiment were 
performed and no significant differences (p>0.05) were observed. 
 

 
Figure 1 Daily egg production of H7N7 infected layers (H7N7 +) and uninfected layers (H7N7 -) and 
overall daily production of H5N7 infected and uninfected layers. Only 5 layers were PCR-positive with 
H5N7 and no drop in production was observed. 
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Discussion 

The objective of this study was to investigate the infection dynamics of two LPAIv 
strains: an H7N7 and an H5N7 virus. The H7N7 virus was able to efficiently transmit. 
Although this was not unexpected given that this virus was isolated from a chicken 
breeder flock [14], our study provided estimates of the transmission parameters.  The 
estimated  β and R0  of the H7N7 LPAIv studied here are lower than the estimated β 
(0.49 (95% CI: 0.30 – 0.75)) and R0 (3.8 (95% CI: 1.3–6.3)) reported for the H7N1 
LPAIv isolated during the outbreaks in Italy in 1999 [10]. These differences show that 
even with LPAIv of the same H subtype and affecting the same host (in this case 
chickens) considerable differences in the transmission dynamics of LPAIv may be 
expected.  Different from a highly transmissible LPAIv such as the Italian H7N1 LPAIv, 
in case of a relatively low transmissible LPAIv (e.g. the H7N7 LPAIv here studied) a 
high proportion of virus introductions into a flock will fade out after the virus has infected 
a few animals at most (this proportion equals 1/R0 according to Diekmann and 
Heesterbeek [25]) and, consequently, will never be detected. However, in some cases, 
within flock epidemics will take place (with a probability 1	–	1/R0) and the characteristics 
of these epidemics will have direct implications for surveillance. Mainly, the slow spread 
of the virus within the flock will have the following consequences: (i) the average 
prevalence of infectious animals at any time in the epidemic will be low – lower than 
10%, based on simulations using the parameters estimated  in this study  (data not 
shown) –, thus virological surveillance to detect at-risk flocks, would need to use a 
design prevalence lower than 10%; (ii) the increase in prevalence of antibody positive 
chickens would also be slow, consequently, the time the prevalence would reach a 
predefined design prevalence, say 30% as recommended in the European Union 
surveillance programme [7], will take longer (on average more than two months (data 
not shown)) than with a high transmissible virus. Whether this is important for between 
flock transmission of the virus remains to be determined.  

The estimated length of T was consistent with reported estimates of transmission 
and challenge experiments using other H7 LPAIv strains [10,26,27]. This indicates that 
chickens infected with H7 LPAIv – chicken-adapted – strains may shed virus for similar 
length of time. Hence, these estimates can confidently be used when developing 
simulation models to evaluate control measures. 

In this study, we tested the transmissibility in chickens of an H5N7 LPAIv isolated 
from turkeys because of  the following reasons: (i) recent (last 7 years) H5 LPAIv 
isolates from chickens are sparse in Europe (see the European Commission yearly 
surveillance reports [28])  and we could not obtain a chicken derived isolate; (ii) turkeys 
and chickens belong to the same taxonomic order (Galliformes) and previous studies 
using turkey-derived LPAIv  resulted in good infection [26] and transmission between 
chickens [10] thus we hypothesised that this behaviour could be expected with other 
turkey-derived isolates; and (iii) this virus replicated better in embryonated chicken 
eggs than another turkey derived isolate (A/Turkey/Italy/2005/H5N10 LPAI).  In contrast 
to our initial expectations, the H5N7 LPAIv infected only a few inoculated chickens and 
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no transmission was observed. These results suggest that this virus, which circulated 
only among turkey farms in Italy in 2009 [15], was not yet adapted to chickens. The 
need of adaptation of LPAIv originating from wild birds (ducks) to poultry is well 
documented [29,30], but, although turkeys are taxonomically closer to chickens than 
ducks are, it also appears that  LPAIv infecting turkeys need to adapt to chickens 
before circulating in this new host. Field evidence of this adaptation-need might be the 
outbreaks in Germany in 2008-2009, when an H5N3 LPAIv only circulated among 
turkey farms (32 turkey farms and 1 farm with mixed species were affected), although 
there were also several  farms with other poultry species in the area of the epidemic 
[31]. When this H5N3 LPAIv was inoculated in chickens, similar results to those in this 
study were observed (Grund and Harder, personal communication). In conclusion, it 
appears that the first infected poultry host (the first successful introduction of the virus 
into poultry) will be an important risk factor for the between flock spread of LPAIv, in 
particular in an initial phase of an epidemic.  

We chose a pair-wise design with two breeds as we also wanted to investigate both 
the changes in egg production as a result of infection and the antibody response in egg 
yolk, to see whether these could be used in a surveillance system for detection of LPAI 
infection in layers.  We observed a significant drop in egg production for infected and 
recovered layers compared to uninfected ones. Drop in egg production, at variable 
levels within a flock, has been reported during LPAI outbreaks [11-13]. This variation in 
the level of drop in egg production depends on the distribution of infected, susceptible 
and recovered birds within a flock, which, consequently,  would  determine the 
proportion of seropositive eggs in that flock. The latter is a variable which needs to be 
considered if eggs would be used for serological surveillance, as suggested before. 

An additional observation worth mentioning in this study is that no statistical 
differences in shedding patterns were found between H7N7-infected layers that 
transmitted infection and those that did not. It might be that the method of sampling and 
testing do not reflect infectiousness properly. However these observations are in 
accordance with those reported by  Spekreijse et al [32] for H5N1 HPAI virus and 
suggest that shedding patterns as observed in a daily collected swab are not  a good 
proxy of infectiousness and transmission. 

Results of an experimental approach should be carefully considered when 
extrapolating to the field, as conditions may differ. We did not observe differences in 
breed, but housing conditions and concurrent diseases may affect the transmissibility of 
a LPAIv infection or the sensitivity and specificity of the diagnostic tests. Nevertheless 
in disease free situations, transmission experiments are an objective way to obtain 
baseline estimates of transmission parameters. This study provides valuable 
information about the transmissibility of LPAIv. It shows that infections with LPAIv with 
limited (low) transmissibility can be expected and provides quantitative estimates of the 
within-flock transmission parameters for a LPAIv strain with low transmissibility in 
chicken layers. These results can be used to optimize current surveillance 
programmes. 
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Appendix 

Table S1a. Overview of the transmission experiment using the H7N7 LPAIv. In this group (group-1), 
Lohmann Brown (LB) layers were inoculated (day = 0) and Lohmann White (LSL) layers were 
introduced as contacts (day = 1). 

Treat-
ment 

Days post-inoculation Serolo-
gy 

1 2 3 4 5 6 7 8 9 10 11 

Ca -b - - +|+ +|+ +|- +|+ +|+ +|+ -|+ - + 

Ia +|+b +|- +|- +|+ +|+ +|+ +|+ +|+ +|+ -|+ ntc + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|+ +|- -  -  -  -  -  nt  + 

C - +|- +|- - +|+ +|+ -|+ -  -|+ - - + 

I +|- +|- +|- +|- +|- - -|+ -|+ - - nt + 

C - -  -  +|- +|- +|- +|- +|- -|+ -|+ -|+ + 

I +|- +|- +|+ +|+ +|+ +|+ - +|+ +|+ -|+ nt + 

C - - - - - +|- +|+ +|+ +|+ -|+ +|+ + 

I +|- +|- +|- +|- +|+ +|+ +|+ +|+ -|+ -|+ nt + 

C - - - - - +|- +|- +|- +|+ +|+ +|- + 

I +|+ +|- +|- +|+ +|+ +|+ +|+ -|+ -|+ -|+ nt + 

C - - - - - - - - - - - - 

I +|+ +|- +|- +|- +|- +|- - - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- - - - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- +|- +|- +|- +|- - nt + 

C - - - - - - - - - - - - 

I +|+ +|- +|- +|+ +|- +|- -|+ -|+ - - nt + 

C - - - - - - - - - - - - 

I +|- +|+ +|- +|- +|+ +|+ +|+ +|+ - - nt + 

C - - - - - - - - - - - - 

I - - - - - - - - - - nt - 

C - +|- +|- +|- +|- +|- +|- - - - - + 

I +|- +|- +|- +|- +|- +|- +|- - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- - +|- - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|+ +|+ +|+ +|+ -|+ -|+ -|+ nt + 
a C = contact; I = Inoculated. 
b +|+, +|-, -|+, - : PCR results of “trachea | cloaca” swab samples. The single “-” means that both type of 
samples were negative. 
c nt: not tested  

  



Transmission of LPAIv of H7N7 and H5N7 subtypes 

93 

Table S1b. Overview of the transmission experiment using the H7N7 LPAIv. In this group (group-2), 
Lohmann White (LSL)  layers were inoculated (day = 0) and Lohmann Brown (LB) layers were 
introduced as contacts (day = 1). 

Treat-
ment 

Days post-inoculation Serolo-
gy 

1 2 3 4 5 6 7 8 9 10 11 

C - - - - - - - - - - - - 

I - - - - - - - - - - nt - 

C - -  - +|- +|- +|- +|- - -|+ +|+ - + 

I +|- +|- +|- +|- +|- - - - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|+ +|+ -|+ -|+ -|+ -|+ -|+ -|+ nt  + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- +|- +|- - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- +|- - - - - nt + 

C - - - - - - - - - - - - 

I +|+ +|- +|- +|- +|- +|- +|- +|- - - nt + 

C - - - - - - - - - - - - 

I +|+ - - +|- - - - - - - nt - 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- +|- +|- +|- - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- - - - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- +|- - - - - nt + 

C - - - - - - - - - - - - 

I +|- +|+ +|+ +|+ +|+ -|+ -|+ -|+ -|+ -|+ nt  + 

C - - - - - - - - - - - - 

I -|+ +|- +|- +|+ +|- +|- +|- - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|+ +|+ +|+ +|+ - -|+ - - nt + 

C - - +|- +|- - - - - - - - - 

I +|- +|- +|- +|- +|- +|- +|- - - - nt + 

C - - - - - - - - - - - - 

I +|- +|- +|- +|- +|- +|- - - - - nt + 
a C = contact; I = Inoculated. 
b +|+, +|-, -|+, - : PCR results of “trachea | cloaca” swab samples. The single “-” means that both type of 
samples were negative. 
c nt: not tested.  
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Table S2. Overview of the results of inoculated infected (PCR+) layers in the experiment using the 
H5N7 LPAIv. In this experiment, the remaining inoculated chickens and all contact chickens (not shown) 
remained negative in the PCR tests and serology. 

Treatment 
Days post-inoculation 

Serology 
1 2 3 4 5 6 7 8 

Ia +|-b - - +|- - - - - - 

I +|- +|- - - - - - - + 

I +|- - - - - - - - - 

I +|- +|- +|- +|- - - - - + 

I +|- - - - - - - - - 
a I = Inoculated. 
b +|-,  - : PCR results of “trachea | cloaca” swab samples. The single “-” means that both type of samples 
were negative. 
 
 

S.1. Estimation of the transmission rate parameter  

In a pair-transmission experiment each pair of chickens represent an independent trial. 
Data from each trial were collated into the format of st,	 it,	 ct,	 nt  and  ∆t, where, st 
represents the number of susceptible chickens at the beginning of a time period of 
length ∆t (in this experiment ∆t	 	 1 day), it  represents the number of infectious 
chickens in this time period, ct represents the number of new infected chickens in this 
time period (detected one latent period  later, here assumed to be 1 day) and n 
represents the number of chickens in each trial (n	 	2), which remains constant for the 
whole time course of the experiment. The time course for each trial (for data collation) 
comprised the time from the initial state, whit one susceptible and one infectious 
chickens (susceptible, infectious) to one of the following states: (susceptible, 
recovered) if transmission did not take place or (infectious, infectious) if transmission 
did take place. Table S3 shows an example of how the data was organised using the 
information of the first two pairs from table S1a. Then, the following commands are 
used in R to analyse this transmission data using a model explained elsewhere [1]: 
 

# Read and attach the dataset: say a comma delimited (csv) file named “beta.csv”: 

> beta <-  read.table ("beta.csv", header = T, sep = ",")    
> attach(beta) 

# Estimating the transmission rate parameter “Beta” per group 

> g1 <- glm(cbind(c,s-c) ~ offset(log(dt * i/n)), family = binomial(link = cloglog), subset(beta, group==1))   
# for group-2,  just replace group==1 for group ==2 

> summary (g1)    # the estimated mean of “Beta” is the model intercept 
>  c(exp(g1$coef), exp(confint(g1)))    # Mean and 95% confidence intervals for Beta 

# comparing the transmission rate “Beta” between groups: include group as covariate 



Transmission of LPAIv of H7N7 and H5N7 subtypes 

95 

comp <- glm(cbind(c,s-c) ~ offset(log(dt * i/n)) + group, family = binomial(link = cloglog)) 

# Overall “Beta” including group 1 and group 2. 

over <- glm(cbind(c,s-c) ~ offset(log(dt * i/n)), family = binomial(link = cloglog)) 

 

Table S3. Example of the dataset prepared for the estimation of the transmission rate parameter “” by 
using a generalized linear model (GLM). 

paira dpib sc ic cc nc dtd groupe 

1 1 1 1 0 2 1 1 

2 1 1 0 2 1 1 

3 1 1 1f 2 1 1 

2 1 1 1 0 2 1 1 

2 1 1 0 2 1 1 

3 1 1 0 2 1 1 

4 1 1 0 2 1 1 

5 1 1g 0 2 1 1 
a A variable identifying each pair. 
b dpi = day post-inoculation 
c s, i, c and n represent the number of susceptible, infectious, new infected and total number of chickens 
at time t (st,	it,	ct,	nt), respectively. 
d dt = time interval t 
e variable identifying the experimental group (group-1 = 1 and group-2 = 2) 
f The susceptible contact was infected between dpi 3 and 4. Thus this animal was detected PCR-positive 
at dpi 4 as can be seen in table S1a. 
g This chicken recovered  between dpi 5 and 6. This inoculated infectious chicken tested PCR-negative at 
dpi 6 as can be seen in table S1a. No transmission was observed in this pair. 

 

S.2. Estimation of the infectious period T 

Bellow we present the R code for the estimation of the length of the infectious 
period. Table S4 shows a description of the variables used to build the dataset for this 
analysis. 

# Read and attach the dataset: say a comma delimited (csv) file named “survival.csv”: 

> surv <- read.table("survival.csv", header = T, sep = ",") 
> attach(surv) 
> library(survival) 
 
# for an explanation of how to specify a parametric survival formula type 
> ?survreg 
 
# first check distribution that best fits the data: weibull, exponential or lognormal 
# and compare models by the AIC 
> weib <- survreg(Surv(time,censored) ~ 1, dist = "weibull") 
> exp <- survreg(Surv(time,censored) ~ 1, dist = "exponential") 
> logn <- survreg(Surv(time,censored) ~ 1, dist = "lognormal") 
> c(extractAIC(weib)[2], extractAIC(exp)[2], extractAIC(logn)[2]) 
> summary(weib) 
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# Weibull parameterization in R is different: 
#   Shape parameter = 1/scale   # here scale is the survival regression scale 
#   Scale parameter = exp(regression coefficients) 
# The mean and variance of the infection period (T)  
> (meanT <- exp(weib$coef)*gamma(1+weib$scale)) 
> (varT <- exp(weib$coef)^2*(gamma(1+2* weib$scale)-(gamma(1+ weib$scale))^2)) 
 
# 95% confidence intervals, using the Normal approximation ( SE = sqrt(var/n)) 
> c((meanT+qnorm(0.025)*sqrt(varT/n)),(meanT+qnorm(0.975)*sqrt(varT/n)))    
 
# Comparison of the length of T between inoculated vs contact chickens (variable = treatment) or 
between experiment groups (group-1 = 1, group-2 = 2) can be done introducing the  variables 
“treatment” or “group” as a covariate in the survival regression model or using the  Logrank test  
 
> summary(treatment <- survreg(Surv(time,censored) ~ treatment, dist = "weibull")) 
> survdiff(Surv(time,censored) ~ treatment)          # Logrank test  

# All the analysis can be repeated for each group using the above commands. Then group has to be 
selected as a subset of the dataset. 

