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ABSTRACT
Background:The optimisation of vaccine policies before their implementation is beholden upon 
public health decision makers, seeking to maximise population health. In this case study in Serbia, 
the childhood vaccines under consideration included pneumococcal conjugate vaccination (PCV), 
rotavirus (RV) vaccination and varicella zoster virus (VZV) vaccination.
Objective: The objective of this study is to define the optimal order of introduction of vaccines to 
minimise deaths, quality adjusted life years (QALYs) lost, or hospitalisation days, under budget 
and vaccine coverage constraints.
Methods: A constrained optimisation model was developed including a static multi-cohort 
decision-tree model for the three infectious diseases. Budget and vaccine coverage were con-
strained, and to rank the vaccines, the optimal solution to the linear programming problem was 
based upon the ratio of the outcome (deaths, QALYs or hospitalisation days) per unit of budget. 
A probabilistic decision analysis Monte Carlo simulation technique was used to test the robust-
ness of the rankings.
Results: PCV was the vaccine ranked first to minimise deaths, VZV vaccination for QALY loss 
minimisation and RV vaccination for hospitalisation day reduction. Sensitivity analysis demon-
strated the most robust ranking was that for PCV minimizing deaths.
Conclusion: Constrained optimisation modelling, whilst considering all potential interventions 
currently, provided a comprehensive and rational approach to decision making.
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Plain language summary

What is the context?

● Constrained optimization (CO) was used to list and 
rank the introduction of new vaccines that will 
enhance the public health situation in Serbia 
exposed to a limited healthcare budget and fixed 
vaccine coverage rates.

What is new?

● CO was used as an analysis method into a context 
of a small country with limited data. We applied 
probabilistic sensitivity analysis to test the robust-
ness of our findings.

● We were able to assess our analysis with three 
different outcomes of interest: deaths avoided, 
QALYs gained and hospital reduction.

What is the impact?

● The study showed that to minimise vaccine pre-
ventable deaths, the vaccine to be implemented 
first would be the one that prevented childhood 
pneumonia. However, a vaccine against rotavirus 
gastroenteritis would reduce hospital days the 
most, and a chickenpox vaccine would be the 
best to improve quality of life of children overall.

Introduction

Vaccination is said to be the cornerstone of an efficient 
healthcare system and one of the most cost-effective 
healthcare interventions [1]. At a time when there is con-
siderable interest in the implementation of new vaccines, 
evidence-based approaches to inform decision making 
are increasingly being used to improve public health [2]. 
Indeed, in order to meet a vision of a region free of 
vaccine preventable disease, the World Health 
Organization European Vaccine Action Plan defined 
goals. These include making evidence-based decisions 
on introduction of new vaccines and achieving financial 
sustainability of national immunisation programmes [3].

Vaccination schedules across Europe differ with decision 
making occurring at national or regional levels [4]. When 
a country is considering extending its vaccination schedule, 
choices are required regarding the order in which to imple-
ment new vaccines to gain maximum benefit for popula-
tion health. The question of how best to allocate public 
health funds across multiple competing interventions is 

a problem regularly faced by decision makers in healthcare 
settings. With a fixed budget, how should limited financial 
resources be allocated for the maximum gain?

Traditionally, relative effectiveness and budget 
impact analysis have guided decision-making and, for 
a growing number of countries, cost-effectiveness ana-
lysis (CEA) has been the method of choice to assess the 
economic value of a new medical intervention. 
However, conventional CEA may not include the full 
value of a preventative measure such as vaccination, 
and critically the link with budget is not unequivocally 
defined. An alternative method, constrained optimisa-
tion (CO) modelling, is gaining popularity, combining in 
one analysis multiple interventions implemented simul-
taneously, considering the limited budget and the out-
comes to be maximised [5–10]. Indeed, this approach 
has been recommended by the International Society for 
Pharmacoeconomics and Outcomes Research and also 
recently in the new guidelines of the economic assess-
ment of vaccines presented by the WHO [11].

