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Background The mutations that confer resistance to antiviral
agents are thought to be detrimental, or at best neutral, to
influenza virus fitness. The fact that resistant influenza strains can
circulate and sometimes replace sensitive strains is of great public
health concern.

Objectives We used mathematical modeling to test various
hypotheses about the transmission of antiviral-resistant influenza
viruses by comparing the model’s output with the observed rise in
antiviral resistance of seasonal A(HIN1) influenza viruses between
2006 and 2009.

Methods We developed a mathematical model of the
transmission of influenza among 321 cities around the globe. In

the model, influenza strains resistant to antiviral agents competed
with sensitive strains.

Results and Conclusions We found that a resistant strain of
influenza could not displace the sensitive strain as rapidly as has
been observed unless it was more transmissible than the sensitive
strain in the general population. We believe that an antiviral-
resistant strain displaced the antiviral-sensitive seasonal A(HIN1)
virus by hitchhiking on an escape mutation. Because of the
complex global patterns of influenza circulation, tracking the
emergence and spread of antiviral resistance must be a
coordinated global effort.
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Introduction

Antiviral agents are part of the initial response plans for pan-
demic influenza and play a key role in protecting high-risk
populations from seasonal influenza.'™ In recent years, the
widespread circulation of seasonal A(H3N2) viruses resistant
to the aminoadamantanes and seasonal A(HINI1) viruses
resistant to the neuraminidase inhibitor oseltamivir has been
observed.*® The loss of effectiveness of antiviral agents is an
important public health concern, and worldwide, surveil-
lance has been established to monitor the situation.”

Although influenza virus mutations that reduce the effi-
cacy of antiviral agents often arise in those taking the
drugs, the risk of transmission had been believed to be
minimal because the mutations reduced viral fitness.*”"”
However, in certain genetic backgrounds, the mutations
that confer resistance do not attenuate virus replication or
transmission, as was found with oseltamivir resistance in
seasonal HIN1.'*""7

To explore the conditions under which antiviral-resistant
influenza viruses can spread, we developed a mathematical

model of influenza transmission (Figure 1). We used the
model to test various hypotheses about how a resistant
strain of influenza can displace a sensitive strain and offer
suggestions on how to slow this process.

Methods

We developed a mathematical model of the global trans-
mission of influenza.'® Briefly, the model represents the
populations of 321 cities across the globe. Each city is
modeled as a well-mixed population of susceptible, influ-
enza-infected, and recovered individuals (Figure 1A). A
susceptible individual can become infected by contact with
infected individuals in the same city. Soon after infection,
an individual might be treated with an antiviral agent,
which lowers that person’s infectiousness. Treated individu-
als may, with low probability, produce a drug-resistant
influenza strain, which could then co-circulate with the
sensitive strain. After recovery from influenza, a person is
immune for a brief interval before becoming susceptible
again. Infected individuals can travel between cities, with
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Figure 1. A mathematical model of influenza transmission. (A) Each city in the model is represented as a population of individuals susceptible to
influenza. A susceptible individual can become infected by contact with infected individuals. Those infected may be treated with antiviral agent,
which lowers their infectiousness. However, treated people may develop a resistant strain of influenza, which can co-circulate with the sensitive
strain. An individual becomes susceptible again after recovering from influenza. The numbered arrows highlight two pathways that generate more
cases of resistant influenza: (1) treatment of infected individuals with antiviral agent and (2) transmission of resistant influenza virus. (B) Influenza
season varies across the globe in the model. Generally, the influenza season is during the winter in the temperate Northern and Southern
Hemispheres, and seasonality is less pronounced in the tropics. The plot shows the simulated relative prevalence of influenza in four representative
cities in the model, one in the temperate Northern Hemisphere (London), one in the temperate Southern Hemisphere (Sydney), and two that are in

the tropics (Brazil and Hong Kong).

travel frequency based on airline transportation data, and
can therefore spread influenza to other regions. Generally,
influenza is most transmissible during the winter in the
temperate Northern and Southern Hemispheres and is
transmissible year-round in the tropics.'*** To account for
the different patterns of seasonality around the world, the
transmissibility of influenza is raised during a region’s typi-
cal influenza season and lowered at other times in the
model (Figure 1B).*!