 

Table S4. Description of the variables used in the survival regression models fitted to estimate the 
length of the infectious period (T). 
Variable Type Description 

Id  Identification number of each chicken in the 
experiment 

Group Categorical 1 = group-1     

  2 = group-2 

Breed Categorical 1 = Lohmann white (LSL) 

  0 = Lohmann brown (LB) 

Treatment Categorical 1 = inoculated                        

  0 = contact 

Time Numerical Number of days a chicken was infectious (PCR+) 

Censored Categorical 1 = chicken recovered (PCR-),  0 = right censored. 
Chicken was still PCR+ the last day tested. 
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Abstract 

Even though low pathogenic avian influenza viruses (LPAIv) affect the poultry industry 
of several countries in the world, information about their transmission characteristics in 
poultry is sparse. Outbreak reports of LPAIv in layer chickens have described drops in 
egg production that appear to be correlated with the virus transmission dynamics. The 
objective of this study was to use egg production data from LPAIv infected layer flocks 
to quantify the  within-flock transmission parameters of the virus. Egg production data 
from two commercial layer chicken flocks which were infected with an H7N3 LPAIv 
were used for this study. In addition, an isolate of the H7N3 LPAIv causing these 
outbreaks was used in a transmission experiment.  The field and experimental 
estimates showed that this is a virus with high transmission characteristics. 
Furthermore, with the field method, the day of introduction of the virus into the flock was 
estimated.  The method here presented uses compartmental models that assume 
homogeneous mixing. This method is, therefore, best suited to study transmission in 
commercial flocks with a litter (floor-reared) housing system. It would also perform 
better, when used to study transmission retrospectively, after the outbreak has finished 
and there is egg production data from recovered chickens.  This method cannot be 
used when a flock was affected with a LPAIv with low transmission characteristics (  < 
2), since the drop in egg production would be low and likely to be confounded  with the 
expected decrease in production due to aging of the flock.  Because only two flocks 
were used for this analysis, this study is a preliminary basis for a proof of principle that 
transmission parameters of LPAIv infections in layer chicken flocks could be quantified 
using the egg production data from affected flocks. 

 

Keywords: Avian influenza, LPAI, transmission, transmission experiments, 
reproduction ratio, transmission parameters.  
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Introduction 

Low pathogenic avian influenza (LPAI)  is a mild disease of various avian species, 
which is caused by Influenza A viruses belonging to one of 16 Hemagglutinin (H) and 9 
Neuraminidase (N) subtypes [1,2]. LPAI virus (LPAIv) infections in poultry with H5 or H7 
virus subtypes are of major importance due to their ability to mutate to a highly 
pathogenic avian influenza virus (HPAIv) [1]. In addition, H9 and H6 LPAIv subtypes in 
particular, have been affecting the poultry industry of different countries in Asia [3-6].  

LPAIv surveillance programmes have been implemented in many countries [7]. 
Although these programmes may be useful to determine whether the prevalence of 
infected birds is below a pre-set level, their usefulness in early warning is still unknown. 
To establish the latter [8,9], quantitative knowledge of transmission of LPAIv is 
necessary.  

The transmission characteristics of a pathogen can be determined in transmission 
experiments [10,11] or in field outbreaks [12,13]. Transmission experiments allow for 
quantifying transmission parameters in a controlled environment, but, in case of LPAIv, 
there appears to be considerable variation in the transmission characteristics of 
different virus strains even within the same H subtype [11,14,15]. To quantify the 
existing variability experimentally would be very costly. An alternative would be the 
quantification of transmission from field data. The latter would have the following 
benefits: (i) the quantified transmission parameters would be a direct indicator of the 
transmission characteristics of the virus in the field, (ii) transmission could be studied 
faster than with transmission experiments, and (iii) the use of indicators already 
available would be cheaper and more desirable from the perspective of animal welfare.  

LPAIv infections in poultry are often subclinical or present unspecific clinical signs. 
However, drops in egg production have been often reported during outbreaks involving 
chicken layers flocks [16-18]; with sudden drops in production ranging from 10% [17] to 
40% [16] in a couple of weeks followed  by a slight increase (from the biggest drop 
level) some weeks later. Such drops in egg production have been also observed in 
experimentally infected layer chickens [14,19].  Consequently, it would be worthwhile to 
examine whether the drop in egg production can be used to estimate transmission 
parameters. This would be a cheap alternative to transmission experiments.  

In 2003, a cross-sectional serological survey was performed in the Netherlands and 
a high prevalence of seropositive animals to H7N3 LPAIv was detected in a cluster of 3 
farms: one turkey (10 seropositives out of 10 samples) and two free-range layer 
chicken farms (30 seropositives out of 30 samples). The H7N3 virus was later isolated 
from the turkey farm [17,20].  The objective of this study was to estimate the 
transmission characteristics of this H7N3 LPAIv in a transmission experiment and from 
egg production data of the two infected layer flocks.  
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Methods 

Experimental estimation of within-flock transmission parameters 

The chicken-to-chicken transmission characteristics of the H7N3 LPAIv (cleavage 
side: PEIPKGR*GLF [20]) causing the outbreaks here analysed were first quantified in 
a transmission experiment. The experimental procedure and data analysis was similar 
to that described elsewhere [11,15]. Briefly, two experimental trials were carried out. 
Each trial consisted of 10 specified pathogen free (spf) White Leghorn chickens (6 
weeks old). Five chickens were inoculated and the remaining 5 were kept as contacts. 
Chickens were inoculated both intranasally  and intratracheally with 0.1 ml/route of 
inoculum containing 106 EID50 (50% egg infectious dose)/ml. Virus transmission was 
monitored by regularly collecting cloaca and trachea swab samples, which were 
examined for the presence of virus (virus isolation in embryonated chicken eggs). 
Samples were taken daily from day post inoculation (d.p.i.) 1 to d.p.i. 10 and later at 
d.p.i 14, 17 and 21. The data from this experiment was used to estimate the 
transmission rate parameter β (day-1), which is the expected number of contact 
infections caused by an infectious individual per day,  the infectious period Τ, which is 
the average time (days) that an infected individual remains infectious, and the recovery 
rate γ (day-1), which is the expected number of animals recovering from infection per 
day. β was estimated using a generalised lineal model (GLM) method, assuming a 
latent period ≤ 1 day. The mean length of T was estimated using a parametric survival 
model with a Weibull distribution (the distribution that best fitted the data) and γ was 
estimated as the inverse of T	 γ	 	1/T .  The basic reproduction ratio  was estimated 
as the product of β and T. Because the correlation between β and T was unknown, 
confidence intervals for  were derived by Monte Carlo (MC) simulations assigning to 
β and T  Lognormal and Weibull distributions, respectively (Table 2). All the analysis 
were performed using the statistical package “R” [21]. The library Survival was used for 
the survival analysis. 

The transmission experiment was approved by an ethical committee and complied 
with the Dutch law on Animal experiments. The experiment was carried out in the High 
Containment Unit at the Central Veterinary Institute part of Wageningen University & 
Research Centre, in Lelystad, the Netherlands. 

Estimation of within-flock transmission parameters from egg production data 

Egg production data from the two infected free-range layer chicken flocks, here 
referred to as Farm-3 and Farm-4 as reported by de Wit et al [17], were used for the 
analysis. We refer to de Wit et al (2004) for a detailed description of these flocks. Egg 
production data consisted of weekly averages of daily egg production. For both flocks, 
we selected data from week  38 (calendar week) of 2002  – when production in both 
flocks appeared to be maximal and stable – to the last week (week 10 of 2003) that 
production was reported by de Wit et al [17]. These period resulted in a total of 25 data 
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points (Figure 1). To analyse these data, we simulated the infection dynamics in these 
flocks constructing  deterministic Susceptible-Infectious-Recovered (SIR) and  
Susceptible-Exposed-Infectious-Recovered (SEIR) models, in which we assumed a 
homogeneous contact structure [22]. The transmission term was formulated as 
βS(t)I(t)/N(t), with S(t), I(t)and N(t) denoting the number of susceptible S and infectious I 
chickens in the total population of size N at time t (days). This formulation implies that 
the transmission pressure is independent of population size, which appears to be 
appropriate here [23]. By applying this model to both data sets, from the simulations 
and from the transmission experiment, the results could be compared. 

Egg production in latently infected chickens was assumed to be equal to that of 
susceptible chickens, and is denoted as ps. Egg production (pe) was simulated as a 
function of the expected production (ps, pi and pr) of the susceptible chickens (S) plus 
that of the exposed (latently infected) (E), infectious (I) and recovered (R) chickens at 
time t  in the epidemic.  

pe(t) = [S(t)+E(t)] ps + I(t) pi + R(t) pr     (1) 

For the simulations, the starting values (initial guesses) for the transmission 

parameters (and were derived from Gonzales et al. [15]. The starting 
values for the production parameters ps and pr were derived from the production data 
by calculating the average egg production from the first 7 weeks (we assumed that 
infection was not yet introduced) and the last 6 weeks (production was stable and we 
assumed that both outbreaks finished) of the study period   (Farm-3: ps = 0.944, pr = 
0.827 and Farm 4: ps = 0.852, pr = 0.766).  The starting value for pi = 0.56 (for both 
farms) was derived from experimental estimates reported elsewhere [14]. 

The predicted egg production was averaged weekly and compared with the 
observed data. The squared deviation of the predicted production from the observed 
production was calculated and the total sum of squared deviations (SSQ) was used as 
a measure for goodness of fit. The set of parameter values with the lowest SSQ was 
selected as the best fit. The simulation models were specified by the transmission and 
production parameters described in Table 1. 

The SIR/SEIR simulations and parameter optimization – using an in-built routine to 
minimize the SSQ – were carried out in Excel® using the add-in tool “PopTools” [24] 
and selecting the Marquardt method for the estimation of the covariance matrix (the 
Excel® file can be provided  upon request). The time step (∆t) used in the simulations 
was 1/40 days (this small time step was optimised for duration and accuracy of the 
simulations). The fitting routine was iterated until the SSQ reached a constant value. 
The Marquardt fitting method finds local minima for the SSQ. It might well be that with 
different initial values guessed, different local minima, and thus different parameter 
values, are found. To test the robustness of the fitted results to the initial conditions, in 

particular the estimates of and, we also initiated fitting iterations with the parameter 
values estimated in the transmission experiment in this study (Section 3.1). Both 
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approaches yielded the same local minima. Comparison between SIR and SEIR model 
fits were done with the Akaike’s Information Criterion (AIC). 

 

Table 1. Parameters used for the Susceptible Infectious Recovered (SIR) and Susceptible Exposed 
Infectious Recovered (SEIR) models simulations intended to fit the dynamics in egg production. 

Parameter Description Units 

 Transmission rate parameter  day-1 

 Recovery rate  day-1 

 Infectious period, equal to 1/ day 

L Latent period, this parameter was used in the SEIR model day-1 

 Starting value for the Infectious (SIR model) or the Exposed (SEIR model) 
compartment. This parameter allows the model to identify the time the 
epidemic started in each flock.  

day 

psa Level of egg production of Susceptible and Exposed chickens. Since 
Exposed animals are latently infected, their production is expected to be the 
same as that of Susceptible chickens 

 

pia Level of egg production of Infectious chickens  

pra Level of egg production of Recovered chickens  
a The values of these parameters are included as proportions in the models. 

 

Results 

Experimental estimation of within-flock transmission parameters 

All inoculated chickens in both trials (5 per trial) became infected and transmitted 
virus to their contact chickens (table 2). No apparent clinical signs were observed and 
all inoculated chickens were positive in virus isolation at d.p.i. 1, the latter indicating 
that the latent period might be less than one day. The mean length of the infectious 
period T  was significantly different (P<0.05) between inoculated and contact-infected 
chickens. The mean estimate of Τ in inoculated chickens was 13.32 days, while the 

mean Τ in contact chickens was 10.03 days. The latter gives a recovery rate  = 0.10 
day-1. The mean estimate of β was 0.91 day-1. The MC result for   using Τ of contact-
infected chickens was 9.1. Table 2 provides an overview of all parameter estimates and 
their 95% confidence intervals (CI).   
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Table 2. Experimental estimates of transmission parameters and basic reproduction ratio of the H7N3 
LPAIva 

Latent period  
(days) 

 

Infectious period  
T b (days) 

Recovery rate  
 c (day-1) 

Transmission rate  
(day-1) 

Reproduction ratio  
 

(95%CId) (95%CI) (95%CI) (95% CI)e 

 Contacts:    

≤1 10.03 (8.50 – 11.56) 0.10 (0.09 – 0.12) 0.91 (0.45 – 1.62) 9.1 (3.6 – 19.5) 

 Inoculated:    

 13.32 (11.28 – 15.35) 0.07 (0.06 – 0.09)   

a Low pathogenic avian influenza virus. 
b The estimated infectious period (T) of contact infected chickens was significantly different from the 
estimated T of inoculated infected animals.  
c The recovery rate was estimated from  =1/T. 
d  CI = Confidence interval 
e The limits of this interval are the 2.5% and 97.5% quantiles of the Monte Carlo procedure.   = β * T, 
where β  was assigned a Lognormal distribution (mean = -0.094, standard deviation = 0.322), and T 
was assigned a Weibull distribution (shape = 4.616; scale = 10.977).  The Weibull parameters  are 
those estimated for T of contact-infected chickens. 

 
Estimation of within-flock transmission parameters from egg production data 

Optimization of parameter estimates using the data from Farm-4 did not converge 
as easily as that using data from Farm-3. This was because egg production in Farm-4, 
after the  peak of the outbreak (here referred to as recovery phase), was more variable 

(Fig. 1), and optimizations resulted in unexpected estimates for pi and   (e.g.  pi = 10%  

and  = 0.46 day-1). To improve the optimization procedure for this farm, we reduced 
the number of parameters to be optimised, by keeping the production parameters ps 
and pr fixed to the starting values. This resulted in robust estimates of the optimised 
parameters (Table 3).   

Results of the parameter estimation using egg production data from Farm-3 and 
Farm-4 are summarised in Table 3. These estimates were robust and insensitive to 
different starting conditions. All simulations converged to the same minimum (Table 3, 
Figure 1). Parameter estimates were similar when using either a SIR or a SEIR model. 
The mean estimates of the latent period (L), in the SEIR model, were close to zero. 
Based on the SSQ and AIC of these models, the SIR model showed a better fit than the 
SEIR model (Table 3). The estimated β was lower in Farm-4 than  in Farm-3, while the 

estimates of  were similar for both farms. The results of the simulations also show that 
Farm-3 was affected between 2 to 3 weeks before Farm-4. The day the first infectious 
chicken was present in the flock t	 I	 	1  in Farm-3 was around day 54 (counting from 
the start of the study period in week 38), and around day 72 in Farm-4 (Table 3).  
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Figure 1. Simulated LPAI outbreaks based on egg production data of affected flocks. Egg 
production data (diamonds), simulated Susceptible-Infectious-Recovered (SIR) infection dynamics (solid 
line, showing only infectious chickens) and simulated egg production (dashed line) based on the fitted 
parameter values as presented in Table 3 for Farm-3  and Farm-4. The arrows indicate the estimated 
day of start of the outbreak. Day zero represents the first day of week 38 of the calendar year 2002.  
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Table 3. Estimated (optimized) transmission parameters by fitting models to egg-production data. 
Values between brackets are the 95% confidence intervals. If no brackets, then values are fixed. 

