J. R. Soc. Interface (2007) 4, 505–521
doi:10.1098/rsif.2006.0186
Published online 13 December 2006

Assessing the role of basic control measures,
antivirals and vaccine in curtailing
pandemic inﬂuenza: scenarios for
the US, UK and the Netherlands
M. Nuño1,*, G. Chowell2 and A. B. Gumel3
1

Department of Biostatistics, Harvard School of Public Health, Boston, MA 02115, USA
Center for Nonlinear Studies & Mathematical Modeling and Analysis Group (MS B284),
Los Alamos National Laboratory, Los Alamos, NM 87544, USA
3
Department of Mathematics, University of Manitoba, Winnipeg, MB, Canada, R3T 2N2

2

An increasing number of avian ﬂu cases in humans, arising primarily from direct contact with
poultry, in several regions of the world have prompted the urgency to develop pandemic
preparedness plans worldwide. Leading recommendations in these plans include basic public
health control measures for minimizing transmission in hospitals and communities, the use of
antiviral drugs and vaccination. This paper presents a mathematical model for the evaluation
of the pandemic ﬂu preparedness plans of the United States (US), the United Kingdom (UK)
and the Netherlands. The model is used to assess single and combined interventions. Using
data from the US, we show that hospital and community transmission control measures alone
can be highly effective in reducing the impact of a potential ﬂu pandemic. We further show
that while the use of antivirals alone could lead to very signiﬁcant reductions in the burden of
a pandemic, the combination of transmission control measures, antivirals and vaccine gives
the most ‘optimal’ result. However, implementing such an optimal strategy at the onset of a
pandemic may not be realistic. Thus, it is important to consider other plausible alternatives.
An optimal preparedness plan is largely dependent on the availability of resources; hence, it
is country-speciﬁc. We show that countries with limited antiviral stockpiles should
emphasize their use therapeutically (rather than prophylactically). However, countries
with large antiviral stockpiles can achieve greater reductions in disease burden by
implementing them both prophylactically and therapeutically. This study promotes
alternative strategies that may be feasible and attainable for the US, UK and the
Netherlands. It emphasizes the role of hospital and community transmission control
measures in addition to the timely administration of antiviral treatment in reducing the
burden of a ﬂu pandemic. The latter is consistent with the preparedness plans of the UK and
the Netherlands. Our results indicate that for low efﬁcacy and coverage levels of antivirals
and vaccine, the use of a vaccine leads to the greatest reduction in morbidity and mortality
compared with the singular use of antivirals. However, as these efﬁcacy and coverage levels
are increased, the use of antivirals is more effective.
Keywords: inﬂuenza; pandemic; basic reproduction number, compartmental model;
antivirals; vaccination; basic control measures

at least 20 million people worldwide (Stuart-Harris
1979; Nicholson et al. 1998). Although subsequent
inﬂuenza pandemics in 1957 (‘Asian Flu’) and 1968
(‘Hong-Kong Flu’) resulted in ‘milder’ outbreaks than
that of 1918, the current projections of the potential
impact of a prospective pandemic are alarming
(Meltzer et al. 1999; Blitz 2000; Center for Disease
Control and Prevention 2003).
Since it is almost impossible to predict when the next
ﬂu pandemic will occur, recent human cases of bird ﬂu
call for the design of effective global surveillance and
public health preparedness plans to combat the next

1. INTRODUCTION
Recent events that include the presence of highly
pathogenic avian H5N1 virus in wild bird populations
in several regions of the world together with an
increasing number of ﬂu cases of H5N1 arising primarily
from direct contact with poultry have highlighted the
urgent need for preparedness and coordinated global
strategies to effectively combat a potential inﬂuenza
(ﬂu) pandemic. To date, the 1918 inﬂuenza pandemic
has been the most devastating, resulting in the death of
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pandemic (Butler 2006). Like in most other respiratory
diseases, prevention and control strategies against
pandemic inﬂuenza include basic public health control
measures such as increased hygiene, use of protective
devices (e.g. face masks), isolation in hospital wards and
quarantine of suspected cases. The use of multiple
interventions to limit the disease burden associated with
a pandemic has been explored in several recent studies
(van Genugten et al. 2003; Longini et al. 2004, 2005;
Ferguson et al. 2005; Gani et al. 2005; Germann et al.
2006). Although these efforts have provided several
potentially effective strategies, one question still
remains, namely, whether a strategy that includes (i)
massive stockpiling of antivirals, (ii) targeted antiviral
prophylaxis, (iii) massive pre-vaccination of high-risk
individuals, (iv) pneumococcal vaccine, or (v) a combination of these interventions can be considered
optimal, given that these vital (pharmaceutical)
resources will be of limited supply or delayed during a
pandemic (Longini et al. 2004, 2005; Longini & Halloran
2005). In particular, the availability of antivirals will
most probably be limited in many regions, particularly
in developing countries, while a vaccine is unlikely to be
available shortly after the pandemic takes off (Gerdil
2003). The question then becomes, given these limitations, what is the ‘optimal’ intervention strategy for
minimizing the burden of a pending ﬂu pandemic?
A number of modelling studies have assessed control
strategies for controlling the impact of pandemic
inﬂuenza. Control strategies for pandemic inﬂuenza
include the use of targeted antiviral prophylaxis
(Longini et al. 2004), therapeutic antivirals for age
and risk structured individuals (Gani et al. 2005) and
targeted vaccination of high-risk groups and children
(Longini & Halloran 2005). Longini et al. (2005)
recently assessed the combined role of targeted
prophylaxis, quarantine and pre-vaccination. Furthermore, Ferguson et al. (2005) studied the role of largescale antiviral prophylaxis and social distancing
measures in reducing the impact of a ﬂu pandemic in
Southeast Asia (Ferguson et al. 2005), and Germann
et al. (2006) assessed similar interventions for pandemic
inﬂuenza in the United States (US).
In this paper, we use a compartmental modelling
approach to study the role of hospital and community
control measures, antivirals and vaccination in combatting a potential ﬂu pandemic in a population of highand low-risk individuals. We evaluated the role of
intervention strategies incorporated in preparedness
plans for the US, the United Kingdom (UK) and
the Netherlands. We discuss the potential role of
the different intervention strategies and compare
our results with those reported in previous studies
(van Genugten et al. 2003; Longini et al. 2004; Gani
et al. 2005; Longini and Halloran 2005).

2. MATERIAL AND METHODS
2.1. Epidemic model with interventions
The total population is divided into two main subgroups
according to their risk of infection, namely high- and
low-risk individuals. The high-risk population includes
J. R. Soc. Interface (2007)

