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MODEL UNCERTAINTY

Guidelines for economic evaluations insist that the sensitiv-
ity of model results to alternative parameter values should
be thoroughly explored. However, differences in model con-
struction and analytical choices (such as the choice of a
cost-effectiveness or cost-benefit framework) also introduce
uncertainty in results, though these are rarely subjected to a
thorough sensitivity analysis. In this article, the authors
quantify the effect of model, methodological, and parame-
ter uncertainty, taking varicella vaccination as an example.
They used 3 different models (a static model, a dynamic
model that only looks at the effect of vaccination on vari-
cella, and a dynamic model that also assesses the implica-
tions of vaccination for zoster epidemiology) and 2 forms of
analysis (cost-benefit and cost-utility). They also varied the
discount rate and time frame of analysis. Probabilistic sen-
sitivity analyses were performed to estimate the impact of

parameter uncertainty. In their example, model and
methodological choice had a profound effect on estimated
cost-effectiveness, but parameter uncertainty played a rela-
tively minor role. Under cost-utility analysis, the probabilis-
tic sensitivity analysis suggested that there was a near
certainty that vaccination dominates no vaccination, or the
other way around, depending on model choice and per-
spective. Under cost-benefit analysis, vaccination always
appeared to be attractive. Thus, the authors clearly show
that model and methodological assumptions can have
greater impact on results than parameter estimates,
although sensitivity analyses are rarely performed on these
sources of uncertainty. Key words: probabilistic sensitivity
analysis; uncertainty analysis; model uncertainty; method-
ological uncertainty; vaccination. (Med Decis Making
2006;26:434–446)
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Most economic evaluations use modeling to pre-
dict and compare the potential costs and bene-

fits of alternative health interventions. Models are a
simplified description of the underlying processes

leading to disease and resource utilization and pro-
vide a formal framework to synthesize information
from various sources.1 The process of model devel-
opment and parameterization requires choices and
assumptions to be made regarding 1) the model type
and structure, 2) economic methods, and 3) the para-
meter values that should be used. Each of these
choices introduces uncertainty2-4 that ideally should
be described and quantified for policy makers to
have the appropriate information on which to make
decisions. Here, we concentrate on the choices that
lead to decision maker uncertainty (i.e., uncertainty
regarding conclusions drawn from results of eco-
nomic evaluation). Although many guidelines exist
and are quite clear on how economic analysis
should be conducted5-8 and how the quality of deci-
sion analytic models should be assessed,1,9,10 they
are not exhaustive (particularly in the field of infec-
tious disease prevention11) and still many studies do
not follow them completely. It is therefore important
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that sources of uncertainty be illustrated, quantified,
and discussed to help decision makers and analysts
better understand the impact of analytic choices.

In this article, we discuss and illustrate the differ-
ent sources of uncertainty and their relative impact
in the context of model-based economic analyses of
mass vaccination. We quantify, to our knowledge for
the first time, the effect that these different sources
of uncertainty can have.

These sources of uncertainty are expanded on
below, with particular reference to vaccination
programs (the example used in this study).

Parameter uncertainty arises owing to uncertainty
in the choice of parameter values.2-4 Parameters
included in models are biological, demographic,
epidemiological, medical, and economic in nature.
Examples of parameters are transition rates between
disease states, health outcomes (e.g., quality-adjusted
life years [QALYs] lost), health care resource uti-
lization, and costs. Sensitivity analyses, usually 
univariate, and increasingly probabilistic (usually mul-
tivariate) sensitivity analyses, are normally performed
on parameter values. Indeed, all guidelines for cost-
effectiveness analyses require that parameter uncer-
tainty be explored in some way.2,12-14

Model uncertainty relates to the type of model and
structure (e.g., choice of disease states) that are cho-
sen in an analysis.2-4 Mass vaccination can produce
complex indirect effects that require the modeling of
infection and transmission (not just natural history of
disease), and thus the type of model used can be crit-
ical.11,15-17 Although there are many types of models
that are used to predict the impact of vaccination,
they can be broken down into 2 main categories: 1)
dynamic and 2) static (usually decision analysis or
cohort models). The major difference between these
types of models is that dynamic models capture the
indirect protection resulting from immunization
(herd immunity effects), whereas static models omit
them (see Brisson and Edmunds15 for more details).
Currently, most economic evaluations of vaccination
programs use static models.15 Within these broad
frameworks of “static” and “dynamic” models, there
is further uncertainty about the choice of the appro-
priate model structure.2 Although there is great vari-
ability and uncertainty surrounding modeling
choices, sensitivity analysis is very rarely performed
on the model type and structure.

