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Abstract

To guide control policies, it is important that the determinants of influenza transmission are fully characterized. Such
assessment is complex because the risk of influenza infection is multifaceted and depends both on immunity acquired
naturally or via vaccination and on the individual level of exposure to influenza in the community or in the household. Here,
we analyse a large household cohort study conducted in 2007–2010 in Vietnam using innovative statistical methods to
ascertain in an integrative framework the relative contribution of variables that influence the transmission of seasonal
(H1N1, H3N2, B) and pandemic H1N1pdm09 influenza. Influenza infection was diagnosed by haemagglutination-inhibition
(HI) antibody assay of paired serum samples. We used a Bayesian data augmentation Markov chain Monte Carlo strategy
based on digraphs to reconstruct unobserved chains of transmission in households and estimate transmission parameters.
The probability of transmission from an infected individual to another household member was 8% (95% CI, 6%, 10%) on
average, and varied with pre-season titers, age and household size. Within households of size 3, the probability of
transmission from an infected member to a child with low pre-season HI antibody titers was 27% (95% CI 21%–35%). High
pre-season HI titers were protective against infection, with a reduction in the hazard of infection of 59% (95% CI, 44%–71%)
and 87% (95% CI, 70%–96%) for intermediate (1:20–1:40) and high ($1:80) HI titers, respectively. Even after correcting for
pre-season HI titers, adults had half the infection risk of children. Twenty six percent (95% CI: 21%, 30%) of infections may be
attributed to household transmission. Our results highlight the importance of integrated analysis by influenza sub-type, age
and pre-season HI titers in order to infer influenza transmission risks in and outside of the household.
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Introduction

Three to five millions severe illnesses and 250,000 to 500,000

deaths worldwide are due to the influenza virus each year [1]. To

guide control policies, it is important that the determinants of

influenza transmission are fully characterized. Such assessment is

complex because the risk of influenza infection is multifaceted. For

each individual, it depends on immunity that was acquired

naturally or via vaccination; but also on the level of exposure to

influenza the individual has in the community or in the household,

which may vary by season, household and individual. Here, from

the analysis of original data and relying on new and innovative

statistical methods, we ascertain in a unifying and integrative

framework the relative contribution of variables that influence

these different mechanisms.

This task is challenging because both protection and exposure

are imperfectly characterized; and uncertainties about one may

affect estimates for the other. For example, for haemagglutina-

tion-inhibition (HI) assays which are extensively used in the

approval process for influenza vaccines [2,3], it is generally

accepted that a HI titer of 1:40 is associated with a 50%

reduction in the risk of infection [4,5]. However, it has long been

acknowledged that HI titers are only an imperfect correlate of

protection. For example, in 2009, the proportion of elderly

people estimated to be protected against H1N1pdm09 influenza

was much higher than had been suggested by pre-pandemic HI

titers [6]. In the first study that characterized the protective effect

of HI titers, Hobson et al [4] used a challenge design to ensure all

subjects in the study had the same level of exposure to influenza;

but such approach is expensive and can only be applied to

healthy adults. In non-experimental settings, however, it is harder

to control for heterogeneity in individual exposures to influenza

due to the difficulty to track down all potential sources of

infection.
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Case-ascertained household transmission studies have been

extensively used to quantify exposure in the household setting [7–

13]. In this design, community-based influenza cases, that are

labelled as index cases, are recruited via primary care practices or

outpatient clinics. Symptoms of the index case and their household

members are then monitored for one to two weeks following

symptoms onset in the index case; virological samples may also be

collected. However, since the follow-up of each household starts

with an influenza case, this approach cannot be used to reliably

quantify exposure from the community or to estimate the relative

contributions of households and the community in the general

epidemic. Furthermore, as index cases must have sufficiently

severe symptoms to make contact with a healthcare provider and

then have sufficiently high viral loads to be detected by laboratory

tests for influenza, there may be a selection bias towards more

infectious cases, which may lead the probability of transmission in

the household to be overestimated.

An alternative, less common design offers a more representative

view of the role of households in influenza transmission. It is based

on a cohort of households that are recruited prior to an epidemic

and followed up during the epidemic [14,15]. Although the timing

and source of infection is typically unobserved, collection of serum

samples at baseline and after the epidemic makes it possible to

determine serologically which subjects were infected. Statistical

methods exist to estimate from such data the probability of

transmission from other household members and from the

community [16–18]. However, they become cumbersome and

numerically intractable as the number of categories of individuals

(e.g. child/adult or low/intermediate/high HI titers) or the size of

the social unit of interest (e.g. here households) increase [17,19]. As

a consequence, to our knowledge, it has never been possible to

evaluate the protective effect associated with HI titers in such a

framework, preventing a more integrated analysis of the determi-

nants of influenza transmission.

