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a b s t r a c t

Treatment of seasonal influenza viral infections using antivirals such as neuraminidase inhibitors (NAIs)

has been proven effective if administered within 48 h post-infection. However, there is growing evidence

that antiviral treatment of infections with avian-derived strains even as late as 6 days post-infection (dpi)

can significantly reduce infection severity and duration. Using a mathematical model of in-host influenza

viral infections which can capture the kinetics of both a short-lived, typical, seasonal infection and a

severe infection exhibiting sustained viral titer, we explore differences in the effects of NAI treatment on

both types of influenza viral infections. Comparison of our model’s behavior against experimental data

from patients naturally infected with avian strains yields estimates for the times at which patients were

infected that are consistent with those reported by the patients, and estimates of drug efficacies that are

lower for patients who died than for those who recovered. In addition, our model suggests that the

sustained, high, viral titers often seen in more severe influenza virus infections are the reason why

antiviral treatment delayed by as much as 6 dpi will still lead to reduced viral titers and shortened illness.

We conclude that NAIs may be an effective and beneficial treatment strategy against more severe strains

of influenza virus characterized by high, sustained, viral titers. We believe that our mathematical model

will be an effective tool in guiding treatment of severe influenza viral infections with antivirals.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Over the course of history there have been several influenza
pandemics that have sickened and killed millions (Hsieh et al.,
2006; Kobasa and Kawaoka, 2005). Since 1997, when the first cases
of avian (H5N1) influenza appeared in humans (Claas et al., 1998;
Subbarao et al., 1998), health authorities have feared that avian
strain influenza will cause a big pandemic. With the mortality rate
of avian strain influenza at 60% (Gambotto et al., 2008), there is a
need for effective treatment and control strategies in the event of
a pandemic.

One such strategy is treatment of affected patients with
antiviral medication. In the case of influenza virus, two classes of
antiviral drugs are available: M2 channel blockers, such as aman-
tadine and rimantadine, and neuraminidase inhibitors (NAIs), such
as oseltamivir and zanamivir. Unfortunately, there is widespread
resistance to amantadine (Bright et al., 2006) among circulating

strains, including many of the avian-derived strains isolated from
humans (Cheung et al., 2006; He et al., 2008). Although NAI
resistance to seasonal influenza virus is on the rise (Dharan
et al., 2009), and NAI resistant strains of avian-derived influenza
virus have occasionally been isolated (de Jong et al., 2005; Le et al.,
2005), most circulating strains of avian influenza virus appear to be
sensitive to NAIs (Rameix-Welti et al., 2008). Thus, health autho-
rities have recommended NAIs for the treatment of avian-derived
influenza virus (Schunemann et al., 2007).

NAIs are known to be effective against seasonal influenza
(Hayden et al., 1999; Whitley et al., 2001), but it is unclear whether
NAIs are an effective treatment against infections with avian strain
influenza. Studies show that NAIs have similar in vitro inhibitory
activity against the neuraminidase of human- and avian-derived
influenza virus strains (Duwe and Schweiger, 2008; Hurt et al.,
2007). Animal studies also indicate that NAIs are effective against
avian influenza virus, showing decreased viral loads and increased
survival in mice (Govorkova et al., 2001; Leneva et al., 2000, 2001;
Gubareva et al., 1998; Yun et al., 2008), ferrets (Le et al., 2005; Yun
et al., 2008), and macaques (Stittelaar et al., 2008). However,
some studies indicate that delayed treatment of avian influenza
viral infections (Govorkova et al., 2007; Zheng et al., 2008;
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Boltz et al., 2008a) or treatment with an insufficient dose (Boltz
et al., 2008; Yen et al., 2005) can lead to poor survival outcomes.

Data on NAI treatment of humans infected with avian strain
influenza virus is limited and it is difficult to draw conclusions on
the effectiveness of NAIs against avian influenza in humans. In one
report, 4 of 8 avian influenza virus-infected patients treated with
oseltamivir subsequently died, although sequencing revealed two
of the fatal cases were infected with an oseltamivir-resistant strain
of H5N1 (de Jong et al., 2005). One retrospective study determined
that avian influenza virus-infected patients who were treated with
oseltamivir had a 20% mortality rate as compared to a 50% mortality
rate in untreated cases (Hien et al., 2009). A second retrospective
study found that oseltamivir treatment initiated within 5–6 dpi
increased survival rates to 37.5% from 18.5% for patients whose
treatment was initiated 7 dpi or later (Kandun et al., 2008). While
promising, such limited data makes it difficult to determine how
effective NAIs are against avian influenza virus and given the
lethality of avian influenza in humans, it is also difficult to clinically
establish dosage and treatment guidelines.

In this paper, we use an in-host model of influenza viral
infections that captures the kinetics of human infections with
both human- and avian-derived influenza viral strains. We set the
model parameters to reflect the case of infections with either a
human or avian influenza viral strain and simulate NAI treatment
to study the effect of NAIs on the course of the illness. The results of
this modeling study provide front-line health care personnel with
guidance regarding the treatment of avian influenza viral infections
with NAIs. In particular, this study suggests that treatment of an
avian-derived infection, even when delayed up to six days post-
infection, can have an important impact on disease severity and
duration.

