
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=khvi20

Human Vaccines & Immunotherapeutics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/khvi20

Cost-utility and cost-benefit analysis of pediatric
PCV programs in Egypt

JP Sevilla, Daria Burnes, Rehab Zakaria El Saie, Hammam Haridy, Matt
Wasserman, Sarah Pugh, Johnna Perdrizet & David Bloom

To cite this article: JP Sevilla, Daria Burnes, Rehab Zakaria El Saie, Hammam Haridy, Matt
Wasserman, Sarah Pugh, Johnna Perdrizet & David Bloom (2022): Cost-utility and cost-benefit
analysis of pediatric PCV programs in Egypt, Human Vaccines & Immunotherapeutics, DOI:
10.1080/21645515.2022.2114252

To link to this article:  https://doi.org/10.1080/21645515.2022.2114252

© 2022 The Author(s). Published with
license by Taylor & Francis Group, LLC.

View supplementary material 

Published online: 07 Sep 2022.

Submit your article to this journal 

Article views: 105

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=khvi20
https://www.tandfonline.com/loi/khvi20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21645515.2022.2114252
https://doi.org/10.1080/21645515.2022.2114252
https://www.tandfonline.com/doi/suppl/10.1080/21645515.2022.2114252
https://www.tandfonline.com/doi/suppl/10.1080/21645515.2022.2114252
https://www.tandfonline.com/action/authorSubmission?journalCode=khvi20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=khvi20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/21645515.2022.2114252
https://www.tandfonline.com/doi/mlt/10.1080/21645515.2022.2114252
http://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2022.2114252&domain=pdf&date_stamp=2022-09-07
http://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2022.2114252&domain=pdf&date_stamp=2022-09-07


RESEARCH ARTICLE

Cost-utility and cost-benefit analysis of pediatric PCV programs in Egypt
JP Sevillaa,b, Daria Burnes a, Rehab Zakaria El Saiec, Hammam Haridyd, Matt Wassermane, Sarah Pughf, 
Johnna Perdrizete, and David Blooma,b

aLife Sciences Group, Data for Decisions LLC, Waltham, MA, USA; bDepartment of Global Health and Population, Harvard T.H. Chan School of Public 
Health, Harvard University, Boston, MA, USA; cMedical Department, Pfizer, Cairo, Egypt; dMedical & Scientific Affairs EM-AfME, Pfizer Gulf, Dubai, 
United Arab Emirates; eHealth Economics and Outcomes Research, Pfizer Inc, New York City, NY, USA; fMedical and Scientific Affairs, Pfizer Inc, 
Collegeville, PA, USA

ABSTRACT
New vaccine introductions (NVIs) raise issues of value for money (VfM) for self-financing middle-income 
countries like Egypt. We evaluate a pediatric pneumococcal conjugate vaccine (PCV) NVI in Egypt from 
health payer and societal perspectives, using cost-utility and cost-benefit analysis (CUA, CBA). We evaluate 
vaccinating 100 successive birth cohorts with the 13-valent PCV (“PCV13”) and the 10-valent PCV 
(“PCV10”) relative to no vaccination and each other. We quantify health effects with a disease incidence 
projection model and a multiple-cohort static disease model. Our CBA uses a health-augmented lifecycle 
model to generate willingness-to-pay for health gains from which we calculate rates of return (RoR). We 
obtain parameters from the published literature. We perform deterministic and probabilistic sensitivity 
analysis. Our base-case CUA finds incremental cost-effectiveness ratios (ICERs) for PCV13 and PCV10 
relative to no program of $926 (95% confidence interval $512–$1,735) and $1,984 ($1,186-$3,805) per 
quality-adjusted life year (QALY), respectively; and for PCV13 relative to PCV10 of $174 ($88-$331) per 
QALY. Our base-case CBA finds RoRs to PCV13 and PCV10 relative to no program of 488% (188–993%) and 
164% (33–336%), respectively, and to PCV13 relative to PCV10 of 3109% (1410–6602%). Both CUA and 
CBA find PCV13 to be good VfM relative to PCV10.
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Introduction

Streptococcus pneumoniae (SP) is a bacterial pathogen causing 
serious infections such as pneumonia requiring hospitalization 
and invasive pneumococcal diseases (IPD) such as bacteremia 
and meningitis. It also causes common mild infections mani-
festing as outpatient-treatable pneumonia and acute otitis 
media (AOM). Globally, SP is the major cause of lower-respira-
tory-infection-related mortality and morbidity1 and causes 
more such mortality than all other etiologies combined.1 

Incident cases are highest in young children and the elderly.2 

In 2015, SP caused 317,300 deaths in young children 
worldwide,3 approximately 6% of the 5.3 million total child 
deaths.4,5