children, health-care workers and providers (including
all front-line workers), the elderly and other immunocompromised individuals. The rest of the population is
considered to be low-risk. The total population, denoted
by N(t), consists of a number of mutually exclusive
subpopulations according to their epidemiological state:
susceptible (Si), latent (Li), early-stage infectious (Ii1 ),
late-stage infectious (Ii2 ), asymptomatic and partially
infectious (Ai), hospitalized (Hi), therapeutic (T ) and
prophylactic (Pi) antiviral recipients, successfully vaccinated (but not yet fully protected) (Vi), fully protected
via vaccination (C ), recovered (R) and disease-induced
dead (D) individuals where the index i is used to denote
the high- (h) and low-risk ([) individuals. Treatment
with antivirals is administered only to infectious
individuals at an early symptomatic stage since the
success of antiviral treatment relies upon its timely
administration within 48 h of illness onset (Monto 2003;
Moscona 2005).
Susceptible individuals in the i-risk class (Si)
may acquire temporary protection through
antiviral prophylaxis at a rate ri with antiviral efﬁcacy
eAi ð0! eAi ! 1Þ or vaccination, at a rate ni with vaccine
efﬁcacy eVi . Protected individuals who interrupt antiviral use return to the susceptible class at a rate si.
Successfully vaccinated individuals (Vi) acquire protective antibody levels at a rate ki, progressing to the
protected class C. Moreover, prophylactic antiviral
recipients are vaccinated at a rate ni. Susceptible
individuals may acquire infection following contact
with symptomatic (i.e. infectious) ðIi1 C Ii2 Þ, asymptomatic (assumed to be partially infectious) (Ai) or
hospitalized individuals (Hi), with a force of infection li.
The force of infection for the i-risk susceptible
individuals,
li in system (2.1), is given by
P
li Z bi jZl;h ðpj ðIj1 C Ij2 C hj Aj ÞC zj Hj Þ=N , where 0!
hj!1 models the relative infectiousness of asymptomatic individuals (in relation to those with symptoms).
The parameters 0!pi%1 and 0!zi%1 represent the
reduction factors of disease transmission in the community and hospitals, respectively, owing to the use of
control measures in these settings. Similarly, the force
of infection for i-risk
P vaccinated individuals is given by
lVi Z ð1KeVi Þbi jZl;h ðpj ðIj1 C Ij2 C hj Aj ÞC zj Hj Þ=N . A
proportion, ai, of individuals in the latent stage (i.e.
individuals infected but not yet infectious) are assumed
to be treated with antiviral drugs at a rate qi.
A fraction, p, of the untreated latent individuals
(1Kai) progress to the symptomatic class ðIi1 Þ at a
rate fi, and the remaining fraction, 1Kp, progress to
the asymptomatic class (Ai) at the rate fi. A fraction,
qi, of i-risk infectious individuals in the early symptomatic stage ðIi1 Þ receive antiviral treatment at a rate xi,
with efﬁcacy eAi . The remaining fraction, 1Kqi, of earlystage infectious individuals progress to the late
infectious stage ðIi2 Þ at a rate ji. The remaining fraction
of unsuccessfully treated individuals, ð1KeAi qi Þ, naturally progress to the Ii2 class at a rate ji. Asymptomatic
individuals receive antiviral treatment at the rate qi.
Individuals in the late infectious class ðIi2 Þ are
hospitalized at a rate ai or recover at a rate gIi .
Asymptomatic individuals recover at a rate gAi (for
simplicity, we assume gAi Z gIi ), while the therapeutic
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Figure 1. Flowchart diagram describing the high- and low-risk populations considered in model (2.1), where the index i denotes
the high- (iZh) and low-risk ðiZ [Þ classes. The implementation of antiviral prophylactically is only available to susceptibles
(Si), while therapeutic antivirals may be given to exposed (Li), early-stage infectious ðIi1 Þ and asymptomatic (Ai) individuals.
C and D classes are the populations of protected (via vaccination) and deceased cases, respectively.

antiviral recipients recover at a rate gT (where
gIi % gT ). Hospitalized individuals either recover at a
rate gHi ðgIi % gHi Þ or suffer disease-induced death at a
rate di. The mortality rate (di) is obtained from the
case-fatality proportion given by di Z ððCFPi Þ=
ð1KCFPi ÞÞgHi , where CFPi is the class-dependent
case-fatality proportion. The model is given by the
following deterministic system of differential equations
(where a dot represents differentiation with respect to
time). A schematic description of the model is depicted
in ﬁgure 1.
9
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System (2.1) does not include demographic changes
such as birth, natural deaths and migration because the
time-scale of the pandemic is assumed to be short
(days–months) when compared with that of demographic changes (which may span several decades).
J. R. Soc. Interface (2007)

2.1.1. Epidemic threshold numbers. We evaluate the
likelihood that an outbreak may take-off in the absence
of transmission control measures, antivirals and
vaccine via the overall basic reproduction number
given by R0 Z maxðRh0 ; R[0 Þ, where Rh0 and R[0 describe
the basic reproduction number of high- and low-risk
individuals, respectively. We calculate Ri0 using the
next generation operator method (Diekmann et al.
1990; van den Driessche & Watmough 2002). This
epidemiological quantity measures the average number
of new cases generated by an infectious individual, for
the duration of his/her infectiousness, in a completely
susceptible population. It can be shown that, for the
model (2.1),

b h ð1KpÞ bi p
i
C
R0 Z i i
gAi
ji

bi p
bi pai
C
C
S 0i ; ð2:2Þ
ðgIi C ai Þ ðgIi C ai ÞðgHi C di Þ
where S 0i Z Si ð0Þ is the initial population of susceptible
individuals in the community. It is assumed that
S 0i zN 0 , where N 0ZN(0) is the initial total population,
during the initial phase of an outbreak. In the presence
of hospital and community control measures, the
corresponding control reproduction number is given by

p b h ð1KpÞ pi bi p
i
Rc Z i i i
C
g Ai
ji

pi bi p
zi bi pai
C
C
S 0i : ð2:3Þ
ðgIi C ai Þ ðgIi C ai ÞðgHi C di Þ
It is evident from (2.3) that Ric becomes Ri0 in the
absence of the aforementioned hospital and community
control measures (piZziZ1).
In order to evaluate the effectiveness of a vaccination
programme in combatting a ﬂu pandemic, we ﬁrst
consider the scenario where a vaccine is the sole
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intervention adopted. The associated vaccination
reproduction number is given by

b h ð1KpÞ bi p
i
Rv Z i i
C
gAi
ji

bi p
bi pai
C
C
S 0 ; ð2:4Þ
ðgIi C ai Þ ðgIi C ai ÞðgHi C di Þ eff
where S 0eff Z ðSi0 C ð1KeVi ÞVi0 Þ=N 0 and Vi0 Z Vi ð0Þ are
the initial population of vaccinated individuals. Similarly, for the antiviral-only scenario, the corresponding
antiviral reproduction number is given by

b h ð1Kai Þð1KpÞfi
bx
Riav Z i i
C i i
Bi Ci
AB
 i i
bi xi yi
bi xi yi ai
ð2:5Þ
C
C
S0 ;
Ai Bi Di Ai Bi Di E i i
where xiZ(1Kai)pfi, yi Z ð1KeAi qi Þji , Ai ZeAi xi qiC
ð1KeAi qi Þji , Bi Zai eAi qi Cð1Kai Þfi , Ci ZðeAi qi CgAi Þ,
Di ZgIi Cai , E i ZgHi Cdi and S 0i ZSi0 =N 0 . For the case
where all the three aforementioned strategies are used,
the corresponding combined reproduction number is
given by

p b h ð1Kai Þð1KpÞfi pi bi xi
RicCvCav Z i i i
C
Bi C i
Ai Bi

pi bi xi yi zi bi xi yi ai
ð2:6Þ
C
C
S 0eff ;
Ai Bi Di
Ai Bi Di E i
with Ai, Bi, Ci, Di and E i as deﬁned in the expression for
Riav and S 0eff Z ðS 0i C ð1KeVi ÞVi0 Þ=N 0 .
The epidemiological signiﬁcance of the combined
reproduction number, which represents the average
number of new cases generated by a primary infectious
individual in a population where the combined interventions are implemented, is that the pandemic can be
effectively controlled if the combined interventions can
bring this threshold quantity to a value less than unity
(the pandemic would persist otherwise). Thus, it is
instructive to gain insight into the epidemiological and
biological processes that contribute to this quantity. A
detailed description of the terms that contribute to
RicCvCav is given in appendix A.
2.2. Pandemic ﬂu preparedness plans
Many nations around the world have formulated their
preparedness plan in the anticipation of the pending
inﬂuenza pandemic (Uscher-Pines et al. 2006). These
plans are aimed at minimizing the burden of the
pandemic (e.g. morbidity and mortality) while minimizing social disruption. In comparison with seasonal
inﬂuenza, it is reasonable to assume that a ﬂu pandemic
would offer more challenge to public health care
systems worldwide since the emerging pandemic strain
is expected to differ signiﬁcantly from the prevailing
circulating (seasonal) ﬂu strain. Consequently, the
population would have little or no immunity to the
incoming strain, potentially leading to high morbidity
and disease mortality. Furthermore, uncertainty on the
availability of intervention resources and logistical
issues associated with their distribution may pose
additional challenges for effective control.
J. R. Soc. Interface (2007)

