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The rise of drug resistance remains a major impediment to the treatment of some diseases caused by fast-
evolving pathogens that undergo genetic mutations. Models describing the within-host infectious
dynamics suggest that the resistance is unlikely to emerge if the pathogen-specific immune responses are
maintained above a certain threshold during therapy. However, emergence of resistance in the population
involves both within-host and between-host infection mechanisms. Here, we employ a mathematical
model to identify an effective treatment strategy for the management of drug resistance in the population.
We show that, in the absence of pre-existing immunity, the population-wide spread of drug-resistant
pathogen strains can be averted if a sizable portion of susceptible hosts is depleted before drugs are used on
a large scale. The findings, based on simulations for influenza infection as a case study, suggest that the
initial prevalence of the drug-sensitive strain under low pressure of drugs, followed by a wmely
implementation of intensive treatment, can minimize the total number of infections while preventing
outbreaks of drug-resistant infections.
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1. INTRODUCTION
The development of drug resistance is one of the most
challenging public health problems in the treatment of some
infectious diseases. This has been well recognized in diseases
caused by multi-strain viruses that evolve rapidly and can
persist (such as HIV) or infect recurrently (such as
influenza; Richman 1994, 1996; Coffin 1995, 1996;
Stilianakis ez al. 1998; Blower ez al. 2003, 2004; Kiso et al.
2004; Bright ez al. 2005; de Jong er al. 2005; Moscona
2005), as well as in several bacterial infections (Bonhoeffer
et al. 1997; Blower & Chou 2004). Although emergence of
resistance involves within-host infectious processes, its
intrusive effects often extend beyond the individuals
through the transmission of resistant strains in the
population. The strategic use of drugs is therefore crucial
for preventing population-wide spread of drug resistance,
particularly when confronted with the emergence of novel
infectious agents (e.g. influenza pandemic viruses), against
which the population has little or no pre-existing immunity,
effective vaccines may not be available and other interven-
tion measures have limited impact on disease containment.
The initial emergence of resistance is generally
associated with a large fitness cost, and therefore resistant
strains are soon out-competed if the replication of the
drug-sensitive strain is not inhibited (Ferguson ez al.
2003). However, treatment can induce a massive
selective pressure under which resistant strains may
enjoy a growth advantage and restore their impaired
fitness (through compensatory mutations) to levels
required for successful transmission (Rimmelzwaan
et al. 2005; Handel er al. 2006; Regoes & Bonhoeffer
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2006). A major barrier to this growth is the generation of
an adaptive immune response as a result of interaction
between the pathogen and the host immune system. It
has been shown that drug resistance is less likely to
develop if the immune responses are maintained above a
certain threshold during therapy (Wodarz 2001; Wodarz &
Lloyd 2004; Lloyd & Wodarz 2006). This suggests that if
treatment is initiated after the time at which the immune
responses reach the threshold level, the immunity (most
profoundly conferred by the formation of cytotoxic
T-lymphocytes that destroy infected cells) can impede
the replication of resistant strains (Wodarz 2001).
However, the development of adaptive immune responses
is a time-dependent process (Swain et al. 2004), and late
therapy has been shown to be ineffective in the manage-
ment of self-limiting diseases caused by fast-replicating
pathogens, such as influenza (Nelson ez al. 2004). Recent
clinical observations of kinetics of influenza A infection in
humans reveal that these viruses rapidly replicate to high
levels of viral titres and deplete the pool of target cells
before an effective immune response can be launched
(Baccam et al. 2006). While early treatment (within
48 hours of the onset of clinical symptoms) appears to
be critical in influenza infection control (Aoki ez al. 2003),
it poses a major concern for the emergence and spread of
drug resistance in the population that should be addressed
by assessing the probable epidemiological outcomes of
different treatment strategies.

This study undertakes to evaluate the potential benefits
and limitations of various treatment strategies on contain-
ment of an invading pathogen capable of generating
resistance. By employing a population dynamical model,
we discuss the influence of three parameters on the spread
of drug resistance, namely: (i) the reproduction number of
the sensitive strain, (ii) the transmission fitness of the
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resistant strain, and (iii) the fraction of infected individuals
which is treated, referred to as ‘treatment level’. We first
consider the scenario in which treatment level is
maintained constant during the entire course of an
outbreak, and show the existence of an ‘optimal level’ at
which the total number of infections is minimum. By
allowing treatment level to change during the outbreak, we
then project its epidemiological outcomes and demon-
strate how insights from within-host immune dynamics
can help develop effective strategies for the management
of drug resistance in the population. To illustrate the
model predictions, parameter estimates of influenza
infection are extracted from recent modelling and clinical
studies. We organize this paper by developing the model,
performing simulations and presenting the results, and
finally discussing the significance of our findings.