Three questions form the basis of CO modelling: (1) 
what is the outcome being optimised (for example, 
reduction in cases, quality adjusted life years (QALYs) 
lost, hospitalisation days, or deaths)?, (2) what is the 
constraint (the budget)? and (3) what are the decision 
variables affecting the function being optimised and 
the constraint (i.e., the vaccine interventions, number 
of vaccinees and costs)? [12]. The CO method provides 
insights to decision makers about the optimal approach 
in relation to the cost and associated value of each of 
the available policy choices, with multiple potential 
interventions considered in one analysis [13].

In relation to the improvement of public vaccination 
programs, CO modelling has been used to effect in 
several countries, including Japan where the competing 
interventions included childhood mumps, influenza, 
rotavirus (RV) and pneumococcal vaccination [14], and 
Malaysia where seven interventions for infectious dis-
ease prevention and treatment were included in one 
analysis [15]. Additionally, the CO approach has been 
used to provide information on the optimal prevention 
of influenza, targeting different age-groups with vac-
cines of differing characteristics [16].

In Serbia, at a time when the paediatric vaccination 
schedule included ten mandatory antigens [17], several 
new vaccines were available, and the question for pub-
lic health policy makers was which vaccine should be 
implemented next to maximise population health. The 
options included: RV vaccination, varicella zoster virus 
(VZV) vaccination against chickenpox, along with pneu-
mococcal vaccination, which was introduced just prior 
to this analysis. The objective of this CO modelling 
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exercise was to inform the prioritisation of the different 
vaccination interventions within the projected annual 
budget growth, with the priority ranking dependent 
upon the outcome to be optimised (for example, lives 
saved, QALYs saved or costs avoided).

Methods

Model structure

The analysis is based on a previously described static, 
multi-cohort decision-tree model programmed in 
Microsoft Excel [14,15]. For each disease (RV, VZV and 
pneumococcal), a decision-tree was constructed 
accounting for disease severity and resource use as 
needed (see Figure 1). For each disease, the population 
is divided into those receiving the intervention, and 
those who do not; the coverage of the intervention 
was constrained to a maximum of 85.2%; correspond-
ing to the lowest recorded coverage for obligatory 
vaccines in Serbia (namely, the combination mumps, 
measles and rubella, 2017) [18]. Untreated individuals 
are at higher risk of the effects of each infectious dis-
ease than recipients of the intervention, using corre-
sponding vaccine efficacy estimates and waning. 
Waning was modelled linearly with protection lasting 
up to 10 years of age in the case of pneumococcal 
conjugate vaccination (PCV), and 5 years of age in the 
case of RV vaccination, respectively, beginning 2 years 
after vaccine protection begins (4 and 2 months, 
respectively) [14]. Regarding RV waning, these assump-
tions were shown to simulate observed data in Belgium 
more accurately and to reproduce a residual fraction of 
cases at a later age in the disease process [19].

Case-severity distributions (‘low’ severity when no 
medical visit was sought, ‘moderate’ severity for vis-
iting a general practitioner (GP), ‘severe’ cases for 
hospitalisations) were included for each disease to 
appropriately capture direct healthcare utilisation 
costs of cases by severity. The QALY loss per case 
averaged across severity levels is also included. 
Diseased individuals were also assumed to be at 
risk of disease-related death. The model assumes 
that the intervention reduces the probability of 
developing a case of disease but does not affect 
the progression to severe stagesor case-fatality. By 
applying this, the analysis follows a conservative 
approach on measuring the benefit of the vaccines 
in the absence of having more detailed information. 
For PCV, impact on pneumonia, meningitis, bacter-
aemia and acute otitis media (AOM) with or without 
myringotomy was included (myringotomy was 
assumed to occur in 1.5% of all-cause AOM cases 
across all age-groups). For RV and varicella, conser-
vatively only the corresponding diseases were con-
sidered (for example, no impact on Herpes Zoster 
was included for VZV vaccination). Indirect protec-
tion was included for pneumococcal disease using 
a maximum of 12% proportion of vaccine efficacy; 
for rotaviral gastroenteritis, the maximum proportion 
was assumed to be 25% of vaccine efficacy (mean-
ing, on average, unvaccinated children gained 
a quarter of the protection of a vaccinated individual 
within the same age-cohort) [14].