2. Methods

2.1. Mathematical model

We use a model in which the standard target-cell limited viral
infection model (Baccam et al., 2006) is extended to consider two
distinct cell populations, a default and a secondary cell population
(Dobrovolny et al., in press). In our model, the two cell populations
differ only in their susceptibility to infection, and in their rate of
viral production. While the reasons for sustained viral titer in avian
influenza infections are unclear, our model which allows for
different infectivity and viral production rates for each of the
two cell populations can be adapted to the proposed hypotheses.
For example, cell tropism is thought by some to be the underlying
cause of H5N1 virulence (Pekosz et al., 2009; Stevens et al., 2008;
Matrosovich et al., 2004, 2007). Nonciliated cells predominantly
express sialic acid a-2,6 galactose terminated saccharides on their
surface, which are the preferred binding sites for human strain
influenza virus (Matrosovich et al., 2004) while ciliated cells
express sialic acid a-2,3 galactose terminated saccharides recep-
tors (Thompson et al., 2006; Ibrecevic et al., 2006; Kogure et al.,
2006), which are the preferred binding sites for avian strain
influenza virus (Matrosovich et al., 2004). In our model, ciliated
cells can represent the default cell population for avian strain
influenza, and nonciliated cells can be the secondary cell popula-
tion. Alternatively, the secondary cells in our model could also
represent cells that are protected by the elevated cytokine response
(de Jong et al., 2006; Kaiser et al., 2001; Seo and Webster, 2002;
Cheung et al., 2002; Chan et al., 2005) seen in avian strain
infections. The secondary cell population could also represent cells
located in the lower respiratory tract, which are physically less
accessible to the virus, and have also been implicated in the
virulence of H5N1 (van Riel et al., 2006; Uiprasertkul et al., 2007).

In the model,

dTd

dt
¼�bdTdV ,

dTs

dt
¼�bsTsV

dEd

dt
¼ bdTdV�kEd,

dEs

dt
¼ bsTsV�kEs

dId

dt
¼ kEd�dId,

dIs

dt
¼ kEs�dIs

dV

dt
¼ ð1�eÞpdIdþð1�eÞpsIs�cV

infection proceeds as susceptible default target cells, Td, (or
secondary target cells, Ts) are infected by virus, V, at a rate bd (or
bs), and as a result become latently infected Ed (or Es). Latently
infected cells become productively infected after a time 1/k on
average. Once productively infected, Id (or Is), these cells produce
virus at a rate pd (or ps), until they die after a time 1=d on average.
Virions are cleared from the system at a rate c.

Neuraminidase inhibitors, such as oseltamivir or zanamivir,
inhibit neuraminidase activity thereby blocking the release of
newly produced virus particles from productively infected cells.
The effect of NAIs is incorporated into our model by introducing the
efficacy of the drug, eðtÞ ¼ e, and using it to adjust the viral
production rates, pd and ps. Thus, eðtÞ is the drug’s efficacy in
blocking viral release. Note that we assume that the drug efficacy at
blocking viral release is the same for both nonciliated and ciliated
cell types. The efficacy of the drug is tied to actual drug concentra-
tions through the Emax model (Holford and Sheiner, 1981), which
defines efficacy as

eðtÞ ¼ emax
DðtÞn

DðtÞnþ ICn
50

, ð1Þ

where D(t) is the drug concentration, emax is the maximum effect of
the drug such that 0oemaxr1, IC50 is the concentration of drug
necessary to inhibit the response by 50%, and the parameter n, called
the Hill coefficient, controls the steepness of the sigmoidal function.
Since we have limited data on the actual values of IC50, emax, and n,
and for simplicity, we set eðtÞ ¼ e, where 0reo1 is a constant. In
other words, we assume that drug concentration is held constant
over the course of treatment. It is important to note, however, that
with knowledge of the parameters in the Emax model, a specific value
of e can be related back to a specific drug concentration. Unfortu-
nately, given the lack of experimental data and the difficulty in
relating the dose administered to the drug concentration at the site
of infection, it is not possible to do so at this time. We do, however,
hope to address this issue in future work.

2.2. Selection of the base parameters

Since the model has more parameters than there are data points,
some had to be fixed. Parameters k¼4 d�1, c ¼2 d�1, d¼ 5:2 d�1,
for both human and avian strains were fixed from values determined
by fitting the simple, single target cell model to infections with
influenza A/HK/123/77 (H1N1) in six human volunteers (Baccam
et al., 2006). These values are in line with that reported elsewhere by
others (Beauchemin et al., 2008; Handel et al., 2010; Bocharov and
Romanyukha, 1994; Miao et al., 2010). Although these parameters
may be different for infection with human and avian influenza viral
strains, we believe that differences in cell infection rates (bd, bs) and
viral productivity (pd, ps) are most critical to differences in dynamics
between influenza viral strains of human and avian origin. While we
do not present these results here, we have also considered the effect
of allowing k ord to differ between the two cell types rather than p or
b and found that it did not lead to the delayed peak and sustained
high viral titer characteristic of infections with avian influenza
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strains (de Jong et al., 2006; Perrone et al., 2008; Tumpey et al., 2007;
Maines et al., 2006). The results of the fits of the single target cell
model (Baccam et al., 2006), which describes an influenza viral
infection in a homogeneous cell population, to infection with a
human influenza viral strain indicate that human influenza virus is
adequately described by the single target cell eclipse model. Thus we
assume that human influenza virus does not infect secondary cells,
i.e. we set bs ¼ ps ¼ 0 for infection with human-derived strains. At
time t ¼ 0, the infection is initiated when a viral inoculum of V(0) ¼
V0 (E(0) ¼ I(0) ¼ 0) is introduced into a heterogeneous population of
target cells composed of 70% default cells and 30% secondary cells.
This is based on an assumption that cell tropism is the underlying
cause of sustained viral titer and comes from studies of lung
physiology indicating that the epithelium of the upper airway (up
to the fifth generation) comprises 50–85% nonciliated cells (Crystal
and West, 1991). Note that this can be done without loss of
generality since a different choice of rd (the fraction of the cell
population which is of the default type) would simply re-scale pd and
ps, but would not change the underlying dynamics (Dobrovolny
et al., in press).