Here, from the analysis of the large Ha Nam household cohort

study [20] conducted from 2007 to 2010 in Vietnam and relying

on new and innovative statistical methods [19], we ascertain in a

unifying and integrative framework the protective effects associ-

ated with HI titers and age, along with the relative contributions of

households and the community in influenza transmission. Differ-

ences by subtype are also investigated. The analysis makes it

possible to ascertain potential biases in case-ascertained household

transmission studies which are extensively used for early assess-

ment at the start of influenza pandemics [8,10–12]. The analysis

also documents influenza household transmission in South East

Asia, which has received somewhat less attention than in Western

countries [9,15,21–23].

Materials and Methods

Data
Samples were collected from a household-based cohort of 940

participants in 270 households in a single community in semi-rural

northern Vietnam as previously described [20]. None of the

participants had ever received influenza immunisation. Partici-

pants aged 5 years or older were asked to provide serial blood

samples at times when national influenza surveillance data

indicated that influenza circulation was minimal. The samples

described here were collected over a period of three consecutive

influenza seasons, from December 2007 through April 2010.

Serological samples were collected between 1st–7th December

2007 (bleed 1), 9th–15th December 2008 (bleed 2), 2nd–4th June

2009 (bleed 3), and on the 3rd April 2010 (bleed 4). This provided

three sets of paired samples either side of an influenza transmission

season: 548 paired samples for season 1 (2008), 501 paired samples

for season 2 (Spring 2009), and 540 paired samples for season 3

(Autumn 2009). In season 1, the influenza A virus strains detected

in the cohort through ILI surveillance were A/H1N1/Brisbane/

59/2007-like and A/H3N2/Brisbane/10/2007-like; in season 2,

they were A/H1N1/Brisbane/59/2007-like and A/H3N2/Perth/

16/2009-like; and in season 3, it was A/H1N1/California/7/

2009-like. There was co-circulation of influenza B Yamagata

lineage and Victoria lineage in both season 1 and season 2, with a

predominance of Yamagata lineage in season 1 and Victoria

lineage in season 2.

For each season and subtype, analysis was restricted to

households with at most 1 individual for whom paired serum

samples were missing.

Laboratory methods
Influenza hemagglutination inhibition (HI) assays were per-

formed according to standard protocols [WHO 2011 manual].

The seasonal influenza A viruses used were isolated from

participants’ swabs or from swabs taken from patients presenting

in Ha Noi in the same season and propagated in embryonated

hen’s eggs or in MDCK cells (ATCC). A reference antigen

supplied by WHO (A/H1N1/California/7/2009-like) was used to

assess season 3/pandemic sera. A single influenza B virus isolated

from a participant during 2008 was used to assess serum for both

the first and second seasons. The virus had a titer of 320 with B/

Wisconsin/1/2010 (Yamagata) reference antisera and of ,10 with

B/Brisbane/60/2008 (Victoria) antisera. Each virus was first

assessed for haemagglutination of erythrocytes from chickens,

guinea pigs and turkeys then titrated with optimal erythrocytes.

Serum was treated with receptor destroying enzyme (Denka

Seiken, Japan) then heat inactivated and adsorbed against packed

erythrocytes. Eight 2-fold dilutions of serum were made starting

from 1:10 and incubated with 4 HA units/25 ml of virus.

Appropriate erythrocytes were added and plates read when

control cells had settled. Virus, serum and positive controls were

included in each assay. Pre- and post-season sera were tested in

pairs. Each serum was tested in a single dilution series. The HI

titer was read as the reciprocal of the highest serum dilution

causing complete inhibition of RBC agglutination, partial agglu-

tination was not scored as inhibition of agglutination. If there was

Author Summary

Influenza causes an estimated three to five million severe
illnesses worldwide each year. In order to guide control
policies it is important to determine the key risk factors for
transmission. This is often done by studying transmission
in households but in the past, analysis of such data has
suffered from important simplifying assumptions (for
example not being able to account for the effect of
biological markers of protection like pre-season antibody
titers). We have developed new statistical methods that
address these limitations and applied them to a large
household cohort study conducted in 2007–2010 in
Vietnam. By comparing a large range of model variants,
we have obtained unique insights into the patterns and
determinants of transmission of seasonal (H1N1, H3N2, B)
and pandemic H1N1pdm09 influenza in South East Asia.
This includes estimating the proportion of cases attributed
to household transmission, the average household trans-
mission probability, the protection afforded by pre-season
HI titers, and the effect of age on infection risk after
correcting for pre-season HI titers.
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no inhibition of HI at the highest serum concentration (1:10

dilution) the titer was designated as 5.