The pandemic preparedness plans for the US, UK
and the Netherlands are similar in that they include the
use of interventions such as antivirals, vaccine,
isolation and quarantine to name but a few. However,
a key difference between these plans is that while the
US recommends the immediate use of antiviral treatment and targeted prophylaxis, the UK and the
Netherlands plans do not recommend extensive use of
antiviral prophylaxis. For instance, the UK Plan
recommends the use of antivirals largely therapeutically, with the exception of prophylaxis among
occupational groups exposed to dead or diseased birds,
while the Netherlands plan recommends the use of
antivirals primarily as therapeutics. A further
difference among these plans is the recommendation
of pneumococcal immunization of high-risk groups
(primarily the elderly) in the UK and the Netherlands
plans, but not in the US plan.
3. RESULTS
Numerical simulations of the model (2.1) are carried
out by solving the system using an appropriate
integrator. The model is initially calibrated assuming
a baseline of no interventions (‘worse-case scenario’).
Parameter description, assumed values and countryspeciﬁc demographic assumptions are provided in
tables 1–3, respectively. Since we are interested in
comparing our results with those obtained in earlier
studies in the literature that have assessed several
scenarios for these countries (e.g. US studies by Longini
et al. (2004), Longini & Halloran (2005), Germann et al.
(2006) and Ferguson et al. (2006); the UK study by
Gani et al. (2005); and the Netherlands study by van
Genungten et al. (2003)), we provide baseline estimates
used in these studies (table 3). Although most of our
results for different scenarios were obtained using a
basic reproduction number of 1.9 (no interventions),
the cumulative number of infections, hospitalizations
and deaths are provided for several values of R0
(table 4).
3.1. Evaluation scenarios for the US
3.1.1. Basic public health measures. The impact of basic
public health measures (transmission control measures)
in reducing the burden of a pandemic is explored ﬁrst.
These measures generally include reductions in the
transmission rate within the general community through,
for example, increased hygiene and reductions in the
number of contacts with infectious individuals, and
effective isolation of infectious individuals in hospital
settings. First, we consider the possibility that basic
public health measures are implemented only partially
and allow reduction levels in the transmission rate to vary
between 50 and 90%. For instance, we analyse the case in
which transmission control measures are implemented
either in hospitals (piZ1, zi2(0.1, 0.5)) or in community
settings (ziZ1, pi2(0.1, 0.5)) only. The results, tabulated in table 5, show that implementing control measures
in the general community is more effective than
implementing them in hospitals (the former can result
in up to 94% reduction of disease burden in comparison
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Table 1. Parameter deﬁnitions and corresponding references that support their corresponding values in table 2. The index i is
used to denote the high-risk (h) and low-risk ð[Þ classes.
parameter

deﬁnition

reference

Ri0
hi
p

Mills et al. (2004)
Gani et al. (2005)
Gani et al. (2005)

xi
gT
eV i

basic reproduction number
relative infectiousness of asymptomatic individuals
fraction of non-treated latent individuals that progress to symptomatic class
latent period (days)
disease progression rate to late-infectious class
(daysK1)
hospitalization rate (daysK1)
recovery rate for infectious individuals (daysK1)
recovery rate for asymptomatic individuals (daysK1)
recovery rate for hospitalized individuals (daysK1)
case-fatality proportion for i-risk individuals
mortality rate (daysK1), diZ((CFPi)/(1KCFPi)gHi)
community transmission reduction parameter
relative infectiousness of hospitalized individuals
fraction of therapeutic antiviral recipients
fraction of latent individuals that are treated with
antiviral medication
antiviral efﬁcacy
average protection rate via prophylaxis (daysK1)
prophylactic antiviral rate (daysK1)
therapeutic antiviral rate for latent and asymptomatic individuals (daysK1)
therapeutic antiviral rate (daysK1)
recovery rate of treated individuals (daysK1)
vaccine efﬁcacy

ni
ki

vaccination rate (daysK1)
vaccine-induced protection rate (daysK1)

1/fi
ji
ai
gIi
gA i
gH i
CFPi
di
pi
zi
qi
ai
eA i
si
ri
qi

with the baseline for the case where R0 Z 1:9, given in
table 4). Moreover, reducing hospital transmission by
20% (ziZ0.8) or community transmission by the same
amount (piZ0.8), while the other measure is varied
between 50 and 90%, gives results of similar pattern,
where the 20% reduction in the community led to about
99.9% decrease in mortality (624) and morbidity
(24 812).
Further simulations for the impact of transmission
measures in either hospitals or communities, as well as
in both settings, are carried out for several levels of
control efﬁcacy (table 6). For instance, a 95% reduction
in hospital transmission and no reduction in community transmission (piZ1, ziZ0.05) results in 611 110
deaths, 7.8 million hospitalizations and 16 million
infections, while a similar reduction in community
transmission and no reduction in hospital transmission
(piZ0.05, ziZ1) leads to 10 deaths, 117 hospitalizations and 231 infections (table 6). Implementing
these measures simultaneously (so that pi!1, zi!1)
can further reduce these estimates to as few as 7 deaths,
77 hospitalizations and 150 infections. Overall, these
simulations show that if control measures were to be
implemented in a single setting, their implementation
in the general community is more beneﬁcial than their
implementation in hospitals.
The results tabulated in table 6 are further
illustrated graphically in ﬁgure 2, from which it is
J. R. Soc. Interface (2007)

Longini et al. (2004) and Mills et al. (2004)
Mills et al. (2004)
Gani et al. (2005)
Stiver (2003) and Longini et al. (2004)
Stiver (2003) and Longini et al. (2004)
Stiver (2003) and Longini et al. (2004)
Thompson et al. (2004)
Gani et al. (2005)
Longini et al. (2004)
Gani et al. (2005)
Meltzer et al. (1999)
Gani et al. (2005)
Longini et al. (2004) and Moscona (2005)
Oxford et al. (2002)
Longini et al. (2004)
Longini et al. (2004)
Oxford et al. (2002)
Stiver (2003) and Longini et al. (2004)
Demicheli et al. (2004), Goodwin et al. (2005) and
Jefferson et al. (2005)
Longini & Halloran (2005)
Potter & Oxford (1979), Cox et al. (2004) and
Longini & Halloran (2005)

clear that a programme based on reducing hospital
transmission alone (and no reduction in community
transmission; piZ1) requires almost 100% reduction in
hospital transmission to reduce morbidity and
mortality signiﬁcantly (ﬁgure 2a). Combining hospital
transmission control measures with a 20% reduction in
community transmission (piZ0.8) shows that a 70%
(1Kziz0.3) reduction in hospital transmission is
sufﬁcient to signiﬁcantly reduce morbidity and
mortality (ﬁgure 2c). Similarly, combining community
transmission control measures with a 20% reduction in
hospital transmission reduces the corresponding needed
effort, from 60% (1Kpiz0.4) reduction in community
transmission control to 50% (ﬁgure 2b,d).
Since, to the best of our knowledge, the impact of
hospital control measures in combatting a potential ﬂu
pandemic has not been fully modelled in the aforementioned earlier studies, we further investigate the ‘role’ of
these interventions for several pandemic scenarios
(corresponding to R0Z1.6, 1.9, 2.1 and 2.4). Figure 3
shows that reductions in hospital control measures
necessary to signiﬁcantly minimize morbidity and
mortality depend strongly on R0. For instance, assuming a baseline R0 of 1.6, we show that a 30% reduction
in hospital transmission (1KziZ0.7) results in a
dramatic decrease in the burden of a pandemic.
However, as R0 increases from 1.9 to 2.1, higher
reduction levels of hospital transmission are needed
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Table 2. Parameters for high- and low-risk individuals for each intervention plan studied. Parameter ranges are provided
whenever applicable. Upper-bound (ub) and low-bound (lb) parameters correspond to the high and low values provided in each
range.

parameter

no interventions
(high-risk: low-risk)

control measures
(high-risk: low-risk)

antiviral intervention
(high-risk: low-risk)

vaccine intervention
(high-risk: low-risk)

Ri0
hi
p
fi
ji
ai
gI i
gA i
gH i
CFPi
di
pi
zi
qi
ai
eA i
si
ri
qi
xi
gT
eVi
ni
ki

