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Figure 1 Hypothesised structural equation model. Ellipses: latent variables; boxes: observed variables. Dotted background: latent variables related
to exposure to HIN1pdm09. Striped background: latent variable related to susceptibility to H1N1pdm09 infection. For clarity, relationships involving
the additional observed variables are not shown.

Figure 2 Final structural equation model. All coefficients have p values<0.05. Ellipses: latent variables; boxes: observed variables. Dotted
background: latent variables related to exposure to H1N1pdmO09 virus. Striped background: latent variable related to susceptibility to H1N1pdm09
infection.
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2010-20 February 2011) seasons.'” While the cumulative inci-
dence of ILI per region in 2010-2011 was expected to be asso-
ciated with the 2010-2011 infection, we assumed that the
2009-2010 cumulative ILI incidence would affect HIN1pdm09
host susceptibility.

Model estimation

Mplus 7 software was used to estimate the parameters of the
structural model while accounting for within-household correla-
tions. For easier interpretation of the coefficients, we report
standardised estimates (Byq) with p values <0.05. Standardised
estimates (ranging from —1 for a completely negative association
to 1 for a completely positive association) can be interpreted
with reference to other estimates and the relative strength of
associations can be compared. Goodness of fit was assessed with
two criteria: the comparative fit index (CFI) and the root mean
square error of approximation (RMSEA). The CFI ranges from
0 to 1, with values >0.90 corresponding to an acceptable fit,
while an RMSEA value <0.08 is recommended.'® To improve
goodness of fit, new relationships can be added following ‘modi-
fication indices’ (approximations of model fit improvement
when new structural equations are added) or non-significant and
inconsistent relationships can be removed.

RESULTS

Data

Among the 1318 participants included in the study, 46.4% were
male (612 participants). Two hundred and fifty-seven partici-
pants were <15 years (19.5%; 24 infections; 9.3%), 545 were
aged 15-50 years (41.3%; 36 infected; 6.6%) and 516 were
>50 years (39.2%; 29 infected; 5.6%). One hundred and
twenty-seven participants received the 2010-2011 seasonal
influenza vaccine (9.6%), compared to 180 participants vacci-
nated against HIN1pdmO09 for the 2009-2010 season (13.7%).
Ninety-six participants (7.3%) had ILI during the 2009-2010
season. Infection status was determined for 1121 participants
(89 infections, 7.9% of the participants with a known infectious
status), which were used to estimate relationships with
H1N1pdm09 infection.

Structural-equation model of HIN1pdm09 infection

The final SEM model is shown in figure 2 (coefficients of the
relationships between latent variables and their indicators as well
as a summary of the added and removed relationships are pro-
vided in the online supplementary file). HIN1pdm09 host sus-
ceptibility and compliance with preventive behaviours were the
only two factors directly associated with HIN1pdmO09 infection
(Bsta=0.31, p value<0.001 and Byq=-0.21, p value=0.011).
Compliance with preventive behaviours was positively influenced
by the latent variables ‘risk perception of HIN1pdm09 infection’
and ‘perception of preventive measures’ (Byq=0.14, p
value=0.029 and Byy=0.27, p value=0.001). Participants
<15 years and those aged 15-50 years were more exposed
through contacts than were participants >50 years (Bsq=0.82
and Byg=0.75, p values<0.001). These two younger populations
were less frequently vaccinated during the 2010-2011 season
(Bsa=—0.26, p value=0.018 and Byq=-0.29, p value<0.001)
and were more likely to have had ILI during the previous season
(Bsta=0.10, p value=0.022 and Byy=0.11, p value=0.017).
Participants <15 years were less compliant with preventive beha-
viours than those belonging to the older age groups (Bsq=—0.63,
p value<0.001), and males were less compliant than females
(Bsa=—0.26, p value<0.001). Participants <15 years were the
least susceptible to HIN1pdm09 (Byq=-0.17, p value<0.001).