Parametersb 
Farm-3  Farm-4 

SIRa SEIRa  SIR SEIR 

(day-1) 0.72 (0.68 - 0.77) 0.73 (0.69 - 0.77)   0.50 (0.45 - 0.55) 0.50 (0.42 - 0.59) 

(day-1) 0.13 (0.09 - 0.17) 0.13 (0.10 - 0.16)  0.11 (0.05 - 0.16) 0.11 (0.04 - 0.17) 

T (day)c 7.69 (5.88 - 11.11) 7.69 (6.25 – 10.00)  9.09 (6.25 - 20.00) 9.09 (5.88 – 25.00) 

L (day)  0.02 (0.01 - 0.04)   0.03 (0.01 - 0.04) 

pi (%)   47.4 (38.3 - 56.4) 47.1 (38.6 - 55.7)  66.4 (60.2 - 72.5) 66.3 (56.3 - 76.3) 

pr (%)   82.8 (82.3 - 83.3) 82.8 (82.3 - 83.3)  76.6 76.6 

ps (%) 94.4 (94.0 - 94.9) 94.4 (94.0 - 94.9)  85.2 85.2 

 8.2x10-15 
(5.7x10-16- 3.9x10-14) 

7.5x10-15 
(1.4x10-15- 2.5x10-14)

 
5.0x10-13 
(2.9x10-13- 7.9x10-13)

4.4x10-13 
(1.8x10-13- 9.2x10-13) 

Sum of Squares 1.98 1.98  49.17 49.17 

AICd 29.13 31.10   105.38 107.38 

Compound parameterse 

R0	 5.6 (4.3– 7.7) 5.6 (4.4 – 7.8)  4.7 (3.0 – 8.6) 4.7 (2.2 – 11.0) 

t)  (day)f 54 (49 – 62) 54 (50 – 61)  72 (61 – 89) 72 (58 – 97) 

a SIR = Susceptible-Infectious-Recovered. SEIR = Susceptible-Exposed-Infectious-Recovered.  
b Transmission rate β, recovery rate , infectious period T, latent period L, egg production of infectious 
pi, recovered pr and susceptible ps chickens,  initial value of I when time is zero I(0), Reproduction ratio 

. 
c The infectious period T was calculated as T = 1/. 
d AIC = Akaike’s Information Criterion 
e Confidence intervals for the compound parameters were estimated by Monte Carlo sampling. The 
limits of these intervals are the 2.5% and 97.5% quantiles. 
f t I 1  denotes the time I = 1 meaning the day that the first infectious animal was present in the flock. 
This was estimated by solving t from the formula describing the growth of an epidemic  

 0 ∗ [22], where I t  = 1 and I 0 , and are the above estimated values. 

 

Discussion 

The transmission characteristics of the H7N3 LPAIv  in chickens, evaluated using 
either egg production data  of the affected flocks (here referred to as the field method) 
or the transmission experiment, showed that this virus – in relation to other LPAIv 
[11,14,15] – was highly transmissible in chickens. In addition, with the field method, we 
were able to estimate the period of introduction of the virus in each flock. There was a 
period of two to three weeks between the day of introduction of the virus in Farm-3 and 
Farm-4. This is in accordance with both the difference in the time at which the lowest 
mean egg production was observed in each flock and field reports that described these 
outbreaks [17].  Information about the transmission characteristics of a LPAIv and its 
introduction into a flock is relevant for the implementation, design or evaluation of 
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control measures (backward and forward tracing, surveillance, etc). Hence, whenever a 
seropositive flock is detected by surveillance, it would be advisable to obtain – 
retrospectively – daily egg production data from that flock. 

The mean estimates of the transmission rate (β) and the reproduction ratio (R0) 
obtained experimentally appear to be higher (because of low statistical power due to 
the low number of observations in this study, it is not interesting to statistically test this 
difference) than those obtained with the field method.  A similar trend is also observed 
when comparing the outcomes of two separate studies on transmission of an H7N7 
HPAIv: one experimental [25] and the other based on field data [12]. Group 
transmission experiments appear to be better suited to compare treatments, e.g. effect 
on vaccination on transmission [26],  than to provide precise estimates of transmission 
parameters [10]. Hence, extrapolation of experimental results, where conditions (age, 
breed, management, etc) are different from the field, should be carried out carefully. 
However, in the absence of field data, experimentally derived estimates offer a useful 
insight into the transmission of a pathogen.  In this study, the experimental results  
showed that this LPAIv  is highly transmissible in chickens, which is in agreement with 
the results obtained with the field method. In addition, the experimental estimates – 
from this and other studies [14,15] –  provided information for the initial parameter 
values for the optimization process in the field method.  

It has been shown that the level and duration of virus shedding is directly 
proportional to the inoculation/infectious dose [27,28]. This experiment used the same 
inoculation dose as that used in other transmission experiments using LPAIv in 
chickens [11,15]. However, in contrast to those experiments, the length of the infectious 
period T  in the inoculated-infected chickens was longer than that of the contact-
infected chickens.  We hypothesize that, for the H7N3 LPAIv, this difference is a 
consequence of a possible difference in the infectious doses received by the 
inoculated- and contact- infected animals, with the former receiving a higher dose, to a 
level that resulted in the observed difference in T.  However, we expect  that the  
inoculation dose had no significant effect on the infectiousness of the inoculated 
chickens, and therefore, the estimates of the transmission parameters [29]. 

Both the LPAIv and the characteristics of the infected flock have influence in the 
transmission dynamics. Hence, variation in the within-flock transmission characteristics 
of a virus between flocks can be expected [30]. This variation could be related to 
different management conditions, breed of the chicken, presence of concomitant 
diseases, age of production and others. In this study, the main difference between 
Farm-3 and Farm-4 was observed in the transmission rate (β), which was higher in 
Farm-3 than in Farm-4. This implies that the virus spread faster in Farm-3. 
Unfortunately, some characteristics of the flocks, such as breed, were not provided in 
the paper by de Wit et al (2004). A possible explanation for the difference in β could be 
that Farm-3 also suffered from a nematode infection at the time of the outbreak [17]. 
The latter could have contributed to: (i) increase the susceptibility of the flock, which 



Using egg production data to quantify transmission 

107 

consequently enhanced transmission, and (ii) induce, together with the viral infection, a 
lower egg production of infectious chickens (pi).  

Egg production data before the outbreak and from the last phase of the outbreak 
define the production parameters for susceptible (ps) and recovered (pr) chickens, 
respectively. These parameters are influential in the estimation process of the 
transmission parameters. For the outbreaks used for this study, only weekly averaged 
egg production data were available, which resulted in fewer data to be used to optimise 
ps and pr. As a result, in the case of Farm-4, for the reason already explained (section 
3.2), we found that better convergence and fit was obtained by estimating these 
parameters separately from the data and subsequently keeping them fixed. Having had 
daily data, the estimates would surely have been more robust than our results with 
weekly data points. We confirmed this with simulated data (results not shown). 
Therefore, it would be advisable to obtain daily egg production data from the flock, 
which will provide more information for the optimization process than weekly averages. 

Because pr is influential for the optimization process, this method is best suited to 
be applied in situations where the outbreak has already died out. This is likely to be the 
case, when surveillance programmes are performed with a low frequency (e.g once a 
year) [7]. In these circumstances, this method would help to study transmission of  
LPAIv, that  have been circulating in commercial layer flocks. In addition, the estimates 
of the day of introduction could be used to reconstruct an epidemic to investigate 
between farm spread. Occasionally, serological surveillance [31] or early detection 
systems discover on-going outbreaks, e.g. in 2011, two LPAIv outbreaks in layer 
chickens in the Netherlands [32]. Detection is most likely to happen at the time of the 
biggest drop in egg production. In such a situation, with no data available for the 
estimation of pr, the transmission parameters and the time of introduction could be still 
optimised, by setting an  assumed value for pr.  This assumed value could be obtained 
from previous outbreaks or reported studies such as this study.  

The SIR models appeared to explain the egg production dynamics better than the 
SEIR models. The estimated latent (exposed) periods  in the SEIR models were close 
to zero. This is  in agreement  with  transmission experiments with other H5 or H7 
LPAIv strains [11,14,15], which showed that all inoculated chickens were already 
positive for PCR or virus isolation one d.p.i.  The results of this study suggest – 
considering the law of parsimony – that  the use of a SIR model would be preferable 
above a SEIR model for simulating or analysing the within-flock transmission dynamics 
of LPAIv infections in chickens, since it requires fewer parameters. However, the latent 
period varies depending of the virus strain or inoculation dose [29,33,34], with some 
studies reporting latent periods longer than one day [29]. Therefore, the decision to use 
a SIR or a SEIR model might depend on the virus to be analysed. 

Some LPAIv spread slowly within a flock (β < 0.22 day-1; R0 < 1.5) [11,14] and the 
prevalence of infectious chickens at any moment in time would be low (in the peak of 
the outbreak, the prevalence would be lower than 10%).  Therefore, drops in egg 
production might be unnoticed or confounded  with the expected decrease in 
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production due to aging of the flock. By using simulated data, we saw that with   R0  < 2,  
the field method was not able to reproduce the original parameter values consistently 
(data not shown). Therefore, for low transmitting viruses, the method proposed here 
would not be applicable, and other methods to study transmission should be applied 
[30].  Other than this, there are also other limitations to this method. First, this method  
performs better with consistent egg production data  as is the case in commercial layer 
flocks unlike hobby/backyard flocks. Secondly, the assumption of homogeneous 
contact structure limits the application of this method to commercial flocks (free-range 
and indoors) with a litter (floor reared) housing system.  

Outbreaks of LPAI have also been associated with increased mortality, with the 
peak of mortality around the time of the biggest drop in egg production [17,35]. We did 
not include mortality in the model because: (i) the increased number of parameters to 
be estimated could lead to convergence problems; and (ii) mortality was very low (the 
peak mortality was below 0.5% per week and mortality before and after these peak was 
below 0.25% per week) [17], and was therefore assumed not to have a big influence on 
the population dynamics of the infection and on the estimated transmission parameters. 

It should be noted that data from only two flocks were used for analysis, and 
therefore, this study is a preliminary basis for a proof of principle that transmission 
parameters of LPAIv infections in layer chicken flocks could be quantified using the egg 
production data from affected flocks. This opens the opportunity to study the 
transmission characteristics of different LPAIv affecting  chickens with a practical and 
inexpensive method, provided that these viruses do induce a drop in egg production in 
the affected commercial flock. This information will be of importance to develop 
appropriate control measures against LPAI epidemics. 
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Abstract 

Experimental evidence suggests that not all chickens infected with a low pathogenic 
avian influenza virus (LPAIv) develop antibodies (seroconverts) against the virus. 
Knowledge of the probability for seroconversion would be relevant for diagnosis and 
surveillance of LPAI infections. The objectives of this study were to evaluate 
occurrence of seroconversion in time upon a LPAIv infection and asses the diagnostic 
performance of a commercial ELISA test using sera or egg samples. Swab, sera and 
egg samples used in this study came from a paired-transmission experiment using an 
H7N7 LPAIv in chicken layers. Swab samples were tested by RT-PCR and the results 
used to define ‘true’ disease status of the chickens. In the absence of a ‘gold standard’, 
Elisa results of sera and egg samples were analyzed using Bayesian statistics. The 
probability of an infected chicken to seroconvert was 0.87 (95% credible intervals (CI): 
0.80 – 0.91) and the median time to detect this in serum was 4.2 (95% CI: 4.0 – 4.5) 
days after infection.  In eggs, seronconversion could be detected on average  8.8 (95% 
CI: 6.9 – 10.3) days later than in serum. Upon seroconversion the sensitivity  of the 
ELISA was 0.99 (95% CI: 0.96 – 1.00), in serum as well as in egg-yolk. The specificity 
of the test was 0.99 (95% CI: 096 – 1.00), both in serum and egg-yolk. The estimated 
seroconversion and test parameters are useful for the design of surveillance 
programmes. 

Keywords: LPAI, ELISA, Seroconversion, Test validation, Avian Influenza 
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Introduction 

Low Pathogenic Avian Influenza (LPAI) in poultry, caused either by H5 or H7 virus 
subtypes, is notifiable to the World Organization of Animal Health (OIE). LPAI virus 
(LPAIv)  infections  are, in general, subclinical or show mild and non-specific clinical 
signs [1]. Thus, surveillance programmes, such as those implemented by Members 
States (MS) of the European Union (EU), are typically based on the detection of 
antibodies against these virus [2].  

Among EU-MS, commercial layer chickens are the most targeted poultry type for 
surveillance [3]. In the Netherlands, all layer farms are blood sampled and tested at 
least once a year, and farms with free-range facilities are tested three or more times 
per year [4,5].  This frequent sampling of blood from free-rage farms increases the cost 
of surveillance [6], affects animal welfare (invasive blood sampling), and might increase 
the risk of transmission of infectious diseases due to increased human contacts. To 
reduce these drawbacks, eggs may be used as a sample alternative for surveillance. 
The use of eggs may also reduce the overall cost of the current surveillance 
programme [6]. 

Experimental evidence suggests that not all infected chickens with a LPAIv  
seroconvert against the infecting virus [7-9]. Some infected chickens, despite shedding 
virus, did not develop detectable antibodies post infection.  It could be argued that the 
serological tests used in those studies (hemagglutination inhibition test and ELISA)  
were not sensitive enough to detect antibodies in these chickens. However, it is also 
reasonable to hypothesize that some infected chickens would not seroconvert. To 
quantify this probability would be relevant for serological surveillance. Simulation 
models have become an important tool for the design and evaluation of control 
measures in animal health [10,11]. With these tools, the characteristic of the infection 
dynamics (variability in antibody levels and prevalence of infected chicken in a flock) 
can be used when designing new surveillance programmes [12,13]. In this context, 
knowledge of the time after infection a serological test detects serconverting animals 
and the test sensitivity (Se) upon seroconversion are useful to parameterize this type of 
models. 

The Dutch surveillance program uses a commercial ELISA test, which detects 
antibodies against all AI virus subtypes (H1 to H16), as a screening test. The objectives 
of this study were to evaluate the occurrence of seroconversion in time upon a LPAIv 
infection and estimate the diagnostic sensitivity and specificity of a commercial ELISA 
test using sera or egg samples. In this study we used an H7N7 LPAIv as a model of 
LPAI infections in chickens. 
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Material and methods 

Samples  

Samples for this study came from a pair-transmission experiment using an H7N7 
(A/Chicken/Netherlands/ 2006)  LPAIv [14]. Thirty  pairs of conventional layer chickens 
(32 – 35 weeks old) – negative for AI virus RNA and antibodies – were divided in two 
groups of 15 pairs. In one group, Lohmann Brown (LB, producing brown eggs) layers 
were inoculated with virus (106 50% Egg infectious Dose (EID50)/chicken) and 24 h later 
Lohmann White (LSL, producing white eggs) layers were placed as contacts. In the 
other group, LSL layers were inoculated and LB layers were placed as contacts. Post-
inoculation, tracheal and cloacal swabs were taken daily for a period of 11 days. Blood 
samples were taken every other day from day post inoculation (dpi) 5 to dpi 15,  or from 
dpi 6 to dpi 16 and  on dpi 18 and 21 (Table 1a and 1b). Eggs were collected daily from 
dpi 5 until the end of the experiment on dpi 21.  As previously reported [14]: “this 
experiment complies with the Dutch law on animal experiments and was approved by 
an ethical committee at the Central Veterinary institute part of WUR, Lelystad, the 
Netherlands”. 

Sera originating from 200 AI negative chickens (tested by PCR): which came from 
6 different commercial farms and pre inoculation sera of the animals in this experiment 
were used to estimate the specificity.  

RT – PCR   

Trachea and cloaca swab samples were examined for the presence of the virus 
RNA (matrix gene) using a real time reverse transcription PCR (RT-PCR) method. RNA 
extraction and the RT-PCR diagnostic procedures have been described elsewhere 
[14,15].  

Elisa test 

 A commercial test kit, IDEXX FLockCheck AI MultiS-Screen, for detection of 
antibodies against avian influenza (all subtypes) was used for this validation. Test 
procedures for testing sera and prepared egg-yolk (the terms ‘egg’ and ‘egg-yolk’ are 
used interchangeably) samples were those recommended by the manufacturer. 