(1.6–2.4 : 1.2–2)
(0.5 : 0.5)
(0.5 : 0.5)
(1/1.9 : 1/1.9)
(1/2 : 1/2)
(1/4 : 1/5)
(1/5 : 1/4)
(1/5 : 1/4)
(1/7 : 1/5)
(0.15 : 0.03)
(1/33 : 1/100)
(1 : 1)
(1 : 1)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)

(1.9 : 1.5)
(0.5 : 0.5)
(0.5 : 0.5)
(1/1.9 : 1/1.9)
(1/2 : 1/2)
(1/4 : 1/5)
(1/5 : 1/4)
(1/5 : 1/4)
(1/7 : 1/5)
(0.15 : 0.03)
(1/33 : 1/100)
(0–1 : 0–1)
(0–1 : 0–1)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)

(1.9 : 1.5)
(0.5 : 0.5)
(0.5 : 0.5)
(1/1.9 : 1/1.9)
(1/2 : 1/2)
(1/4 : 1/5)
(1/5 : 1/4)
(1/5 : 1/4)
(1/7 : 1/5)
(0.15 : 0.03)
(1/33 : 1/100)
(1 : 1)
(1 : 1)
(0.3–0.7 : 0.1–0.5)
(0.15–0.35 : 0.05–0.25)
(0.3–0.5 : 0.5–0.7)
(1/14 : 1/7)
(1/3 : 1/5)
(1/3 : 1/5)
(1 : 0.67)
(1/3)a
(0 : 0)
(0 : 0)
(0 : 0)

(1.9 : 1.5)
(0.5 : 0.5)
(0.5 : 0.5)
(1/1.9 : 1/1.9)
(1/2 : 1/2)
(1/4 : 1/5)
(1/5 : 1/4)
(1/5 : 1/4)
(1/7 : 1/5)
(0.15 : 0.03)
(1/33 : 1/100)
(1 : 1)
(1 : 1)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0 : 0)
(0.3–0.5 : 0.7–0.9)
(1/2.7–1/1.5 : 1/2.7–1/1.5)
(1/7 : 1/7)

a

This is not a risk-speciﬁc parameter.

Table 3. Initial conditions used for the US, UK and the Netherlands. Baseline estimates used in previous studies.

population size
high-risk (%)
low-risk (%)
initial conditions
Sh , S[
ðEi1 Þ, Ei2
Ii1 , Ii2
baseline from the literatureb
R0
case-fatality percentage (%)
clinical attack rate (%)
hospitalization rate (%)

US

UK

Netherlands

298 444 215a
20
80

60 609 153a
10
90

16 491 461a
10
90

6!107, 2.4!108
50, 50
1, 1

6.1!106, 54.9!106
50, 50
1, 1

1.65!106, 14.85!106
50, 50
1, 1

1.4–2.4
0.37–2.5
25–50
0.55

1.28–2.0
0.3–3
30–50
0.1

1.68–1.89
0.06–0.67
30–50
0.06–4

a

Statistics assessed: July 2006 (The World Factbook 2006).
Estimates obtained from the literature: US (Longini et al. 2004; Longini & Halloran 2005; Germann et al. 2006), UK
(Gani et al. 2005) and the Netherlands (van Genugten et al. 2002, 2003).
b

(increasing from 70% for R0Z1.9 to almost 80% for
R0Z2.1; ﬁgure 3). However, when R0Z2.4, ﬁgure 3d
shows that the impact of hospital control measures on
morbidity and mortality is greatly reduced (to almost
an insigniﬁcant level).

3.1.2. Antiviral-only intervention. Here, we assume
that antivirals administered therapeutically, prophylactically or in combination are the only interventions
J. R. Soc. Interface (2007)

adopted. The impact of the potential uncertainty
involved in the use of such interventions (measured
primarily in terms of uncertainty in antiviral efﬁcacy
and coverage rate) is explored. Our simulations assume
several scenarios that can be classiﬁed as ‘optimistic’
and ‘less optimistic’. In the optimistic scenario, we
assume high antiviral efﬁcacy and coverage rates
(upper-bound parameters in table 2). Similarly, the
less optimistic scenario assumes lower-bound parameter values for the antiviral efﬁcacy and coverage

Curtailment of pandemic inﬂuenza

M. Nuño et al. 511

Table 4. Baseline estimates (no intervention) for the cumulative number of infections, hospitalizations and deaths for several
basic reproduction numbers (R0) for the US, UK and the Netherlands. M, million; clinical attack rate (CAR) denotes the ratio of
total infections and total population size; case-fatality percentage (CFP) denotes the ratio of deceased individuals and total
infections. Baseline estimates provided by model in §2.1, where R0 Z maxfRh0 ; R[0 g.
R0
US
1.6
1.9
2.1
2.4
UK
1.6
1.9
2.1
2.4
Netherlands
1.6
1.9
2.1
2.4

infections (M)

hospitalizations (M)

deaths

CAR (%)

CFP (%)

95
128
140
154

47
64
70
77

3.8 M
5.1 M
6M
6.1 M

31
43
48
52

4
4
4.3
4

19
26
28
31

9
13
14
16

683 240
933 514
1M
1.1 M

31
43
48
51

3.6
3.6
3.6
3.5

5.1
7
7.5
8.5

2.5
3.5
3.9
4.2

184 815
252 511
275 697
304 917

30
42
48
51

3.6
3.6
3.7
3.6

Table 5. Mean results of 100 simulations generated by uniformly sampling the antiviral and vaccine efﬁcacies from appropriate
ranges as assumed in each scenario. Baseline scenario assumes R0Z1.9. The mean number of deceased (Dmean), hospitalized
(Hmean), infections (Imean), antiviral treatment (Tmean), antiviral prophylaxis (Pmean) and vaccinated (Cmean) individuals. The
antiviral-only scenario considers lower- and upper-bound parameters for treatment and prophylaxis, treatment only and
prophylaxis antivirals only, respectively. M, million; na, not applicable; ub and lb, upper- and lower-bound parameters presented
in table 2.
single interventions
control measures onlya
piZ1, zi2(0.1, 0.5)
ziZ1, pi2(0.1, 0.5)
ziZ0.8, pi2(0.1, 0.5)
piZ0.8, zi2(0.1, 0.5)
antiviral onlyb
lb: eAi , qi, ai, eAh 2(0.3, 0.5)
lb: eAi , qi, ai, eA[ 2(0.5, 0.7)
lb: eAi , qi, ai, riZsiZ0, eAh 2(0.3, 0.5)
lb: eAi , qi, ai, riZsiZ0, eA[ 2(0.5, 0.7)
lb: ri, si, qiZaiZqiZ0, eA[ Z0.5,
eAh 2(0.3, 0.5)
lb: ri, si, qiZaiZqiZ0, eAh Z0.3,
eA[ 2(0.5, 0.7)
ub: eAi , qi, ai, eAh 2(0.3, 0.5)
ub: eAi , qi, ai, eA[ 2(0.5, 0.7)
ub: eAi , qi, ai, riZsiZ0, eAh 2(0.3, 0.5)
ub: eAi , qi, ai, riZsiZ0, eA[ 2(0.5, 0.7)
ub: ri, si, qiZaiZqiZ0, eA[ Z0.7,
eAh 2(0.3, 0.5)
ub: ri, sI, qiZaiZqiZ0, eAh Z0.5,
eA[ 2(0.5, 0.7)
vaccine onlyc
lb: nI, eVh Z0.3, eV[ 2(0.7, 0.9)
lb: nI, eV[ Z0.7, eVh 2(0.3, 0.5)
ub: ni, eVh Z0.3, eV[ 2(0.7, 0.9)
ub: nI, eV[ Z0.7, eVh 2(0.3, 0.5)
a
b
c