Methodological uncertainty arises from differences
in the methodology that can be used in economic
evaluation.3,4 Examples of methodological choices are
type of analysis (cost-benefit [CBA], cost-effectiveness
[CEA], or cost-utility [CUA]), the perspective (societal

or payer), valuation technique (e.g., willingness to
pay, standard gamble, multiattribute utility scores),
discount rate, and time horizon. Because of its unique
characteristics, vaccination may possess its own spe-
cific benefits (e.g., altruism, insurance-type benefits),
which may influence which intervention outcome,
valuation technique, and type of analysis should be
performed.18,19 Although QALYs have been found to
be a more sensitive measure to life years gained, there
is evidence that they cannot capture all the benefits 
of vaccination that are important to vaccinees (see
Brisson and Edmunds18 for more details). Such argu-
ments have resulted in an increase in the interest of
the willingness-to-pay method and thus CBA.19

Furthermore, in the economic evaluation of vaccina-
tion, the choice of discount rate and time horizon has
a greater impact on results than curative interventions
against noninfectious disease. First, because vaccina-
tion is a preventive intervention, costs of the program
are incurred at the moment of vaccination whereas
cost offsets and benefits occur in the future. Second,
the introduction of mass vaccination can produce
long-term nonlinear dynamic effects.15 Although it is
relatively common for analyses to present different
analytical perspectives and present results in dis-
counted and undiscounted form, sensitivity analysis
is rarely performed on the type of analysis (CBA/
CUA/CEA) and time horizon.

The aim of this article is to illustrate the impor-
tance of the different sources of uncertainty in the
economic evaluation of immunization programs,
using routine varicella (chickenpox) vaccination as
an example.

Varicella-zoster virus (VZV) produces 2 distinct
diseases: varicella (chickenpox) and herpes zoster
(shingles).20 Varicella results from primary infection
with VZV. After infection, the virus establishes a
latent infection in nerve cells and can reactivate
later in life to cause zoster.20 Two main public health
concerns have limited the widespread introduction
of the vaccine. First, through herd immunity, vacci-
nation could lead to an upward shift in the average
age at infection, which could result in increasing the
overall morbidity due to varicella (Health Canada
Proceedings of the National Varicella Consensus
Conference, 1999). Second, mass vaccination could
increase the incidence of zoster. It has been sug-
gested that exposure to varicella reduces the risk of
reactivation (zoster) by boosting specific immunity
to the virus.20-22 If this is the case, by reducing vari-
cella cases (and thus the opportunity of exposure to
VZV), mass vaccination could increase the inci-
dence of zoster in unvaccinated individuals.21,23-26
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These concerns can clearly have an impact on the
economic desirability of varicella vaccination.

Of the 12 economic evaluations of infant varicella
vaccination published before 2004,23,27-37 5 used
dynamic models, which incorporate herd effects
including potential age shifts,23,27-29,30 and only 2
examined the impact of vaccination on zoster.23,30

Although it is clear from guidelines on good practice
for decision analytic modeling that dynamic models
should have been used and the impact of zoster should
have been examined. A dynamic model should have
been used as varicella is infectious and should be
modeled as such (i.e., “Structure of models should 
be consistent with a coherent theory of the health
condition”1). The impact of vaccination on zoster
should have been modeled, even though understand-
ing of the natural history of varicella and zoster is
incomplete (i.e., “If evidence regarding structural
assumptions is incomplete and there is no universally
accepted theory of disease process, then the limita-
tions of the evidence supporting the chosen model
structure should be acknowledged-if possible, sensi-
tivity analyses using alternative model structures
should be performed”1). Additionally, 1 out of 12 eco-
nomic analyses of infant varicella vaccination, pub-
lished before 2004, performed a cost-utility analysis23

and 9 had a base-case time horizon of 30 years or
less,27-30,32-37 which does not capture the long-term
impact of vaccination. This illustrates that although
guidelines are clear, they are rarely abided by. The dif-
ferences in parameter values, model construction,
and analytic choice resulted in a wide range of results
(from cost-savings to incremental losses in overall
quality of life), which introduced uncertainty for
decision makers. Here, we illustrate the relative
impact of the different sources of uncertainty.

METHODS

For our illustrative examples, we assess the health
economic desirability of routine varicella vaccination
of 1-year-old children compared with the current strat-
egy (no vaccination: current strategy in England and
Wales). We only investigate infant vaccination and
assume 90% coverage. In previous studies,23-25 we
show that other strategies such as catch-up programs
in young children and vaccine coverage of 70% to
95% produce similar results to those presented here.