Egg-yolk samples were prepared for testing as follow: one ml of egg-yolk was 
collected from each egg using a 1 ml tip and pipette and loaded into a 5 ml tube. An 
equal amount of 0.01 M PBS was added (dilution = 1/2), vortexed and centrifuged at 
1500 X g for 30 min. The supernatant was collected and used for testing. In the ELISA 
test, the supernatant was further diluted 5 fold with the kit’s sample diluent. Thus the 
final egg-yolk dilution used in the assay was 1/10 (the same working dilution as for 
serum samples). Following the manufacture’s recommendations, samples with an 
‘absorbance sample /absorbance negative controls’ (S/N) value lower than 0.5 were 
categorized as positive. 
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Table 1a. Number of ELISA positive samples detected at each day post inoculation in inoculated-
chickens negative to PCR, positive for 1 to 2 days or 3 or more days. 

PCRa 
No of 
chic-
kens 

Days post inoculation (dpi) 

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 21 

    Sera samplesb                         
0 2 0 0 0 0 0 0 - 0 - 0 - 0 - 0 - 0 

1 - 2 1c - 0 - 0 - 0 - 0 - 0 - 0 - 0 - 0 

> 3 27 14 13 13 13 14 13 - 27 - 27 - 26 - 27 - 27 

Samples tested 15 15 15 15 15 15 - 30 - 30 - 30 - 30 - 30 

Egg samplesb 

0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 - 0 0 

1 - 2 1 0 0 0 0 0 0 - 0 0 0 0 0 0 0 - 0 

> 3 27 0 0 0 1 3 8 14 18 19 17 20 18 17 20 18 19 

Samples tested 23 19 22 18 16 19 22 20 22 21 22 21 19 21 19 22 
a All inodulcated chickens that tested at least once PCR positive, were positive the next day post 
inoculation (dpi = 1) 
b Group 1 was sampled at dpi  5, 7, 9, 12. Group 2 was sampled at dpi 6, 8, 10, 12. From dpi 14 all 
chickens from both groups were sampled at the same time.  Eggs were collected and tested daily from 
group 1 and 2. 
c This chicken was PCR positive at dpi 1 and 4. PCR CT values were 36.0 and 38.8. 
 

 
Table 1b. Number of ELISA positive samples detected during the course of the experiment in contact-
chickens negative to PCR, positive for 1 to 2 days or 3 or more days. 

PCR 
No of 
chic-
kens 

Days post inoculation  

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 21 

    Sera samplesa                         
0 20 - - 1 0 0 0 0 0 - 1 - 0 - 0 - 0 

1 - 2 3c - - 0 0 0 0 0 0 - 0 - 0 - 0 - 0 

> 3 7d - - 1 1 5 1 6 1 - 6 - 6 - 7 - 7 

Samples tested - - 15 15 15 15 15 15 - 30 - 30 - 30 - 30 

Egg samplesb 

0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 - 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

> 3 7 0 0 0 0 0 0 0 1 1 5 4 5 6 6 6 7 

Samples tested 29 26 30 24 27 26 27 27 25 28 28 26 26 28 22 29 
a Contact chickens of Group 1 were sampled at dpi   7, 9, 11. Group 2 was sampled at dpi  8, 10, 12. 
From dpi 14 all chickens from both groups were sampled at the same time. 
b Eggs were collected and tested daily from group 1 and 2 and tested. 
c These chickens were PCR positive, for the first time, at dpi 4, 8 and 10. PCR CT values ranged from 
38 to 40.0. 
d These chickens were PCR positive, for the first time, at dpi 2, 2, 4, 4, 4, 6, 6.  PCR CT vales ranged 
from 21.8 to 40.0. 
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Bayesian analysis 

Modeling true infection status conditional upon PCR results 
The pairs of animals (inoculated + contacts) are the independent units in the 

analysis. The inoculated animal within a pair  will either be infected (inoculation was 
successful, true infection status 1) or not (inoculation failed, true infection status 

0 ), with probabilities  and 1  respectively.  An animal that was 
successfully inoculated was expected to become infectious on short notice [7,14]. 
Following a method described by van der Goot et al [16], PCR results were grouped 
into 0, 1-2 or ≥ 3 days with PCR positive result (abbreviated by nrPCR). Depending on 
true infection status  (which remains unknown), probabilities for nrPCR to be equal to 
0, 1-2 or ≥ 3  are: 1 , 1  and  for  1, and , 1  or 0 for 0. 
Here,  is the probability for a truly infected animal 1  to show at least one 
positive PCR result, while  is the probability, given that there is at least one positive 
PCR result, that there are more than two positive PCR results. By this choice of 
probabilities the sum 1 1 1. Probabilities  and  relate to the 
sensitivity of PCR, while probability  relates to the specificity of PCR.   

The infection status of a contact animal was generated as follow. When 0 for 
the inoculated animal in a pair, 0 for the contact animal as well, with probability 1. 
When 1 for the inoculated animal, there is a probability  for the contact to 
become infected 1 , and a probability 1  not to become infected 0 . 
The probabilities for nrPCR results 0, 1-2, or ≥ 3 days for contact animals and 
inoculated animals are assumed to be same. Because the expected latent period of a 
LPAI infection in chickens appears to be shorter than one day [7,14], and inoculated 
animals, in this study, were PCR positive the next dpi (see results), we assumed  that 
contact animals became infected one day earlier than the first day the animal was 
positive by PCR.  

Modeling true seroconversion 
Depending on true infection status , an inoculated or contact chicken may either 

truly seroconvert (true seroconversion status 1) or not (true seroconversion status  
0). When 0, 0 as well with probability 1. When 1, a process for 

seroconversion in time will be started [17]. When an individual threshold is exceeded, 
the infected animal will seroconvert from true state 0 to 1. The model for this 
threshold process has been described elsewhere [17]. The process generates a 
temporal pattern for , either producing a sequence of 0’s (when the animal does not 
seroconvert), or a sequence of 0’s, followed by a sequence of 1’s (when the animal 
does seroconvert within the observational period). The threshold process is allowed to 
depend upon nrPCR: more days positive PCR may accelerate the process for 
seroconversion.  

Probability  that a truly infected animal 1  seroconverts and the time it takes 
from infection to seroconversion, given that an animal seroconverts, were evaluated by 
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a re-sampling scheme from the Markov chains for the relevant parameters. Details are 
provided as supplementary information. 

Modeling Sensitivity and Specificity as a function of time after serconversion  
Depending upon the true seroconversion status , the ELISA tests for serum and 

eggs are modeled conform the product binomial representation in Engel et al. [18]. This 
model was used because of the presence of missing values (days that a chicken did 
not lay an egg) for test results using eggs. An initial inspection of the ELISA test results 
suggested a delay in the detection of antibodies in eggs compared to serum. A gradual 
increase in the number of seropositive animals in time was also observed (Tables 1a 
and 1b). Therefore, different curves for the relationship between sensitivity of the ELISA 
test for eggs  and time  after seroconversion were introduced in the model:  a 
broken stick model ( curve 1 or C1),  and  a sigmoid curve model ( curve 2 or C2). 
Details are provided in the appendix. 

 From a biological point of view, the samples used for testing are different; therefore, 
we considered the ELISA test results in eggs and sera as independent. However, as a 
sensitivity analysis, we carried out an analysis including conditional dependence 
between tests conform Engel et al. [18]. 

As part of the  initial inspection of the results, the  level of agreement between the 
ELISA results using sera and eggs was assessed by using the Kappa statistic [19]. 

Prior distributions and inference  
In a Bayesian analysis all parameters are given a distribution. The prior distribution 

represents prior information about parameters by giving a degree of belief to every 
possible parameter value. The analysis combines  prior information with the information 
in the data (as represented by the model). Prior information was mainly derived from 
relevant experiments, and also from expert opinion (Table 2).  

The combination of  prior information and data yields a posterior distribution, which 
is an up-to-date summary of what is known about the parameters. With a Markov Chain 
Monte Carlo (MCMC) algorithm, using the Gibbs sampler as implemented in WinBUGS 
[20], large samples were generated from the posterior distributions. The median, 2.5 
and 97.5 % percentiles of the sampled values from the posterior distributions are 
presented as  parameter estimates and  Bayesian 95% credible intervals (CI). A burn-in 
sample of 4000 iterations was taken and the estimations were done on 50000 iterations 
of the sampled MCMC chain. Chains of different length and from different starting 
points were generated and compared to check for proper mixing. 
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Table 2.  Ranges (95%) and technical specifications of prior distributions. 

Parameter Probability 
range 

Distribution Details 

Probabilities for 
infectiona 

 0.5   - 1 Beta(5.38, 1.49) Probability (prob) for successful inoculation 

 0.05 - 0.5 Beta(2.58, 8.73) Prob. that infected inoculated chicken infects its 
contact 

Probabilities for 
cumulative PCRb 

 0.95 - 1 Beta(151.80, 4.08) Prob. for at least one positive PCR (PCR > 0) for a 
true positive for infection (D = 1) 

 0.95 - 1 Beta(151.80, 4.08) Prob. for more than two positive PCR results given 
that there is at least one positive PCR when D = 1 

 0.97 - 1 Beta(212.10, 3.13) Prob. for a negative PCR result (PCR = 0), for a 
true negative for infection  (D = 0) 

Threshold process 
for 
seroconversion.c  
This threshold 
process was 
modelled as the 
Logit of the 
probability of  
seroconversion.c       

 0.01 - 0.14 N(-1.39, 1.99) Constant in threshold process for seroconversion 
(d = 1), for a truly infected chicken (D = 1) with 
cumulative PCR = 0.  
P(d = 1 | D = 1, cum. PCR = 0)  

 0.11 - 0.74 N(-0.52, 1.56) Constant in threshold process for seroconversion, 
for a truly infected chicken with cumulative PCR 
equal to 1-2.  
P(d = 1 | D = 1, cum. PCR = 1, 2) 

 0.95 - 0.99 N(0.82, 5.64) Constant in threshold process for seroconversion 
for a truly infected chicken with cumulative PCR ≥ 
3.                  
 P(d = 1 | D = 1, cum. PCR >2)  

 Positive, 
but diffuse 

Lognormal(1.30, 
0.67) 

Rate for seroconversion. This is the slope in the 
threshold process for seroconversion, for a truly 
infected chicken. 

Sensitivity and 
specificity for 
ELISA in serum 
and eggsd 

Se serum = 
ses

0.64 - 0.95 N(1.70, 2.95) Sensitivity (Se) of ELISA in serum on the logit 
scale. Priors based on 17 out of 20 positives.d 

Se eggs   = 
seE

0.64 - 0.95 N(1.70, 2.95) Se of ELISA in egg on the logit scale. Priors 
assumed the same as for serum. 

Sp serum= 
sps

0.72 - 1 N(3.57, 0.55) Specificity (Sp) of ELISA on the logit scale. Priors 
based on 10 out of 10 negatives.d 

sp eggs  = 
spE

0.72 - 1 N(3.57, 0.55) Assumed the same as for  serum 

Parameters in the 
sensitivity of eggs, 
broken stick model 
C1e 

B, C 
E 
seE,max

 

0 – 15 days
0 – seE,max

 
 

0.64 – 0.95 

Beta(1, 1) = 
Uniform(0, 1) 
Lognormal(0, 
0.52) 
Beta(1, 1) = 
Uniform(0, 1) 

Se represented by three connected straight lines, 
the first through the origin and the last horizontal at 
maximum sensitivity. This model and the model C2 
are modelled under the assumption of 
independence between ELISA using eggs and 
ELISA using sera samples. 

Dependence 
between ELISA 
testsf 

Depen-
dence 
parameters 

positive, 
but diffuse 

 Analysis assuming  for all models where sensitivity 
of ELISA for eggs is modeled as a function of time 
after seroconversion 

a  Prior for πin was extrapolated from the mean chicken infection dose [23]. Prior for πco is based on a pair 
transmission experiment using an H4N2 LPAIv in chickens (Gonzales et al. unpublished data).  
b Priors conform van der Goot et al .[16] 
c Priors conform Engel et al. [17]. 
d Priors based on an infection experiment using LPAIv H7N1 and H5N2 (de Wit. Unpublished data)  
e For  curve C2 (Sigmoid curve) all parameters had diffuse priors, except ,  

that had the same  
informative prior as C1. 
f Priors conform  Engel et al. [18]. 
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Results 

Diagnostic results  

A total of 28 (group 1 = 14, group 2 = 14) chickens out of the 30 inoculated were 
positive to RT-PCR the next day post inoculation. RT-PCR cycle threshold (CT) values 
ranged from 21.8 to 40.0.  Most of these chickens were already positive in sera 
samples the first day samples were taken: dpi 5 or 6 (Table 1a). When testing eggs, the 
first positive (1 chicken) was detected at dpi 8 and the number of positives increased in 
the following days (Table 1a).  

Ten of the contact chickens (n = 30) were PCR positive at least once. CT values 
ranged from 20.8 to 40.0. Six of these chickens were ELISA positive in sera samples 
between 4 to 6 days after being detected RT-PCR positive for the first time. One 
chicken was ELISA positive 8 days after its first RT-PCR positive detection. In case of 
eggs, ELISA positive results were observed 9 to 13 days after the first RT-PCR positive 
detection (Table 1b). 

The agreement between ELISA results using sera and eggs increased with time. At 
dpi 12, most chickens positive to ELISA in sera samples were also positive to ELISA in 
eggs. Kappa was 0.95 (95% confidence intervals: 0.87 – 1.00), indicating an almost 
perfect agreement between tests (Figure 1).  

 

 

Figure 1. Agreement between ELISA results using sera and using eggs. The Kappa statistic and 95% 
confidence intervals were estimated at different time points post-inoculation. 
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Performance of RT-PCR 

The estimated probability  that a truly infected animal is positive in RT-PCR, which 
represent the overall Se of this test, was estimated to be 0.98 (95% CI:0.95 – 0.99). 
The estimated probability  was 0.97 (95%CI: 0.94 – 0.99).  The estimated Sp (β) was 
0.98 (95CI:0.95 – 0.99). 

Time to seroconversion and performance of the ELISA test  

The Bayesian analysis suggest that not all truly infected chickens would develop 
antibodies. The estimated probability that an infected chicken seroconverts was 0.87 
(95% CI: 0.8 – 0.91).  The estimated median time it would take to detect 
seroconversion in serum was 4.2 (95% CI: 4.0 – 4.5) days after infection, and the 
estimated mean time was  5.8 (95% CI: 5.6 – 6) days (Table 3). 

Upon seroconversion, the Se of the ELISA test using serum was 0.99 (95% CI: 0.96 
– 0.99). When eggs were used for testing, the test could reach a Se of 0.99 (95% 
CI:0.96 – 1.00) around 8.8 (95%CI: 6.9 – 10.3) days after detection of seroconversion 
in serum (Table 3). The probability of detecting a truly infected chicken (say 2 weeks 
after exposure) equals  the probability that this chicken seroconvert  times the Se 
of the test: 0.87 * 0.99 = 0.86, when a serum or egg sample is used 

 

Table 3. Estimates (posterior medians) and 95% credible intervals (in parentheses) of the time and 
probability of seroconversion of truly infected chickens and waiting time after seroconversion for the Se 
of ELISA using eggs to reach its maximum 

Parameter 
Curve C1: Broken stick 
model  

Curve C2: Sigmoid curve 

Seroconversion (S) in truly infected chickens     

Probability to seroconvert PS 0.87 (0.80 – 0.91) 0.87 (0.78 – 0.92) 

Mean waiting time Smean (days) 5.8   (5.6 – 6.0 ) 5.5   (5.3 – 5.8 ) 

Median waiting time Smedian (days) 4.2   (4.0 – 4.5 ) 3.9   (3.6 – 4.1 ) 

Waiting time to reach maximum Se after seroconversion using egg samples 

C (days)a 8.8   (6.9 – 10.3)   - 

T90 (days)b   - 8.1 (7.0 – 9.6) 

T95 (days)b   - 8.7  (7.4 – 10.4) 

T99 (days)b   - 10.2 (8.2 – 12.5) 
a Maximum Se of ELISA in eggs is reached C days after seroconversion 
b Time (in days) after seroconversion for Se of ELISA using eggs to reach 90%, 95% or 99% of its maximum value 

 

Two out of 200 sera samples from ‘non-infected’ chickens were positive in the 
ELISA test. All (n = 200) egg samples were negative. The estimated specificity of the 
test was the same 0.99 (95%CI: 0.96 – 1.00) regardless of the type of sample used. In 
Table 4, estimated Se and Sp of the ELISA test for analysis with curves 1 and 2, for a  
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model assuming dependence between tests, and for an analysis with diffuse priors are 
shown. 

