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Background. In late 2011 and early 2012, 13 cases of human influenza resulted from infection with a novel
triple reassortant swine-origin influenza virus, influenza A (H3N2) variant. This variant was notable for its inclu-
sion of the matrix gene from the 2009 influenza A(H1N1) pandemic virus. While most of these confirmed cases
were among children, the transmission potential and likely age-dependent susceptibility to the virus was unknown.
Preliminary serologic studies indicated that very young children have less protection than older children and adults.

Methods. We construct a mathematical transmission model of influenza transmission that allows for external
zoonotic exposure to infection and show how exposure and susceptibility-related factors contribute to the observed
case distribution.

Results and Conclusions. Age-dependent susceptibility to infection strongly influences epidemic dynamics.
The result is that the risk of an outbreak in a highly susceptible age group may be substantially higher than in an
older age group with less susceptibility, but exposure-related factors must also be accounted for when interpreting
case data.
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During the latter half of 2011 and early 2012, 13 cases
of influenza were attributed to a novel triple reassortant
swine-origin virus, influenza A (H3N2) variant (hence-
forth referred to as H3N2v) in the United States [1–3].
Most of these cases occurred in association with agri-
cultural fairs, where swine (and other livestock) contact
is common. This reassortant strain is notable for its
acquisition of the matrix (M) gene from the influenza
A(H1N1) 2009 pandemic virus (A(H1N1)pdm09).
Studies are underway to determine whether the acquisi-
tion of the M gene from the A (H1N1)pdm09 virus en-
hanced the ability of H3N2v virus to spread in ferrets

and infect humans [4, 5] . The number of H3N2v cases
in the United States in 2011 and early 2012 (not count-
ing the summer/fall 2012 cases in the United States) was
uncertain because laboratory confirmation of influenza-
like illness (ILI) was infrequently performed. After ac-
counting for underreporting at each stage of surveillance,
initial estimates of the H3N2v-attributable cases indicate
that between 200 and 250 infections occurred for
each reported case. Additionally, the ratio of H3N2v-
attributable cases among those age >20 years to those
age <20 years was approximately 1:6.5 [6].

Serological data shed some light on susceptibility,
which is an important determinant of the incidence of
infection by age. The proportion of an age group
showing antibody titers above some threshold value (ie,
the proportion “seropositive”) is expected to be corre-
lated with the relative protection of that age group from
infection, though the relationship is not straightfor-
ward. Serological studies of H3N2v have shown large
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differences in seropositivity with age. A study performed by the
Centers for Disease Control and Prevention (CDC), using serum
collected for a 2010–2011 trivalent influenza vaccine study, and
the 2007–2008 National Health and Nutrition Examination
Survey (2007–2008 samples used for 4–17 year old children),
showed that no children age <4 years and only 5% of children
aged 4–9 years sampled had levels of cross-reactive antibody to
the H3N2v virus above the threshold of hemagglutination inhi-
bition (HI) titer ≥40, whereas 20%–35% of children aged 10–17
years and adults had HI titers above the same threshold [7]. A
serological study conducted in Canada also found a much lower
proportion of seropositive children than adults. However, a
study conducted in Norway found low seropositivity in the
youngest children and adults aged 45–54 years (≤15% with
HI≥ 40) but higher seropositivity in other age groups (>40%
with HI≥ 40) [8, 9]. Interestingly, these levels of adult seroposi-
tivity were similar to what was seen against the (H1N1)pdm09
virus among individuals aged >60 years, an age group that was
less likely to have influenza during the pandemic [7, 10, 11].
Therefore, we would expect the observed seropositivity to
H3N2v seen in adults to reflect a decreased susceptibility to
H3N2v in these older age groups, although the relationship
between serological titer and the degree of protection against a
specific virus subtype is not well understood and may be differ-
ent between H3N2 and H1N1 subtypes [7, 12].

In addition to age-related variation in susceptibility, a number
of other factors determine the observed age distribution of
H3N2v cases found via surveillance. These include the relative
exposure to infection (whether from swine or humans), the age
distribution of the local population, and age-related variation
in case ascertainment (Figure 1) .

Mathematical models can help to quantify the causal deter-
minants of epidemics, both in the overall population and by al-
lowing examination of the specific age-group contributions.
Models require each factor with a role in transmission to be
explicitly defined. For example, in representing exposure to in-
fection, we need to distinguish between the proportion of

transmission that is human-to-human (expressed by the repro-
duction number R, the number of secondary infections generat-
ed by a single infection) and the proportion that is due to
exposure to the zoonotic reservoir (in this case, swine).

Here, we construct a simple susceptible-exposed-infected-
recovered (SEIR) model of influenza transmission, with an ad-
ditional external zoonotic source of infection, to illustrate how
each factor listed above contributes to the observed case distri-
bution and how age-stratified case data for emerging infections
should be interpreted when transmission is part zoonotic and
part human-to-human. Our analysis is presented in the context
of the H3N2v cases observed in agricultural fair settings 2011
and early 2012 [6].