Simulations were performed for a population with
characteristics similar to England and Wales. The
population size and average life expectancy were
assumed to be 50 million and 75 years, respectively.
The overall impact of vaccination was calculated by

aggregating the discounted QALYs gained (lost) over
no vaccination and the overall additional net present
value of the vaccination program as calculated using
aggregate willingness to pay estimates (divided by
half, was recommended by the American National
Oceanic and Atmospheric Administration [NOAA]
Panel38). See the appendix for a formal description of
aggregation methods and parameter values.

Parameter Uncertainty

All base-case parameters describing epidemiologi-
cal and demographic variables, health outcomes, and
costs were taken from Brisson and colleagues.23,24

The sensitivity of the results to variation in input para-
meters was explored by performing a probabilistic
multivariate sensitivity analysis (uncertainty analysis).
Input parameters were assigned triangular probability
distributions (see Brisson and Edmunds23 for data
sources and justification of input parameter distribu-
tions). Combinations of these parameter values were
drawn using Latin Hypercube Sampling assuming that
they are independent of each other. For each vaccina-
tion scenario, the model was run 1000 times to gener-
ate distributions of outcome variables using @risk
Version 4 (Palisade Corporation, New York) running
within Microsoft Excel. The parameter values and the
assumed input distributions are given in the appendix.

Model Uncertainty

To illustrate the impact of model choice on results,
3 different models are used that illustrate the impact of
choosing a static or a transmission dynamic model,
and also the importance of incorporating other aspects
of the epidemiology (in this case, the inclusion of the
impact of vaccination against chickenpox on herpes
zoster [shingles]).

Static versus dynamic. To illustrate the sensitivity 
of results to incorporating herd immunity effects
(externalities), we compare results from a dynamic
model with those of a static model. The dynamic
model used here is the realistic age-structured deter-
ministic model presented in Brisson and colleagues23-25

(see the appendix for a mathematical description of
the model). The single difference between the static
model and the dynamic model, used here, is that per
susceptible rate of infection (sometimes termed the
force of infection) in the static model is constant
through time, whereas in the dynamic model, the rate
at which susceptibles become infected is assumed to
be a function of the number of infectious individuals
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in the population at a given point in time, multiplied
by the effective contact rate between susceptibles and
infectious individuals. That is,

λ = fixed (static)
λ(t) = βI(t) (dynamic)

where λ is a (1*k) vector representing the force of
infection in each of the k age groups, β a k*k matrix
representing the effective contact rate between indi-
viduals by age group, and I(t) gives the number of
infectious individuals in each age group at time t.
Static models are usually applied to a single aging
cohort, whereas dynamic models are run for many
years to allow the full effects of the intervention to
become apparent. For comparability, the static
model presented here is applied to multiple cohorts.

Model structure. Mass vaccination could increase the
incidence of zoster in unvaccinated individuals,21,23-26

which can have an impact on the economic desirability
of varicella vaccination. To illustrate the sensitivity of
results to model structure and the importance of per-
forming sensitivity analysis on all potential effects of
the intervention, we compare results from a model that
incorporates the natural history of zoster to one that
does not (model structures are presented in Brisson and
colleagues25). All epidemiological model parameter val-
ues were taken from Brisson, Edmunds, and Gay24.

Methodological Uncertainty

Perspective of analysis. The base case perspective 
is that of the health care provider (National Health
Service [NHS]), which includes all direct medical
costs including physician contacts, hospitalizations,
and prescription medications. We also present
results from the societal perspective, which includes
all medical and work loss costs as well as household
expenditures.

Analytic technique. CUA and CBA are chosen as 
analytic techniques (the results of CEA are similar to
CUA in most—though not all—respects39 and are
omitted for ease of exposition). The summary mea-
sures are the cost per QALY gained and cost per 
benefit (as measured by willingness to pay [WTP]18).
The National Institute for Clinical Excellence (NICE)
have stated that their “range of acceptable cost-
effectiveness” is between £20,000 and £30,000 per
QALY gained,40 although Devlin and Parkin41 have
analyzed decisions made by NICE and suggest that
their cost-effectiveness threshold may be higher. We
take the conservative estimate of £30,000 per QALY

gained as being the limit below which vaccination is
regarded, here, as being cost-effective. The threshold
for cost-benefit is 1.

Discount rate. In the base case, future costs and out-
comes are discounted at 3%.2 In the sensitivity analy-
sis, results are also presented with health benefits
undiscounted and costs discounted at 3%.

Time horizon. Costs and benefits are presented over
an 80-year time horizon (base case). We further pre-
sent results with a 30-year time horizon.

RESULTS

Unless stated otherwise, results are from the NHS
perspective, and vaccine efficacy, vaccine coverage,
and duration of immunity to zoster are held at their
base-case values. All other parameters are varied
simultaneously according to their assigned probabil-
ity distributions. The time frame of analysis is
assumed to be 80 years, and discount rates are 3%
per annum for benefits and costs.