For each of the diseases to be prevented with the 
new vaccines, the avoided cumulative number of cases, 
deaths, GP visits, hospitalisation days and disease man-
agement costs were estimated by comparing the states 

Figure 1. Decision tree structure to model rotavirus, varicella or pneumococcal disease.
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with and without the intervention. Cumulative QALYs 
gained by each intervention were estimated similarly, 
with disease-specific long-term sequelae and deaths 
counted into QALY losses over expected lifetime.

A five-year budget-horizon was considered, 2019 to 
2023, with the associated budget for additional vac-
cines approximately doubling annually beginning with 
Serbian Dinar (RSD) 117,703,599 in 2019 and rising to 
RSD 2,843,257,579 in 2023 (extrapolating from historic 
Health Insurance Fund (RFZO) vaccination budgets, and 
as advised by the expert panel to provide an illustration 
for vaccine introduction). No discounting was applied 
due to the budget focus of the exercise. To rank the 
vaccines, the optimal solution to the linear program-
ming problem was based on the ratio of outcome 
gained per unit of budget; an optimisation approach 
equivalent to using the simplex algorithm.

Data inputs

For each of the vaccines under investigation for this 
analysis, the disease epidemiology, costs and QALY- 
losses are summarized in Table 1. Population estimates 
for 2019 for Serbia were obtained from the Statistical 
Office of the Republic of Serbia [20]. Age-specific mor-
tality rates for Serbia were obtained from the same 
source [21]. The QALYs lost from premature mortality 
were estimated using these age-specific mortality rates 
and the baseline utilities reported by year of age. The 
expert panel was also consulted to validate data inputs 
and provide estimates for Serbia when published data 
were not available. These estimates are indicated in 
Table 1.

Outcomes

Vaccines are ranked according to the optimisation 
using different criteria: reduction in disease cases, in 
medical visits, hospitalisation days, QALY losses, disease 
management costs and deaths. For each chosen criter-
ion, the ranking provides the order the vaccines should 
be introduced to obtain the optimal outcome for the 
criterion selected, within the budget constraint. The 
gain obtained in each of the outcomes is provided by 
the model regardless of the criterion selected. The 
model results provide the optimal coverage for 
each year and each vaccine that respects the budget 
constraint.

Full coverage scenario

In the full coverage scenario, an additional vaccine 
coverage constraint was introduced in addition to the 

budget constraint. In this dual constraint problem, vac-
cine introduction was required to achieve ≥80% cover-
age to the maximum of 85.2% in the first year the 
vaccine was implemented.

Sensitivity analysis

In order to test the robustness of the ranking results 
from the model, a probabilistic decision analysis Monte 
Carlo simulation technique was used to assess the 
probability of alternative model findings. For each 
selected outcome, 1000 simulations are performed 
with a stochastic variation of input parameters: beta 
distributions were used on efficacy inputs using the 
95% CI interval boundaries and for disease incidence, 
hospitalisations, case-fatality rate, resource use, unit 
costs, indirect protection and disutilities, a uniform dis-
tribution with 20% variation around the mean value 
was introduced, with the exception of case-fatality 
rate where a 50% variation on the mean value was 
allowed.

Results

The optimal ranking of vaccine introduction in the 
5-year budget horizon, according to maximising various 
criteria, is presented in Table 2; additionally, the per-
centage reduction in the selected criteria obtained over 
the 5 years is provided. To minimise deaths, the first 
vaccine to be introduced is PCV; optimising all other 
criteria would always leave PCV in third place. To mini-
mise hospitalisation days, the first vaccine to be 
introduced is against RV; focusing on all other criteria 
leaves RV vaccination in second place. If the optimised 
criteria include minimising cases, GP visits, QALYs lost 
or costs associated with disease management, the first 
vaccine to be introduced is against VZV; otherwise, VZV 
vaccination is ranked second for hospitalisation days 
and third for deaths.