2. MATERIAL AND METHODS

We considered a population that is entirely susceptible to the
invading pathogen with no pre-existing immunity. To
incorporate pathogen evolution, we extended the classical
susceptible—infected-recovered model to include two strains
of the pathogen that are sensitive and resistant to the drugs. In
the absence of treatment, emergence of drug resistance is
unlikely, due to the much lower replicative fitness of resistant
mutants compared with the original sensitive strain. We
therefore considered the scenario in which drug resistance
may develop during the treatment of infected individuals. We
assumed that the treatment has no effect in reducing the level
or duration of infectiousness in resistant cases. Furthermore,
it is assumed that infection caused by the resistant or sensitive
strain results in the generation of immunity against both
strains upon recovery. These assumptions are valid for a
number of infectious pathogens, and we considered influenza
infection as a case study. A common situation with influenza
is the appearance of two viral strains competing for a given
host population (Newman 2005), which often results in
dominance by one strain or the development of cross-
immunity (Andreasen et al. 1997; Boni er al. 2006). Such
competition may even be more complex, particularly when
the competing strains enter the population at different times,
and we considered this scenario for a resistant strain that
appears during the outbreak of the sensitive strain.

(a) The model

We divided a homogeneously mixing population into several
compartments comprising susceptible (S), untreated and
treated infected with sensitive strain (I, IT), infected with
resistant strain (I), recovered (R) and dead (D) individuals
(figure 1). Assuming that the duration of the disease outbreak
is short compared with the average lifetime, we ignored the
effect of birth and natural death rates on transmission
dynamics of infection. Taking into account the above
assumptions, the model can be expressed as the following
system of deterministic equations:

S' =By + orlr + 6.1,)S, (2.1
Iy = (1= p)BUy + 61I)S —(dy + yu)lu, (2.2)
It = pB(Iy + 61I1)S —(dr + y1)It — arlr, (2.3)
Il = 6.8LS + arlr —(dy, + yo)l., (2.4)
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Figure 1. Model diagram for the movement of individuals
between population compartments, and the development of
drug resistance during treatment of infected individuals.

R = yy(y + L) + y7lt, (2.5)

Dl = dUIU + dTIT + dU,rVIr’

where the prime ¢’ denotes the derivative of the compart-
ments with respect to the time; § is the baseline transmission
rate of the sensitive strain; ér is the relative infectiousness of
treated individuals infected with the sensitive strain; o,
represents the relative transmission fitness of the resistant
strain; dy and dy,, are disease-induced death rates of sensitive
and resistant strains, respectively; yy and +yT represent
recovery rates of untreated and treated infected individuals,
respectively; at is the rate at which treated individuals
develop drug resistance; and p is the fraction of infected
individuals who receive treatment (treatment level). Note that
since treatment is ineffective against resistant infection, we
combined treated and untreated individuals infected with the
resistant strain into a single compartment I,.

(2.6)

(b) Reproduction numbers

A key descriptor in determining whether the emerging
pathogen can cause a disease outbreak in a population is
the basic reproduction number, defined as the number of
secondary infections generated by the introduction of a single
infected case into an entirely susceptible population
(Anderson & May 1992). This number is the product of
three parameters: the number of contacts of an infected case
with susceptible individuals per unit time; the probability of
pathogen transmission; and the generation time. A related
quantity is the control reproduction number (R.) that can be
used to evaluate the impact of intervention strategies on
containment of disease spread.

To compute R, in the model (2.1)—-(2.6) when treatment is
administered, we first assumed that an individual infected
with the sensitive strain is introduced into the population
of size Sy, such that Iy(0)=1 and I+(0)=I1.(0)=R(0)=
D(0)=0. With the probability p of receiving treatment that
reduces the infectiousness (and therefore the transmission of
the sensitive strain), the number of new infections emanating
from the infected individual during treatment is
po1BSo/(dT + vT + o). Without treatment, the number of
secondary cases is given by (1 —p)6Sy/(dy + yy), and
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Table 1. Parameter values obtained from the published
literature for performing numerical simulations of the model
(Ferguson ez al. 2003, 2005; Longini et al. 2005; Halloran
et al. 2006; Handel ez al. 2006; Regoes & Bonhoeffer 2006).

parameter value (range)?®
R} >1
I variable (day people) !
p 0-1
T 0.4
Or 0-1
aT 1076-1071q!
YU 1/4.147!
Y 1/4.14d47!
dy 0.002d7"
dr 0.0002d!
dus ~odyd!