The remaining parameters,bd, pd for human influenza virus, and
bd, pd, bs, ps for avian influenza virus, as well as the initial viral
inoculum, V0, were manually adjusted to match the experimental
data presented in Fig. 1 and are listed in Table 1. The experimental
data actually corresponds to the geometric mean of multiple viral
titer points presented in de Jong et al. (2005) for each day. Manual
adjustment was necessary since least-squares fitting could not
converge due to the overparametrization of the model and the
limited amount of experimental data available (Miao et al., in
press). Note that the behavior of the model, and our results and
conclusions, are robust over a wide range of parameter values for all
the manually fitted parameters, including V0 and allowing either
pd4ps or ps4pd, as the model’s behavior relies on the ratio of the
parameter values rather than on their absolute values as explained
in Dobrovolny et al. (in press).

2.3. Fit of the single and two target-cell models to patient treatment

data

Given the restrictive size of the data set (de Jong et al., 2005), the
number of free parameters in the models had to be kept at a

minimum. In the case of the two target cell model, all parameters
were fixed to the values for a typical influenza viral infection with
an avian strain presented in Table 1. Only the drug efficacy, e, and
the time at which treatment is initiated, t, were allowed to vary
between the different patients, and were determined through a
least-square regression of the model to the data using the leasqr
function in Octave. For the single target cell model, we assume that
avian strain influenza virus only infects default cells during the
infection (i.e., bs ¼ ps ¼ 0) and determined bd ¼ 3:96� 10�7

ðcDNA=mLÞ�1 d�1 and pd ¼ 1:666� 108
ðcDNA=mLÞ d�1, as well

as the drug efficacy and the time at which treatment is initiated
for each patient, through a least-square regression of the model to
the data.

3. Results

3.1. Capturing infection dynamics for human and avian strains

To assess the effects of treatment with NAI on the severity and
outcome of human infections with human vs. avian strains, a
reasonable mathematical model able to capture the dynamics of
both infection profiles is required. Human infections with avian
strains appear to be characterized by higher viral loads sustained
over longer periods of time, and peaking later than for infections
with human-adapted strains (de Jong et al., 2006).

The high viral load sustained over longer periods of time seen
with avian-derived influenza viral infections in human could either
be the result of hindered clearance of already secreted virus
particles due to a poor immune response to the novel strain, or
it could be due to a sustained viral production over longer periods.
In the former scenario, intervention with NAI treatment during the
sustained viral titer phase would have little effect on infection
severity and outcome as the free lingering viral particles have
already been released. However, experimental data suggests that
even late oseltamivir treatment (43 days post-infection (dpi)) of
avian strain-infected patients is effective in reducing viral titer and
can lead to disease resolution (de Jong et al., 2005; McGeer et al.,
2007; Kandun et al., 2008). This suggests that the sustained viral
titer seen in human infections with avian influenza virus strains is
instead the result of sustained viral production over times longer
than for infections with human-adapted strains.

While the reason for this sustained viral production is not clear,
possible explanations include an excessive cytokine response (de
Jong et al., 2006; Kaiser et al., 2001; Seo and Webster, 2002; Cheung
et al., 2002; Chan et al., 2005), a poor immune response due to the
strain’s novelty (Hsieh et al., 2006; Seo et al., 2002), infection of the
lower respiratory tract which normally has limited involvement in
influenza infections (van Riel et al., 2006; Uiprasertkul et al., 2007),
and differences in target cell receptor affinity (cell tropism)
between the two strains (Pekosz et al., 2009; Stevens et al., 2008;
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Fig. 1. Viral titer curves representative of the course of untreated human influenza

viral infections with either human (solid) or avian (dashed) strains. Both infections

are captured using the two target cell eclipse model with the parameter values set to

match patient data (squares and circles) (de Jong et al., 2006) (Table 1). The

estimated viral threshold below which the infection is asymptomatic is indicated

with a horizontal dashed line.

Table 1
Default two target cell model parameters for human- and avian-strain infections.

Infections with human strains

bd 1.6�10�4 (cDNA/mL)�1 d�1

pd 3.3�106 cDNA/mL d�1

Infections with avian strains

bd 1.1�10�7 (cDNA/mL)�1 d�1

pd 4.8�108 cDNA/mL d�1

bs 1.3�10�4 (cDNA/mL)�1 d�1

ps 8.6�106 cDNA/mL d�1

Shared initial conditions

V0 7.5�10�2 cDNA/mL

E0, I0 0

H.M. Dobrovolny et al. / Journal of Theoretical Biology 269 (2011) 234–244236
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Matrosovich et al., 2004, 2007). A model which extends the standard
single target-cell limited viral infection model (Baccam et al., 2006)
to include two distinct cell populations, captures the high, sustained
viral titers seen in avian-strain infections (Dobrovolny et al., in
press). While the original impetus for the extended model was cell
tropism, with the default and secondary cell types representing cells
which predominantly express SAa223 Gal receptors and cells that
predominantly express SAa226 Gal receptors, the default and
secondary cell types could, in fact, represent other biological
processes. For example, the secondary population could represent
cells protected by an immune response or cells located in the lower
respiratory tract rather than in the upper respiratory tract. The
Baron model (known as the two target cell model), simply requires
that the secondary cells differ from the default cells in their
susceptibility to infection by the virus and their rate of viral
production once successfully infected. Under certain parameters,
the model produces long-lasting high levels of viral titer, reminis-
cent of viral titers measured in humans and pigs infected with
avian influenza virus strains (de Jong et al., 2006; Seo and Webster,
2002). The details of the mathematical model and our choices for
parameter values are described in the Methods section.