SP has more than 90 serotypes.2,6 Different pneumococcal 
conjugate vaccines (PCVs) offer protection against different 
sets of serotypes:6 the 7-valent PCV (“PCV7,” PrevenarTM, 
Pfizer) came into use in 2000 and covers seven serotypes,7 the 
10-valent PCV (“PCV10,” SynflorixTM, GlaxoSmithKline) was 
introduced in 2009 and added another three serotypes, while 
the 13-valent PCV (“PCV13,” Prevenar13TM, Pfizer) from 2010 
added a further three, providing coverage against the most 
common serotypes causing IPD in young children 
worldwide.6,8

Pediatric PCVs have had substantial impact on global public 
health due to high SP burdens and PCVs’ direct and herd 
effects.3,9–13 Yet their value-for-money (VfM) is less well 

understood, which risks undervaluation and underuse. The 
World Health Organization (WHO) recommends all countries 
include pediatric PCV in their National Immunization 
Program (NIP).2 However, as of March 2019, 40% of infants 
worldwide live in countries without pediatric PCV in their 
NIP, leaving approximately 55 million children worldwide 
without access.14 Most of the 50 countries without such pro-
grams are developing countries with per capita incomes too 
high to qualify for financial support from the Global Alliance 
for Vaccines and Immunization (Gavi).5,15–17 Thus, Gavi-ineli-
gible middle-income countries (MICs) like Egypt must self- 
finance and make decisions informed by VfM estimates to 
ensure that health payer and public sector budgets are opti-
mally allocated.

New vaccine introductions (NVIs) implicate economic 
decision-making at three levels within a country. First, 
Ministries of Health (MoH) in tax-financed health systems 
often operate within fixed budgets set by Ministries of 
Finance (MoF) and must decide whether to accommodate 
NVIs at the expense of other health technologies. In turn, 
MoFs regularly operate within an overall public sector budget 
constrained by legislature-determined tax revenues and decide 
whether to raise MoH budgets to render NVIs affordable at the 
expense of non-health-related public expenditures (e.g., educa-
tion and infrastructure). Finally, legislatures typically set taxes 
and therefore can expand or contract the public sector budget 
from which the MoF allocates funds to the MoH for NVIs. 
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Thus, MoH require VfM comparisons across health technolo-
gies, MoF require such comparisons between health- and non- 
health-related public expenditures, and legislatures require 
such comparisons between the VfM of any increased health 
expending and the opportunity costs to households in terms of 
foregone disposable income. Economic evaluations require 
VfM measures capable of informing all three decision-makers.

Two specification choices are central to VfM calculations. 
First is the choice of perspective, typically between the health 
payer and societal perspectives. In the health payer perspective, 
the core value elements are health gains, typically quality- 
adjusted life years (QALYs), and payer net budget savings, 
typically vaccination costs net of averted direct medical costs. 
In this perspective, QALYs are implicitly valued at the MoF’s 
willingness-to-pay (WTP) per QALY (henceforth “policy-
makers’ WTP”) as reflected in the size of the payer’s budget, 
such WTP measured by the incremental cost-effectiveness 
ratio (ICER) of the marginal funded health technology. This 
perspective assumes the size of the payer’s budget is optimal, 
and thus does not produce VfM indicators that illuminate MoF 
and legislature decisions. According to the societal perspective, 
the broader socio-economic benefits of health gains matter, 
and should be valued along with those health gains at indivi-
duals’ rather than policymakers’ WTP.

The second choice is whether, within the societal perspec-
tive, VfM should be quantified using cost-utility analysis 
(CUA) or cost-benefit analysis (CBA). Societal-perspective 
CUA is associated with representative individuals’ WTP per 
QALY benchmarked at 1–3 times per capita gross domestic 
product (GDP) and widely used as a cost-effectiveness 
threshold. The theory is that if a technology’s ICER falls 
below this WTP per QALY, it should somehow be provided 
(through a mix of accommodating taxation, finance ministry, 
and health payer decisions) because it costs less to indivi-
duals (the ultimate funders of health spending) than its 
health gains are worth to them. This single WTP value 
applied to all QALYs reflects an equal value per QALY 
assumption.18 For all these societal perspective CUA features 
to be given rigorous economic foundations, such WTP 
should be derived from individuals’ lifetime budget-con-
strained utility maximization problem. But the assumptions 
required for deriving such constant WTP include age-invar-
iant consumption and non-market time and perfect capital 
markets, which are clearly false. There is also uncertain 
economic support for the benchmark value of 1–3 times 
per capita GDP.