Case definition
Influenza virus infection was defined as a $4-fold increase in

antibody titer from pre-season to post-season titers, with post

season titers $40. For the purposes of analysis low, intermediate,

and high pre-season HI titers were defined as #1:10, 1:20–1:40,

and $1:80 respectively.

Notations
Data were collected for 3 different seasons s = 1…3: 2008 (s = 1),

Spring 2009 (s = 2) and Autumn 2009 (s = 3). We classify the

influenza virus into 4 different categories v = 1…4: seasonal

A(H1N1) (v = 1); seasonal A(H1N1) (v = 2); seasonal B (v = 3);

pandemic A(H1N1) (v = 4). A set of k = 1…K households are

under study. Household k ( = 1…K) is of size nk. Individuals are

categorized in two types: children i.e. aged $5 to #15 y.o. and

adults.

Transmission model
A subject may be infected by influenza subtype v in the

community (i.e. outside the household) or by another household

member. Here, we define a generic model for the occurrence of

these events.

During season s, the probability that subject i from household k
has contacts in the community that would lead to infection by

influenza subtype v is defined as 1{exp {li,k,v,s
C

n o
. The force of

infection from the community li,k,v,s
C is modelled as:

li,k,v,s
C ~cv,s

C :c
adult
Sus adulti,kð Þ:ctiters

Sus titersi,k,v,sð Þ

where cv,s
C measures the force of infection for subtype v during

season s, cage
Sus agei,kð Þ captures the susceptibility of adults relative

to children (i.e children are the reference group) and

ctiters titersi,k,v,sð Þ captures the effect of pre-season titers, with 3

categories low (#10), intermediate (20–40) and high ($80)

(reference category: #10).

The probability that subject i gets infected if household member

j is infected is defined as 1{exp {l
j?i,k,v,s
H

n o
with

l
j?i,k,v,s
C ~b nkð Þ:cadult

Inf adultj,k

� �
:cadult

Sus adulti,kð Þ:ctiters
Sus titersi,k,v,sð Þ

where b nkð Þ measures the transmission rate as a function of

household size nk (the rate can be inversely proportional to nk [7]

or independent of nk, depending on model variant), cadult
Inf adultj,k

� �
captures the infectivity of adults relative to children (i.e. children

are the reference group).

Inference
It is challenging to estimate parameters of the transmission

model from final size data because the chains of transmission are

not observed. Here, we consider a simplified version of the

approach developed by Demiris and O’Neill [19] to tackle the

problem. A household of size n is represented by a random

directed graph with n vertices (Figure 1). Each vertex represents a

household member. Edges are added to represent the unobserved

chain of transmission. Two types of edges are possible. If there is

an edge between subject j and subject i, it means that subject i is

infected if subject j gets infected. If there is an edge between the

community and subject i, it means that subject i gets infected.

For a given digraph, it is possible to derive the likelihood

function [19]. However, since the chains of transmission are

unobserved, different configurations for the edges of the digraph

may be consistent with the final size data (Figure 1). The digraph

is therefore considered as ‘augmented data’ [24]. The joint

posterior distribution of parameters and augmented data is

explored by Markov chain Monte Carlo sampling. The algorithm

explores the set of digraphs consistent with the data and estimates

therefore correctly capture uncertainty about the digraph (see Text

S1 for technical details).

We use a Uniform prior U([0; 10,000]) for all parameters

except those characterising relative infectivity or relative suscep-

tibility (i.e. to a reference group). For this latter class of parameters,

following [8], we choose a log-Normal prior LN(0,1). This prior

satisfies the invariance condition that for example the ratio (adult

susceptibility/child susceptibility) has the same prior as the ratio

(child susceptibility/adult susceptibility). In particular, it gives

equal probabilities to the relative susceptibility of children versus

adults being larger or smaller than 1.

Since the households under study represent only a fraction of

households in the study area [20], we assume here that households

are independent of each other. The assumption of independence,

which is standard in this type of analysis [8,14,16,25,26],

substantially reduces the computational burden compared with

that of the more general model of Demeris et al [19].

A simulation study was carried out to investigate the perfor-

mances of the statistical approach.