Dmean

Hmean

Imean

Tmean

Pmean

Cmean

2.8 M
296 210
624
470 775

33 M
3.8 M
8121
6M

67 M
7.7 M
16 691
12 M

na
na
na
na

na
na
na
na

na
na
na
na

15
13
3.7 M
3.7 M
51

194
168
47M
47 M
668

426
368
105 M
105 M
1332

141
127
35 M
36 M
na

124!108
133!108
na
na
124!108

na
na
na
na
na

38

481

958

na

133!108

na

3
3
483
35 836
19

38
41
6138
500 799
236

127
135
21 537
1.7 M
468

109
112
17 505
1.2 M
na

145!108
137!108
na
na
145!108

na
na
na
na
na

24

305

606

na

137!108

na

9
10
8
7

91
106
86
76

177
208
175
148

na
na
na
na

na
na
na
na

300 M
300 M
300 M
300 M

Mean of 100 simulations sampled from (zi, pi)2(0.1, 0.5).
Mean of 100 simulations sampled from eAh2(0.3, 0.5) and eA[ 2(0.5, 0.7).
Mean of 100 simulations sampled from eVh2(0.3, 0.5) and eV[ 2(0.7, 0.9).
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Figure 2. The ﬁnal number of deaths (dotted line), hospitalizations (dashed line) and infections (solid line) for varying reduction
factors in hospital (1Kzi) and community settings (1Kpi). (a,b) Single control measures either in hospitals (a, piZ1) or in
community (b, ziZ1). (c,d ) Control measures in both of these settings. We assume R0Z1.9.
Table 6. Baseline estimates (R0Z1.9) for the ﬁnal cumulative deaths, hospitalizations and total cases for various scenarios of
control measures in hospital and community settings. Parameters 1Kpi and 1Kzi denote efﬁcacies of transmission control
measures in communities and hospitals, respectively. M, million.

pi

zi

reduction factors (%)
1Kpi, 1Kzi

deaths

hospitalizations

infections

1
1
1
1
1
0.05
0.2875
0.525
0.7625
1
0.8
0.8
0.8
0.8
0.8
0.05
0.2875
0.525
0.7625
1

0.05
0.2875
0.525
0.7625
1
1
1
1
1
1
0.05
0.2875
0.525
0.7625
1
0.8
0.8
0.8
0.8
0.8

0, 95
0, 71.25
0, 47.5
0, 23.75
0, 0
95, 0
71.25, 0
47.5, 0
23.75, 0
0, 0
20, 95
20, 71.25
20, 47.5
20, 23.75
20, 0
95, 20
71.25, 20
47.5, 20
23.75, 20
0, 20

611 110
2.7 M
3.7 M
4.5 M
5.1 M
10
136
3M
4M
5.1 M
21
3522
2M
3.5 M
4.3 M
7
17
87 646
3.4 M
4.6 M

7.8 M
33 M
47 M
57 M
64 M
117
1714
33 M
52 M
64 M
254
45 088
29 M
44 M
55 M
77
208
1.2 M
43 M
58 M

16 M
67 M
94 M
113 M
128 M
231
3438
66 M
105 M
128 M
505
92 226
57 M
88 M
109 M
150
412
2.4 M
85 M
116 M

rate (see table 2). It is assumed that the efﬁcacy of
antivirals (and vaccine too) in high-risk individuals is
lower than that in low-risk individuals (Longini et al.
2004; Moscona 2005). We ﬁrst consider the case when
J. R. Soc. Interface (2007)

antivirals are administered both therapeutically and
prophylactically. We show that for a ﬁxed 10 (low-risk)
and 30% (high-risk) antiviral treatment, coverage of
early-infectious individuals, and 100 values of the
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Figure 3. Baseline scenarios illustrating the ﬁnal number of deaths (dotted line), hospitalizations (dashed line) and infections
(solid line) for varying levels of hospital control measures. We assume a ﬁxed 10% (piZ0.9) reduction in community control
measures and vary hospital control measures from 0 to 100% (zi) for R0 Z1.6, 1.9, 2.1 and 2.4.

antiviral efﬁcacy uniformly sampled from the range
(0.3,0.5) (i.e. assuming efﬁcacy ranging from 30 to
50%), results in a mean average of 15 deaths, 194
hospitalizations and 426 infections (table 5). Similarly,
sampling a 50–70% antiviral efﬁcacy for low-risk
individuals yields 13 deaths, 168 hospitalizations and
368 infections. In order to assess the impact of antiviral
treatment alone (no prophylaxis), we assume the use of
treatment only for both the upper- and lower-bound
efﬁcacy and treatment rates. We show that in the
absence of antiviral prophylaxis, the less optimistic
scenario (lower-bound efﬁcacy and coverage rate)
results in high morbidity (47 million hospitalizations
and 105 million infections) and mortality (3.7 million
deaths). For the optimistic (upper-bound) scenario, the
numbers decreased signiﬁcantly (to 6138 hospitalizations, 21 537 infections and 483 deaths). Further
simulations (table 5) show that the singular use of
antiviral prophylaxis is always more effective than
using antivirals therapeutically. However, this intervention requires large number of doses that may not be
attainable during a pandemic. In summary, our results
for the antiviral-only scenario show that regardless of
the coverage and efﬁcacy levels, the most optimal
scenario is based on the combined use of antivirals
(treatment and prophylaxis). However, if optimistic
coverage and efﬁcacy levels can be achieved, antiviral
treatment (alone) might reduce morbidity to as low as
27675 cases (compared to baseline estimates of 192 M)
J. R. Soc. Interface (2007)

and mortality of 483 (compared to baseline estimates of
5.1 M). This ﬁnding could be of practical utility because
the therapeutic use of antivirals places relatively less
demand on possibly scant antiviral resources.
The impact of the timely administration of antivirals is illustrated using contour plots of Riav as a
function of efﬁcacy and antiviral coverage rates
(ﬁgure 4). Assuming that antivirals are implemented
within 24–48 h of exposure, we show (ﬁgure 4a,b) that
a pandemic can be effectively controlled given high
enough efﬁcacy and coverage rates (to make Riav ! 1).
However, a delayed implementation of more than 48 h
signiﬁcantly reduces the prospect of containing an
outbreak (ﬁgure 4c). These simulations suggest that
the use of antivirals alone might signiﬁcantly mitigate
a future pandemic in the US. However, a high enough
efﬁcacy must be achieved and a sufﬁcient number of
doses must be available and distributed. In particular,
the time requirement for efﬁcacy suggests that
antiviral stores must be within almost immediate
reach of symptomatic individuals.
This study shows that the combined use of antivirals
(therapeutic and prophylactic) seems to be the most
effective single-intervention strategy. Unfortunately, this
strategy requires that a very large number of doses be
available. Given that antivirals are expected to be limited
in supply, our results suggest that restricting antivirals
to therapentic usage may be a pragmatic optimum since
the number of doses required is dramatically lower.
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Figure 4. Contour plot of Riav as a function of antiviral efﬁcacy (eA). (a) An average time before antiviral intervention to latent
1
K1
and early-infectious individuals within 24 h (qK
i Z xi Z1 day). (b, c) The case in which therapeutic antivirals are implemented in
1
K1
K1
48 (qK1 Z xK
Z
2
days)
and
72
h
(q
Z
x
Z
3
days),
respectively. The remaining parameters used in this simulation are
i
i
i
provided in table 1.

3.1.3. Vaccine-only intervention. Here, we explore the
potential role of an anti-pandemic vaccine by assuming
that a suitable vaccine is available at the onset of
the pandemic. We evaluate four scenarios in which
we allow for variability in vaccine efﬁcacy for highðeVh 2ð0:3; 0:5ÞÞ and low-risk ðeV[ 2ð0:7; 0:9ÞÞ individuals. We generate 100 model simulations by uniformly
sampling the vaccine efﬁcacy from the appropriate
range. Assuming a per capita mean time to vaccination
of approximately 2.7 days (lower-bound: niZ0.368) and
allowing variability in vaccine efﬁcacy between 30–50%
(high-risk) and 70–90% (low-risk), we obtained mean
estimates of 9–10 deaths, 91–106 hospitalizations and
177–208 infections (table 5). However, reducing the per
capita mean time to vaccination to 1.5 days (upperbound: niZ0.655), while still allowing for variability in
vaccine efﬁcacy as denoted in the previous case, reduces
mortality to 7–8 cases, 76–86 hospitalizations and
148–175 infections (table 5). Overall, these simulations
indicate that a vaccination programme (alone) can be
highly effective; however, its success requires signiﬁcantly high levels of vaccine efﬁcacy and coverage to
effectively control the pandemic (see contour plots in
ﬁgure 5).
3.1.4. Combined interventions. The main thrust of the
US preparedness plan is the combined use of several
interventions. We begin our study by assessing the
J. R. Soc. Interface (2007)