Parameter Uncertainty

Figure 1 shows the results of the probabilistic sen-
sitivity analysis of the cost-effectiveness of varicella
vaccination from the perspective of the health care
provider. The model is static and excludes the possi-
ble effect on zoster (most economic analyses of vari-
cella have these features42). The solid line shows the
cost per QALY threshold value (£30,000 per QALY
gained). Each point represents the result of 1 simula-
tion plotted on the cost-effectiveness plane. It is clear
from the figure that every simulation resulted in a net
cost to the health service but also resulted in a net
gain in public health (measured in QALYs). In virtu-
ally all of the simulations, the resulting cost per
QALY gained was less than the £30,000 threshold
(below the line) and would therefore be deemed cost-
effective, taking this simple decision rule. Following
standard techniques,3,43 a cost-effectiveness accept-
ability curve can be derived from the data shown in
Figure 1 by assessing the proportion of simulations
below the acceptable limit for a variety of threshold
values (lines of differing slopes). This is shown in
Figure 2, and it suggests that more than 90% of simu-
lations would be deemed cost-effective even at a
threshold value of £20,000 per QALY gained. Thus,
using the most commonly used model and perform-
ing a full probabilistic sensitivity analysis, the results
are quite clear: Vaccination is highly likely to be
deemed cost-effective at the commonly accepted
NICE threshold values.
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Model Uncertainty: Dynamic versus Static

Figure 2 also shows a cost-effectiveness acceptabil-
ity curve using the transmission dynamic model. This
demonstrates that if a model is used that can capture
the reduction in circulating virus following vaccina-
tion and thus the reduced risk of infection in the
unimmunized fraction of the population, then vacci-
nation is more likely to be deemed cost-effective
(more than 90% of simulations are below £10,000 per
QALY gained). The difference between the dynamic
and the static model results can be interpreted as the
impact of herd immunity on cost-effectiveness.
Although herd immunity effects do not seem to have
a substantial impact on the illustrative example pre-
sented here, it has a significant impact on the esti-
mated cost per life-year gained39 and on the estimated
epidemiological impact of varicella vaccination.15

Model Uncertainty: Inclusion of Effect on Zoster

Figure 3 compares cost-effectiveness acceptability
curves for the 2 dynamic models: the one that ignores
the possible impact of vaccination on zoster (as in
Figure 2 and in Lieu and others27, Coudeville and oth-
ers28, and Banz and others29) and the model that
includes this effect.23 The results of the model including
zoster suggest that there is very little chance of vaccina-
tion appearing cost-effective from the perspective of the
health care provider, as virtually all simulations resulted
in a loss of discounted QALYs (the results of the proba-
bilistic sensitivity analyses for the dynamic models

including and excluding the effect on zoster are given in
Figure 4, red and blue symbols, respectively). The
reduction in circulating virus is expected to result in an
increase in zoster. As this is usually more severe than
varicella, the vaccination program results in losses in
health. Thus, model choice can have a profound effect
on the estimated attractiveness of varicella vaccination.

Methodological Uncertainty: 
Perspective of Analysis

Figure 4 also shows how sensitive results are to
the perspective taken. Ignoring the impact on zoster
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(as most economic analyses of varicella vaccination
have done42) and taking a societal perspective, the
results of the probabilistic sensitivity analysis sug-
gest that there is close to a 100% chance that vacci-
nation dominates the current strategy, that is,
vaccination will result in gains in health and a reduc-
tion in costs to society (gray symbols). The same
model suggests, however, that there is highly likely
to be a net cost to the NHS (blue symbols), though the
estimated gains in health are likely to be deemed
worth the extra costs (see earlier). The model inclu-
sive of zoster suggests that there will be losses in
health (see earlier). Note that a combination of model
choice and perspective can result in exactly opposite
conclusions (either vaccination is virtually certain to
dominate the current strategy, or the other way
around) but that the probabilistic sensitivity analysis
has very little impact once a model and perspective
have been chosen (in 3 of the 4 scenarios, virtually all
of the points lie in the same quadrant of the cost-
utility plane). That is, dependant on methodological
assumptions, varicella vaccination can produce
results in all 4 quadrants of the cost-utility plane, but
the probabilistic sensitivity analysis has little impact
on this.