We take a step toward generating WTP for health values 
that are more closely, if still imperfectly, tied to economic 
utility and welfare theory and related evidence. We generate 
such WTP from a health-augmented lifecycle model (HALM) 
and a lifetime budget constrained utility maximization model 
that unites two virtues. First, the HALM can reflect the com-
plex relationships between health and a full range of economic 
variables like consumption, paid and unpaid work, leisure, and 
resource constraints over the lifecycle. Such complexity sug-
gests the falsity of the equal value per QALY assumption 
because health associated with more net economic good will 
have higher value. Second, the HALM stays within a value 
framework (utility theory) with attractive axiomatic and ethical 

foundations (the expected utility axioms and welfarism) cap-
able of informing policy decisions.

The only published economic evaluation of pediatric PCVs 
in Egypt is Sibak et al. (2015).19 It was a CUA from the 
governmental perspective and found introducing PCV13 into 
the NIP to be cost-effective relative to no vaccine. A recent 
systematic review by Saokaew et al. (2016)20 of the cost effec-
tiveness of childhood pneumococcal vaccination in lower mid-
dle-income countries and MICs identified 22 post-2010 
economic evaluations of childhood PCV in developing coun-
tries. These studies were CUAs generally from a health payer or 
government perspective. Studies from the societal perspective 
tended to consider lost productivity of caregivers but not 
patients. They did not estimate individual WTP per QALY, 
but instead compared ICERs to standard benchmarks: ICERs 
below three times per capita GDP were considered cost-effec-
tive and ICERs below per capita GDP were highly cost-effec-
tive. Apart from an early Thailand study,21 studies in Saokaew 
et al.’s review found PCVs cost-effective and in some cases 
highly cost-effective. In the six studies that compared PCV13 
to PCV10, four found that PCV10 dominates PCV13, and two 
found that PCV13 dominates PCV10.

We prospectively evaluate pediatric PCV NVIs in Egypt 
from a societal perspective using a CBA. Our analysis is a 
societal perspective analysis in that we value health using 
individual rather than policymaker WTP (and show such 
WTP to be a function of paid and unpaid work, consumption, 
and leisure). A societal perspective is more likely to produce 
decisions that maximally contribute to individual and societal 
welfare in Egypt and produce VfM measures able to inform all 
national decision-makers with potential roles in vaccination 
policy. We use CBA for its superior flexibility and conformity 
with economic theory and evidence. We use a HALM to gen-
erate age-varying individual WTP for health reflecting its 
interactions with consumption, paid and unpaid work, and 
leisure over the lifecycle. We express VfM in the form of a 
rate of return (RoR), which unlike ICERs can inform finance 
ministries and legislatures in addition to payers. We also com-
pute ICERs from a traditional payer perspective CUA, which 
are of interest to stakeholders and facilitate benchmarking our 
results to the literature. Our study expands upon the literature 
by adopting a fuller societal perspective incorporating patient 
productivity, unpaid work, consumption, and leisure; and 
introducing a novel CBA-HALM based approach.

Methods

Overview

We prospectively evaluate pediatric PCVs in Egypt using a 
societal perspective CBA and payer perspective CUA. We 
evaluate PCV13 and PCV10 NVIs relative to no program and 
relative to each other. The “no program” comparator repre-
sents the status quo in Egypt. We compare PCV13 to PCV10 
because these are the two most widely used and studied vac-
cines in the pediatric pneumococcal vaccination literature and 
because they are the relevant options in the Egyptian context. 
We evaluate a two-dose and one-booster (2 + 1) vaccination 
schedule for both vaccines, the schedule used in the countries 
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from which we extrapolate vaccine impacts onto Egypt’s base- 
year conditions. To capture the long-term impacts of SP and 
PCV in Egypt, we adopt a 100-year modeling horizon, which is 
recommended and common in the pediatric PCV literature.20 

Our base year is 2016, thus our model runs from 2016 to 2115. 
Our analysis population consists of 100 successive birth 
cohorts eligible for vaccination in the year of birth, and a single 
age-stratified vaccine-ineligible cohort aged 1–99 years in the 
base year 2016 that potentially benefits from herd protection.

We choose the 100-year modeling horizon because our 
vaccine impact model presumes ongoing vaccination, and 
because it is standard to model 100-year life spans for vacci-
nated cohorts. Given uncertainties associated with long mod-
eling horizons, we perform a scenario analysis that reduces the 
modeling horizon to 60 years (to cover the earnings benefits 
realized during the working ages).

We use three models in our analysis. The first is a multiple- 
cohort static Markov model of SP that takes incidence rates and 
other parameters as inputs and outputs distributions over 
health states. The second is a novel incidence rate projection 
model similar to a previously published forecasting model that 
projects PCV impacts on incidence rates at the serotype level.-
22–28 The third is a health-augmented lifecycle model (HALM) 
that follows the specification of Murphy and Topel (2006),29 

which we use to derive individuals’ WTP throughout their 
lifetimes to reduce mortality and morbidity risks.