potential impact of the combined use of antiviral
medications and a vaccination campaign. We evaluate
several scenarios allowing for variability in vaccine ðeVi Þ
and antiviral ðeAi Þ efﬁcacies for high- and low-risk
individuals. The results, tabulated in table 7, show a
mean of 5–6 deaths, 50–67 hospitalizations and 117–147
total infections. Simulating another combination,
involving the use of transmission control measures
and antivirals, results in 3–8 deaths, 31–94 hospitalizations and 102–207 infections. Thus, the latter
combination seems to be better, on average, than the
former. However, once a combined antiviral and
vaccination programme is (widely) implemented, the
use of transmission control measures offers only
marginal beneﬁt (mean of 3–5 deaths, 26–53 hospitalizations and 74–116 infections; table 7).
In summary, our results (US scenario) for single
interventions with R0Z1.9 show that the use of
antivirals as treatment alone (with low coverage and
efﬁcacy levels) is always worse than the singular use of
control measures, vaccine or prophylactic antivirals.
The combined use of antiviral treatment and prophylaxis (with low coverage and efﬁcacy levels) is more
effective than the use of control measures but less
optimal than using a vaccine. However, as antiviral
coverage and efﬁcacy levels are increased further
(upper-bound parameters), the use of antivirals alone
(both prophylactically and therapeutically) yield the
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Figure 5. Contour plot of Riv as a function of antiviral efﬁcacy (eA) for ﬁxed susceptible ðS00 Z 0:99Þ and vaccinated ðV00 Z 0:01Þ
population proportions at the beginning of the outbreak. The remaining parameter values are provided in table 1.
Table 7. Mean results of 100 simulations generated by uniformly sampling the antiviral and vaccine efﬁcacies from appropriate
ranges as assumed in each scenario. Baseline scenario assumes R0Z1.9. The mean number of deceased (Dmean), hospitalized
(Hmean), infections (Imean), antiviral treatment (Tmean), antiviral prophylaxis (Pmean) and vaccinated (Cmean) individuals. M,
million; na, not applicable; ub and lb, upper- and lower-bound parameters presented in table 1.
combined interventions
antiviral–vaccinea
lb: eAi , eVh Z0.3, eV[ 2(0.7, 0.9)
lb: eAi , eV[ Z0.7, eVh 2(0.3, 0.5)
ub: eAi , eVh Z0.3, eV[ 2(0.7, 0.9)
ub: eAi , eV[ Z0.7, eVh 2(0.3, 0.5)
control measures and antiviralsb
lb: qi, ai, eA[ , ziZpiZ0.8, eAh 2(0.3, 0.5)
ub: qi, ai, eA[ , ziZpiZ0.8, eAh 2(0.3, 0.5)
control measures, antivirals and vaccinec
lb: qi, ai, ni, eAi , eV[ , ziZpiZ0.8, eVh 2(0.3, 0.5)
ub: qi, ai, ni, eAi , eV[ , ziZpiZ0.8, eVh 2(0.3, 0.5)
a
b
c

Dmean

Hmean

Imean

Tmean

Pmean

Cmean

6
6
5
5

60
67
50
56

131
147
117
129

46
50
58
62

69 M
69 M
94 M
94 M

300 M
300 M
300 M
300 M

8
3

94
31

207
102

72
88

124!108
145!108

na
na

5
3

53
26

116
74

40
51

69 M
41 M

300 M
300 M

Mean of 100 simulations sampled from eV[ 2(0.7, 0.9) and eVh2(0.3, 0.5).
Mean of 100 simulations sampled from eAh2(0.3, 0.5).
Mean of 100 simulations sampled from eVh2(0.3, 0.5).

most optimal intervention. These results show that
determining the most optimal single intervention
depends strongly on the availability and efﬁcacy levels
of the resources.
For situations where antiviral supplies are limited,
optimal (signiﬁcantly reducing disease burden while
requiring modest level of antiviral supplies) results
are achieved by administering the antivirals
J. R. Soc. Interface (2007)

therapeutically, rather than prophylactically, as
long as the efﬁcacy of the antivirals is at least 50
and 70% for high- and low-risk groups, respectively
(table 5). However, if antiviral supplies are sufﬁcient
to cover a large percentage of the population, their
combined use (therapeutically and prophylactically)
is highly optimal for efﬁcacy levels as low as 30
(high-risk) and 50% (low-risk). The effectiveness of
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antivirals as a single intervention relies on modest
efﬁcacy and coverage rate, the timely distribution of
these drugs and large numbers of resources. We also
show that although, for high coverage and efﬁcacy,
the vaccine-only intervention is not as effective as
the antiviral-only strategy in reducing disease burden
(table 5 and ﬁgure 5), it may still effectively control
ðRiv ! 1Þ and inﬂuenza pandemic given the expected
limitation on the availability (and low efﬁcacy) of
antivirals at the onset of the pandemic. Finally,
considering the uncertainty in the coverage and
efﬁcacy of antivirals and vaccine, our results here
show that control measures alone can be more
effective than antiviral treatment alone (for high
coverage and efﬁcacy) and rely on more feasible
interventions.
While the combined interventions have been shown
to be highly effective in reducing the burden of, and
perhaps preventing ðRicCvCav ! 1Þ, a ﬂu pandemic
(ﬁgure 6), here we allude to several challenges that
may be involved in implementing such strategies. For
instance, the rather high demands in vaccine and
antiviral doses necessary to achieve these results may
not be realistically attainable (table 7). Our study
shows that the use of transmission control measures
could be effective and should perhaps be explored as a
realistic and cost-effective alternative. In fact, we show
that the effective implementation of transmission
control measures alone may signiﬁcantly reduce the
burden of a pandemic (ﬁgure 7).
Overall, while our results conﬁrm the ﬁndings in
Longini et al. (2004), namely that antivirals would, in
general, be highly effective in reducing the burden of an
outbreak (particularly when used in treatment and
prophylaxis), our ﬁndings do not support the singular
use of antivirals prophylactically. Our model suggests
that unrealistically large number of doses would be
needed under this strategy. The use of antivirals
therapeutically (primarily) is a more feasible and
effective intervention (for reasonable efﬁcacy and
coverage rates), given that antiviral doses are likely
to be limited during a ﬂu pandemic.
3.2. Evaluation scenarios for the UK
To assess the UK inﬂuenza preparedness plan (Department of Health Publications Pandemic Flu 2005), the
model is used to investigate the impact of transmission
control measures in the community and hospitals,
antivirals- and vaccine-only, as well as, a combination
of these interventions. We compare the ﬁndings of our
model for the intervention scenarios considered in Gani
et al. (2005). The baseline simulations for the UK,
assuming R0Z1.9 (in the absence of any interventions;
table 4), result in 3.6% case-fatality percentage
(933 514 deaths), 43% clinical (26 million infections)
attack rate and 50% hospitalization rate (13 million
hospitalizations).
The simulation results show that the use of
transmission control measures (in hospitals and communities) alone can be highly effective in reducing
morbidity and mortality. For instance, a 20% reduction
in the transmission control measures reduces mortality
J. R. Soc. Interface (2007)