Methodological Uncertainty: Type of Analysis

Figure 5 shows that the choice of analytic technique
can produce conflicting results regarding the desir-
ability of varicella vaccination. The likelihood of vari-
cella vaccination resulting in a positive net present
value under CBA is estimated to be 100% indepen-
dently of whether the effects of vaccination on zoster
are included in the analysis or not (all the points are
below the line of equality regardless of model choice
and perspective), even though the WTP results pre-
sented here were halved as recommended by the
NOAA panel.38

Methodological Uncertainty: 
Time Frame and Discount Rate

In this example, shortening the time horizon has
little impact on results of the CUA (Figure 6). The
greatest impact on results occurs when the discount
rate is reduced from 3% to 0%, because the increase
in zoster following varicella vaccination is estimated
to be a temporal phenomenon. Eventually (after 50
years or so21,23,24), the incidence of zoster is estimated
to fall below the prevaccination level. Hence, when
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the discount rate for benefits is very low (i.e., if time
preference is such that short- and long-term benefits
are valued equally), infant varicella vaccination is
likely to be “cost-effective” (~70% of simulations are
below the threshold of £30,000).

DISCUSSION

The aim of this article was to illustrate the impor-
tance of the different sources of uncertainty when 
performing economic analyses of vaccination programs.
We clearly show that model and methodological
assumptions can have equal or greater impact on results
than parameter estimates, although sensitivity analysis
is rarely performed on these sources of uncertainty.

The reduction in circulating virus following mass
vaccination (herd immunity) can result in improved
cost-effectiveness (as seems apparent from Figure 2
and Brisson and Edmunds15), but not always (Figure 3).
The estimated increase in zoster incidence is a conse-
quence of this herd immunity (reduced exposure to
the virus resulting in reduced boosting of immunity
to zoster). Most economic evaluations of vaccination
programs ignore these herd immunity effects, often
arguing that they are beneficial, so by ignoring them
the analysis is conservative, or biased against immu-
nization. This is not always the case. As we have

demonstrated here and elsewhere,15 they can result in
unwelcome public health consequences that can have
a profound effect on the economic attractiveness of
vaccination programs (and perhaps other control
programs aimed at infectious diseases). Even when
analysts include these effects, the full range of their
consequences should be explored. In our example, it
is not sufficient to just look at their effect on varicella,
which is generally beneficial (Figure 2), but also to
look at the effects on zoster, which may be harmful to
public health (at least in the short and medium term).
In a review of economic evaluations of varicella vac-
cination published by 2002,42 10 studies were identi-
fied, 7 of which used a static model. Of the 3 that used
a transmission dynamic model, only 1 included the
effect that vaccination might have on zoster. There are
many other types of positive and negative indirect
effects that can be produced by vaccination.15 For
instance, a number of vaccines (e.g., pneumococcal
conjugate vaccines and human papillomavirus virus
[HPV] vaccine) are targeted at a limited number of cir-
culating strains, hence vaccination might increase the
occurrence of related strains that are currently being
out-competed. It is therefore important that indirect
effects be identified, and if not incorporated into the
model or assessed in the sensitivity analysis, that
their likely impact be discussed. Finally, when indi-
rect effects are included in economic models, the
level of uncertainty, due to lack of scientific evidence,
must be qualified and/or quantified when presenting
results and conclusions. Careful consideration of all
of these effects should be taken into account, to avoid
a distorted picture of the attractiveness of the program
being produced.

Our analysis predicts that although the economic
desirability of varicella vaccination is uncertain using
CUA and may produce an increase in morbidity using
discounted QALYs, it is deemed highly beneficial
using WTP and CBA. Hence, basing policy decisions
on CBA or CUA can lead to very different resource
allocation decisions. If we assume QALYs adequately
measure disease severity, our results suggest that
using WTP as the outcome measure may bias resource
allocation toward less severe diseases, which may
lead to reduction in population health. Here, the dif-
ferences can be explained by the fact that the average
WTP per QALY gained was higher for varicella (a usu-
ally mild disease of children) than zoster (a more
severe disease of adults, particularly the elderly). The
fact that WTP is capped by ability to pay could
explain results44 showing that WTP increases as
QALYs increase but at a decreasing rate. Such results
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have produced concerns among health economists
about using WTP as a basis for the allocation of health
care resources.45 Further empirical research is needed
to better understand the effects of the choice of out-
come measure and elicitation technique. Indeed, in
epidemiology it is well known what biases are inher-
ent in certain study designs. This is not, however, the
case in economic evaluation, and this study attempts
to illustrate (among other things) what biases in deci-
sion recommendations may result from analysts’
choice of method.

Vaccination is a preventive intervention; thus,
costs of the program are incurred at the time of vacci-
nation while benefits can occur in the short- to long-
term. Hence, the choice of discount rate can greatly
influence results (has a greater impact on results than
curative interventions). This is illustrated in our
results: Varicella vaccination is “cost-effective” when
discounting is very low and a long time frame is
adopted because the long-term decline in zoster (after
50 years or so) then becomes significant. Another
example where discounting will have an impact is
with the HPV vaccine. The vaccine will probably be
given to adolescents to prevent cervical cancer 20 to
30 years later. In cases like these, where benefits occur
in the medium-to-long term, higher discount rates
bias against preventive measures. Decision makers
must be made aware of the impact of discounting and
its impact on the results of economic evaluation of
health interventions that produce long-term benefits.