Model comparison
Once the model structure has been defined and methods to

estimate the parameters of the model from that data are available,

different model variants may be considered. For example, the

effect of pre-season HI titers may be the same for all subtypes, may

vary by subtype, by age group etc… Here we consider a large

number of possible model variants. Each of them is fitted to the

data and we determine the model variant that provides the best fit

to the data. This model comparison exercise is essential to better

characterize key dependencies in household transmission. We use

the Deviance Information Criterion (DIC) for model comparison

[27]. The smaller the DIC, the better the model. A DIC difference

of 5 is considered to be a substantial improvement.

For each variable of interest, we explore the following variants:

N Effect of pre-season HI titers on susceptibility: i) no effect; ii)

one threshold value (i.e. intermediate and high HI titers have a

different effect than low titers); iii) two threshold values (i.e.

low, intermediate and high HI titers each lead to a different

protective effect). We also consider model variants in which the

effect of pre-season HI titers varies with age.

N Effect of age on susceptibility: i) no effect; ii) age effect similar

for all subtypes; iii) age effect different for seasonal and

pandemic influenza; iv) age effect different for each subtype.

N Effect of age on infectivity: i) no effect; ii) age effect similar for

all subtypes.

N Effect of household size on the household transmission rate b:

i) b is independent of the household size; ii) b is inversely

proportional to the household size. We also consider models in

which b varies with the subtype.

N Risk of community infection of children with low pre-season

HI titers: i) constant; ii) varies by season; iii) varies by subtype;

iv) varies by season and subtype.

The Determinants of Influenza Transmission
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In general, no satisfying version of the criterion exists for data

augmentation frameworks such as the one used here [28]. This is

because the likelihood of the observed data is not available. To

solve this problem, we use importance sampling [29] to estimate

the likelihood of the observed data and be able to derive the DIC.

The likelihood is derived as follows. For each household, we

simulate N = 2,000 epidemics in the household. The contribution

of a household to the likelihood is then equal to the proportion of

simulations where simulated infection statuses in the household

perfectly match the observed ones (to avoid computational issues

of likelihoods equal to zero, we assume that the sensitivity Se and

specificity Sp of the diagnostic is not perfect, i.e. Se = 0.999 and

Sp = 0.999).

Estimating the proportion of cases attributed to
household transmission and the average household
transmission probability

In order to estimate the proportion of influenza cases that may

be attributed to household transmission, we simulate epidemics in

households where i) all parameters are drawn from the posterior

distribution and ii) all parameters are drawn from the posterior

distribution except the within household transmission rate which is

assumed to be null. The case counts difference between i) and ii)

gives the proportion of cases that may be attributed to household

transmission.

For each pair of case-household contact in the dataset, we

calculate the associated probability of transmission under the

assumption that the case was the first or the only infected in the

pair and derive the average household transmission probability

across all pairs.

Model adequacy
We compare the observed final size distribution with the one

simulated with parameters drawn from the posterior distribution.

Ethics statement
The research was approved by the institutional review board of

the National Institute of Hygiene and Epidemiology, Vietnam; the

Oxford Tropical Research Ethics Committee, University of

Oxford, UK; and the Ethics Committee of the London School

of Hygiene and Tropical Medicine, UK. All participants provided

written informed consent.

Figure 1. Final size data and methods to estimate transmission parameters. A. Example of final size data for a household of size 4. Subjects
1 and 4 were infected; subject 3 was not; diagnostic for subject 2 was missing. B. Example of digraph consistent with the final size data. For inference,
data are augmented with a digraph (blue arrows) that informs on the transmission process. If there is an edge from the community to subject i,
subject i was infected (this is the case for subject 1). If there is an edge from subject j to subject i, it means that if subject j was infected then subject i
was infected too. C. Another example of digraph consistent with the data. We note that certain digraphs may allow more than 1 possible route of
transmission. For example, subject 4 could have been infected in the community or by subject 2. D. Example of digraph that is not consistent with
the data. This is because this digraph would imply that subject 3 was infected but subject 4 was not.
doi:10.1371/journal.ppat.1004310.g001

The Determinants of Influenza Transmission
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Results

Between 140 and 155 households (439–502 subjects including

95–121 children and 344–393 adults) were eligible for analysis,

depending on the season and subtype. The average household size

was 2.9.

Of all the model variants explored in our extensive model

comparison exercise, Figure 2 summaries the characteristics of the

model that had the best fit based on the DIC. The best fitting

model had the following properties. The community risk of

infection of children with low pre-season titers varied both with the

subtype and the season (Figure 2A). It was minimum for H3N2 in

2008 and maximum for A(H1N1)pdm09 in Autumn 2009. The

DIC substantially worsened if the community risk of infection of

children varied with the subtype but was assumed to constant from

one season to the next (DDIC = 24.7).