We use data collected by de Jong et al. (2006) to determine
model parameters that characterize the ‘‘typical’’ human influenza
A viral infection with either a human or avian strain. The de Jong
data consists of a single measurement of viral titer in pharyngeal
and nasal swabs collected from each of 18 patients infected with
avian (H5N1) influenza virus and 6 patients infected with human
influenza virus (either H1N1 or H3N2) upon admission to hospital;
we have used the geometric mean of all samples collected on a
specific day. The parameters determined from fitting the data are
such that human-derived influenza virus strains can only infect
default cells, essentially reducing the model to the standard single
target-cell limited model (Baccam et al., 2006), while avian-derived
strains can infect both default and secondary cells. The parameters
controlling the two target cells’ susceptibility to infection and viral
production rate for infection with a human- or avian-origin strain
are described in Methods.

The viral titer profiles for our example human and avian strain
influenza viral infections in the absence of treatment are shown in
Fig. 1 along with the averaged patient data (de Jong et al., 2006). We
can see that while the infection with a human strain is captured by
a single target cell model, the shape of the viral titer curve for
infection with an avian strain could not be captured by the single
target cell model without using a very large initial viral titer (see
Dobrovolny et al., in press) but is captured well by the two target
cell model using a reasonable initial viral inoculum.

While the reasons behind the differences in dynamics of human
infections with human and avian strains remain unclear, Fig. 1
shows that the two target cell model can yield good agreement
with available experimental data. We believe that the additional
terms and parameters of the two target-cell model can serve as
generic dials to represent a range of plausible causes for differences
in dynamics. Thus, we feel it reasonable to use this model with its
selected parameters (see Table 1) to assess the effect of treatment
with NAI on human disease severity and outcome for infection with
human- and avian-derived strains for different treatment
scenarios.

3.2. Assessing the effect of treatment with neuraminidase inhibitors

In order to better characterize patient discomfort and infection
severity, we establish a definition for a symptomatic infection. The
onset of symptoms in a human influenza viral infection with a
human-adapted strain appears to take place, on average, around
1–2 dpi and subside 4–5 dpi (Hayden et al., 1998; Fritz et al., 1999;

Lau et al., 2010). In Fig. 1, the viral titer for infection with a human
influenza virus strain crosses 104 cDNA/mL around these times.
Thus, we use this titer level as the symptomatic viral titer threshold
and indicate it with a horizontal dashed line on viral titer graphs.
Note that the correlation level between viral titer and symptom
score varies between individuals, but on average, viral titer should
provide a good surrogate for symptom score. Thus, we take the time
of symptom onset to correspond to the time at which the viral titer
first crosses the symptomatic threshold, i.e., the time elapsed
between infection and the appearance of symptoms.

For the sake of simplicity, we assume that treatment with the
NAI is applied at time t, spontaneously reaches the desired
concentration, and remains at this concentration through the
remainder of the infection. Here and elsewhere, drug efficacy (e)
is used to mean both actual efficacy in terms of the drug’s IC50, as
well as the drug concentration. In other words, an increase in drug
efficacy should be interpreted either as a decrease in IC50 or as an
increase in the administered drug concentration. Fig. 2 shows
changes in the viral titers predicted by the model as the efficacy of
the drug, e, is varied for NAI treatment applied prophylactically, or
at either 2 dpi or 3 dpi.

To better understand the impact of treatment efficacy and
treatment delays on the disease burden experienced by a patient, a
few markers are important. The time at which the viral titer curve
peaks is a good measure of the infection’s growth speed, but does
not present a complete picture of the infection. In order to
distinguish between infections growing rapidly due to high viral
loads that are sustained over long periods of time leading to a late
viral titer peak, and infections growing slowly and thus peaking
later, it is important to also consider the area under the viral titer
curve (AUC) which we will refer to as the viral titer burden. The
viral titer burden not only helps delineate between a late peaking
infection which grows slowly and one which grows rapidly and
plateaus, but it is also an important consideration in itself since
viral titer is associated with patient symptom scores, oral tem-
peratures, weight of nasal discharges, and levels of IL-6 and IFN-a
(Hayden et al., 1998; Handel et al., 2007).

In order to characterize disease burden and how it is affected by
NAI treatment, we retain the time of viral titer peak and the viral
titer burdenas the two key measures of disease burden on a patient.
Fig. 3 explores the effect of NAI treatment on these two measures of
disease severity.

In the case of both avian and human strains, when NAI is applied
prophylactically the growth of the infection is completely sup-
pressed at a drug efficacy � 98%, i.e., the initial viral titer does not
grow, but simply decays to zero. The minimum drug efficacy
required to suppress infection when NAI treatment is applied
prophylactically is found through stability analysis (see Appendix)
and is e� ¼ 0:972 for both human and avian influenza virus strains
for the parameters used in this paper. This is interesting given that
drug efficacy for a typical zanamivir treatment course was esti-
mated to be � 97% from fits of a mathematical model (Baccam
et al., 2006) to experimental infections with influenza virus
A/Texas/91 (H1N1) treated with zanamivir (Hayden et al., 1996).