Uncertainties introduced by methodological choice
led the US Panel on Cost-Effectiveness to recommend
using a reference set of methods to improve compa-
rability, with the impact of methodological choices
being addressed through sensitivity analysis. However,
as seen above, different sources of uncertainty are likely
to have varying effects depending on the treatment type
and disease being modeled. Thus, the use of a reference
case, for comparability, may prejudice against certain
medical interventions. More work should be focused
on understanding the impact of methodological choice
so that decision makers and analysts have a better idea
of the biases inherent in using a reference case.

For illustrative purposes and ease of exposition, we
did not present the full sensitivity analysis conducted
in our previous economic evaluation of varicella vac-
cination.23 Hence, we did not present the sensitivity to
mixing matrix assumptions, vaccine efficacy parame-
ters, or vaccine coverage. Furthermore, the variability
within the multivariate sensitivity analysis is con-
trolled in our examples as additional sources of uncer-
tainty can be included. For example, the uncertainty
surrounding the impact of vaccination on zoster could

have further been explored by varying the many para-
meters needed to model the natural history of varicella
and zoster. Although the scope of the probabilistic
sensitivity analysis has been reduced, it does not
impact the conclusions of this article.

In this article, we did not examine an additional,
potentially critical source of uncertainty, namely, the
selection of strategies that are modeled. Similar to
model uncertainty, the exclusion of relevant strategies
(such as vaccination of high-risk populations) can have
an important impact on conclusions particularly if an
incremental analysis is performed. For example, ado-
lescent vaccination has consistently been shown to be
cost-effective42 and is robust to model and method-
ological assumptions.23 Hence, stating that varicella
vaccination is or is not cost-effective, without examin-
ing alternative strategies, would be misleading.

The results of this article reinforce the importance
of not only clearly stating methodological and model
assumptions but also justifying the choices made and
discussing their impact. Complexity or lack of infor-
mation/data should not be an acceptable justification
for the choice of methodology or modeling technique,
if this can have a major impact on results. Further
research is needed to better understand the effect the
choice of model and methodological technique can
have on results and resource allocation decisions. In
the meantime, although this may be resource inten-
sive, sensitivity analysis should be performed on key
model and methodological assumptions. It is the role
of peer review to ensure that this is indeed being done.

Finally, probabilistic sensitivity analyses are essen-
tial; however, conclusions based on these analyses
(such as viewing results from cost-effectiveness
acceptability curves as cost-effectiveness probabili-
ties) must be done with care, as they are conditional
on the validity of the model and methodological tech-
nique used. If model and methodological assump-
tions are not appropriate, then the results of a
probabilistic sensitivity analysis can be misleading in
that they may give a false sense of security in the
results and may lead to inappropriate research priori-
ties being set or policy decisions being made.

APPENDIX
MATHEMATICAL STRUCTURE 

WITHOUT ZOSTER

The equations represent the transmission dynamics
of varicella. The model possesses 66 age cohorts, i (0, 1,
2, . . . , 64, and 65+). Children enter continuously
throughout the year into the 1st age cohort (at 6 months
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of age). Thereafter, individuals change age cohorts at
the beginning of each school year thus taking into
account the importance of school transmission on the
dynamics of varicella.46 Vaccination is performed at the
end of the year as individuals move up an age class.
Within each cohort, the differential equations for this
deterministic model are as follows:

dSi(t)/dt = Bi – [λi(t) + (ci (1-P) + µi] Si(t) (1)

dEi(t)/dt = λi(t) Si(t) – (σ + µi) Ei(t) (2)

dIi(t)/dt = σ Ei(t) – (α + µi) Ii(t) (3)

dRi(t)/dt = α Ii(t) – µi Ri(t) (4)

dVPi(t)/dt = ci T Si(t) – (W + K λi(t + µi) VPi(t) (5)

dVSi(t)/dt = ci [1-T-P] Si(t) + W VPi(t)  
–(b λi(t) + µi)VSi(t) (6)

dVEi(t)/dt = b λi(t) VSi(t) – (σ + µi) VEi(t) (7)

dVIi(t)/dt = σ VEi(t) – (α + µi) VIi(t) (8)

dVRi(t)/dt = K λi(t) VPi(t) + α VIi(t) – µi VRi(t) (9)