We found that high pre-season titers were protective against

infection, with a reduction in the hazard of infection of 59% (95%

CI, 44%–71%) for intermediate titers (20–40) and 87% (95% CI,

70%–96%) for high titers ($80) (Figure 2B). DIC substantially

worsened if the number of titer categories was reduced to 2

(DDIC = 20.8) or if pre-season titers were not accounted for

(DDIC = 44.0).

Even after correcting for pre-season titers, we found that adults

had half the risk of acquiring infection in the household compared

to children (reduction in the hazard of infection of adults relative

to children: 50%; 95% CI 32%–63%) (Figure 2C). Adding an age

effect for each subtype did not improve the fit (DDIC = 0.2).

Distinguishing pandemic versus seasonal influenza only provided a

marginal improvement to the DIC (DDIC = 24.0) (reduction in

the hazard of infection of adults relative to children for seasonal

influenza: 41%, 95% CI 15%–58%; reduction in the hazard of

infection of adults relative to children for pandemic influenza:

68%, 95% CI 42%–82%). Assuming the effect of age varied by

subtype did not improve the fit (Figure S1; DDIC = 0.2). Ignoring

the effect of the age of the subject on the risk of infection

substantially worsened the fit (DDIC = 37.7). Assuming that

infectivity changed with the age of the case did not improve the

fit (DDIC = 13.2). Assuming the effect of pre-season HI titers could

change with age, we found that a rise in HI titers had a slightly

more pronounced effect on children than on adults (Figure S2).

However, the fit of this model was not as good as that of our best

fitting model (DDIC = 6.9).

The probability of transmission from an infected individual to

another household member was 8% (95% CI, 6%, 10%) on

average, and varied with pre-season titer, age and household size.

In a households of size 3, the probability of transmission from an

infected individual to a child with low, intermediate and high pre-

season titers was estimated to be 27% (95% CI 21%–35%), 12%

(95% CI, 8%, 17%) and 4% (95% CI, 1%, 9%), respectively.

These probabilities dropped to 15% (95% CI 9%–23%), 6% (95%

CI 4%–11%) and 2% (95% CI 0–5%), respectively, if the recipient

was an adult. As has been found in studies of households in

Western developed countries [7,8], the best fitting model assumed

Figure 2. Determinants of influenza transmission in and out of
the household. A. Probability of influenza infection from the
community for children with low pre-season titres. The season is
indicated by the color (blue: 2008; pink: Spring 2009; red: Autumn
2009). B. Relative risk of infection for intermediate (1:20–1:40) and high
($1:80) pre-season HI titres relative to low (#1:10) pre-season HI titres
(in the household and in the community). C. Relative risk of infection of
adults relative to children after correcting for pre-season HI titres (in the
household and in the community).
doi:10.1371/journal.ppat.1004310.g002
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that household transmission hazard decreased with increasing

household size. Ignoring this dependency worsened the fit

substantially (DDIC = 40.7). After correcting for these variables,

estimating an effect of subtype on the probability of transmission in

the household did not improve the fit (DDIC = 13.1). We

estimated that 26% (95% CI: 21%, 30%) of cases may be

attributed to household transmission. Figure S3 shows the

prevalence of infection along with the estimated contribution of

household transmission by season and subtype (NB: Figure 2A

captures only partially variations in the prevalence of infection as

the distribution of pre-season HI titers vary for each season and

subtype and by age group).

The fit of the model to the data was adequate (Table 1).

In a simulation study we found all parameters could be

estimated from the data and no important systematic bias was

detected (Table S1). Out of 10 simulated datasets and 11

parameters, there was 94% probability that the simulation value

was in the 95% CI.

Discussion

We have characterised the determinants of transmission of

seasonal (H1N1, H3N2, B) and pandemic H1N1pdm09 influenza

from a household cohort study conducted in 2007–2010 in

Vietnam.

We estimated that the household Secondary Infection Risk

(proportion of household contacts infected by an index case, SIR)

was approximately 8% on average. This is broadly consistent with

estimates of SAR derived from case-ascertained studies, when

diagnosis of contact cases is based on RT-PCR laboratory

confirmation (median SIRPCR: 8%; range: 3%, 38%; n = 12) or

on a clinical case definition of Febrile Acute Respiratory Illness

(median SARFARI: 11%; range: 3%, 37%; n = 18) [12]. Lau et al

[12] also reported two estimates of the proportion of household

contacts who seroconverted of 20% [30] and 27% [31]. As

expected, these proportions are larger than 8% since they capture

transmission from the index case but also from the community for

the whole duration of the epidemic. The similarity between our

estimates and those derived from case-ascertained studies validates

the use of case-ascertained studies as a way to obtain represen-

tative estimates of influenza household transmission. Overall, we

estimated that 26% (95% CI: 21%, 30%) of influenza infections

may be attributed to household transmission. This is consistent

with other estimates in the literature [32].