When NAIs are applied prophylactically, the viral titer for
infection with a human strain peaks later and at a lower level as
treatment efficacy increases, leading to a reduced viral titer burden
and a delayed viral titer peak. Prophylactic treatment for infection
with an avian strain leads to more complex changes in the viral titer
curves. In particular, viral titer for infection with an avian strain
peaks later than for infection with a human strain until it drops to
nearly the same level as that for infection with a human strain at a
drug efficacy � 72%. For the parameter values used here, a drug
efficacy of 72% marks the point at which growth of the infection is
halted in the secondary cells, proceeding only in the default cells
(see Appendix). At drug efficacies Z72%, prophylactic treatment
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with a NAI restricts the avian strain influenza viral infection to only
take hold in the default cell population, and effectively behave
similarly to a typical seasonal influenza viral infection.

When NAI treatment is delayed and applied 2–3 dpi, the
differences between human- and avian-strain infections are
more marked. Even at high drug efficacies, NAI treatment of
infections with a human influenza virus strain has little effect on
infection severity and duration. This is in line with experimental
data of delayed treatment of influenza viral infections with
zanamivir (Hayden et al., 1996). For infections with avian strains,
however, even a treatment delay of 3 dpi significantly decreases
viral load. This is in line with experimental data of delayed

treatment with oseltamivir of human infections with avian strains
(de Jong et al., 2005). This may be explained by the difference in the
time of viral titer peak between infections with human and avian
strains. The time at which the viral titer curve peaks corresponds to
the time when most of the target cells have already been infected
and have already released most of their virus particles (Baccam
et al., 2006; Dobrovolny et al., in press). Intervention with NAIs
close to or after viral titer peak has little effect on disease dynamics
as there is little viral production left to block. Thus, the delayed
peak seen in infections with avian influenza virus strains provides
an increased window of opportunity for treatment of patients. Even
late treatment with NAIs of patients infected with avian-adapted
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Fig. 2. Effect of NAI treatment on human and avian strain influenza viral infections. Treatment is applied either prophylactically (top row); at 1 dpi (second row); at 2 dpi

(third row); or at 3 dpi (fourth row), and drug concentration is assumed to be constant (eðtÞ ¼ e) from the time treatment begins. The resulting time course of viral titer is shown

for several values of drug efficacy or dosage (e) for human infections with either human (left column) or avian (right column) influenza virus strains.
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Fig. 3. Effect of NAI treatment on the disease burden of human influenza viral infections with human (solid) and avian (dashed) strains. Here, disease burden is characterized

by the time of viral titer peak (left column) and the area under the viral titer curve or viral titer burden (right column). Treatment with NAI is initiated at the time of infection

(top row); at 1 dpi (second row); at 2 dpi (third row); or at 3 dpi (bottom row), and is administered at a range of concentrations corresponding to the drug efficacies (e) indicated

on the x-axis. Drug concentration is assumed to be constant from the start of treatment.
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strains should have a significant impact on disease severity and
duration.

This is echoed in the plots of the viral titer burden (Fig. 3, right
column) which show increasingly modest decreases in the viral
titer burden as drug efficacy is increased for the treatment of
infections with a human strain, but show continued and significant
decrease for infections with avian strains. Remarkably, as drug
efficacy increases, the viral titer burden decreases more rapidly for
infections with an avian strain than for those with a human strain.
For example, when NAI treatment is administered prophylactically
a 10-fold decrease in the viral titer burden (a 90% reduction)
requires a drug efficacy of � 90% for infection with a human strain,
but only � 68% for infections with an avian strain. However, since
the viral titer burden is much higher in infections with avian strains
than in those with human strains, a � 140�fold reduction in the
viral titer burden of an infection with an avian strain is required to
match an untreated infection with a human strain. This is achieved
with a drug efficacy of � 79% for prophylactic NAI treatment,
� 81% if treatment is initiated at 2 dpi, and cannot be achieved for
treatment initiated at 3 dpi. But at a drug efficacy of 98%, treatment
initiated at 3 dpi still reduces the viral titer burden of infections
with avian strains by 50-fold (a 98% reduction), whereas the
reduction for human strains is only 1.2-fold (a 19% reduction).

Altogether, these measures indicate that while delayed NAI
treatment of infections with human influenza virus strains has
little impact on disease morbidity, the model predicts that in
the case of infections with avian strains, even long treatment delays
(3 dpi) and modest drug efficacies (80%) lead to a significant
reduction in disease morbidity.

3.3. Comparing the model against data from NAI-treated patients

In order to validate our findings, we used both the single target
cell and two target cell models to fit viral titer measurements from
patients (Patients 3–8 in Fig. 3 of de Jong et al. (2005)) naturally

infected with various H5N1 strains and treated with 75 mg of
oseltamivir twice daily for 5 days (de Jong et al., 2005). The best fits
of the two target cell (solid line) and single target cell (dashed line)
models to the patient data are shown in Fig. 4. The sharp jumps in
the viral titer appearing at the start and end of drug treatment is
due to the discontinuous (on-off) manner in which treatment
endpoints are implemented in the models for simplicity. This can
easily be remedied with the use of a more sophisticated pharma-
cokinetic model of drug absorption in the body.