% For a given value of the basic reproduction number Rj, the
transmission rate 3 can be obtained by substituting parameter values
into the expression R{ = $Sy/(dy + vu)-

therefore the total number of sensitive infections is

(1—-p) poT )
dy+vyy drt+ryrtar)

R = ﬁSO( @)
An infected individual may develop drug resistance during
treatment with probability at/(dt + vyt + o), and generate a
number of new resistant cases given by

Rr — 5rpﬁSO aT
¢ dyy +vu) \dr +yr tor/)

We now consider the introduction of an infected case with
the resistant strain into the population, such that 7,(0) =1 and
I;(0) = I+(0) = R(0) = D(0) = 0. Since the generation of new
sensitive infections is unlikely, the total number of new cases
infected with the resistant strain is given by

0,.0S,
RB — rﬁ 0 .
dy: +vu

(2.8)

(2.9)

Considering the generation matrix

R R
G = ,
0 R

the control reproduction number can be obtained by the
dominant eigenvalue of G, expressed as R. = max {R%, R}}
(Diekmann & Heesterbeek 2000). In the absence of
treatment (p=0), R. reduces to the basic reproduction
number of the sensitive strain, given by R = 8S,/(dy + vu)-

3. SIMULATIONS AND RESULTS
To illustrate the competitive dynamics between the
sensitive and resistant strains, we considered a susceptible
population of size So=100 000 and introduced an initial
infection with the sensitive strain (Iy(0)=1). Using
parameter values estimated for influenza infection given
in table 1, we first ran the simulations with low and high
relative transmission fitness of the resistant strain, when
treatment level p was maintained constant during the
entire course of the outbreak.

Assuming that the resistant strain emerges with a low
transmission fitness 6,=0.2, figure 2a shows the total
number of infections caused by both strains at the end of
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Figure 2. Total number of infections (final size of the
outbreak) caused by both sensitive and resistant strains as a
function of treatment level (p) with (@) 6,=0.2 and (b) 6,=
0.8, for different reproduction numbers of the sensitive strain
(R}: black solid line, 1.4; black dashed line, 1.6; black dotted
line, 1.7; black dot-dashed line, 1.8; grey solid line, 2; grey
dashed line, 2.4; grey dotted line, 3; grey dot-dashed line, 4).
Transmission rate § is computed for each value of Rj, and the
rate at which infected individuals develop drug resistance is
taken to be ar=10"> d~ L. Other parameter values are given
in table 1. (@) For R} below approximately 2.5, the sensitive
strain will go extinct if the treatment level exceeds its
corresponding threshold (p*), and the disease can be
contained for low transmission fitness of the resistant strain.
(b) However, for sufficiently high transmission fitness of the
resistant strain, high treatment levels may lead to widespread
drug resistance.

the epidemic (including recovered and dead individuals),
corresponding to the values of R} in the range 1.4—4. Since
the resistant strain is present at significantly lower
transmissibility compared with that of the sensitive strain,
a limited number of resistant cases is generated during
therapy without promoting the spread of drug resistance,
even when the selective pressure of drugs is greatest at high
treatment levels. In this case, increasing p would continue
to reduce the spread of sensitive strain and disease
containment can be achieved if the treatment level results
in R¢ < 1. Taking into account the reproduction number
in equation (2.7), one can easily calculate the critical value
p* at which Ri=1, and therefore the spread of the
sensitive pathogen strain can be contained for p>p*.
Rewriting RS in terms of R}, the value p” is given by

. R —1
P R?)(I _ 5T(du+7U)) '

dr+yr+tar

3.1
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Figure 3. Optimal treatment level as a function of R with
6,=0.8 and ar=10">d "~ !. Other parameter values are given
in table 1. The shaded area corresponds to the values of R}
below the threshold, and large outbreaks of both sensitive and
resistant strains can be prevented with 100% treatment level.
In the white area, corresponding to the values of R}, exceeding
the threshold, the final size of disease outbreak is minimum if
the treatment level is maintained at the optimal level shown
by filled circles. The corresponding minimum number of
infections is represented by open circles. The ranges of
treatment level and minimum number of infections are
displayed on the left and right vertical axes, respectively.