We also estimated the risk factors for household transmission

and the risk of infection. Pre-season titer and age had a strong

impact on the risk of infection. An HI titer of 40 is generally

accepted to give a 50% reduction in the risk of infection [5]. Here

we found a slightly more subtle effect of pre-season titer, with the

risk of infection decreasing incrementally with HI titer and the

reduction being as high as 90% for HI titer $80. Even after

correcting for pre-season titers, we found that adults had half the

risk of acquiring infection compared to children. This supports the

idea that HI titer is an imperfect correlate of protection. There is

growing evidence that antibodies directed at the stalk domain of

the HA protein may be important mediators of protection that

accumulates with repeated exposure to influenza viruses but which

is not detectable by the HI assay [33]. Consistent with other

studies [7,8,34], we found that the household person-to-person

transmission probability decreased with increasing household size.

Ours is the only contemporary study to prospectively assess the

transmission of influenza in a random selection of all households

(including those without children) in an unimmunised community

over multiple seasons. The use of a final-size model based on

serology minimizes the under-ascertainment inherent in studies

that detect only symptomatic cases. As such we believe these

results are the best available assessment of the risk of acquisition of

influenza in the household and the community.

The earlier analysis of this dataset [20] simply reported

empirical infection rates by age based on a four-fold or greater

increase in HI titers between paired sera, and did not estimate any

other transmission parameters nor influences on the probability of

transmission. The analysis presented in this manuscript therefore

adds substantial new insights including estimates of the probability

of transmission from an infected individual to another household

member, the proportion of infections acquired in the household

and the community, and how the probability of infection is

affected by pre-season HI titers, age and household size

This study has some limitations. First, the HI assay has

imperfect sensitivity and specificity [35,36]. As a consequence,

the infection status of some individuals may be incorrectly

classified. The use of microneutralization assay to detect pH1N1

seroconversions would have increased the sensitivity. The average

number of households per season was relatively small (about 150).

However, the study was run over 3 seasons and looked at multiple

different subtypes (H1N1, H3N2, B, H1N1pdm09), for a total of 6

pairs season/subtype. This means that the amount of information

contained in these data is roughly that of a study of 66150 = 900

households run over 1 season and for 1 subtype. This explains why

the credible intervals for most parameters are relatively narrow.

We were unable to assess transmission risks in children aged less

than 5 years, since serum samples were not obtained from these

subjects.

Here, we disentangled the relative contributions of households

and the community in the risk of influenza infection. This was

made under the assumption that households were independent of

each other and that all individuals of an age group were exposed to

the same risk of infection in the community. Although standard in

such analyses [8,14,16,25,26], in practice, the risk of infection in

the community may have a spatial component, potentially leading

to higher transmission rates between households that are close to

each other. However, we were unable to test this assumption here

since our dataset was not spatially structured. Estimating the effect

of space on influenza transmission will be an important step

forward. This can for example be done from the analysis of

household serological cohort studies in which the spatial location

of each household is be documented [37]. Ideally, one would like

to integrate such analysis in the framework of Demiris and O’Neill

[19], so that the contributions of households and space can be

characterized in a single and coherent framework. This is an

important subject for future research.

This study considerably extends previously limited evidence on

influenza transmission in non-Western countries. It also validates

the use of case-ascertained studies as a way to obtain represen-

tative estimates of influenza household transmission. This has

important implications for early assessment of household trans-

mission in future pandemics, as case-ascertained studies are the

only household design that can be used close to real-time.

Supporting Information

Figure S1 Relative risk of infection of adults relative to
children for the different subtypes, after correcting for
pre-season HI titres.

(PDF)

Figure S2 Comparison of the risk of infection of
children and adults with low (L), intermediate (I) and
high (H) HI titres in two different models. The best fitting
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model (blue) assumes that the effect of pre-season HI titres is

similar across age groups while the alternative model (pink)

assumes it may vary by age group. Children with low pre-season

HI titres correspond to the reference group.

(PDF)

Figure S3 Proportion of subjects infected and contribu-
tion of households. A–B: Proportion of adults (A) and of

children (B) infected for each season and subtype. The black bar

indicates the proportion of subjects estimated to be infected in the

household. C–D: Proportion of adult (C) and child (D) cases

estimated to be infected in the household. These proportions are

given for H1N1, H3N2 and B in 2008 and Spring 2009 (2009 Spr)

and for H1N1pdm09 in Autumn 2009.