Vaccination during both the 2009-2010 and 2010-2011
seasons, ILI during the 2009-2010 season, and a high cumulative
ILI incidence in the participants’ administrative regions (2009-
2010 season) were associated with lower host susceptibility
(Bsta=—0.29, p value=0.007; Bsq=—0.19, p value<0.001; Bsq=
—0.07, p value=0.033 and Byy=-0.13, p value=0.018, respect-
ively). Individuals vaccinated during the 2009-2010 season were
more likely to be vaccinated during the following season
(Bsta=0.34, p value=0.008). Individuals living in an urban area
with a ‘high’ neighbourhood socioeconomic status (eg, a high
mean income in the IRIS zone) were more likely to be vaccinated
against pandemic influenza for the 2009-2010 season
(Bsta=0.32, p value=0.006 and Byq=0.23, p value=0.010).
Model goodness-of-fit indices were satisfactory (RMSEA=0.023,
CF1=0.943).

DISCUSSION

Using structural equation modelling, we were able to obtain a
coherent quantitative picture of the complex mechanisms deter-
mining HIN1pdm09 infection during the 2010-2011 influenza
season. To the best of our knowledge, our study is the first to
simultaneously integrate factors as diverse as contacts, risk per-
ceptions, preventive behaviours and environmental and socio-
economic factors. Risk factor studies since 2009 have mainly
been based on regression analysis, which may fail to capture the
complex mechanisms underlying infection by estimating only
direct, independent associations between covariates and
H1N1pdmO09 infection. Use of a structural-equation model
allowed us to explicitly model direct and indirect relationships
between highly diverse factors and their respective impacts on
infection. Our results are particularly relevant to informing
public health strategies; they can be used to determine which
dimensions should be priority targets of public health communi-
cation campaigns.

Host susceptibility, measured here with a pre-epidemic HAI
titre, was the major factor explaining infection.” '* Influenza
vaccination, ILI history during the first HIN1pdmO09 season,
and the level of community incidence, were the factors asso-
ciated with host susceptibility.*

Our results also suggest that compliance with preventive beha-
viours played an important role in influenza infection.'?
Compliance with preventive behaviours was related to a positive
perception of the impact of such measures and to the risk per-
ception of infection.”’ Lower preventive behaviour compliance
among men compared with women has previously been
observed."! Urban area of residence and neighbourhood socio-
economic status had no direct influence on infection, but both
factors positively influenced the probability of 2009-2010 vac-
cination. Urban residence has been reported to have a positive
influence on seasonal influenza vaccination.”” No relationship
between vaccination and high neighbourhood socioeconomic
status has previously been reported, but a high level of educa-
tion has been linked to pandemic vaccine uptake,”* as has living
in a household where the head of the family has a high profes-
sional status.”*

The infection rate during the second season was 7.9% in the
CoPanFlu cohort, a figure consistent with estimated seroconver-
sion rates of 6.2% and 6.8% reported by Chen et al*® during
the second and third HIN1pdm09 waves in Singapore.
Participants <15 years were the least susceptible in our study
(see online supplementary file). This may be explained by a
higher rate of HIN1pdmO09 infection during the 2009-2010
season; 10.3% of young participants in the CoPanFlu cohort
reported ILI during this period. A similar relationship between a
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high rate of infection among children during the 2009-2010
season and lower susceptibility in 2010-2011 has been
reported.”’

No relationship was found to exist between exposure through
the contact network and HIN1pdm09 infection. Several studies
have nevertheless linked school closures or holiday periods to a
reduced infection rate,”® implying a major influence of contacts
with children on the individual infection risk. However, deeper
analyses (see online supplementary file) did not suggest a higher
level of exposure among infected participants. There are two
possible explanations for this finding. First, contact information
was not necessarily collected at the time when influenza was
present in the community, especially during winter months. We
used a methodology similar to that of the POLYMOD study and
obtained highly consistent findings regarding assortativity and
intensity of contacts according to age.?” This type of measure is
now often used to explore social contact influence on the
spread of infectious diseases.”®! Contacts were also stable
across calendar seasons (see online supplementary file).
However, we cannot formally exclude that the pattern of con-
tacts observed might not be representative of contacts with
infected participants; contact patterns/behaviours of susceptible
individuals with infectious participants may be modified in this
context. Second, the daily number and duration of contacts
were high in all age groups. Consequently, the likelihood of con-
tacts with one or several infectious participants over the
2-month influenza season might be so high that transmissibility
would not be influenced by the number of occasions, but rather
by host characteristics.