from 933 514 to 660 215, hospitalizations from 13
million to 9.1 million and infections from 26 million to
18 million (table 8). Further, assuming high coverage
and efﬁcacy of antivirals only for the UK results in
additional reductions in these estimates (3 deaths, 34
hospitalizations and 120 infections). It is further shown
that the vaccine-only scenario for the UK appears to be
more effective, on average, than the antiviral-only
intervention (table 8). Not surprisingly, similar to our
ﬁndings for the US, we show that a combined
intervention, that includes the use of transmission
control measures, antivirals and vaccine, is the most
effective strategy in reducing the burden of a potential
pandemic in the UK.
Assuming an age-speciﬁc attack rate model with
antiviral treatment, Gani et al. (2005) showed that
the optimal intervention strategy during a ﬂu
pandemic was strongly dependent on the number of
doses for the treatment available. In particular, their
estimates (based on the 1957 pandemic) showed that
hospitalizations could be reduced by 67% (ﬁrst
pandemic wave) for sufﬁciently large antiviral coverage (20–25% stockpile). Moreover, they further
suggest that a reduction in hospitalizations of up to
36% could be achieved by treating 11–17% of the
young and elderly population when only limited
supplies are available. While Gani et al. (2005) did
not evaluate the role of transmission control
measures or a combination of antivirals and vaccine
in reducing the impact of a potential pandemic, we
show (table 8) that the combined use of these
interventions results in as few as 64 infections, 18
hospitalizations and 2 deaths (assuming low-bound
antiviral and vaccine efﬁcacies).
Our results for the antiviral-only scenario agree
with the ﬁndings by Gani et al. (2005), i.e. we show
that the use of mass treatment with antivirals is
highly effective in reducing the burden of a pandemic
(table 8) assuming that sufﬁcient doses of antivirals
are available. Although our results suggest that
vaccine alone is also highly effective in reducing the
impact of a pandemic, the strategy assumes that a
vaccine will be readily available at the onset of a
pandemic. Hence, it is worth emphasizing that this
latter scenario may seem unreasonable because an
appropriate vaccine is unlikely to be available at the
onset of the pandemic.
3.3. Evaluation scenarios for the Netherlands
Our model is used to explore some of the scenarios
recommended in the Netherlands preparedness plan
and comparisons are made with the results reported in
the recent study by van Genungten et al. (2003), in
which antivirals and vaccine (inﬂuenza and pneumococcal) are considered. Assuming no interventions with
a baseline R0 value of 1.9 results in 7 million infections
(42% CAR), 3.5 million hospitalizations and 252 511
deaths (3.6% CFP) (table 4). The use of transmission
control measures alone (with piZziZ0.8) reduces
morbidity by 29% (table 8: case (i)). An antiviralonly strategy for the Netherlands, assuming upperbound efﬁcacy and coverage, results in a signiﬁcant
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Table 8. Summarized estimates of the total number of individuals treated with antiviral medications (Ttotal), individuals under
antiviral prophylaxis (Ptotal) and protected individuals via vaccination (Vtotal) for the US, UK and the Netherlands for various
intervention scenarios. Disease parameters and initial conditions for each country are provided in tables 2 and 3. Results reported
in parenthesis correspond to two cases considered for each of the following intervention strategies: (i) assumes two scenarios (piZ
ziZ1; piZziZ0.8), (ii) assumes (lower, upper) values for qi, ai and eAi , (iii) assumes (lower, upper) values for ni and eVi , and (i–iii)
assumes (i), (ii) and (iii) simultaneously. See table 2 for lower- and upper-bound parameters used in these simulations. na, not
applicable; M, million.
interventions
US prediction
(i) control
measures
(ii) antivirals
only
(iii) vaccine only
(i–iii)
UK prediction
(i) control
measures
(ii) antivirals
only
(iii) vaccine only
(i–iii)
The Netherlands
(i) control
measures
(ii) antivirals
only
(iii) vaccine only
(i–iii)
a

deaths

hospitalizations

infections

Ttotal

Ptotal

Ctotal

(5.1 M; 3.6 M)

(64 M; 46 M)

(128 M; 91 M)

na

na

na

(12; 3)

(144; 33)

(351; 117)

(145; 107)

(122; 147)!108

na

(11; 5)
(5; 2)

(116; 54)
(55; 19)

(227; 104)
(120; 66)

na
(42; 64)

na
(69 M; 56 M)

300 Ma
300 Ma

(933 514; 660 215) (13 M; 9.1 M)

(26 M; 18 M)

na

na

na

(21; 3)

(608; 120)

(180; 108)

(26; 31)!108

na

(8; 5)
(94; 49)
(5; 2)
(51; 18)
prediction
(252 511; 178 587) (3.5 M; 2.5 M)

(184; 93)
(110; 64)

na
(37; 61)

na
(14 M; 11 M)

61 Ma
61 Ma

(7 M; 5 M)

na

na

na

(21; 3)

(281; 34)

(608; 120)

(180; 108)

(69; 83)!107

na

(8; 5)
(5; 2)

(94; 49)
(51; 18)

(183; 93)
(110; 64)

na
(37; 61)

na
(3.8 M; 3.1 M)

16 Ma
17 Ma

(281; 34)

Ctotal resources needed similar in both (iii) and (i–iii) scenarios considered.

decrease in morbidity and mortality (120 total infections, 34 hospitalizations and 3 deaths; table 8: case
(ii)). Although the Netherlands plan does not anticipate the availability of a vaccine at the onset of the
pandemic, the impact of a hypothetical vaccination
scenario was also explored. We show that the burden of
a pandemic can be reduced to as few as 93 infections, 49
hospitalizations and 5 deaths for a vaccine with upperbound efﬁcacy and coverage (table 8: case (iii)). Similar
to the intervention scenarios for the other two
countries, the combined intervention gives the best
results for the Netherlands, giving as few as 64–110
infections, 18–51 hospitalizations and 2–5 deaths
(table 8: case (i–iii)).
Our results agree with the ﬁndings by van Genugten
et al. (2003) regarding the role of combined interventions in reducing the impact of a pandemic. However,
for the vaccine- and antiviral-only scenarios, our
conclusions differ signiﬁcantly, i.e. while our results
suggest that vaccination can be highly effective in
reducing the impact of a pandemic, the study by van
Genugten et al. (2003) seems to underestimate the
impact of vaccination in the control of the pandemic.
The differences in these results may be due to a number
of factors including our assumption that a vaccine is
available at the start of the pandemic, differences in
vaccine efﬁcacy assumptions and our dynamical
systems approach which differ from their scenarioanalysis model. However, our study agrees with one of
the main conclusions by van Genugten et al. (2003) in
J. R. Soc. Interface (2007)

that antiviral treatment only is highly effective in
reducing the impact of a potential ﬂu pandemic.

4. DISCUSSION
Judging from the devastating experience of earlier
pandemics, especially the 1918 pandemic, outbreaks
arising from a future ﬂu pandemic are expected to
inﬂict major public health and socio-economic burden
across the globe. Estimates of the expected number of
infections and pandemic-related mortality and hospitalizations are simply staggering (Meltzer et al. 1999;
van Genugten et al. 2002; Department of Health
Publications Pandemic Flu 2005; National Strategy
for pandemic Inﬂuenza Implementation Plan 2006).
Combatting such a deadly disease clearly requires
well-coordinated global efforts involving public health
agencies, governmental organizations and other stakeholders. Fortunately, partial efforts are already underway and a number of countries (Uscher-Pines et al. 2006)
have formulated pandemic ﬂu preparedness plans.
These plans are based on a number of preventive and
therapeutic measures that generally involve the use of
antivirals, vaccination and basic public health measures
for minimizing transmission in hospitals and/or
communities.
A number of mathematical modelling studies, using
stochastic as well as deterministic formulations, have
been carried out to quantify the burden of a potential
ﬂu pandemic and assess various interventions (e.g. van
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Figure 6. Contour plot of Rieff as a function of infection control measures via hospital (1Kzi) and community (1Kpi) transmission
reduction factors. (a) Results when the antiviral medications are administered within 24 h to latent, asymptomatic and early1
K1
infectious individuals (qK
i Z xi Z 1 day). (b,c) The case in which therapeutic antivirals are implemented within 48 h
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K1
K1
K1
(qK
Z
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Z
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days)
and
72
h
(q
i
i
i Z xi Z 3 days), respectively. The remaining parameters used in this simulation are provided in
table 1.