The number of individuals of age i at time t who are
varicella susceptible, naturally infected but not infec-
tious, infectious, immune, temporary protected, modi-
fied susceptible, vaccinated infected but not infectious,
vaccinated infectious, vaccinated immune are defined
by the state variables Si(t), Ei(t), Ii(t), Ri(t), VPi(t), VSi(t),
VEi(t), VIi(t), and VRi(t), respectively. The different
parameters determining the rates of flow between dis-
ease states for natural varicella are Bi, rate of entry into
the 1st age cohort; µi, mortality rate; ci, vaccine cover-
age in age group i; σ and α, rates of flow from latent to
infectious and infectious to immune; λi(t), force of
varicella infection by age group is given by

, (10)

where βij is a mixing matrix describing the rate of
effective contact between individuals of age group 
i and j (see methods and Brisson and colleagues24,25

for details). The initial conditions for the set of equa-
tions are taken to be the prevaccination equilibrium
number of individuals in each epidemiological class
by age, which are determined by treating λi(0) as a
fixed parameter (i.e., by using the static cohort
model). The equations are solved numerically using
a Fourth-Order Runge-Kutta algorithm.47

The flow between vaccinated disease states are ciT,
the percent of vaccinees who become temporarily pro-
tected after vaccination; ciP, the percent of vaccinees
for which vaccine fails completely after vaccination;
W, waning rate; b λi(t), rate of infection among vaccine
susceptible vaccinees; k λi(t), rate of boosting.

MATHEMATICAL STRUCTURE 
INCLUDING ZOSTER

The model below represents the transmission
dynamics of both varicella and zoster. Differential
equations 1, 2, 3, 5, 6, 7, 8, and 9 are identical for the
models that include and exclude zoster. The remain-
ing differential equations for the model that includes
zoster are as follows:

dRi(t)/dt = α Ii + z λi(t) ZSi(t) – (δ + µi) Ri(t) (11)

dZSi(t)/dt = δRi – (ρi + zλi(t) + µi) ZSi(t) (12)

dZIi(t)/dt = ρi ZSi(t) – (α z + µi) ZIi(t) (13)

dZRi(t)/dt = α z ZIi(t) – µi ZRi(t) (14)

The zoster disease states are lifelong immunity to
varicella and temporary immunity to zoster (Ri(t)), sus-
ceptible to zoster (ZSi(t)), reactivation episode (ZIi(t)),
and permanently immune to zoster (ZRi(t)). The rates
are determined by δ, rate of loss of immunity to zoster;
zλi(t), rate of boosting against zoster; and ρi, the 
age-dependent rate of reactivation of varicella-zoster
virus in those who are susceptible to zoster. See
Brisson and colleagues21,24 for details on the estimation
of these rates.

AGGREGATION OF WTP AND 
QUALITY-ADJUSTED LIFE YEARS

WTP. The total benefit of varicella vaccination was
calculated as the sum of the present value of the ben-
efit of preventing chickenpox in vaccinees and non-
vaccinees as well as its negative effect on zoster. The
present value of the benefit of varicella vaccination
over l years in vaccinees (Bvac), in nonvaccinated indi-
viduals (Bnvac), and impact of vaccination on zoster
(Bz) were calculated as follows:

Bz =
l∑

t=0

∑

a

r tWTPz
a

(
Cz

0at − Cz
1at

)

Bnvac =
l∑

t=0

∑

a

r tCnvac
0at WTPchick

a −
l∑

t=0

∑

a

r tCnvac
1at WTPchick

a

=
l∑

t=0

∑

a
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a

(
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0at − Cnvac
1at
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rtN vac
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λi(t) =
∑

j

βij Ij(t)
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where rt = 1/(1 + discount rate)t; Nvac
t is the number of

individuals vaccinated at time t; WTP vac is the average
willingness to pay for varicella vaccination; C nvac

iat is the
number of predicted chickenpox cases among nonva-
ccinees of age a, at time t, in state of the world with 
(i = 1) and without (i = 0) vaccination; WTP chick is the
average willingness to pay to prevent chickenpox once
infected; C z

iat is the number of zoster cases in individ-
uals of age a, at time t, and in state of the world with 
(i = 1) and without (i = 0) vaccination; WTP z is the aver-
age willingness to pay to prevent zoster assuming one
has zoster. See Table A1 for WTP values and sources.

Quality-adjusted life years. We consider total quality-
adjusted life years (QALYs) gained from varicella vacci-
nation as the sum of the QALYs gained from the
prevention of chickenpox in vaccinees and nonvacci-
nees, and its indirect effect on zoster. QALYs gained
attributed to varicella in vaccinees (QALY vac

gained) and
nonvaccinees (QALYnvac

gained), and zoster (QALY z
gained) were

calculated as follows:

where Qvar
a are the age-specific QALY lost associated

with a case of varicella; Qz
a is the age-specific QALY

lost due to a case of zoster; pvar
a is the age-specific vari-

cella case-fatality ratio, pz
a is the age-specific zoster

case-fatality ratio, and LYLa is the present value of the
expected life years lost of an individual who dies at
age a. See Table A1 for values and sources.