METHODS

We constructed a mathematical transmission model of an in-
fluenza outbreak, in the setting of a state agricultural fair, that
includes 2 routes of transmission: swine-to-human and human-
to-human (Figure 2). The human population consisted of 4 age
groups (age 0–9, 10–19, 20–59, 60+ years), each with a size pro-
portional to the current US population age distribution [13]. We
assumed this population distribution was the same for fair-
goers. The swine-to-human route of transmission was modeled
as a constant, but age-dependent, force of infection on the
human population, calibrated to generate 100 new human in-
fections per week across all ages (approximately the incidence
of infection that would result in the 13 observed cases). We
allowed adults and children to be exposed to swine to different
extents, with the ratio of adult-to-child exposure to infected
swine to vary between 1:1 and 1:10 in the fair setting.

Our model of human-to-human transmission has an SEIR
structure [14]), with contact rates between individuals in each
age group determined by the “all-contacts” data collected by
the POLYMOD diary study of contact patterns in Great Britain
(GB) [15]. In the absence of comparable contact data for US
populations, we use GB data as a plausible proxy. We allow for
age groups to have a level of prior protection, represented as a
reduced susceptibility to infection. For simplicity, we assume
children (aged 0–10 and 10–20 years) have susceptibility p = 1

Figure 1. Illustration of the factors that influence the distribution of in-
fluenza cases by age .

Figure 2. Model compartmental flow diagram illustrating the 4 infection
states into which each age group, denoted a, is partitioned. Abbreviations: S,
susceptible; E, exposed (incubating); I, infected and infectious; R, recovered.
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and all other age groups have susceptibility p < 1. Details of the
model structure are given in the Supplementary Materials.

Two related analyses were conducted, each for the range of
possible values of the human-to-human reproduction number,
R (namely, 0 < R < 2):

1. For 4 values of the adult-to-child exposure ratio in the fair
setting, we fitted (using maximum likelihood estimation) the
observed age distribution of cases by adjusting the relative sus-
ceptibility parameter p. This analysis shows how the combina-
tion of heterogeneous exposure by age, immunity, and contact
patterns can give rise to the observed age distribution of cases.
2. For a given value of the susceptibility parameter p (0.2

here, so that the adult-to-child susceptibility ratio is 1:5), we
calculated the final case distribution and the age-specific repro-
duction number (Ra). We define Ra as the relevant diagonal
element of the next generation matrix [16–18]. This analysis
gives insight into the age groups at most risk of self-sustaining
outbreaks should the human-to-human transmissibility of
H3N2v increase.

We represented the observed age distribution of cases as a
single ratio: the ratio of the number of cases observed in chil-
dren aged 0–19 years to the number observed in all older age
groups. We used the value of 1:6.5 for this ratio, which is the
(reporting rate-adjusted) value found among the first 13 cases.

RESULTS

The results presented in Figure 3 were generated by assuming a
particular value of the adult-to-child swine exposure ratio and
the human-to-human transmissibility (as indicated by R) and
calculating the value of p (the relative susceptibility of adults
compared with children) necessary to reproduce the observed
adult-to-child case ratio, that is, 1:6.5 (Figure 1).

Figure 3 shows how variation in the relative rate of exposure
to the zoonotic source (indicated by the different plotted lines
in the figure) requires different relative degrees of protection
between the age groups to achieve the same age distribution of
cases. The far left-hand side of this figure corresponds to entire-
ly zoonotic transmission (ie, R = 0). Here, because swine expo-
sure is the only transmission route, for each different rate of
adult-to-child swine exposure, our model would calculate very
different levels of adult-to-child susceptibility. For example, in
order to explain the age distribution of H3N2v cases in 2011
(ie, adult-to-child = 1:6.5), if we assume that adults and chil-
dren are equally likely to be exposed to swine in a fair setting
and there is no human-to-human transmission, then adults
would need to be 1/20th as susceptible as children to zoonotic
transmission. The fact that this ratio is larger than 1:6.5 (the ob-
served case ratio) reflects the underlying age distribution of the
population (there are approximately 3 times the number of

people age >20 years than those age <20 years in the US popu-
lation).

As the degree of human-to-human transmission is increased
(ie, increasing R), relative swine exposure becomes a less im-
portant factor in determining the observed age distribution of
cases. The curves in Figure 3 that correspond to different as-
sumed ratios of adult-to-child swine exposure merge into 1
curve at R = 1; at that point, transmission becomes self-sustaining
in the human population, meaning a negligible fraction of cases
are due to direct exposure to swine. Here and for values of
R > 1, the age distribution of cases is solely determined by age-
specific contact patterns and susceptibility.

Figure 3 also illustrates how sensitive the relative susceptibil-
ity of adults is to the dominant route of transmission for a
given age distribution of cases. When R is less than 1, we need
independent data, such as fair-attendance records, on the age
distribution of human exposure to swine to determine which
curve is the correct one. This simple figure therefore shows the
challenges involved in quantitative estimation of the degree of
prior protection in adults.