Figure 2 presents the sequence of vaccine introduc-
tions and the vaccine coverage achieved under budget 
constraint for the 5-year time-horizon. While reduction 
in deaths (panel A), QALYs lost (panel B) or hospitalisa-
tion days (panel C) are optimised, in the first two years 
of the budget horizon, only one vaccine can be partially 
implemented, with budget providing for maximum cov-
erage in Year 3. In Year 3, a second vaccine can be 
introduced at varying levels below maximum coverage. 
In the fourth budget year, two vaccines can be funded 
fully with the third at sub-maximal coverage, with all 
three vaccines implemented to maximum coverage in 
budget Year 5. In panel A, with optimisation for deaths 
avoided, PCV is the first vaccine implemented, but 
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budget constraints limit the vaccine coverage to 27.7% 
and 55.5% in Years 1 and 2, respectively. In the 
third year, maximum PCV coverage is reached and the 
budget constraint allows for RV vaccination to begin 
reaching 20.6% coverage. In the fourth year, PCV and 
RV vaccination coverage is maximal and VZV vaccina-
tion can be initiated (43.4%), reaching maximum cover-
age in the fifth year. In panel B, with QALY losses 
minimised, VZV vaccination is implemented in Year 1 
reaching 39.8% and 79.5% coverage in Years 1 and 2, 
respectively. Maximum coverage for VZV vaccination is 
reached in Year 3 and RV vaccination can begin at 

41.3% reaching maximum in Year 4 where enough 
budget allows for PCV to begin with coverage rising 
from 56.4% to maximum in Year 5. In panel C, with 
hospitalisation days minimised, RV vaccination is imple-
mented first rising from 22.2%, 44.4% to maximum 
across the first three budget years. In Year 3, VZV 
vaccination can begin at 6.7% coverage, rising to max-
imum in Year 4 where PCV can begin at 56.4% cover-
age. In Year 5, all three vaccines can be implemented at 
full coverage.

Figure 3 illustrates the dual constraint scenario 
where full vaccine coverage (>80 to ≤82.5%) within 

Table 2. The ranking of vaccine interventions when optimising the sequence of vaccine introduction by specific criteria.
Criteria PCV RV vaccine VZV vaccine Reduction of outcome over 5 years (compared with no vaccine)

Cases 3 2 1 32,327 
(−18.7%)

GP visits 3 2 1 64,777 
(−18.2%)

Hospitalisation days 3 1 2 10,175 
(−13.3%)

Deaths 1 2 3 3.94 
(−7.6%)

QALYs lost 3 2 1 149.7 
(−16.2%)

Disease management costs 3 2 1 RSD 21,679,630 
(−17.7%)

GP: General practitioner; PCV: Pneumococcal conjugate vaccine; QALY: Quality adjusted life year; RSD: Serbian Dinar; RV: Rotavirus; VZV: Varicella zoster virus. 

Figure 2. Optimal sequence of vaccine introductions for maximum gain in (a) deaths prevented, (b) QALY loss minimised and (c) 
hospitalisation stays minimised, under budget constraint.
QALY: Quality adjusted life year; RSD: Serbian Dinar. 
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budget constraint is modelled and different criteria are 
optimised. Whether the number of deaths or QALYs lost 
are minimised, no vaccine can be implemented in Year 
1 as the budget is too low for ‘full’ coverage. In 
the second and third budget years, PCV is implemented 
to optimise the avoidance of vaccine preventable 
deaths, and thereafter in Years 4 and 5, all three vac-
cines can be introduced (with varicella vaccination at 
a slightly lower coverage than PCV and RV vaccination 
in Year 4). When QALY loss is optimised, the vaccine 
introduced in Years 2 and 3 is VZV vaccine, followed by 
all vaccines at full coverage in Years 4 and 5.

Sensitivity analyses

When aiming at a maximum reduction in mortality, PCV 
was ranked first for all simulations even with the 

introduction of 50% uncertainty on case-fatality rates. 
Optimising the reduction in QALY loss, the first ranked 
vaccine was VZV vaccine in 78% of the simulations and RV 
vaccine in the remaining 22% simulations, with PCV 
always in last place. When hospitalisation days were opti-
mised, the first ranked vaccine was RV vaccine in 54% of 
the simulations and VZV vaccine in the remaining 46% of 
the simulations, again with PCV always in third place.