 
Table 4. Estimates (posterior medians) and 95% credible intervals (in parentheses) of sensitivity (Se) 
and specificity (Sp) of ELISA for sera or eggs 
Parameter Broken stick, 

independencea, 
priors as in Table 2 

Sigmoid curve, 
independenceb, 
priors as in Table 2 

Priors as in  Table 2, 
dependence 

Diffuse priors, 
dependence 

Se ELISA serum  0.99 (0.96 – 0.99) 0.98 (0.96 – 0.99) 0.97 (0.94 – 0.98) 0.99 (0.97 – 1.00) 

Se ELISA eggs    0.99 (0.96 – 1.00) 0.99 (0.96 – 1.00) 0.66 (0.61 – 0.71) 0.66 (0.61 – 0.72) 

Sp ELISA serum 0.99 (0.96 – 1.00) 0.99 (0.96 – 1.00) 0.98 (0.94 – 1.00) 0.98 (0.94 – 1.00) 

Sp ELISA eggs   0.99 (0.96 – 1.00) 0.99 (0.98 – 1.00) 1.00 (0.99 – 1.00) 1.00 (0.99  - 1.00) 
a Maximum sensitivity as presented for eggs is only gradually reached c days after seroconversion. 
b Maximum sensitivity is approached as an asymptotic value, see T90, T95 and T99. 
 

 

Discussion 

The objective of this study was to evaluate the probability that an infected chicken 
seroconverts against a LPAIv infection.  There was also an interest in estimating the 
time after infection when the test, using either sera or egg-yolk samples, is able to 
detect this serconversion. There is no perfect ‘gold standard’, and Bayesian posterior 
inference was used  in combination with a model where  ‘true’ status of the chickens is 
introduced by latent classes and transition processes between these classes.  

Our results suggest that not all infected chickens will develop antibodies against 
LPAIv. Although this has been previously suggested [7-9], here we more formally 
substantiate the notion of a probability for seroconversion. This information can be used 
when designing surveillance. So, the probability of detecting an infected chicken will 
depend on the probability of infection (prevalence), the probability that an infected 
animal seroconverts, and the sensitivity of the test.  If eggs would be used for 
surveillance, daily production of infected chickens [14] should be included in the 
estimation of this probability of detection. 

Analysis were also carried out assuming dependence between the ELISA test using 
eggs or sera (the results of the ELISA on eggs are conditional on the ELISA on sera). 
In these analysis, the model did not allowed for a temporal dependence of sensitivity, 
which produced something of an average Se over time. This resulted in a lower Se for 
the ELISA on eggs than the ELISA on sera (Table 4), which was due to the detection 
delay found in eggs.  For practical reasons, we believe this would not be a good 
representation of the accuracy of the ELISA on eggs. In contrast, when the temporal 
dependence of the Se was included in the analysis, the Se of the ELISA test using 
eggs reached its maximum about 9 days later than that using sera (which was about 13 
days after infection). After this time, the Se of the ELISA using either sera or eggs was 
the same. The latter was demonstrated by the high level of agreement between the 
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tests (Kappa = 0.96) from dpi 12 to the end of the experiment.  The use of two different 
parametric curves to model the temporal Se of the tests, which resulted in similar 
estimates, added further confidence to the reliability of the results.  

The Sp of the test was high with both types of samples. The high Sp estimated with 
egg-yolk samples differs with the Sp estimated by Trampel et al. [22]. These authors 
estimated a lower Sp with egg-yolk than with sera samples. This might be related to the 
type of test used. Trampel et al. [22]  used an indirect ELISA test while  we used a 
competitive test. The latter is expected to be more specific. Both tests were produced 
by the same company. An additional result of this study is the evaluation of RT-PCR. 
As expected, our results confirm the high accuracy of this test. 

Extrapolation of experimental results should be done with care, since field condition 
differ. We only used one LPAIv strain. Differences among LPAIv strains to induce 
infection and seroconversion have been observed  experimentally [9,21]. More virulent 
LPAIv than the one here studied [7,9,24] might be able to induce a stronger immune 
response (higher probability of seroconversion). The H7N7 LPAIv used in this study 
has a moderate virulence [14] in relation to other LPAIv [7,24]. Therefore, the estimates 
here presented might be conservative estimates, which are preferred when designing 
control measures. 

The dynamics of a LPAIv infection in a chicken flock would allow serological 
detection of the infection while the farm is still infectious. Hence, knowledge of the 
probability for seroconversion and the time it would take for infected chickens to 
develop antibodies to a level detectable by a specific test (using egg or sera samples) 
could be applied when developing epidemiological models for the design of surveillance 
programs. The seroconversion and test parameters estimated in this study are useful to 
inform such  models. 
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Appendix 

Se of ELISA for eggs as a function of time after seroconversion 

Curve 1 is a four parameter “broken stick” model. In this model  increases 
linearly from 0 0 at the moment of seroconversion 0  to  at time 

, afterwards it increases linearly, with another slope, until ,   at time 
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 and afterwards at time  remains at the maximum value , . This is a 

four-parameter function. 

Curve 2 is a three parameter sigmoid curve, where 
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Abstract 

Current knowledge does not allow predicting the rate at which low pathogenic avian 
influenza virus (LPAIv) of the H5 and H7 subtypes mutate to their highly pathogenic 
phenotype (HPAIv) when infecting poultry. This mutation can already take place in the 
first infected flock. Hence early detection of LPAIv outbreaks will reduce the chance of 
pathogenicity mutations and large epidemics in affected countries. The objective of this 
study was to develop a model for the design and evaluation of serological-surveillance 
programmes aiming at early detection of LPAIv infections in layer chicken flocks. Here, 
early detection is defined by the detection and culling of an infected flock before 
infection spreads to more than 1 other flock (between flock reproduction ratio 1), 

hence large epidemics cannot occur. We used a mathematical model that investigates 
the required sample size and sampling frequency for early detection. The model takes 
into account the LPAIv within and between flock infection dynamics as well as the 
diagnostic performance of the serological test used for surveillance. Since layer flocks 
are the target of surveillance, it was also explored the use of eggs, as an alternative to 
sera, as sample commodity. The model was applied  to refine the current Dutch 
serological-surveillance programme. LPAIv transmission-risk maps were constructed 
and used to target a risk-based surveillance strategy. For example, in areas/flocks 
where  2, testing ten sera samples/flock every  month would ensure early 

detection. If eggs are sampled, 90 samples every month would be required. In 
areas/flocks where  1.5, ten sera samples every two months or 60 eggs samples 

tested every month would be required for early detection. In conclusion, we present a 
model that can be used to explore different sampling strategies, which combined with a 
cost-benefit analysis can aid to implement surveillance programmes for low pathogenic 
avian influenza. 

Keywords: Avian Influenza, LPAI, Surveillance, Early detection 
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Introduction 

Low pathogenic avian influenza viruses (LPAIv) of the H5 and H7  subtypes are able 
to mutate to highly pathogenic avian influenza virus (HPAIv). Outbreaks caused by 
these viruses are notifiable to the World Organization for Animal Health (OIE). 
Therefore, Member States (MS) of the European Union (EU) have implemented 
serological surveillance programmes [1], and in the event of detection of infected flocks, 
eradication measures are implemented [2]. Nevertheless, mutations from LPAI to HPAI 
virus did occur [3,4]. To date, it is not possible to predict when a LPAIv  will mutate to a 
HPAIv.  This can take place in the first infected flock [3-5], but also after transmission of 
the LPAIv to several other flocks [6,7]. Therefore, implementing active surveillance 
targeting early detection of LPAIv outbreaks, will reduce the probability of virulence 
mutations and consequent animal health, welfare, and economic consequences.  

Current surveillance programmes for LPAI, in the EU, are designed to detect 
infected flocks [1]. This design is based on the hypothesis that infection is present at a 
level equal or greater than a specified (fixed) prevalence [8]. The level of this 
prevalence has been chosen intuitively, and  implies that the prevalence of infection is 
constant in time [1]. The current design approach allows the estimation of  sample size, 
and  the intuitive selection of the target populations. However, by using this approach, 
sampling frequency cannot be determined. Since infections of LPAIv in poultry in the 
EU are likely to be re-introduced after some time, sampling frequency is an important 
variable in surveillance. Hence, a method  that could lead to the estimation of sampling 
frequency would help to improve current surveillance regulations.   

The Dutch surveillance programme aims to detect infections caused by H5 or H7 
LPAIv subtypes and to complement the demonstration of  a free of infection status. This 
programme samples all poultry flocks once a year. It also assumes that layer chicken 
flocks, in particular  outdoor (free-range) flocks, have a  high risk of becoming infected 
and transmit AIv [9,10]. Therefore outdoor layers flocks have to be sampled 4 times per 
year [11]. Since 2006, the population of outdoor layer flocks has increased, and 
recently, it has been confirmed that outdoor layer flocks have eleven times higher risk 
of introduction of LPAIv than indoor layer flocks [12]. As a result, possible changes in 
the surveillance regulations such as increasing sampling frequency and targeting early 
detection are being considered [13]. Hence, there is a need to develop a method  that 
quantitatively provides estimates for sample size and sampling frequency to improve 
the current programme.  

The objective of this study was to develop a model for the design and evaluation of 
surveillance programmes for early detection of LPAI infections in layer chicken flocks. 
We developed a model that takes into account the within- and between-flock infection 
dynamics and  the performance of the diagnostic test. As a result, the required 
combination of sample size and sample frequency to ensure early detection is 
obtained. We explored the possibility of implementing a programme using sera samples 
for surveillance, or an alternative programme using eggs samples. 
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Methods 

Within flock infection dynamics 

The within flock infection dynamics were analysed using a deterministic SIR 
(susceptible – infectious – recovered) model for a flock with 20000 chickens (average 
size of a layer chicken farm in the Netherlands). The differential equations describing 
the transitions in this model have been described elsewhere [14]. To account for the 
variation in the within flock transmission characteristics of LPAIv, the model was 
parameterised using data from various transmission experiments [15-18] and from 
outbreaks [16] (Table 1).  

 
Table 1. Parameter values used in the model for the analysis of the within flock infection dynamics 

 Parameters Reference 

Infection dynamicsa  = 0.20 day-1, T = 5.2 days,  R0 = 1.0  [18] 

  = 0.19 day-1, T = 7.8 days, R0 = 1.5  [15] 

  = 0.49 day-1, T = 7.7 days, R0 = 3.8  [17] 

  = 0.72 day-1, T = 7.7 days, R0 = 5.6  [16] 

Probability of seroconversion 0.87 [28] 

Time to serological detectionb Serum =  5 days,   Egg = 13 days [28] 

Sensitivityc of the test at time of serological detection Serum = 0.99;    Egg = 0.99 [28] 

Egg production recovered birds   82%  [16] 

a  = transmission rate, T = infectious period, R0 = basic reproduction ratio 
b The difference between this time and  T  is the value b (see material and methods) used in the 
correction of t  when modelling the prevalence of sero-converiting chickens in sera or eggs. 
c This is the sensitivity of a commercial ELISA conditional on serconvesion. 
 

Infectiousness of a flock and transmission to other flocks 

The infectiousness of a flock can be described by a function  [19] . This function 
is a measure of the infectiousness of an infected flock towards susceptible flocks, and 
is given by:   

 

 																																																																																																																 1  

  

Where  is the prevalence of infectious animals up to time . Hence, the expected 
overall infectiousness of the farms is obtained from equation (1), by integrating over 
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∈ 0,∞ . This overall infectiousness times a constant  [19] defines the expected 
number of secondary infected flocks, a primary  infectious flock makes during its entire 
infectious period  in a susceptible population. This expected number is the between-
flock reproduction ratio :  

 
A ∞ 																																																																																																																			 2  

  
In this formula,  combines information about the rate at which this infected farm 

contacts susceptible farms and the probability of transmission. Our aim is to detect an 
infected flock before it infects on average more than one other flock. In that case, a 
LPAI infection will be detected when only one or a few other flocks have been infected. 
We study a situation where the population is initially free from infection and infection is 
introduced in a single flock. This means that any infectious flock (flocks) – if present 
and detected – is removed from the population.  

Between flock transmission  

Transmission between flocks was modelled as described by Boender et al. [20-22] . 
We first calculated the probability of transmission  from flock i to  j, a distance  

apart, using  1 exp , where  is the infectious period of flock i, and 

 is the transmission kernel [20]. The latter describes how the transmission rate  

scales with distance.  We examined different kernel functions (Table 2),  and selected  
the kernel function that is given by [23]: 

 

    																																																																																																													 3  

on the basis of the Akaike’s Information Criterion (AIC). In equation (3),  is the 
transmission rate at a very short distance,  is the modified Bessel function and  is 
the scaling distance.  

 

Table 2. Maximum likelihood estimates of the parameters for the different transmission kernel models 
evaluated. 
Transmission kernel Reference    AIC 

⁄  [23] 0.002  1.500 115.9 

exp ⁄  [32] 0.031 0.46 0.085 117.9 

1⁄ ⁄  [20] 0.028 2.00 0.180 119.6 
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Following a procedure described by Boender et al. [20], we estimated  the infectious 
period  of an infected flock and the parameters   and   of the transmission kernel 

 using data from LPAIv introductions (outbreaks) onto chicken layer flocks from 
2003 to June 2011 in the Netherlands. A total of 27 outbreaks with sufficient information 
about antibody and/or virus (PCR) prevalence, egg production data and tracing – to  
reconstruct the within flock infection dynamic [16,24] and the between flock 
transmission events in case of secondary spread – were included. Twenty out of these 
27 outbreaks were primary introductions; the remaining seven were secondary cases. 
Fifteen outbreaks (11 index and 4 secondary cases) were caused by LPAIv of H7 
subtype [16,17,25], seven outbreaks were caused by H5 LPAIv (all single 
introductions), three (1 index and 2 secondary cases) were caused by an H6 LPAIv [12] 
and two (1 index, 1 secondary case) were caused by an H10 LPAIv. 

To estimate , we assumed that an infected farm becomes infectious when the 
prevalence of infectious chickens was higher than 2.5%.  We used the estimates of  
and  to calculate , which was then used to calculate both the critical 

reproduction ratio  [21] and  the expected  between flock reproduction ratio   of 

flock  [22]: 

 
1
	 																																																																																																									 4  

   

By including 1⁄  in equation (4) we corrected for the effect of local depletion of 
susceptible flocks in the neighbourhood of an infectious flock (which could lead to self-
limiting outbreaks) in the estimation of . Finally, we produced risk maps that identify 

areas that contain low ( 1  to high risk ( 1  flocks for the spatial spread of LPAI 

in the Netherlands.  The estimated  is the basis for the application of a risk based 

surveillance approach.  
 

Surveillance  

Effective control of LPAIv outbreaks depends on the effective detection and removal 
of infected flocks. Consequently, the risk of spread of infection to other flocks will be 
reduced. However, this probability of detection – or sensitivity of surveillance at the 
flock level – is not perfect. Despite regular testing (assuming there is ongoing 
surveillance), there is still a non-zero probability that an infected flock escapes 
detection. Hence, the risk of transmission to other flocks remains. Here, we focus on 
the probability of a flock escaping detection.  