Another limitation of our study was related to the modelling
of the host susceptibility, which was only based on the pre-
epidemic HAI titre. Integration of alternative correlates of pro-
tection such as T-cell responses,®* or of genetic factors,®® may
provide a more robust picture of host susceptibility.

Among the 1450 participants included, 132 were not fol-
lowed for the considered season and another 197 had a missing
infectious status. Comparison of these 329 participants with the
1121 individuals with a known infectious status showed that the
participants in the first group were older (46 years on average vs
38 years), were living in households with a lower number of
participants (2.9 participants on average vs 3.1) and were more
likely to be vaccinated during the 2009-2010 season (vaccin-
ation rate 18% vs 119%). These last two characteristics were
associated with the participant’s age. No differences were
observed for sex, 2010-2011 seasonal vaccination, ILI in 2009-
2010, and pre-epidemic HAI titres. Thereby, considering the
low differences between the two groups for most of these
characteristics and that the influence of the participant’s age on
several factors under study was taken into account in our ana-
lyses, we can assume that the absence of infectious status infor-
mation from these 329 participants is unlikely to bias the
general conclusions of our work.

Compared with previous studies, our work has two major
strengths. First, households were randomly sampled through a
probabilistic procedure and selected households were shown to
be representative of the general population (see Lapidus et al®
for more details). Second, participants were prospectively fol-
lowed through an active weekly surveillance system over the two
influenza periods. Both limit the risk of selection and informa-
tion bias.

To the best of our knowledge, our study is also the first to
simultaneously integrate such a variety of influenza risk factors
through a causal approach. Structural equation models,
however, cannot unequivocally prove causal relationships:
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acceptable indices of goodness of fit merely indicate that postu-
lated relationships are supported by the data. Other models may
provide equivalent or better performance, and covariates poten-
tially involved in the phenomenon under study might have been
omitted.**

CONCLUSION

Structural equation modelling should be considered as a valu-
able approach to steer public health policies. While our results
rely on data collected from the 2010 to 2011 influenza season,
we feel the risk factors identified would be relevant in future
epidemic and pandemic contexts. The nature of the influenza
virus requires the production of a new annual vaccine to lower
individual susceptibility. Risk perception and compliance with
preventive behaviours, though modifiable, are unlikely to
change over time without targeted intervention. We suggest that
communication campaigns focus on infection risk and prevent-
ive measures efficacy, specifically targeting men and children.
Additionally, we find that measures based on social distancing
should not be a primary public health mitigation strategy, but
warrant further investigation.

What is already known on this subject

» Since 2009, numerous studies have investigated risk factors
for pandemic influenza infection, reporting factors as diverse
as individual characteristics, indoor and outdoor
environments, contacts with infected individuals and use of
preventive measures.

» Questions remain about the respective roles of the reported
determinants in the mechanism of influenza virus
transmission.

» Knowledge on how this information can be used to guide
policymakers to implement effective mitigation strategies is
lacking.

What this study adds

» Using a novel methodological approach, we were able to
rank the relative impacts of all the determinants of infection,
thereby determining priority targets for public health
communication campaigns. Pre-epidemic antibody titres,
compliance with preventive behaviours, as well as risk
perception, were the only factors directly or indirectly
associated with the infection risk.

» Social behaviour does not seem to be a major determinant
of infection.

» On the basis of our findings, we believe it is likely that
public health communication campaigns stressing the
efficacy of preventive measures and the risks associated with
pandemic influenza infection would be effective to mitigate
the influenza burden.
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