However, the spread of disease caused by the sensitive
strain cannot be controlled if R, exceeds
R — dr +vyr +oar

or(dy +vu)
which results in p* > 1. For the parameter values used in
simulations (table 1), this becomes a possibility for a
sensitive strain with R} > 2.5 (figure 2a).

If the resistant strain emerges with a high transmission
fitness or undergoes compensatory mutations to alleviate
some of the fitness cost imposed at the initial point of
emergence (Rimmelzwaan ez al. 2005; Handel ez al. 2006),
then dynamical interference between competitive strains is
more complex. Figure 2b illustrates such complexity for
different values of R, with ¢,=0.8. Since treatment
reduces the reproduction number of the sensitive strain,
the resistant strain may gain a competitive advantage to
invade the susceptible hosts, thereby establishing a self-
sustaining epidemic. The invasion of the resistant strain
(without being out-competed by the sensitive strain)
requires Rj > R, which occurs when the level of treatment
exceeds the threshold p. (at which R = R}), given by

o= (1 Odu T 10 R
¢ dU,r+’YU R*—l

For simulations presented in figure 2b, p.=0.33. In this
case (with a finite susceptible population), a large resistant
outbreak is feasible only if the initial propagation of the
sensitive strain can be overcome by the selective advantage
of the resistant strain before the pool of susceptible hosts is
exhausted. Such a scenario can occur for high treatment
levels that substantially reduce the spread of the drug-
sensitive infection in the population, thereby providing an
opportunity for the resistant strain to out-compete the
sensitive strain over available susceptible hosts. For R} > 1,
but sufficiently close to 1, the spread of drug resistance is
still limited and increasing p reduces the total number of
infections (figure 2b). This reduction becomes, however,

3.2)

(3.3)
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Figure 4. Total number of infections caused by the sensitive
(dashed curve), resistant (dotted curve) and both strains
(solid curve), as a function of a constant treatment level
during the entire course of outbreak, with Ry = 1.8, §,=0.8
and =107 d ™. Other parameters are taken from table 1.
Total number of infections (including recovered and dead
individuals) is minimum at 51% treatment level, and the
spread of the sensitive strain is contained at 75% treatment
level. Note that the total number of resistant infections
include both the emergence of resistance during treatment
and through the direct transmission of the resistant strain.

marginal for higher treatment levels as Rj increases.
Simulation results indicate that there is an optimal
treatment level associated with R that minimizes the
total number of infections. However, treatment beyond the
optimal level leads to widespread drug resistance by
shifting the competitive balance in favour of the resistant
strain, and meeting the conditions required for the
occurrence of a large resistant outbreak. Figure 24 also
shows that the optimal value of p increases with R}, and the
effect of treatment becomes less pronounced in reducing
transmission of the sensitive strain. To summarize these
results, we numerically calculated the optimal treatment
levels for different values of R}, as illustrated in figure 3.
This figure shows that there is a threshold value of R}
(=1.45), below which the outbreak of both strains can be
prevented if all infected individuals are treated (shaded
area). However, for values of R exceeding the threshold
(white area), the fitness advantage of the sensitive strain is
overturned by increasing treatment from below to above its
optimal level. This can result in a large number of resistant
infections that may receive treatment without being
effective in the control of disease, as shown in figure 4 for
a particular value R = 1.8.

For comparison purposes, we investigated an alterna-
tive strategy that allows for changing p at a specified time
during the outbreak. We assumed that Rj= 1.8 and
defined two quantities: (i) the total number of infections
(T,) as a function of p and the time ¢* at which the initial
treatment level changes, and (ii) the total number of
infections (T;,;) when treatment is maintained constant at
the optimal level (which is 51% for R} = 1.8), as discussed
above. Simulations were run with an initial 20% treatment
level to compute the ratio T,,/T;,.. Figure 5a shows
that increasing p at a later stage during the outbreak can
reduce the final size of infections significantly below the
minimum achieved at a 51% constant treatment level



Management of drug resistance S. M. Moghadas 1167

(a) 1.0
0.9
0.8
0.7

Topt

0.6
0.5

treatment level

0.4
0.3

0.2

(b) 1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

treatment level
T,/T {)pt

S DB~ O ®

0 20 40 60 80 100 120
time, t* (days)