While the data is limited, the models both generally agree well
with the patient data. The sum of squared residuals (SSR), a measure
of how well the model fits the data, is 6.4 for the two target cell model
and 7.0 for the single target cell model. However, since the models
have differing numbers of parameters, we use small-sample size
(second order) Aikaike’s ‘‘an information criterion’’ (AICC) (Burnham
and Anderson, 2002) to compare the mode fits. The model with the
smallest AICC represents the model which is best supported by the
limited amount of data and still provides a reasonable fit. The AICC for
the fit using the single target cell model is 85, while the AICC for the fit
using the two target cell model is 44, suggesting that the two target
cell model provides a better fit for the experimental data.

The fitting allowed us to obtain estimates of the efficacy of the
treatment with oseltamivir in each patient. For both models, the
drug efficacies obtained for patients who recovered from the
infection (91–99%) are higher than those for patients 3 and 4
who died (51% and 79% for the single target cell model, and 76% and
82% for the two target cell model). In the case of patient 4, this can
easily be attributed to the high level of oseltamivir resistance which
was confirmed through viral sequencing (de Jong et al., 2005).
Generally, a poor drug efficacy can also be attributed to differences
in how the drug is metabolized in individual patients and variations
in the dose reaching the site of infection.

The treatment delays obtained through fitting of the single
target cell model were fairly consistent, ranging from 6.2 dpi to 7.3
dpi. This is consistent with the median treatment delay of 6 dpi
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Fig. 4. Fits of the two target cell mathematical model (solid lines) and the single target cell model (dashed lines) with oseltamivir treatment to data for treated avian-influenza

virus infected patients (de Jong et al., 2005). For the two target cell model, patients are assumed to be infected with the ‘‘typical’’ avian influenza virus whose parameters are

given in Table 1, differing only in the time at which treatment is initiated and the efficacy of the treatment. For the single target cell model, it is assumed that the avian influenza

virus only infects default cells (bs ¼ ps ¼ 0) with bd and pd remaining as free parameters. Patients 3–8 correspond to those in Fig. 3 of de Jong et al. (2005).
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found in several studies (Hien et al., 2009; de Jong et al., 2005;
Buchy et al., 2007; Oner et al., 2006; Hien et al., 2004) although it
does not show the range of treatment delays seen in these studies.
Treatment delays obtained through fitting of the two target cell
model varied between 3.0 dpi and 8.3 dpi. The delays found with
the two target model are consistent with those reported by the six
patients of this study (de Jong et al., 2005), and by patients of
another study (Hien et al., 2009), namely 3–8 dpi. At a treatment
delay of 6 dpi, our model predicts that there is no reduction in peak
viral titer, since 6 dpi is past the viral titer peak, but treatment with
a drug efficacy of e¼ 0:98 shows a marked decrease in the duration
of the illness, as seen in Fig. 5.

Once treatment is stopped, some viral titer curves show
continued decrease in viral titer while others show a rebound of
the infection. While the titer rebound is credible in patients 3 and 4
who died from the infection, it is probably inaccurate in the case of
patients 5 and 7, who survived the infection. It is probably a
consequence of the absence of an explicit immune response in our
model which likely played an important role in infection resolution
in these patients. This is especially likely given that the rebound is
seen once treatment has been terminated, and occurs at 45 dpi
which is shortly after the adaptive immune system would begin to
respond (Doherty et al., 2006; Miao et al., 2010). So while it is
reasonable to neglect the effect of the adaptive immune response
when considering uncomplicated, seasonal influenza infections
which are resolved within 5–6 dpi (Miao et al., 2010), our fits
indicate that this assumption is poor when considering longer-
lasting, severe infections with an avian influenza strain. Thus, one
should be cautious in drawing conclusions from our model’s
prediction for late viral titer dynamics at 4526 dpi.

4. Discussion

In preparation for a possible human influenza pandemic with an
avian-derived strain, it is important to understand the kinetics of
human infections with avian-origin influenza virus strains, identify
how they differ from seasonal infections, and determine how their
kinetics may be affected by treatment with NAIs. To that aim, we
have adapted an existing mathematical model (Dobrovolny et al., in
press) to match viral loads collected from patients naturally
infected with either seasonal or avian-adapted influenza virus
strains (de Jong et al., 2006). The model we used was an extension
to the traditional in-host viral kinetics model used for a seasonal

influenza viral infection (Baccam et al., 2006), but included two
distinct cell populations. By restricting the human influenza virus
strains to infecting only default cells and allowing the avian strains
to preferentially infect default cells but also to a lesser extent
secondary cells, we were able to match the typical course of
infections with either human or avian influenza virus strains
suggested by patient data (de Jong et al., 2006). Our model clearly
shows the benefit of treating avian influenza patients, even several
days post-infection and can quantify the effects of NAI treatment as
compared to the untreated case.

Using the model thus calibrated for the typical untreated human
infection with either human or avian influenza virus strains, we
investigated the effect of NAI treatment on the course of the
infection. Given the chosen parameters, we found that a drug
efficacy of 97.2% is sufficient to suppress symptomatic infection in
both human- and avian-strain infections when treatment is
administered prophylactically. Although we found that both
human and avian strain influenza virus require the same drug
efficacy to halt the infection, it must be noted that the dosage
needed to reach this efficacy may be different for the two strains.
The equation used to characterize drug efficacy (Eq. (1)) is such that
the efficacy is determined not only by drug concentration, but also
by the IC50 and by the maximum (saturation) efficacy of the drug
which likely differ for avian and human influenza virus strains.
Recent in vitro data shows that the IC50 for the treatment of
different avian influenza viral infections with either oseltamivir or
zanamivir varies widely (Govorkova et al., 2001). Determining the
correct dosage is crucial, particularly for avian strain influenza
virus, as the prolonged infection with sustained viral production
which appears to be characteristic of infections with avian strains
(de Jong et al., 2006; Seo and Webster, 2002) offers an increased
opportunity for drug resistance to develop.