The converse of this analysis is that a given value of the rela-
tive susceptibility of adults compared with children can gener-
ate a variety of age distributions of H3N2v cases, depending on
the degree of human-to-human transmission assumed. This is
illustrated in Figure 4 (for which we assumed p = 0.2), where

Figure 3. Variation in the calculated susceptibility ratio between adults
and children. We set the model-generated adult-to-child case ratio to the
observed case ratio of 1:6.5; the reproduction number is increased from
zero for each of the 4 swine exposure scenarios (see legend inset). At
R = 0, the case distribution is generated purely by swine exposure and the
4 curves corresponding to the different degrees of swine exposure are
clearly demarcated. As R increases, swine exposure becomes less rele-
vant until it is entirely irrelevant as R > 1, when cases are overwhelmingly
generated through human-to-human transmission. Shaded regions indicate
95% confidence intervals.
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the observed age distribution of cases changes markedly with
increasing R.

Figure 4 also shows how the age-specific reproduction
number varies as the overall reproduction number increases.
The much higher susceptibility and higher contact rates in
those age <20 years leads to a very large difference in age-
specific R. If the overall human-to-human transmissibility of
H3N2v were to increase to close to 1, this analysis suggests we
might start seeing self-sustaining outbreaks of transmission in
school-age children first (the age group with the highest age-
specific R value).

DISCUSSION

Here, we show how the age distribution of disease cases (ie, the
proportion of total cases distributed by age) is dependent upon
several factors, most notably age-specific variation in exposure
to infection and susceptibility to infection (the latter deter-
mined by prior immunity to related viral subtypes). It is partic-
ularly difficult to estimate the relative susceptibility of different
age groups in the emerging H3N2v context because there was
both animal-to-human and human-to-human transmission. At
the extremes of entirely animal-to-human (R = 0) or human-
to-human (R > 1) transmission, the dominant exposures are
clear. However, between those extremes, our analysis shows that
care must be taken in interpreting age-specific incidence data.

Our analysis also illustrates the importance of jointly using
models and survey data when an infection is emerging, most no-
tably to determine the human-to-human reproduction number
(eg, analysis of passive surveillance data, examining the ratio of
swine-linked vs nonswine-linked cases [19, 20, 21] and the degree
of human exposure to animals and how this varies with age (eg,
surveys of populations visiting swine barns at state fairs [21]).

Because of the multiple factors determining observed case
age distributions, the temptation to attribute these distributions

to prior immunity alone should be avoided. The difficulty in re-
solving the separate effects of prior protection and exposure
compounds the already complex problem of interpreting sero-
logical data directly as an indicator of protection. In the case of
H3N2v, 3 studies have shown similar qualitative trends in sero-
positivity by age, though details of the numerical estimates vary
considerably [7–9]. The experience of the 2009 H1N1 pandem-
ic showed that very low disease attack rates in those age >65
years correlated with higher measured seropositivity in those
age groups; however, the relationship was far from linear [23, 24].
The analysis presented here may contribute to a better under-
standing of the quantitative relationship between seropreva-
lence and epidemiological protection against infection (ie, as
quantified by relative susceptibility by age).

This study is limited by our examination of the relative epi-
demiological effects in only 2 age groups, adults and children,
which was necessitated by the small numbers of cases observed
thus far. We also model an influenza outbreak in a determinis-
tic framework, in which there is no randomness in the infection
process. However, a better idea of epidemic risk, especially
when R is very close to 1, can be gained from stochastic model-
ing, in which the random infection process is explicitly account-
ed for.

This work was initiated while the first zoonotic cases of
H3N2v infection were being identified in the United States and
demonstrates the usefulness of performing rapid mathematical
modeling studies, alongside outbreak investigations and epide-
miological studies, to help assess the risk associated with novel
influenza strains. While early case clusters were still occurring,
we were able to estimate the transmission potential of the new
virus [21] and the age groups most at risk of infection and to
determine that R was likely to be <1.

Prior protection remains a difficult quantity to measure.
However, with good data on age-specific contact rates and zoo-
notic exposure, we show that, in principle, it can be estimated

Figure 4. The age-specific reproduction number Ra and the case distribution by age. In each subfigure we set the overall population R to the value
shown, the ratio of susceptibility between adults (aged >20 years) and children (aged <20 years) to 1:5 and equal exposure of all age groups to swine. As
the overall population R is raised from zero, in steps of 0.5 (from left to right), the figure shows the changing age distribution of cases and the age-specific
reproduction number.
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from data on the age distribution of cases during the emergence
of an infection. If this is done in concert with serological
studies, we can further improve our understanding of the rela-
tion between antibody levels and protection.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org/). Supplementary materials consist of data
provided by the author that are published to benefit the reader. The posted
materials are not copyedited. The contents of all supplementary data are the
sole responsibility of the authors. Questions or messages regarding errors
should be addressed to the author.
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