Figure 5. The effect of changing treatment level during the
outbreak on the total number of infections (including
recovered and dead cases) generated through the trans-
mission of sensitive and resistant strains, with R = 1.8, §,=
0.8 and ar=10"> d~!. Other parameter values are given in
table 1. Simulations were seeded with an initial treatment
level of 20% and then changed to the level shown on the
vertical axis at the time ¢* displayed on the horizontal axis
(corresponding to the time course of the outbreak). The grey
bar in (a) illustrates the ratio of the total number of infections
caused by both strains 77, to that generated when treatment is
maintained constant at the optimal level of 51%. The grey bar
in (b) shows the ratio of the total number of resistant
infections 77, to that generated when treatment is maintained
constant at the optimal level. The curves in (a,b) correspond
to the T,,=T,p=1 and T, = T, = 1 isoclines, respectively.

(i.e. Ty/T,p <1). However, aggressive treatment early on
(during the seed phase of the disease) leads to widespread
drug resistance, and therefore increases the final size of
infections. On the other hand, the sensitive strain depletes
the pool of susceptible hosts if treatment is administered at
a low level or increased to above the optimal level during
the late stage of the outbreak (figure 5a). Therefore, a
timely increase in the treatment level is critically important
in reducing the overall infections when treatment is
initiated at a low level.

To explore the impact of this strategy on the spread of
drug resistance, we performed further simulations to
compute the ratio 7/T g, where T}, and Ty, denote the
corresponding total number of resistant infections. The
results, displayed in figure 5b, suggest that the population-
wide spread of drug resistance can be averted for certain
combinations of p and ¢, resulting in T,=31 335 and
T =92 when p is increased to 80% at time " =60
days. This, compared with the corresponding numbers
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Tope=39 203 and T, = 3582 obtained at a 51% constant
treatment strategy, shows that a significant (20%)
reduction in the final size of infections can be achieved,
while preventing large outbreaks of resistant cases
(TH/T 5 = 0.026).

These simulations show that if an initially high
treatment level fails to contain the disease, then large
outbreaks of resistant infections can occur (figure 5).
There are two major contributing factors that promote the
emergence of resistance in the population. First, intensive
treatment can exert a strong selective pressure under
which the resistant strain replicates rapidly in individuals
and spreads easily between them before the pool of
susceptible hosts is depleted. Second, large-scale drug use
at the early stages of an outbreak decelerates the spread of
the sensitive strain, and therefore largely interferes with
the rise of population immunity as a protective mechanism
against the generation of pathogen strains. These factors
correspond to those that are most responsible for the
emergence of drug resistance in vivo (in the absence of
immunological control of infection), as discussed in
previous studies (Wodarz 2001; Wodarz & Lloyd 2004;
Lloyd & Wodarz 2006).

4. DISCUSSION

Drug resistance remains a major obstacle to the manage-
ment of some persistent pathogens (e.g. HIV, influenza,
tuberculosis) and limits our ability to effectively respond to
the emergence of novel infectious agents (e.g. an influenza
pandemic). Several studies have discussed factors promot-
ing the evolution of drug resistance i wvivo, and high-
lighted the importance of an effective immune response in
preventing the outgrowth of resistant strains (Wodarz
2001; Wodarz & Lloyd 2004; Lloyd & Wodarz 2006).
However, a different scenario occurs when a drug-resistant
strain is transmitted to a susceptible individual who lacks
pre-existing pathogen-specific immunity. In the absence of
a sensitive strain as the dominant competitor, the resistant
strain will replicate to generate well-adapted mutants in
the new drug-free environment. The effective rate of
adaptation is determined not only by the rate at which
mutations occur but also by the fitness of generated
mutants in multiple hosts (Kuiken ez al. 2006), which is
generally accompanied by an increase in fitness. To
minimize the likelihood of resistance invasion in a
population, it is therefore essential to halt the transmission
of resistant strains between susceptible hosts.