Our model predicts that while late treatment (beyond � 48 h) of
an infection with a human strain has little effect on disease
duration and severity, even very late treatment of an infection
with an avian strain significantly shortens the duration and reduces
the severity of the infection. In particular, a 90% reduction in peak
viral titer can be achieved with NAI treatment up to 3 days post-
infection with avian influenza virus. This is fortunate since there is
often a significant delay in seeking medical treatment—a median of
6 dpi (Hien et al., 2009; de Jong et al., 2005; Buchy et al., 2007; Oner
et al., 2006; Hien et al., 2004)—in regions that have been hardest hit
by avian influenza. Our model suggests that even these patients
will see a reduction in the severity and duration of their illness if
treated with NAIs. Unfortunately, there is no clinical data available
which can be used to support our prediction that NAI treatment of
avian-derived strains of influenza as late as 6 dpi reduces severity
and duration of the infection compared to an untreated case in
humans. The main difficulty lies in obtaining data from an
untreated case of avian strain influenza. The high mortality rate
of H5N1 (Gambotto et al., 2008) means that any person infected
with H5N1 must be treated wherever treatment is available, and
when a facility does not have antivirals available, it seems it also
will not have the resources to collect and culture patient swabs.
However, the clinical data from treated patients collected by de
Jong et al. (2005) and presented in this paper suggests that
treatment even past 6 dpi is beneficial since four of the six patients
survived, although we cannot quantify the reduction in severity or
duration. Other researchers have found similar results: typically,
H5N1-infected patients seek treatment late (often a week after the
onset of symptoms) resulting in a late start of treatment, yet many
seem to benefit from treatment with NAIs (Hien et al., 2004, 2009;
de Jong et al., 2005; Buchy et al., 2007; Oner et al., 2006; McGeer
et al., 2007; Kandun et al., 2008). It is also clear that if viral
production continues several days after infection, then NAIs still
have an opportunity to act to block this production and contribute
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to reducing the viral titer. The inability to quantify experimentally
or clinically the benefits of NAI treatment in avian influenza
patients highlights the need to develop appropriate models. Our
model predicts benefit in treating avian influenza-infected
patients, even several days post-infection and can quantify the
effects of NAI treatment as compared to the untreated case.

There are some animal studies that suggest that delayed
treatment of avian influenza with neuraminidase inhibitors may
be beneficial. Govorkova et al. (2001) found that survival of mice
infected with A/HK/156/97 (H5N1) went from 0% in untreated mice
to � 60% in mice treated with oseltamivir started at 2.5 dpi.
A second NAI, RWJ-270201, was slightly less beneficial increasing
survival to only � 40% when initiated at 2.5 dpi. A slightly longer
delay was studied by Boltz et al. (2008) in mice infected with A/
Vietnam/1203/04 (H5N1) and treated with peramivir. They found
that treatment initiated at 3 dpi did not increase survival, but did
decrease weight loss and the number of animals showing neuro-
logical symptoms. Neither of these studies presents the change in
viral titer over time between treated and untreated cases so it is
difficult to completely assess the effect of delayed treatment on the
entire course of the infection and whether our model agrees with
their experiments. It is also important to note that our model does
not predict that simply giving any amount of drug will benefit the
patient; the drug dosage should be above the critical drug efficacy,
e�, to substantially shorten the duration of the infection, particu-
larly when treatment is initiated at 3 or 6 dpi.

We analyzed data collected from six patients infected with
avian influenza virus and treated with oseltamivir using the two
target cell model as well as the single target cell model. Although
both models captured well the viral titer from the six patients, the
AICC indicates that the two target cell model is better supported by
the experimental data. The fit of the model to the data yielded
estimates for the time post-infection at which treatment was
initiated, and the drug efficacy. The treatment start times were all
consistent with those reported by the patients (de Jong et al., 2005)
and elsewhere in the literature (Hien et al., 2009). In addition, the
drug efficacies obtained were smaller for the two patients who died
compared to those for the four patients who survived.

In our analysis, we have not explicitly considered the possible
impact infection with a drug-resistant strain might have on
treatment efficacy. However, we have considered the effect of
treatment at low drug efficacies (eo0:5) which could correspond
to the efficacy of a NAI against a drug-resistant strain (i.e., one with
a much larger IC50). At low efficacies, our model predicts that
treatment has a minimal impact on time of viral titer peak or
cumulative viral titer. In such a case, NAI treatment would mostly
only contribute to increasing the production and shedding of drug-
resistant virus by treated patients through drug pressure, as
discussed in Moghadas (2008). With respect to the development
of resistance over the course of treatment, it is clear that the
prolonged viral shedding seen in infections with avian influenza
strains increases the window of opportunity for drug resistance to
emerge. The emergence of resistance to oseltamivir is difficult to
predict or model because the main mutation conferring resistance
to oseltamivir (H274Y in the neuraminidase) has been shown in
some strains to greatly reduce the replicative efficacy of the virus
both in vivo and in vitro (Yen et al., 2005; Baz et al., 2010), whereas
in others it has a negligible effect (Yen et al., 2007; Baz et al., 2010).
Thus, surveillance of avian influenza strains and studies of
their replicative efficacy with the introduction of the H274Y
mutation is crucial to improving the models so as to refine
treatment recommendations.