(PDF)

Table S1 Simulation study to investigate the perfor-
mance of the statistical approach. Ten datasets with a

structure similar to that of the original data were simulated with

parameter values equal to their posterior mean in the best fitting

model. Each dataset was analyzed with our approach. For each

parameter, the table gives the simulation value, the mean of point

estimates, the average length of 95% CI, the number of times the

simulation value is in the 95% CI.

(PDF)

Text S1 Description of the MCMC algorithm.

(PDF)

Author Contributions

Conceived and designed the experiments: SC NMF AF PH. Performed the

experiments: SC AF LQM LTT PQT DDT TND LNMH NTH PH.

Analyzed the data: SC. Contributed reagents/materials/analysis tools:

LQM. Wrote the paper: SC NMF AF LQM LTT PQT DDT TND

LNMH NTH PH.

References

1. WHO Influenza (Seasonal). Available at www.who.int/mediacentre/factsheets/
fs211/en/index.html. Accessed on 30 May 2012.

2. Committee for Proprietary Medicinal Products (1997) Note for guidance on
harmonisation of requirements for influenza vaccines. EMEA.

3. Wood JM, Levandowski RA (2003) The influenza vaccine licensing process.
Vaccine 21: 1786–1788.

4. Hobson D, Curry RL, Beare AS, Ward-Gardner A (1972) The role of serum

haemagglutination-inhibiting antibody in protection against challenge infection
with influenza A2 and B viruses. J Hyg (Lond) 70: 767–777.

5. Coudeville L, Bailleux F, Riche B, Megas F, Andre P, et al. (2010) Relationship
between haemagglutination-inhibiting antibody titres and clinical protection

against influenza: development and application of a bayesian random-effects

model. BMC Med Res Methodol 10: 18.
6. Dorigatti I, Cauchemez S, Ferguson NM (2013) Increased transmissibility

explains the third wave of infection by the 2009 H1N1 pandemic virus in
England. Proceedings of the National Academy of Sciences of the United States

of America 110: 13422–13427.
7. Cauchemez S, Carrat F, Viboud C, Valleron AJ, Boelle PY (2004) A Bayesian

MCMC approach to study transmission of influenza: application to household

longitudinal data. Statistics in Medicine 23: 3469–3487.
8. Cauchemez S, Donnelly CA, Reed C, Ghani AC, Fraser C, et al. (2009)

Household transmission of 2009 pandemic influenza A (H1N1) virus in the
United States. New England Journal of Medicine 361: 2619–2627.

9. Cowling BJ, Chan KH, Fang VJ, Lau LL, So HC, et al. (2010) Comparative

epidemiology of pandemic and seasonal influenza A in households. New
England Journal of Medicine 362: 2175–2184.

10. Ghani AC, Baguelin M, Griffin J, Flasche S, Pebody R, et al. (2009) The Early
Transmission Dynamics of H1N1pdm Influenza in the United Kingdom. PLoS

Curr Influenza 1: RRN1130.
11. HPA (2009) The First Few Hundred (FF100) project: Epidemiological protocols

for comprehensive assessment of early swine influenza cases in the United

Kingdom. Available at http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_
C/1257260453727. Last accessed on 14 Dec 2012.

12. Lau LLH, Nishiura H, Kelly H, Ip DKM, Leung GM, et al. (2012) Household
Transmission of 2009 Pandemic Influenza A (H1N1) A Systematic Review and

Meta-analysis. Epidemiology 23: 531–542.

13. Tsang TK, Cauchemez S, Perera RA, Freeman G, Fang VJ, et al. (2014)
Association between antibody titers and protection against influenza virus

infection within households. J Infect Dis. doi:10.1093/infdis/jiu186
14. Longini IM, Jr., Koopman JS, Monto AS, Fox JP (1982) Estimating household

and community transmission parameters for influenza. Am J Epidemiol 115:
736–751.

15. Klick B, Nishiura H, Ng S, Fang VJ, Leung GM, et al. (2011) Transmissibility of

Seasonal and Pandemic Influenza in a Cohort of Households in Hong Kong in
2009. Epidemiology 22: 793–796.

16. Addy CL, Longini IM, Jr., Haber M (1991) A generalized stochastic model for
the analysis of infectious disease final size data. Biometrics 47: 961–974.

17. Andersson H, Britton T (2000) Stochastic epidemic models and their statistical

analysis. New-York: Springer-Verlag.
18. Fraser C, Cummings DAT, Klinkenberg D, Burke DS, Ferguson NM (2011)

Influenza Transmission in Households During the 1918 Pandemic. American
Journal of Epidemiology 174: 505–514.