Results

Using our mathematical model, we test various hypotheses
that could explain the rapid spread of oseltamivir-resistant
seasonal HIN1 influenza viruses between 2006 and 2009.
In our model, there are two explicit mechanisms that can
cause the resistant strain of influenza to outcompete the
sensitive one, as shown in Figure 1A: (i) Extensive drug use
continuously generates a substantial number of resistant
viruses and (ii) the resistant strain is inherently more trans-
missible than the sensitive strain, allowing it to sustain its
own expansion once established in the general population.
An alternative hypothesis is that random chance alone was
responsible for the spread of resistance.

Did the use of antiviral agent drive the spread of
resistant seasonal HIN1?

If a sufficient number of infected individuals are treated with
antiviral agents, which are known to promote the develop-
ment of resistant influenza viruses, then the overall propor-
tion of resistance among circulating strains could rise
(Figure 1A, pathway 1). We tested this hypothesis in our

model by assuming that the same fraction of cases around
the world are treated, resistance develops with a probability
of 4% per day under antiviral treatment,'® and that the resis-
tant strain is exactly as transmissible as the sensitive strain
among untreated individuals. We varied the fraction of cases
treated, and compared the model output with the observed
annual fraction of circulating seasonal HIN1 that was resis-
tant to oseltamivir, which we estimated by identifying
sequences from the Influenza Virus Resource and GISAID
databases with the H275Y mutation. We found that approxi-
mately 30% of infected individuals worldwide needed to be
treated with antiviral agent in order to match the observed
rapid rise of oseltamivir-resistant seasonal HIN1 (Fig-
ure 2A). We estimated that, in reality, <3% of influenza
cases took oseltamivir in the parts of the world represented
in our model. In fact, we suspect that the actual fraction of
cases treated around the globe was even lower, because our
model under-represents the developing world by preferen-
tially including cities with major airports.

How transmissible was the antiviral-resistant
strain of seasonal HIN1 compared to the sensitive
strain?
Once a resistant variant of influenza enters the general
population, it may be transmissible enough to outcompete
sensitive strains (Figure 1A, pathway 2). We used estimates
of the number of infected individuals taking oseltamivir
around 2006”'®?*** and ran simulations in which the
resistant strain was slightly more or less transmissible than
the sensitive strain in untreated individuals.

We found that if the resistant strain is even slightly less
transmissible than the sensitive strain, it would not spread,
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Figure 2. Exploring hypotheses of the spread of antiviral-resistant influenza virus using a mathematical model. (A) We ran simulations to estimate
what fractions of influenza cases around the world needed to take oseltamivir to drive the spread of resistance as quickly as was observed for
seasonal H1N1, assuming that the resistant strain was exactly as transmissible as the sensitive strain among untreated individuals. The Xs show the
observed proportion of circulating seasonal H1N1 strains that were resistant according to surveillance data. The other points represent the median
values from 500 simulation runs, and the gray shaded areas cover the outcomes of 95% of the runs. We estimate that <3% of influenza cases
around the world used oseltamivir. (B) We simulated the spread of a resistant strain of influenza that is 1% less transmissible, exactly as
transmissible, or 1:7% more transmissible than the sensitive strain, and compared the results to the observed prevalence of resistant seasonal H1N1.

and even a strain that was exactly as transmissible would
spread only slowly (Figure 2B). Thus, we conclude that a
mutation associated with any attenuation in viral fitness
could not spread. We find that the resistant strain needs to
be 1-2% more transmissible in untreated individuals in order
to spread as rapidly as was observed with seasonal HINI.
The right genetic background might restore transmissibil-
ity of a resistant virus,"*™"” but resistance per se is unlikely to
make a circulating influenza virus inherently more transmis-
sible. It has been suggested that the resistance mutation
“hitchhiked” on another mutation that made the virus more
transmissible. Such hitchhiking is thought to be responsible
for the spread of aminoadamantane resistance in seasonal
H3N2>* and oseltamivir resistance in seasonal HIN1.%'¢*%2¢

Could antiviral-resistant influenza viruses spread
by random chance alone?