The probability of escaping detection   can be described by a Poisson 
distribution with the number of positive detections = 0 [26]. This probability depends on: 
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1) the prevalence  of  infected chickens that have sero-converted (developed 
antibodies against LPAIv) at the time the farm is sampled, 2) the sensitivity s of the 
diagnostic test at the chicken level, 3) the number n of chickens/eggs sampled, which in 
case of using eggs needs to be corrected with the expected egg production e in 
recovered chickens, and 4) the sampling interval (sampling frequency) ∆. This 
parameter has a particular influence in the cumulative sensitivity of surveillance in time, 
and refers to repeated sampling performed on a flock with a determined frequency. 
Hence, the probability of this flock escaping detection at time t with  is conditional to 
the probability of  having escaped at an earlier sampling point (one time unit ago) with 

1  within the sampling interval ∆. 

 

∆ 	 exp
∆

∆

																																																																																					 5  

 
In this equation, the probability of escaping detection changes as a function of the 

expected prevalence /∆  of sero-converting chickens at time . We estimated 
/∆ following ideas of Graat et al [26] and de koeijer [27]. Briefly, we assume that 

introduction of infection took place any random (unknown) moment within the last 
sampling time (in days) 0  and the next one ∆ . Hence, the expected 
prevalence of seroconverting chickens can be calculated by averaging the prevalence 
of seroconverting chickens at the moment of sampling  over all possible 
introduction moments ∆. In our model  , where  is the probability that an 
infected chicken serconverts and  is the prevalence of recovered chickens at time . 
The latter is obtained from the recovered compartment in the simulated SIR (within 
flock) dynamics, with a correction  in  for the earlier (before recovery) seroconversion 
and serological detection (seroconversion/detection) in serum samples , or 
delayed seroconversion/detection in egg samples . In addition to the time of 
seroconversion/detection,  also includes the time it takes from detection (screening 
and confirmation) to culling of an infected flock. For the Dutch programme, this time 
takes on average less than two days. To be conservative, we used two days, thus  = 
time to seroconversion/detection + 2 days.  Note that in this model we assume perfect 
specificity, since any seropositive result, in the current Dutch programme, is followed up 
until definite confirmation. All parameters values are described in Table 1. 

Effect of surveillance on the reduction of  flock infectiousness 

Next, we determine the expected infectiousness of a flock that escapes detection 
and remains a risk for transmission to other susceptible flocks . This infectiousness is 
described by a function . The latter describes the infectiousness  of a flock from 
the time of introduction of the infection (  = 0) to the time of sampling. In other words, 
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 is the complement of the expected amount of infectiousness removed as a 
consequence of detection and culling of an infected flock.  We model  as a 
function of the fraction of infectious chickens escaping detection at time t.  

 

	 																																																																																																									 6  

   
The expected infectiousness of a flock that escaped detection and removal is 

obtained from equation (6) by integrating over ∈ 0,∞ .  It can be expected that a 
reduction in the flock’s infectiousness would result in a proportional reduction in the 
between flock transmission , which will be denoted by .  

 
∞ 																																																																																																																													 7  

 
Combining equations (2) and (7) we obtain: 

 
∞
∞

	 																																																																																																																								 8  

 
This formula is used to design a surveillance programme for early detection of LPAI 

infections. Whenever   is equal or less that 1, it can be expected that outbreaks will 
be detected before infection spreads to more than 1 flock. Thus it cannot lead to a large 
epidemic, before detection and culling. 

Size of an epidemic given surveillance  

To evaluate the effectiveness of a chosen surveillance programme, the expected 
number of infected flocks ∆  at the time of detection, given the programme’s 

sampling interval ∆, needs to be determined. Following an analytical derivation of de 
Koeijer [27], which assumes that the time of introduction of infection 0 is uniformly 
distributed within ∆,  ∆  can be estimated as: 

 

∆ 	
∆
exp r∆ 1 exp ∆ 																																																																																			 9  
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where,  is the number of infected flocks at the start of the epidemic 1 ,  is the 
epidemic growth rate, and is given by  . In the latter formula,  is the 

between flock transmission rate and   is the flock recovery rate (1⁄ . Note that the 

estimation of ∆  is conditional on introduction and detection of a LPAI infected flock 

within ∆.  
 

Results 

Within flock transmission  

The within flock transmission dynamics of  LPAIv with low transmission 
characteristics ( 1.5) and LPAIv with high transmission characteristics ( 3.8 

and 5.6) are shown in (Figure 1). In case of outbreaks with LPAIv with low 
transmission characteristics (figure 1a) the infectious output  would be lower than 
that expected in flocks infected with  LPAIv with high transmission characteristics 
(Figures 1b and 1c).  In the examples given in figure 1, the expected infectious output 
∞  for the low transmitting virus would be 4.45, while for the high transmitting 

viruses, ∞   would be 7.5 and 7.7 respectively.  It can also be seen that the sharp 
increase in the prevalence of seroconverting chickens  in both sera and eggs, in 
case of infections with low transmitting viruses, occurs in the initial phase of the 
outbreak, before the prevalence of infectious chickens  reaches its peak (‘peak of 
the epidemic’) (Figure. 1a). The opposite behaviour is observed, if a flock would be 
infected with a high transmitting LPAIv. In this scenario, particularly with the prevalence 
in seroconverting chicken in eggs, the sharp increase in this prevalence takes place 
close to or during the late phase of the outbreak (after the  peak of the epidemic) 
(Figure 1b and 1c) . 

Between flock transmission  

The transmission kernel presented in formula (3) had the best fit compared with the 
other kernel functions evaluated for this study (Table 2). The estimated (95% 
confidence intervals (CI)) values for the parameters  and  of this transmission 
kernel were 0.002 (0.001 – 0.007) day-1  and 1.5 (0.9 – 2.8) km. 

The mean (95% CI) infectious period of a flock was 46 (37 – 53) days. Using the 
estimates of the transmission kernel and the infectious period, we estimated individual 

  for each flock and generated a risk map (Figure 2). Table 3 summarises the number 

of farms within a transmission risk category based on the estimated . Most flocks 

(79.2%) in the Netherlands  are located in areas of low flock density and are expected 
to have low risk of transmission (  < 1). The remaining flocks  are located in areas with 

higher flock density and are expected to have high risk of transmission (  > 1)     
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(Table 3). All poultry flocks (chicken layers, breeders, broilers, turkeys, etc) in the 
Netherlands were included for this analysis.  
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Table 3. Distribution of layer chickens flocks based on their expected  risk of transmission a 

	
Number of flocks 

Layers indoor  Layers outdoor Total 

< 0.5 483 (59.9%) 196 (65.5%) 679 (61.4%) 

 < 1 151 (18.7%) 46 (14.4%) 197 (17.8%) 

≤ 1.5 86 (10.7%) 35 (11.7%) 121 (10.9%) 

≤ 2 76 ( 9.4%) 20 (6.7%) 96 (8.7%) 

≤ 2.15 11 ( 1.4%) 2 ( 0.7%) 13 (1.2%) 
a The intervals 1.5, 2, and 2.15 represent the median, 0.95 quantile and  maximum value, respectively,  
of the estimated 1.  

 

 

Figure 2. Risk map for transmission of LPAIv between poultry flocks in the Netherlands 

 

Early detection of infected flocks 

Increased sample size or increased sampling frequency reduces the probability  
of an infected farm to escape detection and culling, and consequently the remaining 
infectiousness  towards other flocks. Figure 3 shows the effect of sampling size or 
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sampling frequency in the reduction of the expected overall infectiousness ∞  using 
sera or egg samples. For example, say we survey a flock located in a high risk area for 
between flock transmission (  = 2). If  30 blood samples are taken every 4 months, the 

estimated ∞  – in case of  an outbreak with a LPAIv with high transmission 
characteristics (  = 3.8, ∞  7.5) – would be 3.45 (Figure 3a). Consequently the 
expected  = 0.93, and early detection would be expected. If eggs would be used 
instead of sera, it would be necessary to sample 60 eggs every month (  = 0.96) 
(Figure 3d). Tables 4 and 5 show the required sample size and sampling frequency (for 
eggs and sera samples) for flocks with different transmission risk .  In these tables 

two scenarios involving LPAIv of high transmission characteristics are presented.  

 

Figure 3. Expected reduction in the infectiousness of flock  as a result of sample size and sample 
frequency. The following surveillance scenarios are shown:  a) 30 sera samples are taken every 4 
months, b) 30 sera samples taken every 2 months, c) 60 egg samples every 4 months and d) 60 eggs 
samples every month 

a b 

c d 
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Number of infected flocks at the time of detection 

Based on the model outcomes given in Table 4, sampling of sera has to be 
performed with a minimum frequency (sampling interval ∆)  of  six ( 1.5), four 

( 2) and three ( 2.15) months to keep  1.  These sampling intervals are 

longer than the duration of a within flock outbreak caused by a virus with high 
transmission characteristics (Figure 1).Thus we evaluated the suitability of these 
intervals for early detection by estimating the expected number of infected flocks ∆ . 

To perform this estimation, we used the above mentioned estimates of the mean 
infectious period of a flock   = 46 days (1.53 months). Therefore 1⁄  = 0.65 

month-1 and ⁄ . By replacing values in equation (9),  ∆ , in an area where 

1.5 and  ∆ =  6 months, equals 3 flocks.  Estimates of ∆  for other risk  areas 

and sampling frequencies are given in Tables 4 for a programme based on sampling 
sera and Table 5 for a programme based on sampling eggs. Only sample sizes multiple 
of 30 eggs were evalueted, because that is the maximum size of an egg tray. This may 
simplify sampling and automated testing. 

 
Table 4. Number of sera samples n and sampling interval ∆ (in months) required to reduce the expected 
between flock reproduction ratio  Rf below 1a 

	
  = 3.8b   = 5.6c 

n ∆ Samplings/year ∆  n ∆ Samplings/year ∆  

< 1 30 12 1 nde 30 12 1 nd 

          

≤ 1.5 30 6 2 3 30 6 2 3 

15 4 3 2 15 4 3 2 

10 2 6 1 10 2 6 1 

          

≤ 2 30 4 3 5 30 3 4 3 

15 2 6 2 15 1.5 8 2 

10 1 12 1 10 1 12 1 

          

≤2.15 30 3 4 4 30 3 4 4 

30 2 6 2 30 2 6 2 

10 1 12 1 10 1 12 1 
a Within flock outbreaks with LPAIv of high transmission characteristics are used.  
b Within flock transmission was simulated using parameters estimated for the LPAIv H7N1 [15]. 
c Within flock transmission was simulated using parameters estimated for the LPAIv H7N3[16]. 
d ∆  is the expected number of infected flock within the sampling interval ∆, conditional on the 
introduction of LPAIv into a flock with the potential of causing a large epidemic. 
e nd: not done. 
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Table 5. Number of egg samples n and sampling interval ∆ (in months) required to reduce the expected 
between flock reproduction ratio  Rf  below 1a  

	
  = 3.8b   = 5.6c 

n ∆ Samplings/year ∆  n ∆ Samplings/year ∆  

< 1 30 12 1 nde 30 12 1 nd 

          

≤ 1.5 60 3 4 2  120 3 4 2 

 30 1 12 1  90 2 6 1 

          

≤ 2 120 2 6 2 150 1 12 1 

 60 1 12 1  90 0.5 24 1 

          

≤ 2.15 150 2 6 2  120 0.5 24 1 

 90 1 12 1  60 0.23 52 1 
a Within flock outbreaks with LPAIv of high transmission characteristics are used.  
b Within flock transmission was simulated using parameters estimated for the LPAIv H7N1 [15]. 
c Within flock transmission was simulated using parameters estimated for the LPAIv H7N3[16]. 
d ∆  is the expected number of infected flock within the sampling interval ∆, conditional on the 
introduction of LPAIv into a flock with the potential of causing a large epidemic. 
e nd: not done. 
 

Discussion 

In this study, we describe a model to design serological surveillance programmes 
that aim to early detect LPAI infections in layer chicken flocks. By early detection, we 
meant that the virus is detected when it infects only one or very few flocks in the 
country.  To be conservative, we based the surveillance design on outbreaks caused by 
LPAIv with high transmission characteristics.  Under these conditions, two types of 
programmes were designed: one type uses sera as sample commodity and the other 
uses egg samples.  

We found that sampling of eggs instead of sera can be effective and efficient in 
surveillance for LPAI. It does require higher sample size (per flock) and sampling 
frequency than surveillance based on sera samples. This is because, during the initial 
phase of an outbreak,  egg sampling  temporarily leads to a lower probability of 
detection (high probability of escape) of an infected flock. Thus, the prevalence  of 
chickens seroconverting in eggs remains lower than in sera, and a higher sample size 
and sampling frequency is required for equal sensitivity. This low  is a consequence 
of the delay in the detection of antibodies in eggs [28], and  the drop in production in 
infected chickens [15,16].  

Surveillance based on egg sampling improves welfare as compared to serum 
sampling, and seems to be easier and less costly in logistic aspects [29]. It has been 
shown that sampling sera is 11 times more expensive that eggs [29]. However, the 
diagnostic costs (sample preparation, test and disposal) of testing eggs are 1.5 times 
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more expensive than testing sera [29]. Thus the reduction in cost of egg sampling might 
be weighted with increased number of samples tested. To select the most efficient 
programme, a cost-benefit analysis, balanced with possible other arguments e.g. 
welfare,  could guide this selection. 

This study allows for a dynamic evaluation of the increasing seroprevalence during 
the outbreaks. This has the advantage that it takes account of the sampling frequency, 
which is lacking in conventional methods of surveillance design [8,30]. It also allows for 
a risk based approach, where sampling is targeted at the variable transmission 
potential of infected flocks. Flocks – or flocks located in areas – with higher risk of 
spreading infection ( 1) should be sampled with higher frequency than flocks with 

expected lower risk of transmission ( 1). Outbreaks affecting flocks with  1 

can be expected to die out within the first infected flock or otherwise after the LPAIv 
spreads to only a few other flocks [19]. An example of the latter are the LPAIv H7N3 
outbreaks in 2003 in the Netherlands [25]. This virus, despite its high transmission 
characteristics [16], affected only three flocks, which were located in an area of low 
flock density ( 1). Given the low risk of transmission in these flocks/areas, which 

appears to coincide with areas with low risk of transmission of HPAI [20], it could be 
considered, to relax surveillance in these areas and for example, only take a yearly  
random sample of these flocks.  

These results, regarding surveillance, are sensitive to the applied . We estimated 

this parameter using a transmission kernel, which does not incorporate any distinction 
of the individual mechanism leading to transmission between flocks. Consequently, the 
two parameter kernel used in this study  is a simplified representation of the between-
flock contact structure. Our  estimates are applicable to the Dutch layer chicken 

industry. The estimated  in areas with high flock density in the Netherlands are in 

accordance with the  estimates using data of  LPAI outbreaks in areas with high flock 

densities in Italy [31]. In addition, our estimates are further supported by the fact that no 
large LPAI epidemic in poultry has been observed in the Netherlands in the past 10 
years. The latter could be related to the expected 1 for most (79%) layer chicken 

flocks in the country.   
We only considered the risk of transmission to other farms in the development of a 

surveillance programme. The risk of introduction is obviously also important for targeted 
surveillance. Outdoor  layer flocks have 11 times higher risk of introduction of a LPAIv 
than indoor layer flocks [12]. An intuitive approach could be to target early detection to 
outdoor layers and keep the current programme (sampling once per year) for indoor 
layers. We have not explored an analytical/numerical way to combine these risks 
(introduction and transmission) for the surveillance design. This could be further 
explored in future research in the development of surveillance methods. 

Extrapolation of these results to different situations should be done with care, since 
our results are based on specific conditions. The within flock transmission model 
assumes homogeneous mixing, thus  it is best suited to commercial flocks with a litter 
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system. We also considered one flock as one farm, thus in case of farms with more 
than one poultry shed, sampling should be increased accordingly.  