19. Demiris N, O’Neill PD (2005) Bayesian inference for stochastic multitype

epidemics in structured populations via random graphs. Journal of the royal
Statistical Society Series B 67: 731–745.

20. Horby P, Mai le Q, Fox A, Thai PQ, Thi Thu Yen N, et al. (2012) The

epidemiology of interpandemic and pandemic influenza in Vietnam, 2007–

2010: the ha nam household cohort study I. American Journal of Epidemiology

175: 1062–1074.

21. Cowling BJ, Ip DK, Fang VJ, Suntarattiwong P, Olsen SJ, et al. (2013) Aerosol

transmission is an important mode of influenza A virus spread. Nat Commun 4:

1935.

22. Kieffer A, Paboriboune P, Crepey P, Flaissier B, Souvong V, et al. (2013) 2009

A(H1N1) seroconversion rates and risk factors among the general population in

Vientiane Capital, Laos. PLoS One 8: e61909.

23. Lapidus N, de Lamballerie X, Salez N, Setbon M, Ferrari P, et al. (2012)

Integrative study of pandemic A/H1N1 influenza infections: design and

methods of the CoPanFlu-France cohort. BMC Public Health 12: 417.

24. O’Neill PD, Balding DJ, Becker NG, Eerola M, Mollison D (2000) Analyses of

infectious disease data from household outbreaks by Markov chain Monte Carlo

methods. Journal of the Royal Statistical Society Series C 49: 517–542.

25. Longini IM, Jr., Koopman JS, Haber M, Cotsonis GA (1988) Statistical

inference for infectious diseases. Risk-specific household and community

transmission parameters. Am J Epidemiol 128: 845–859.

26. Longini IM, Jr., Monto AS, Koopman JS (1984) Statistical procedures for

estimating the community probability of illness in family studies: rhinovirus and

influenza. Int J Epidemiol 13: 99–106.

27. Spiegelhalter DJ, Best NG, Carlin BP, van der Linde A (2002) Bayesian

measures of model complexity and fit. Journal of the Royal Statistical Society

Series B 64: 583–639.

28. Celeux G, Forbes F, Robert CP, Titterington DM (2006) Deviance Information

Criteria for Missing Data Models. Bayesian Analysis 1: 651–673.

29. Liu JS (2001) Monte Carlo strategies in scientific computing. New York:

Springer-Verlag.

30. Chang LY, Chen WH, Lu CY, Shao PL, Fan TY, et al. (2011) Household

transmission of Pandemic (H1N1) 2009 Virus, Taiwan. Emerg Infect Dis 17:

1928–1931.

31. Jackson ML, France AM, Hancock K, Lu X, Veguilla V, et al. (2011)

Serologically confirmed household transmission of 2009 pandemic influenza A

(H1N1) virus during the first pandemic wave–New York City, April–May 2009.

Clinical Infectious Diseases 53: 455–462.

32. Ferguson NM, Cummings DA, Cauchemez S, Fraser C, Riley S, et al. (2005)

Strategies for containing an emerging influenza pandemic in Southeast Asia.

Nature 437: 209–214.

33. Krammer F, Palese P (2013) Influenza virus hemagglutinin stalk-based

antibodies and vaccines. Curr Opin Virol 3: 521–530.

34. Cauchemez S, Bhattarai A, Marchbanks TL, Fagan RP, Ostroff S, et al. (2011)

Role of social networks in shaping disease transmission during a community

outbreak of 2009 H1N1 pandemic influenza. Proceedings of the National

Academy of Sciences of the United States of America 108: 2825–2830.

35. Rothbarth PH, Groen J, Bohnen AM, de Groot R, Osterhaus ADME (1999)

Influenza virus serology - a comparative study. Journal of Virological Methods

78: 163–169.

36. Cauchemez S, Horby P, Fox A, Mai LQ, Thanh LT, et al. (2012) Influenza

Infection Rates, Measurement Errors and the Interpretation of Paired Serology.

Plos Pathogens 8: e1003061.

37. Lessler J, Cummings DA, Read JM, Wang S, Zhu H, et al. (2011) Location-

specific patterns of exposure to recent pre-pandemic strains of influenza A in

southern China. Nat Commun 2: 423.

The Determinants of Influenza Transmission

PLOS Pathogens | www.plospathogens.org 8 August 2014 | Volume 10 | Issue 8 | e1004310

www.who.int/mediacentre/factsheets/fs211/en/index.html
www.who.int/mediacentre/factsheets/fs211/en/index.html
http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1257260453727
http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1257260453727