One could imagine that a resistant strain of influenza that
is exactly as transmissible as a sensitive one could displace
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the sensitive one by chance. Our model is stochastic, mean-
ing that it explicitly includes random effects. The results we
present in Figures 2A,B show 95% of the range of out-
comes from our stochastic simulations. One can see that
when the resistant strain is exactly as transmissible as the
sensitive one, the spread of resistance is usually negligible
(Figure 2B). We conclude that random effects play only a
minor role when considering the spread of viruses in a
large population and that it is extremely unlikely that
chance alone could cause a non-competitive new influenza
strain to displace circulating strains.

Reducing transmission from those treated with an-
tiviral agents

Because surveillance efforts usually detect antiviral resis-
tance mutations first among patients taking the drug,'
these individuals are an obvious focus for resistance pre-
vention strategies. If one could systematically reduce trans-
mission from these potential sources of resistance, whether
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Figure 3. The simulated effects of reducing transmission from those treated with antiviral agent. We simulated the effect of reducing the
transmission by 0%, 50%, and 75% from all individuals taking antiviral agent. (A) We assumed that 5% of all infected individuals worldwide took
antiviral agent and that the resistant strain was exactly as transmissible as the sensitive strain. (B) We assumed that the fraction of infected individuals
taking antiviral agent matched our 2006 estimates and that the resistant strain was 1-7% more transmissible than the sensitive strain. Each curve

shows the results of a single stochastic simulation.
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by more careful isolation of patients or better respiratory
hygiene, one would reduce the rate of introduction of new
resistant strains into the general population. If the resistant
strain were no more transmissible than the sensitive strain,
we find that this strategy slows the spread of resistance
(Figure 3A). However, if the resistant strain is more trans-
missible, then this strategy does not slow the spread of
resistance, although it might delay the onset of the rapid
replacement of sensitive viruses (Figure 3B). In other
words, once transmission of a resistant strain is sustained
in the general population, controlling transmission from
those treated with antiviral agent has little effect.

Conclusions

We used a mathematical model to explore the factors that
would allow an antiviral-resistant strain of influenza to dis-
place a sensitive one. We show that aggressive use of
antiviral agents, covering 30% of all cases, could drive the
rapid spread of resistance, but this level of usage is not
consistent with levels used in the past. The more likely
explanation for the loss of antiviral susceptibility of
seasonal HIN1 viruses between 2006 and 2009 is that the
resistant virus was more transmissible than the sensitive
ones.

Our model indicates that a strain of influenza that is
only 1-2% more transmissible than other circulating strains
can rapidly displace them. It may be difficult to detect such
a small viral fitness difference experimentally. In addition,
in vitro assays would be unable to detect the enhanced fit-
ness of antigenic escape mutants. Immune pressure from
prior exposure to influenza in the human population pro-
motes the spread of escape mutants and is probably
responsible for the frequent turnover of influenza strains
every 2-8 years.””*® Therefore, the identification of the
genetic background required to restore transmissibility to
resistant influenza viruses in vitro is essential, but the actual
transmissibility of a resistant strain “in the wild” is also
affected by its antigenic profile and the current background
of population-level immunity to circulating strains.

It may be tempting to focus surveillance efforts in
regions where antiviral agents are used the most and where
one might expect resistance to arise. However, influenza
strains might not persist between influenza seasons, as each
season a region’s circulating strains are imported from
around the globe.” Therefore, the regional prevalence of
antiviral resistance might not correlate with regional usage
of antiviral agents.>**°

Surveillance of antiviral resistance must therefore be a
coordinated global effort.” The first weeks of the 2009
HINI pandemic demonstrated that new strains of influ-
enza travel along major international airline routes.’"*
The airline transportation network is the backbone of the
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global spread of person-to-person transmitted infectious
diseases.” > However, it is not enough to simply follow
the flow of people. The different patterns of influenza sea-
sonality around the world determine when new strains of
influenza can take root in a region. The interplay between
human migration and influenza seasonality creates the
complex global patterns of influenza circulation, which
many groups are beginning to describe.*** Our mathe-
matical model represents our efforts to capture these pat-
terns, and further research is needed to build systems to
help us predict the spread of antiviral resistance.
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