Finally, early detection and subsequent control of H5 or H7 LPAIv subtypes by 
culling, aims at removing these LPAIv  from the population before they mutate into a 
highly pathogenic form. Thus, the costs of the surveillance should be put into 
perspective of HPAI epidemics. The surveillance model presented in this study is based 
on a flexible approach that can be used to explore different sampling alternatives: 
sample size, sampling frequency, sampling eggs for some flocks and sera for others, 
etc. Thus, decision makers, can balance aspects of AI risks against  cost benefit 
analysis and welfare arguments.  
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Introduction 

The main reason for the implementation of surveillance programmes for the 
detection of Low Pathogenic Avian Influenza virus (LPAIv) infections in poultry in the 
European Union (EU) is the risk of mutations of  LPAIv of H5 or H7 subtypes to  highly 
pathogenic viruses (HPAIv). The latter are lethal for most poultry species [1], and 
spread faster than  LPAIv within and between flocks [2,3]. As a consequence, a HPAI 
outbreak can rapidly develop into a large epidemic [4].   

Because LPAIv infections are, at the most, associated with mild and unspecific 
clinical signs [5], the EU has implemented a serological surveillance programme which 
targets the detection and consequent eradication  of  H5 or H7 LPAIv infected  poultry 
flocks [6,7].  In the Netherlands, this surveillance programme is more stringent than the 
EU programme (Chapter 2a). In the Dutch programme, each poultry flock is tested at 
least once a year with some poultry farms housing poultry types (PT) such as outdoor-
chicken (free-range) layers tested four times per year. The latter are tested with higher 
frequency than other PT, because of the assumed higher risk of becoming infected with 
LPAIv [8]. However, also for the Dutch surveillance program it is unclear whether it is 
effective for the early detection of LPAI. 

The goal of this thesis was to develop the framework of a serological surveillance 
programme for early detection of LPAI. To reach this goal, first the results of the current 
surveillance programmes in the European Union and the Netherlands were evaluated 
(Chapter 2). It was shown that the prevalence of LPAIv seropositive poultry farms in MS 
of the EU  is lower than the design prevalence recommended for surveillance. As a 
consequence, the results of the current EU surveillance may underestimate the 
proportion of LPAIv-infected MS (Chapter 2a). In the Netherlands, chicken flocks 
constitute 95% of the poultry population [9], and among them layer chicken flocks, in 
particular outdoor layers, have the highest risk of infection with LPAIv (Chapter 2b). 
Moreover, chicken layers (outdoor and indoor) are often located in areas of high flock 
density. The latter increases the risk of spread of infection between flocks [10,11], and 
with that, the likelihood of mutation to HPAI. Thus, the need of implementing a science 
based early detection system appeared to be  justified. However,  stringent surveillance 
leads to high (blood) sampling frequency, which increases the cost of the programme  
and affects animal welfare. Therefore, the  use of eggs as a sample alternative to blood 
was evaluated economically (Chapter 3). It was shown that – under the current 
programme – surveillance based on egg sampling appears to be equally effective to 
and cheaper than blood sampling (Chapter 3). However, if the objective of a 
surveillance programme is early detection of infected flocks, there is a delay in the 
detection of antibodies in eggs (Chapter 6) that has to be considered in the 
development of such a programme (Chapter 7). 

The approach that has been used to design the current surveillance programmes 
assumes that upon infection, the prevalence of infection will at least be as high as the 
design prevalence and is fixed over time. Therefore, this approach can only be used to 
estimate the required sample size for that design prevalence [12], and the required 
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frequency of sampling for early detection cannot be estimated. To enable sampling 
frequency calculation, the calculation model needs to take into account the population 
dynamics of the infection, e.g. the within and between farm transmission dynamics [13]. 
Within flock transmission of LPAIv was studied using transmission experiments 
(Chapter 4) and field data (Chapter 5). Estimates of the within flock transmission 
parameters vary greatly from one virus subtype to another (chapters 4 and 5) and this 
variability needs to be taken into account. Assessment of  between-flock transmission 
was based on data from LPAIv introductions into layer chicken flocks in the 
Netherlands (Chapter 7).  The information about the within- and between-flock 
transmission characteristics and the performance of the test  using egg-yolk or sera 
samples were combined to develop a model to design a serological surveillance 
programme aiming at early detecting LPAIv infections (Chapter 7). In this chapter, the 
implications of the above mentioned findings for the surveillance in chicken layers will 
be discussed, as well as the possibility of extending this programme to  other PT. 

 

Risk based surveillance 

The formulation of surveillance standards are evolving from traditional input-based 
standards to output-based standards [14,15]. Input-based standards, such as the EU 
guidelines for surveillance of LPAI [7], require MS to take the same actions; e.g. 
representative sampling, type of test used, sampling frequency, etc. Output-based  
standards set the goals for the efficacy of the programme –  sensitivity of surveillance, 
probability of freedom, and expected cost of error [14] –, which allows for flexibility in 
the actions taken to reach those goals.  Hence, output-based standards leave room for 
the application of risk based (targeted) surveillance. 

Targeted surveillance of flocks with specific risk determinants may contribute to 
improve the efficacy and efficiency of surveillance programmes [16]. Risk determinants 
can be related to the risk of introduction of infection into specific flocks and/or 
geographical regions (Chapter 2a, 2b) or to the risk of transmission between flocks 
(Chapter 7). While there appears to be no evidence of geographical differences in the 
risk of introduction of LPAIv  within the Netherlands (based solely on spatial cluster 
analysis), there are – at the flock level – significant differences in the risk of introduction 
of LPAIv into farms (the terms ‘flock’ and ‘farm’ are used interchangeably) of different 
PT (Chapter 2b). It was demonstrated that outdoor-layer flocks have eleven times 
higher risk on introduction of LPAIv infections than indoor-layer flocks (Chapter 2b). 
However, this risk was not considered in the development of the mathematical model 
for the design of a surveillance programme aiming at early detection of infected flocks 
(Chapter 7). That model was developed considering only the risk of between-flock 
transmission. Ideally, a model for the design of surveillance, in particular aiming at early 
detection [14], would take into account both the risks of introduction and the risk of 
further spread, but it was not feasible to model this within the time available for this PhD 
study. Nevertheless, it seems reasonable that outdoor layers should be tested more 
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frequently than indoor layers. Hence, in line with the application of output-based 
measures [14],  the following could be recommended: 

1) In areas  with flocks with high risk of transmission (between flock reproduction 
ratio 1); indoor-layer flocks could be tested under the current programme – 

once a year – and outdoor-layer flocks could be tested aiming at early detection 
(Chapter 7). See Table 1, which was extracted from  Chapter 7, as an example of 
the required sampling frequencies, if sera would we used as sample commodity for 
surveillance.  

2) In areas with flocks with low risk of transmission 1 , it could be 

considered to test only outdoor-layer flocks, once a year (Chapter 7). Testing these 
flocks would be mainly with the objective of substantiating absence of infection, for 
trading purposes. Therefore, the selection of the target population (outdoor layer 
flocks) is only based on the risk of introduction [14].  

 

Table 1. Number of sera samples n and sampling interval ∆ (in months) required to reduce the expected 
between flock reproduction ratio   below 1a 

 
 = 3.8b  = 5.6c 

n ∆ Samplings/year ∆  n ∆ Samplings/year ∆  

< 1 30 12 1 nde 30 12 1 nd 

          

≤ 1.5 30 6 2 3 30 6 2 3 

15 4 3 2 15 4 3 2 

10 2 6 1 10 2 6 1 

          

≤ 2 30 4 3 5 30 3 4 3 

15 2 6 2 15 1.5 8 2 

10 1 12 1 10 1 12 1 

          

≤2.15 30 3 4 4 30 3 4 4 

30 2 6 2 30 2 6 2 

10 1 12 1 10 1 12 1 
a Within flock outbreaks with LPAIv of high transmission characteristics are used.  
b Within flock transmission was simulated using parameters estimated for the LPAIv H7N1 (Chapter 4a)  
c Within flock transmission was simulated using parameters estimated for the LPAIv H7N3 (Chapter 5). 
d ∆  is the expected number of infected flock within the sampling interval ∆, conditional on the 
introduction of LPAIv into a flock with the potential of causing a large epidemic. 
e nd: not done. 

 
The above recommendations take into account that: the geographical distribution of 

indoor- and outdoor-layer flocks in the Netherlands is the same (Table 3 in Chapter 7), 
and the areas with flocks with low risk of transmission of LPAI (Chapter 7) overlap with 
those of low risk of transmission of HPAI [10].  
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In addition to serological surveillance, passive surveillance may also aid early 
detection. In particular in flocks sampled with low frequency. Field indicators such as 
drops in egg production and increased mortality, which  are used in the Dutch early 
warning system (EWS) [17], have aid the detection of some LPAI outbreaks in layer 
chicken flocks, in 2011 [18].  However, due to the risk of underreporting, EWS appears 
to  have a low sensitivity [19]. Therefore, to improve the probability of detection in flocks 
tested with low frequency, a high level of disease awareness need to be kept among 
farmers, e.g. by keeping them informed about the disease and its risk. 

 

Variation in the transmission characteristics of LPAIv 

A considerable variation in the transmission characteristic of LPAIv  can be 
expected. Some LPAIv strains and/or subtypes such as the H5N2 [2] and the H7N7 
(Chapter 4b) – which were isolated from chickens – appear to be less transmissible  
(lower transmission rate β and reproduction ratio ) between chickens than viruses 
such as the H7N1 and the H7N3 (Chapter 4b,5). Infections with relatively low 
transmissible viruses (LPAIv with   between 1 and 1.5) have implications for 
serological surveillance (already discussed in Chapter 7) and also for virological 
surveillance. Once a flock is confirmed seropositive to H5 or H7 antibodies, follow up 
testing is carried out to confirm whether the virus is still circulating in the flock. In 
addition, neighbour and at risk contact flocks are also tested as part of tracing activities. 
In the Netherlands, virological surveillance is carried out by testing 20 swab samples 
(cloaca and trachea) per flock. This sample size would be adequate to detect at least 
one infected (shedding virus) chicken – with a 95% confidence level – if  the prevalence 
of infected chickens is equal to or higher than 15%. However, the  highest prevalence 
(peak of the within flock outbreak) in a flock infected with a low transmissible virus (e.g 
≤ 1.5) would be lower than 10% (based on simulations). Thus, under the current 

programme, there is a considerable probability that these flocks (primary and 
secondary infected) would escape detection, and the risks of transmission and 
undesired mutations remain. Therefore, it would be advisable to increase the number of 
swab samples taken for virological surveillance to say 60 samples (design prevalence = 
5%). The consequent increase in testing cost would be moderate, because swab 
samples are pooled (n = 5) for testing. 

 

Use of eggs for surveillance 

Using eggs as sample commodity for surveillance appears to be a cost-effective 
alternative (Chapter 3). How cost-effective testing eggs is, compared to sera, will 
depend on the objective of a surveillance programme. If the objective of the programme 
is substantiating freedom from infection  and samples are taken with low frequency (e.g 
the current EU and Dutch programme (Chapter 2a, 2b)), replacing blood with eggs 
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would be equally effective and cheaper, and only a small correction in the required 
sample size for eggs would be required (Chapter 3). This is because such a 
programme makes a retrospective evaluation of possible – previous – introductions of 
infection, and detection of infected flocks (if present) in an early phase of an outbreak is 
not a priority of the programme. In contrast,  if the objective of surveillance is early 
detection, detection of an infected flock during the initial phase of an outbreak becomes 
important (Chapter 7). During the initial phase of an outbreak, using eggs temporarily 
leads to a lower probability of detection than using sera, hence higher sample size (per 
flock) and sampling frequency than surveillance based on sera samples are required to 
reach equal sensitivity (Chapter 7). As a consequence, an early detection programme 
using egg samples would be more expensive than using blood samples (Table 2).  

In table 2, the costs of early detection programmes with equal effectiveness are 
shown. These programmes are based on the following scenarios: 1) the objective is the 
detection of the first infected flock ( ∆ 1) with an expected 1 (Table 1), and 2) 

Infection would be caused by LPAIv with high transmission characteristics (  = 3.8  
and = 5.6 (Chapters 4a,5)). In addition, sampling of outdoor-layer flocks with low risk 
of transmission 1  is included as recommended above (see Risk based 

surveillance).  A risk based surveillance programme using blood samples would be the 
cheapest option (Table 2a). This programme, would be even cheaper than the current 
surveillance programme (52% cheaper, based on the example given in Table 2); and in 
contrast to a programme based on egg samples (Table 2b),  this programme would not 
be sensitive to variations in the within flock transmission characteristics of LPAIv 
(Chapter 7). Since, as shown in Table 1, the number of samples required and the 
sample frequency would be the same for both the virus with an   = 3.8  and the virus 
with an = 5.6. 

A surveillance programme that could lead to minimizing costs, would be to take egg 
samples from flocks with low risk of transmission (R  < 1) and blood samples from 

flocks with high risk of transmission (R  > 1). The total cost (€ 102501) would be 14.7 % 

cheaper than the programme based only on blood samples (Table 1a). However, this 
would require that the surveillance programmes for Newcastle disease and 
Mycoplasma gallisepticum, currently done taking blood samples once a year, have to 
be carried out using eggs also. The use of egg samples for different surveillance 
programmes, would probably make these programmes cheaper.  

It should be noted that the analysis shown in Table 2, is just an approximated cost 
analysis, that considers a kind of “worst case scenario”. A better approach would be to 
perform a cost-benefit analysis where the cost of different surveillance scenarios are 
evaluated against the cost of control and eradication of  infected flocks.  The expected 
number of infected flocks, for the estimation of the cost of control and eradication,  at 
the time of detection would depend on the sampling interval (Table 1) used in the 
evaluated programmes (Chapter 7).      
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Table 2. Costa of  risk based surveillance programmes aiming at early detectionb (flocks with an 	 1  
and substantiating freedom from  LPAIv infections (flock with an  1) in outdoor chicken layers. The 
cost of the risk based programmes are compared with the cost of the current programme. 
(a) Early detection programme based on blood sampling 

c No of 
flocksd 

Samples   
/ flock 

Sampling 
frequency / 

year 

Total 
samples 

Sampling 
coste   

€ 

Testing 
costf     

€ 

Total   
cost   

€ 

Within flock reproduction number  = 3.8  and = 5.6 

< 1 242 30 1 7260 24550 24875 49425 

≤ 1.5 35 10 6 2100 22669 8325 30994 

 ≤ 2 20 10 12 2400 26569 9515 36084 

≤ 2.15 2g 10 12 240 2657 952 3608 

Total 299     12000 76445 43667 120111 

(b) Early detection programme based on egg sampling 
c No of flocks Samples   

/ flock 
Sampling 

frequency / 
year 

Total 
samples 

Sampling 
costg   

€ 

Testing 
costf     

€ 

Total   
cost   

€ 

Within flock reproduction number  = 3.8 

< 1 242 30 1 7260 7585 24230 31815 

≤ 1.5 35 30 12 12600 13347 42636 55983 

 ≤ 2 20 60 12 14400 14232 48194 62426 

≤ 2.15 2g 90 12 2160 1334 4517 5852 

Total 299   36420 36227 118736 154962 

Within flock reproduction number  = 5.6 

< 1 242 30 1 7260 7585 24230 31815 

≤ 1.5 35 90 6 18900 20021 63954 83975 

 ≤ 2 20 150 12 36000 35580 120485 156065 

≤ 2.15 2h 120 24 5760 3558 12046 19505 

Total 299     67920 66229 219082 287459 

(c) Current programme  
 No of flocks Samples   

/ flock 
Sampling 

frequency / 
year 

Total 
samples 

Sampling 
cost e   

€ 

Testing 
costf     

€ 

Total   
cost   

€ 

  299 30 4 35880 125436 123804 249241 
a These costs were estimated using the model described in Chapter 3.
b At the time of detection, on average only one flock is infected between sampling intervals (Table 1). 
c Between flock reproduction ratio. 
d Here one flock represents one farm. 
e Cost for sampling blood is the cost of the veterinarian plus sample preparation at the laboratory. 
f This is the sum of  the cost of transport of samples to central lab, ELISA test, waste processing, 
communicating test results and confirmatory testing. 
g This is the cost of a farmer sending one egg to the central laboratory  plus the sample preparation 
cost. 
h In the neighbourhood of these two flock there are 11 other indoor-layer flocks with an expected 2  

 

Finally, it should be mentioned that in this thesis only  the performance of the ELISA 
test (screening test)  using egg-yolk samples was evaluated. However, in a LPAI 
surveillance programme, whenever there are ELISA positive samples, they are  further 
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tested with the hemagglutination inhibition (HI) test (confirmatory test). There is 
published evidence that shows an almost perfect agreement between HI results using 
sera or egg-yolk samples [20,21], therefore, in case of using eggs for surveillance, the 
egg-yolk samples from seropositive flocks can be further tested with the HI test. 