Discussion

In this case-study, CO modelling was used to address 
a realistic question – how to invest most efficiently in 
new vaccines within a constrained budget and con-
strained vaccine coverages. The decision problem 
begins with defining the interventions that should be 
considered in competition for the resources available, 

Figure 3. Optimal sequence of vaccine introductions for maximum gain in (a) deaths prevented, (b) QALY loss minimised under 
constrained budget and vaccination coverage.
RSD: Serbian Dinar. 
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and the criteria upon which to rank them. In Serbia, 
where the infant vaccination calendar did not include 
several antigens used in other countries, the analysis 
supported the decision to introduce PCV as the most 
effective programme to avoid infant deaths [22,23].

CEA is most often the method of choice when eval-
uating new healthcare interventions; however in public 
health decisions, it is often the case that decision 
makers have little understanding of an incremental 
cost-effectiveness ratio, or the arbitrary threshold used 
for decision making. In contrast, the CO approach, using 
a linear programming algorithm, provides a clear view 
of the trade-offs between several potential policy 
options considered simultaneously. It is the strength 
of this analysis method of making a direct link between 
the health outcome measure to be considered as the 
target to reach and budget required subject to 
a maximum constraint, adding different vaccination 
coverage constraints in a linear equation system. The 
model allows to assess different intervention options 
together by which it is possible to prioritise or list 
a ranking of the interventions. In the Serbian case- 
study, introducing PCV minimised infant mortality (a 
predicted four deaths prevented over the five budget 
years); however, the number of QALYs that could be 
saved over life-time amounted to 150 if VZV vaccination 
were to be introduced first, in place of PCV.

As the modelling approach allowed for optimising 
criteria under dual constraints of vaccine coverage and 
budget, it was possible to demonstrate the year in 
which the budget could accommodate full coverage. 
This avoided operational and ethical issues associated 
with implementing a new universal vaccination policy 
but having to ration access to it. In this case-study it 
was found that the policy decision could not be imple-
mented in full without access to a budget higher than 
that available in Year 1. Finally, it should be mentioned 
that a multivariate probabilistic sensitivity analysis was 
used for testing the range of value indication in uncer-
tain variables like disease incidence, hospitalisations, 
resource use, cost, among others. It was the first time 
that this approach was tested and successfully applied 
in CO modelling.

There are several limitations to this analysis, the key 
among them being the accuracy of information around 
the diseases, the associated costs and the effectiveness of 
the interventions. All inputs were extracted from the litera-
ture and official sources where possible; otherwise, 
assumptions were made, with all inputs undergoing review 
by a panel of local experts (as identified in the acknowl-
edgements). Whilst the simplicity of the model aids trans-
parency and understanding (with one decision tree 
structure for the three vaccine interventions), this does 

simplify the modelled annual health impact of each dis-
ease. It is recommended to model infectious disease using 
a dynamic transmission model to better capture direct and 
indirect effects of an infection [24]; we did not capture 
events after 5 years that could be expected for varicella 
cases, the reduction in nosocomial cases affected by imple-
mentation of RV vaccination or PCV, vaccine-related 
adverse reactions or the impact of one disease upon 
another, such as VZV on Herpes Zoster [25].

However, the current structure (a trade-off between 
complexity and user-friendliness) does provide results 
that comprehensively and reliably inform decision making, 
particularly as a result of the application of the probabilistic 
decision analysis. Here, alternative plausible model inputs 
are sampled, giving an indication of the certainty of the 
rankings provided by the model; a new feature that has not 
thus far been possible in constraint optimisation modelling 
for vaccine implementation [14–16].

Conclusions

We present an innovative approach to optimise the 
prioritisation of vaccines to extend the Serbian infant 
vaccination schedule. CO modelling overcomes the lim-
itations of conventional health economic techniques, 
such as cost-effectiveness and budget impact analyses, 
by considering all potential interventions concurrently 
thereby providing a comprehensive and rational 
approach to decision making. Sensitivity analyses pro-
vide an indication to decision makers regarding the 
confidence in the ranking of vaccine introduction pro-
vided by the analysis.
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