The two target cell model as presented here assumes that
differences in infection dynamics between human-strain and
avian-strain infections are due to the existence of a second cell
population that only the avian-strain virus can access. We have

indicated several possible scenarios for the two cell populations
consistent with current hypotheses of the biological cause of
sustained viral titer. We can interpret the two cell populations
as cells with different cell receptors if cell tropism is the underlying
cause of severe infection (Pekosz et al., 2009; Stevens et al., 2008;
Matrosovich et al., 2007, 2004). We can interpret the two cell
populations as those protected by an immune response and those
left unprotected if either increased immune response (de Jong
et al., 2006; Kaiser et al., 2001; Seo and Webster, 2002; Cheung
et al., 2002; Chan et al., 2005) or lack of an immune response (Hsieh
et al., 2006; Seo et al., 2002) are responsible for severe infections.
Finally, we can interpret the two cell populations as cells located
either in the upper respiratory tract and cells located in the lower
respiratory tract which are not normally involved in human-strain
infections (van Riel et al., 2006; Uiprasertkul et al., 2007). In reality,
however, it is likely that all of these mechanisms play a role in the
severity of avian-strain infections and the two target cell model is a
simplified view of the infection process incorporating many of
these mechanisms implicitly.

While it would be interesting to isolate the effect of the immune
response by including it explicitly into our model, it is simply not
possible at this time due to the very limited amount of data available
(Miao et al., in press). And although it is the lack of an explicit
immune response in our model which is responsible for the
unrealistic rebound in viral titer seen in some of our fits to patient
data, we still believe that our model’s results and predictions are to a
large extent independent of the model’s implementation details.
This is because our conclusions ultimately rely on the fact that the
late viral titer peak and prolonged viral production period seen in
influenza viral infections with avian strains (de Jong et al., 2006; Seo
and Webster, 2002) is the reason why a delayed intervention with
NAI is still very much effective in controlling these infections. Thus,
we believe that our conclusions generally hold regardless of the
model’s implementation details so long as the proposed model can
capture sustained viral production. One should keep in mind,
however, that our model’s predictions represent an average effect
or benefit, and that treatment efficacy and infection severity in a
given patient will vary due to factors beyond our model’s description
(e.g., pre-existing conditions, prior exposure, bacterial co-infection).

In conclusion, we have adapted the two target cell model
(Dobrovolny et al., in press) to match the dynamics of human
infections with either a human- or avian-adapted influenza virus
strain. The model captured the literature data for both infections
(de Jong et al., 2006), and was shown to provide a good match to
data collected from patients infected with avian strains and treated
with oseltamivir (de Jong et al., 2005). In addition, our findings that
NAIs can control human- and avian-strain infections with similar
drug efficacies and that NAIs will generally reduce viral titer and
illness duration even with delayed treatment lead us to conclude
that NAI treatment will be an effective tool in controlling human
infections with avian-derived influenza virus strains.
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Appendix A. Stability analysis

We found two drug efficacies at which there were distinct
changes in behavior of the infections. In addition to the arrested
growth of the infection when treatment is administered above the
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critical drug efficacy, human infections with avian strains showed
another marked change in behavior for prophylactic treatment
using NAIs at lower efficacies � 70%. These points can be predicted
through stability analysis. The system has an infinite number of
fixed points of the form (Td ¼ ½0,rd�, Ed ¼ 0, Id ¼ 0, Ts ¼ ½0,1�rd�,
Es ¼ 0, Is ¼ 0, V¼0), where rd is the fraction of the cell population
which is of the default type. That is, there is no chronic state of
infection where the viral titer remains constant at some non-zero
value. We are particularly interested in the stability of the fixed
point (rd, 0, 0, 1�rd, 0, 0, 0) since this determines whether any target
cells become infected. The stability of this fixed point is determined
using the condition

e4e� ¼ 1�
cd

T0½bspsð1�rdÞþbdpdrd�
:

When eoe�, the system undergoes a transcritical bifurcation, the
fixed point (rd, 0, 0, 1�rd, 0, 0, 0) becomes unstable and the system
tends to another fixed point where both Td and Ts are lower than
their initial values, indicating that the infection has killed some of
the target cells.

The bifurcation diagram (Fig. 6) shows a fairly sharp transition
from no target cells infected when e4e� to infection of target cells
when eoe�, particularly for the default cell population. The
secondary cell population is not affected much by the infection
until a second transition point,

e4e�s ¼ 1�
cd

bspsT0ð1�rdÞ

when it too starts to participate in the infection although this
transition is not as sharp. For the parameters we chose to capture
infection with an avian strain, this corresponds to a drug efficacy of
e�s ¼ 0:72 which is in line with the features of Fig. 3 for prophylactic
treatment.

When NAI treatment is initiated with a delay, the drug efficacy
required to stop the progression of the infection takes on a different
meaning and a different value. For delayed treatment, this repre-
sents an arrest in the progression of the infection resulting in a
monotonic decay in viral titer from the time treatment is initiated.
Since the number of available target cells when late treatment is
initiated is less than T0, the drug efficacy required to halt the
infection is less than that required for halting the progression of the
infection when the drug is administered prophylactically. This is
also reflected in Fig. 3 where the abrupt drop in the time of viral

titer peak occurs at smaller drug efficacies for larger delays in
treatment.
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