 

Between flock transmission and surveillance in other poultry sectors 

From 2003 to 2011, all introductions of LPAIv infections into poultry resulted in small 
outbreaks. These outbreaks either died out within the first infected flock (Chapter 2b) or 
infection spread to a few other flocks only. This occurrence of only small LPAIv 
outbreaks in poultry could be associated  with the current control measures – which 
detected and controlled some outbreaks [18,23] –,  flock density (location),  and  poultry 
type (poultry sector) related factors.  

Flock density  

Most chicken layer flocks (79%) in the Netherlands are located in areas with flock 
density below the critical density 0.94 km-2 and therefore are expected to have low 
risk of transmission ( 1) (Chapter 7). For example, the H7N3 LPAIv outbreaks in 

2003 [22] occurred in an area of  low risk of transmission (low flock density) (Chapter 
7). Despite the high within-flock transmission characteristic of this virus (Chapter 5), 
only three flocks were affected [22]. On the other hand, some LPAIv introductions – 
such as the LPAIv H7N7 outbreaks in chickens in 2006 and 2011 [18,23] – occurred in 
areas with high risk of transmission  ( 0.94 km-2; 1), and still only small 

outbreaks were observed. These could be partly explained by the probability of an 
outbreak to generate a major epidemic. If we consider that the expected  of the 

primary infected flocks equals two, then deterministically  we would expect that  50% (1 
/  [24]) of introductions would result in minor epidemics. 

This research did not quantify the risk of transmission of the other poultry sectors 
such as chickens breeders, broilers, ducks and turkeys. However, all flocks (from all 
poultry sectors) were included in the estimation of  and the individual 	for layer 

flocks. Looking at the geographical distribution of broilers and chicken breeders in the 
Netherlands (Chapter 1), it can be observed that these poultry sectors, particularly 
broilers, are located in areas with flock density below the critical density [25], therefore 
– based only on flock density – the risk of between flock transmission might be lower 
than that estimated for layer flocks (Chapter 7).  

Poultry type 

A study evaluating  the contact structure of layer and broiler flocks in the 
Netherlands, observed that most contacts (private and professional contacts) travelling 
directly from one flock (holding) to another – which could be considered high risk 
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contacts – were  within the same poultry type (PT). Layer flock to layer flock (95% of 
the contacts) or  broiler flock to broiler flock (75% of the contacts) [26] .  Based on their 
findings, the authors of this study concluded that contact based transmission is more 
likely to occur within a PT (broilers or layers) than between different PT [26] . While this 
conclusion might hold between broiler and layer PT, field evidence shows that 
transmission between layer and turkey flocks can take place (Table 3). Therefore, the 
risk of transmission, at least between the latter two PTs, should be taken into account 
when implementing control measures. 

 

Table 3. Outbreaks involving transmission of LPAIv between flocks of different poultry type  

Year Virus No of outbreaks Affected Poultry types 
 

Reference 

2003 H7N3 3 2 Layers and 1 Turkey flock  [22] 

2009 H10N7 2 1 Layer and 1 Turkey flock Chapter 2b 

2011 H7N7 2 1 Layer and 1 Turkey flock [18] 

 

Surveillance of other poultry types  

Combining the above arguments of between flock transmission and the risk of 
introduction (Chapter 2b) some considerations for surveillance of other PT than chicken 
layers can be done: 

1) Although the statistical analysis carried out in Chapter 2b, did not show a 
significant difference in the risk of introduction of LPAIv between broiler and indoor-
layer flocks, field evidence suggests that broiler flocks in the Netherlands have a 
low risk of introduction of a LPAIv infection. Since 2003, no introductions of 
infection into broiler flocks in the Netherlands has been detected  [22,23] (Chapter 
2b). Based on this low risk of introduction and the expected low risk of transmission 
between flocks, it could be advisable to reduce or even stop sampling of broilers, 
and redirect the saved budget to heighten surveillance of high risk PTs such as 
turkeys and Ducks.  

 

2) Turkey and duck flocks represent only 5% of the total poultry flock population 
in the Netherlands [9]. Although the economic importance of these PT might be 
low, they are distributed all over the country, with many of them located in close 
distance to layer chicken flocks (Figure 1). Turkeys in particular, have a high risk of 
introduction of LPAIv and as suggested by the field (Table 3) and experimental 
evidence (Chapter 4a), transmission between turkey and chicken layer flocks can 
take place. In addition, H5 or H7 LPAIv can mutate to HPAIv when infecting 
turkeys. Therefore, the development of an effective surveillance programme in 
turkeys as done in this thesis for layers, would be advisable. To develop such a 
programme, information about the within flocks transmission characteristic of LPAIv 
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in turkeys is already available [27]. Further research would be needed to quantify 
the between flock transmission in the Netherlands. Hence all these information can 
be used to inform, for example, the model developed in Chapter 7. 

 

 
Figure 1. Location of poultry flocks in the Netherlands 

 
Concluding remarks 

This thesis provides the required information to implement a risk based surveillance 
programme that aims at early detection and, at the same time, substantiates freedom 
from infection of LPAIv in chicken layer flocks. Epidemiological and economical tools 
are provided that could aid the selection of  an epidemiologically effective and 
economically efficient programme. 

A risk based programme, as suggested in this thesis,  would be cheaper than the 
current surveillance programme and would contribute to minimise the risk of mutations 
of LPAIv (H5 or H7 subtypes) to HPAIv.  
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Nederlandse samenvatting 

Laagpathogene aviaire influenza (LPAI) is een milde ziekte bij pluimvee die wijd 
verspreid is in verschillende landen in de wereld. De ziekte wordt veroorzaakt door 
Influenza A virussen die behoren tot een van de 16 haemagglutinine (H) en 9 
neuraminidase (N) subtypes. Onder deze verschillende subtypes zijn alleen 
laagpathogene aviaire influenza virussen (LPAIv) van subtype H5 of H7 die kunnen 
muteren in hoogpathogene virussen (HPAIv), die dodelijk zijn voor het meeste 
pluimvee en kunnen leiden tot grote epidemieën in de getroffen landen. Vandaar dat 
opsporing, melding, bestrijding en uitroeiing van uitbraken van LPAI veroorzaakt door 
LPAIv van subtype H5 of H7 verplicht is door de wereldorganisatie voor diergezondheid 
(OIE) en de Europese Unie (EU). 

Om de kans op mutaties te minimaliseren is vroegtijdige opsporing en uitroeiing van 
uitbraken van LPAI belangrijk. Omdat LPAIv infecties in de meeste gevallen hooguit 
milde en niet-specifieke klinische verschijnselen veroorzaken bij pluimvee, heeft de EU 
een serologisch surveillance programma geïmplementeerd dat zich richt op de 
opsporing en de daaruit voortvloeiende uitroeiing van H5 of H7 LPAIv besmet 
pluimvee. In Nederland is dit surveillanceprogramma strenger dan het EU-
surveillanceprogramma. In het Nederlandse surveillanceprogramma wordt elk 
pluimveebedrijf minstens eenmaal per jaar getest, terwijl pluimveebedrijven met vrije 
uitloop vier keer per jaar worden getest. Dit laatste pluimveetype wordt met een hogere 
frequentie getest dan andere pluimveetypen vanwege het veronderstelde hogere risico 
van besmetting met LPAIv. Echter, ook voor het Nederlandse surveillance-programma 
is het onduidelijk of het effectief is met betrekking tot vroege opsporing van LPAI. 

Het doel van dit proefschrift was om een opzet te ontwikkelen voor een serologisch 
surveillance-programma voor de vroegtijdige opsporing van LPAI. Om dit doel te 
bereiken werden eerst de resultaten van de huidige surveillanceprogramma's in de 
Europese Unie en Nederland geëvalueerd (Hoofdstuk 2). Er werd aangetoond dat de 
prevalentie van LPAIv-seropositieve pluimveebedrijven in de lidstaten van de EU lager 
is dan de design-prevalentie aanbevolen voor surveillance. Als gevolg hiervan kunnen 
de resultaten van het huidige EU-surveilllanceprogramma het aandeel van LPAI-
geïnfecteerde lidstaten onderschatten (hoofdstuk 2a). In hoofdstuk 2b zijn gegevens 
van het Nederlandse surveillanceprogramma verder geëvalueerd, met als doel om het 
risico van introductie van een LPAIv te kwantificeren voor de verschillende 
pluimveesectoren. Kippen vormen 95% van de pluimveepopulatie. In deze studie werd 
aangetoond dat van de verschillende pluimveetypen, koppels legkippen en dan met 
name koppels legkippen met uitloop, het hoogste risico op besmetting met LPAIv 
hebben. Daarnaast worden legkippen  (met en zonder uitloop) vaak gehouden in 
gebieden met een hoge pluimveedichtheid. Dit laatste verhoogt het risico op 
verspreiding van de infectie tussen bedrijven, en daarmee de kans op mutatie naar 
HPAI. Daarmee is de noodzaak voor de uitvoering van een wetenschappelijk 
onderbouwd systeem voor vroegtijdige opsporing gerechtvaardigd. Echter, stringente 
surveillance leidt tot een hoge (bloed) bemonsteringsfrequentie, die de kosten van het 



Samenvatting 

160 

surveillanceprogramma verhoogt en door de hoge bemonsteringsfrequentie van invloed 
is op het welzijn van dieren. 

Eieren kunnen worden gebruikt als alternatief voor bloedmonsters in het 
surveillanceprogramma. Het bemonsteren van eieren is wenselijk vanuit het perspectief 
van het welzijn van dieren, omdat kippen niet meer op een invasieve manier hoeven te 
worden bemonsterd. Daarnaast is het bemonsteren van eieren flexibel, omdat eieren 
zowel op het pluimveebedrijf als op pakstations kunnen worden bemonsterd. Daarom 
werd het gebruik van eieren als een monsteralternatief voor bloed economisch 
geëvalueerd (Hoofdstuk 3). Er werd aangetoond dat - in het huidige programma - 
surveillance op basis van ei-bemonstering  minstens even effectief maar ook 
goedkoper is dan op basis van bloedmonsters. Echter, als de doelstelling van een 
surveillanceprogramma vroege opsporing van besmette koppels is, dan wordt de 
prestatie van de diagnostische test gebruikt voor surveillance belangrijk, omdat verschil 
in tijd van detectie van antilichamen in sera en eigeel-monsters kan resulteren in 
andere surveillance kenmerken van vroege opsporing (steekproefgrootte en 
bemonsteringsfrequentie). In hoofdstuk 6 werd de ELISA-test, gebruikt in het 
surveillanceprogramma, geëvalueerd. Er werd aangetoond dat niet alle geïnfecteerde 
kippen antistoffen ontwikkelen tegen LPAIv. Bovendien is er een vertraging van 
ongeveer 8 dagen in de detectie van antilichamen in eieren in vergelijking met sera. 
Deze waarnemingen zijn meegenomen bij de ontwikkeling van een surveillance model 
gericht op vroege opsporing. 

De aanpak die is gebruikt om de huidige surveillanceprogramma’s te ontwerpen 
gaat ervan uit dat na infectie de prevalentie van de infectie minstens zo hoog zal zijn 
als de design prevalentie en in de tijd gelijk zal zijn. Daarom kan deze benadering 
alleen worden gebruikt om de vereiste steekproefgrootte te schatten voor die design 
prevalentie, en de gewenste bemonsteringsfrequentie voor vroege opsporing kan er 
niet mee worden bepaald. Om de bemonsteringsfrequentie te kunnen berekenen, moet 
het rekenmodel rekening houden met de populatiedynamiek van de infectie, 
bijvoorbeeld met de binnen- en tussen-bedrijf  transmissiedynamiek. Binnen-bedrijf 
transmissie van LPAIv werd bestudeerd met behulp van transmissie-experimenten 
(Hoofdstuk 4) en met veldgegevens (Hoofdstuk 5). De schattingen van de binnen-
bedrijf transmissie parameters verschillen sterk van het ene virus subtype naar het 
andere (Hoofdstukken 4 en 5) en met deze variabiliteit moet rekening worden 
gehouden. Schatting van de tussen-bedrijf transmissie is gebaseerd op gegevens van 
LPAIv introducties in legkippen in Nederland (Hoofdstuk 7). 

In hoofdstuk 7 is de informatie over de binnen-en tussen-bedrijf transmissie-
eigenschappen en de prestaties van de diagnostische test bij gebruik van eigeel- of 
sera monsters gecombineerd om een risico-gebaseerd serologisch 
surveillanceprogramma te ontwerpen dat is gericht op vroege opsporing van LPAIv 
uitbraken bij legpluimvee. Hierbij werd de vroegtijdige opsporing gedefinieerd als het 
opsporen en ruimen van een besmet pluimveebedrijf voordat de infectie zich uitbreidt 
naar een ander pluimveebedrijf. Dit werd kwantitatief uitgedrukt als een tussen-bedrijf 
reproductieratio Rf <1. Het risico-gebaseerde surveillanceprogramma wijst gebieden 
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met pluimveebedrijven aan met een hoog (Rf > 1) of een laag risico (Rf <1) van tussen-
bedrijf transmissie. In deze gebieden wordt een specifieke bemonsteringsstrategie 
(steekproefgrootte en bemonsteringsfrequentie) toegepast op basis van het geschatte 
transmissierisico van  de gebieden (pluimveebedrijven). Het ontwikkelde model kan 
worden gebruikt om verschillende bemonsteringstrategieën (bemonstering van eieren 
of sera of beide) te onderzoeken, die gecombineerd met een kosten-batenanalyse 
kunnen helpen om effectieve en efficiënte surveillanceprogramma’s te implementeren. 

In hoofdstuk 8 worden de implicaties van de hierboven genoemde bevindingen voor 
de uitvoering van een effectief surveillanceprogramma voor legkippen bediscussieerd. 
De mogelijkheid om dit programma naar andere pluimveesectoren uit te breiden wordt 
hier ook besproken. Een resultaat-gebaseerd surveillanceprogramma, waarbij het risico 
van insleep en transmissie (de gevolgen na insleep) in aanmerking worden genomen, 
wordt aanbevolen. Dit programma richt zich op de vroege opsporing van koppels 
pluimvee met uitloop (die een hoog risico hebben van insleep van LPAIv) in gebieden 
met een hoog transmissierisico. In gebieden met een laag transmissierisico kan 
surveillance worden uitgevoerd voor handelsdoeleinden, gericht op het onderbouwen 
van het ontbreken van een infectie. Bovendien is een kosten-analyse van een degelijke 
strategie uitgevoerd en de noodzaak om een dergelijk surveillance-programma uit te 
breiden naar met name koppels kalkoenen wordt aanbevolen. 

Tot slot, dit proefschrift levert de benodigde informatie om een risico-gebaseerd 
surveillanceprogramma te implementeren dat gericht is op vroege opsporing en 
tegelijkertijd ook het vrij-zijn van infectie van LPAIv in koppels legkippen onderbouwt. 
Epidemiologisch en economisch gereedschap wordt verstrekt die kunnen helpen bij de 
keuze van een epidemiologisch effectief en een economisch efficiënt programma. Een 
risico- gebaseerd surveillanceprogramma, zoals voorgesteld in dit proefschrift, zal 
goedkoper zijn dan het huidige surveillanceprogramma en kan bijdragen aan het 
minimaliseren van de kans op mutaties van LPAIv (subtype H5 en H7) naar HPAIv.  
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