QALY z
gained =

l∑
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(
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QALY nvac
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Table A1 Health Outcome Estimates

Parameters 0–4 5–14 15–44 45–64 65++ Source

Case fatality
Varicella 0.001% 0.001% 0.009% 0.073% 0.689% 23, ONS
Zoster 0.000% 0.001% 0.002% 0.002% 0.061% 23, ONS

QALY lost per case
Varicella 0.004 0.004 0.005 0.005 0.005 18,39
Zoster 0.01 0.01 0.02 0.06 0.14 23,48

Value (£) of a case or 
vaccination

Vaccination 60 18,39
Varicella 47 47 101 101 101 18,39
Zoster 118 118 135 191 312 18,39

Note: QALY = quality-adjusted life year.
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MULTIVARIATE ANALYSIS

QALY nvac
gained =

l∑

t=0

∑

a

r tCnvac
0at

(
Qvar

a + pvar
a LYLa

)

−
l∑

t=0

∑

a

r tCnvac
1at

(
Qvar

a + pvar
a LYLa

)

Table A2 Input Values for the Multivariate Analysis

Parameter Mode (source) Minimum (source) Maximum (source)

% cases consult GPA

Varicella: 0–4 45% RCGP 36% RCGP 48% RCGP
5–14 45% RCGP 26% RCGP 45% RCGP
15–44 72% RCGP 30% RCGP 72% RCGP
45–64 82% RCGP 48% RCGP 100% RCGP
65+ 100% RCGP 57% RCGP 100% RCGP

Hospitalization per case
VaricellaB: 0–4 0.4% HES 0.4% HES 0.5% HES
5–14 0.1% HES 0.1% HES 0.2% HES
15–44 0.6% HES 0.6% HES 0.8% HES
45–64 1.4% HES 1.4% HES 1.9% HES
65+ 3.1% HES 3.1% HES 5.8% HES
ZosterB: 0–4 1.1% HES 1.1% HES 1.4% HES
5–14 0.7% HES 0.7% HES 1.0% HES
15–44 0.5% HES 0.5% HES 0.8% HES
45–64 0.6% HES 0.6% HES 1.2% HES
65+ 2.3% HES 2.3% HES 5.0% HES

Length of stay
VaricellaB: 0–4 2.2 HES 2.2 HES 2.7 HES
5–14 3.0 HES 3.0 HES 3.6 HES
15–44 4.0 HES 4.0 HES 4.8 HES
45–64 5.8 HES 5.8 HES 7.9 HES
65+ 10.6 HES 10.6 HES 15.8 HES
ZosterB: 0–4 3.5 HES 3.5 HES 5.3 HES
5–14 3.4 HES 3.4 HES 3.4 HES
15–44 4.6 HES 4.6 HES 6.1 HES
45–64 5.2 HES 5.2 HES 8.7 HES
65+ 13.5 HES 13.5 HES 17.4 HES

Case fatality
VaricellaC: 0–4 0.001% ONS 0.0006% ONS 0.0017% ONS
5–14 0.001% ONS 0.0004% ONS 0.0006% ONS
15–44 0.009% ONS 0.0063% ONS 0.0167% ONS
45–64 0.073% ONS 0.0733% ONS 0.1011% ONS
65+ 0.689% ONS 0.3880% ONS 0.8536% ONS
ZosterC: 0–4 0.0000% ONS 0.0000% ONS 0.0000% ONS
5–14 0.001% ONS 0.0000% ONS 0.0068% ONS
15–44 0.002% ONS 0.0000% ONS 0.0086% ONS
45–64 0.002% ONS 0.0012% ONS 0.0035% ONS
65+ 0.061% ONS 0.0403% ONS 0.0831% ONS

Postherpetic neuralgia 
(PHN) per zoster case

0–4 0% 48 0.0% 48 0.0% 48
5–14 1% 48 0.0% 48 1.7% 48
15–44 4% 48 2.6% 48 4.9% 48
45–64 11% 48 10.0% 48 11.9% 48
65+ 31% 48 28.7% 48 33.4% 48
Duration of PHN 551 48 339 48 781 48

Value (£) of a case or 
vaccination%

Vaccination 60 18D 52 18D 69 18D

Varicella: 0–14 47 18E 45 18E 60 18E

15+ 101 18F 52 18F 176 39F

(continued)
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