Genugten et al. 2003; Longini et al. 2004; Ferguson et al.
2005, 2006; Gani et al. 2005; Longini & Halloran 2005;
Germann et al. 2006). Although the ﬁndings in these
studies seem reassuring, these studies assume that antipandemic resources (such as antivirals and a vaccine)
are widely available at the beginning of the pandemic.
This assumption may, of course, not be realistic,
especially in some resource-poor nations.
We used a mathematical model to study the
potential effect of a number of intervention strategies
from basic public health interventions to antivirals
(treatment and prophylaxis) and the possibility of a
vaccination campaign. Our work extends earlier studies
by incorporating and assessing some of the main
intervention strategies associated with the pandemic
preparedness plans of the US, UK and the Netherlands.
The main interventions considered here are the use of
(i) transmission reduction control measures (in hospitals and communities), (ii) antivirals (both prophylactically and therapeutically), and (iii) the possibility of a
vaccination programme. For items (ii) and (iii), the
effect of the uncertainty on the efﬁcacy, coverage and
administration rates (table 2) is considered.
We show that although combined interventions give
the most optimal results, a strategy that emphasizes the
use of basic transmission control measures (such as
quarantine, isolation and other measures that reduce the
contact rate within communities and hospitals) could
J. R. Soc. Interface (2007)

have a signiﬁcant impact on the control of an inﬂuenza
pandemic. While the use of vaccines and antivirals (the
key components of the combined intervention strategy) is
expected to suffer a number of availability and logistical
setbacks at the onset of a pandemic (and, possibly,
throughout the duration of the pandemic), the efﬁcient
implementation of a programme based on reducing
transmission in hospitals and communities offers signiﬁcant beneﬁts (table 6) and requires non-pharmaceutical
interventions.
If single interventions are to be adopted, then the use
of vaccine was found to be the most effective of the
three interventions considered low efﬁcacy and coverage levels of the interventions (vaccine and antivirals).
However, as coverage and efﬁcacy levels are increased,
the antiviral-only intervention (offered as a prophylaxis
and treatment) yields the most optimal result (table 5).
Not surprisingly, the impact of antiviral- and vaccineonly interventions strongly depends on the number of
doses available (table 5). In particular, our results
suggest that countries with limited antiviral supplies
should opt for its implementation strictly as a
therapeutic agent rather than as a prophylaxis. The
effectiveness of antiviral treatment alone is particularly
evident for reasonably modest efﬁcacy (50–70%) and
coverage (50–70%) rates. However, if the number of
doses is sufﬁciently large (to cover a signiﬁcant
proportion of the population), the use of antivirals
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both therapeutically and prophylactically gives the
most optimal result (in comparison with using them
prophylactically or therapeutically only) even for low
efﬁcacy and coverage rates.
Further, in addition to the availability and efﬁcacy
of the antivirals, the success of an antiviral-only
intervention will depend on its timely distribution.
For instance, we showed that treating infectious
individuals in early symptomatic stage (within 48 h of
the onset of symptoms) can result in the effective
control of the pandemic for reasonable antiviral coverage and efﬁcacy levels. However, a delay in implementation (past 48 h) reduces the probability of achieving
such control signiﬁcantly (ﬁgure 4).
Although one of the key ﬁndings in this study is that
the combined intervention is the most ‘optimal’
strategy for combatting a pandemic in each of the
three chosen countries, it is worth emphasizing that a
pandemic event would most probably impose severe
burden on public health resources. It is certainly
plausible to expect that the key control resources
(antivirals and vaccine) would not be widely available
(if at all, in some nations) at the onset of a pandemic.
One important contribution of this study is that it
allows for the assessment of other interventions that do
not rely on these resources, namely the use of nonpharmaceutical basic public health interventions to
curtail transmission in hospitals and communities. Our
results indicate that these interventions (control
measures) are highly effective (at least during the
early stages of a pandemic) and should also be
emphasized in the existing preparedness plans.
J. R. Soc. Interface (2007)

Considering the current preparedness plans for the
US, UK and the Netherlands, our results support the
considerations of the UK and the Netherlands plans in
that antiviral drugs should be used primarily for
treatment rather than prophylactically. The use of
antivirals for prophylaxis involves follow-up periods
that could be as long as the duration of the pandemic
itself; hence, it would require a signiﬁcant number of
doses that are unlikely to be available on time in most
countries. This requires the consideration of other
‘next-best’ preparedness plans (at least until a vaccine
becomes available). This is in recognition of the
number of key challenges associated with the administration of antivirals for prophylaxis. Our study
strongly supports the plans of the UK and the
Netherlands, vis-à-vis the therapeutic use of antivirals
to control a ﬂu pandemic.
It is worth mentioning that most of the recent
modelling studies on pandemic inﬂuenza have generally
used large-scale stochastic simulation models to study
nationwide spread of inﬂuenza (Longini et al. 2004,
2005; Ferguson et al. 2005, 2006; Longini & Halloran
2005; Germann et al. 2006). This certainly differs from
our simpler approach that uses a deterministic dynamical model (see also van Genugten et al. 2003; Arino
et al. 2006; Brauer 2006; Chowell et al. 2006). No doubt
that these detailed simulation studies have provided
reasonable estimates and assessments of the potential
impact of a ﬂu pandemic. However, their actual
(computer) implementation seems to rely on using
state-of-the-art computing resources (e.g. supercomputers) and highly speciﬁc data, which are unlikely to be
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available in most countries (especially at the onset of a
pandemic; Germann et al. 2006). For instance, the
stochastic simulation models cited above assume some
or all of the following: (i) high-resolution population
density information, (ii) individual-level transmission
patterns, (iii) detailed contact structure, and (iv) agespeciﬁc disease-related parameters, to name a few,
while the model proposed in our study assumes only a
simple population structure (i.e. high- and low-risk
classes) and uses parameter values of inﬂuenza epidemiology, many of which are well known (table 2). The
relative ease of implementation of the modelling
approach presented in this paper, along with the fact
that the conclusions it provides are plausible (and
compare reasonably well with some of the large,
computationally intensive, stochastic simulation
models such as those reported in Ferguson et al.
(2005, 2006), Longini et al. (2004, 2005), Longini &
Halloran (2005), and Germann et al. (2006) makes it a
relatively attractive modelling approach. Further, our
dynamical system approach offers an improvement
to the ‘scenario-analysis model’ discussed in van
Genugten et al. 2003.
Overall, this study shows that the prospect of
combatting the next ﬂu pandemic is promising, provided
a number of control measures (especially the use of a
combined intervention strategy) are put in place in an
efﬁcient manner. An additional reassuring aspect of this
study is that basic public health control measures have
the potential to have a signiﬁcant impact in reducing the
burden of an inﬂuenza pandemic.
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can be rewritten as follows:

1
1
RicCvCav Z pi bi hi F i1 C pi bi F i2
Ci
Ai

1
1
Cpi bi F i2 F i3
C zi bi F i2 F i3 F i4
S0 ;
Di
E i eff
ðA 1Þ
where
F i1 Z

ð1Kai Þð1KpÞfi
;
Bi

F i2 Z

ð1Kai Þpfi
;
Bi

F i3 Z

ð1KeAi qi Þji
;
Ai

F i4 Z

ai
;
Di

represent the fraction of individuals progressing to the
various infectious classes. For instance, F i1 denotes
the fraction of Li individuals that progress to Ai, F i2 is
the fraction of individuals in Li class that progress to Ii1 ,
F i3 denotes the fraction of Ii1 that progress to Ii2 and F i4
denotes the fraction of individuals that progress from Ii2
to Hi.
Each contribution in RicCvCav involves (i) the product
of the infectiousness (pibi or zibi) due to reduction in
community or hospital transmission for the i-risk
individuals and susceptibles, (ii) the fraction of
individuals that progress to a particular infectious
class (F i1 , F i2 , F i3 and F i4 ), and (iii) the average time
K1
1
K1
K1
spent in each infectious class (CK
i , Ai , Di and E i ).
i
It is worth stating that the threshold RcCvCav can be
rewritten in terms of the contributions from the i-risk
individual progressing through the various stages of
disease in the presence of interventions as follows:
RicCvCav Z RiAsympt C RiEarly Infection
C RiLate Infection C RiHospitalized :

ðA 2Þ

The ﬁrst term in (A 2) describes the contribution of
asymptomatic partially infectious individuals (Ai), the
second and third terms denote the contribution of
early- and late-stage infectious individuals Ii1 and Ii2 ,
and the last term denotes the contribution of the
hospitalized individuals Hi.
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