In this paper, we developed a two-strain population
dynamical model to evaluate the epidemiological out-
comes of different therapeutic strategies with constant and
variable treatment levels in the presence of drug
resistance. We focused on the scenario in which a resistant
strain emerges with transmission fitness comparable with
that of the sensitive strain, since drug-resistant strains with
low transmissibility are unlikely to grow and are soon out-
competed. For the strategy with a constant treatment level
throughout an outbreak, we have shown that there is an
optimal level at which the final size of infections is
minimum. While raising the treatment level beyond its
optimal level further reduces the transmission of the
sensitive strain, it can potentially offset the effectiveness of
drugs by increasing the size of the outbreak with the
resistant strain (figure 25).
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To prevent the spread of resistance in the population, we
considered an alternative strategy that delays the appli-
cation of intensive treatment for a certain amount of time
after the onset of an outbreak. Since immunity induced by
natural infection will protect individuals against all
pathogen strains, the time at which selection of resistance
occurs during the outbreak of the sensitive strain will be
crucial. If a significant number of susceptible hosts have
already been infected with the sensitive strain, the selective
advantage of the resistant strain may not be enough for a
subsequent resistant outbreak. This suggests that, in the
absence of pre-existing immunity, the initial propagation of
the sensitive strain under low pressure of drugs can reduce
the likelihood of resistant outbreaks occurring. To investi-
gate this scenario, we allowed the treatment level to change
during the outbreak and observed that, under certain
conditions, the spread of resistant strains can be prevented,
while minimizing the overall number of infections.
However, the impact of this strategy depends critically on
the initial treatment level and its timely increase so that the
transmission of the sensitive strain can be effectively
blocked. For simulations presented in figure 5, the
susceptibility of the population at time *=60 (days) is
reduced by approximately 13%, which is sufficient to rule
out the possibility of a resistant outbreak when the
treatment level is increased to 80%. Obviously, the time
t* varies with parameters and the number of infected cases
at the onset of the outbreak (in the absence of resistance), as
well as the initial scale of drug use. Higher numbers of
initial infections can result in a more rapid spread of the
sensitive pathogen strain in the population, and conse-
quently an earlier increase in the level of treatment is
required. On the other hand, as the initial treatment level
increases, a greater reduction in transmission of the
sensitive strain is achieved, and therefore the onset of
intensive treatment should be further delayed.

The findings of this study have important implications
for the strategic use of drugs in a population, especially in
response to the emergence of novel infectious pathogens.
There is mounting concern for an imminent influenza
pandemic due to outbreaks of a highly pathogenic avian
strain (H5N1) in poultry (Gani ez al. 2005; Jennings & Peiris
2006), which has resulted in a large mortality associated
with indexed human cases (WHO, http://www.who.int/
csr/disease/avian_influenza/cases_table_2007_10_02/en/
index.html). In the absence of effective vaccines, antiviral
drugs have been rationalized as the primary measure in
mitigating the impact of the next influenza pandemic
(Ferguson et al. 2005; Gani er al. 2005; Longini et al.
2005). However, the identification of resistance to
neuraminidase inhibitors (de Jong et al. 2005; Moscona
2005; Yen et al. 2005) poses a major challenge to the
prudent use of drugs when the early treatment of indexed
cases is crucial for reducing viral transmission (Alexander
et al. 2007, 2008). Our results in this study indicate that if
the pandemic virus is not contained at the source, then
intensive treatment early on during the first wave of
infection could potentially lead to a worldwide pandemic
of resistant viral strains. Therefore, the risk of drug
resistance should be considered in designing antiviral
strategies, in order to not only maximize the population-
wide benefit of drugs, but also preserve the capacity to
cope with surging demand in treatment with a limited drug

supply.
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The modelling efforts in this study aimed to project the
probable patterns of disease spread in a population for
identifying effective treatment strategies in the context of
drug resistance. The work is based on a two-strain
compartmental model with relatively few parameters,
under the assumption of homogeneity in population
interactions. Such models offer a simple approach to the
general understanding of determinants in the course of an
outbreak and the impact of interventions (Anderson
2006). There is clearly a need for further investigation of
treatment strategies when heterogeneity of the population
with detailed structure of network contacts and mobility
patterns, as well as stochastic effects on the initial
emergence of resistance (with low rates of resistant
mutations), are taken into account (Handel ez al. 2006,
2007; Débarre er al. 2007). We based our results on
numerical simulations for influenza infection spread using
estimated parameters from the published literature.
Although model simulations may be quantitatively altered
by the values of related parameters, we emphasize the
qualitative aspects of the findings that can be applied to
the design of treatment measures against other invading
pathogens with similar infectious dynamics. The practical
implementation of the proposed strategy requires a rapid
identification of the transmission characteristics of the
pathogen for determining its reproduction number. This
should be integrated with surveillance and monitoring
systems during the course of an outbreak to identify the
emergence and transmission fitness of resistance, so that
necessary adaptations to the treatment strategy can be
made in a timely fashion.
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