We parametrize these three models with local epidemiolo-
gical and economic data where feasible. As a PCV naïve coun-
try (i.e., a country without a pediatric PCV NIP), there are no 
Egypt-specific data on PCV direct or indirect effects, therefore 
evidence of such effects must come from international sources. 

In transferring these and other missing epidemiological para-
meters across countries, we follow guidelines in the literature,30 

and apply widely used imputation and extrapolation methods. 
When imputing missing economic data from other countries, 
we select comparator countries based on geographic proximity 
and similarity with respect to the Socio-Demographic Index31 

and per capita GDP (purchasing power parity).32 To address 
uncertainty, we perform one-way deterministic and multivari-
ate probabilistic sensitivity analysis on key parameter values, 
described below. We also assess the impact of specific modeling 
assumptions (e.g., indirect effect assumptions) with scenario 
analyses.

This section briefly describes our models, methods, and 
data. Supplemental Files A1-A3 provide details.

Markov model

Structure
We model disease progression with a multiple-cohort static 
Markov model of SP. Our use of a Markov model of SP and its 
specification are standard in the pediatric pneumococcal dis-
ease literature.21,33–35 Our Markov model’s annual cycle trees 
are represented in Figure 1(a–c). There is one such cycle for 
each integer age within the possible lifespan of any member of 
the analysis population during the model horizon spanning the 
years 2016 to 2115. Therefore, there are 100 such cycles for the 
2016 birth cohort, 99 such cycles for both the 2017 birth cohort 
(representing ages 0–99) and those aged one in 2016 (repre-
senting ages 1–100), and so on. The “Cohorts exposed” in 
Figure 1a represent the entire analysis population. All cohorts 
within the analysis population enter the model in the 

Figure 1. (a) Markov cycle tree of Streptococcus pneumoniae. The structure of the “Program B” branch is the same as that of the “Program A” branch. SP: Streptococcus 
pneumoniae; OCAP: Outpatient pneumococcal pneumonia; ICAP: Inpatient pneumococcal pneumonia; AOM: Pneumococcal acute otitis media; OCAP_TD: Temporary 
disability after OCAP; ICAP_TD: Temporary disability after ICAP; MEN_TD: Temporary disability after meningitis; BACT_TD: Temporary disability after bacteremia; 
AOM_TD: Temporary disability after AOM; NDI: Neurodevelopmental impairment after meningitis. (b) Cycle tree for at least one major sequela from inpatient 
pneumonia. The structures of nodes C, D, E, and F in Figure 1a are the same as that of node B in Figure 1b. (c) Cycle tree for the multiple sequelae state.
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Figure 1. (Continued).
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uninfected state. Birth cohorts face a one-time opportunity to 
vaccinate in the year of birth. Cohort members are at risk of no 
more than one infection per cycle. Programs A and B are the 
policies being compared (i.e., PCV13 vs no program, PCV10 vs 
no program, PCV13 vs PCV10). No individual lives beyond the 
100th year of life or year 2115, whichever is first.

We allow five manifestations of SP: inpatient community- 
acquired pneumonia (CAP), outpatient CAP, bacteremia, 
meningitis, and AOM. There are five lifelong sequelae from 
these manifestations: at least one major sequela from inpatient 
CAP (restrictive lung disease, obstructive lung disease, or 
bronchiectasis); hearing loss, epilepsy, and neurodevelopmen-
tal impairment from meningitis; and hearing loss from AOM. 
Those in a first lifelong sequela state who become reinfected 
and experience a further lifelong sequela enter the lifelong 
multiple sequelae state. Cycle trees for a single major sequela 
after inpatient CAP and for multiple sequelae are shown in 
Figure 1(b,c), respectively. The Markov cycle trees for the other 
four single sequela mirror that of a single major sequela after 
inpatient CAP in Figure 1b.

Each Markov state is associated with a health utility. We 
associate each infection with a one-time expected direct med-
ical cost incurred during that cycle. Thus, we conservatively 
assume no repeat treatments per infection, even for those with 
multiple sequelae.

Markov model input parameters, excluding incidence rates 
in the presence of vaccination
Table 1 reports our base-case input parameters by age for 
disease incidence in the no program status quo, case-fatality 
rates, sequelae probabilities, health utilities, and treatment 
costs. Table 1 also reports the uncertainty bounds of the para-
meters we modify in sensitivity analysis, where the bounds 
reflect our judgment regarding the most unfavorable case 
(UC) and the most favorable case (FC) for the parameter 
values, where “favorable” means “favorable to the vaccination 
program.” (A high case fatality rate (CFR), for example, implies 
a high value for vaccination so we refer to our upper bound 
value for a CFR as the “FC” value).

We construct the base-case incidence rates for pneumococ-
cal bacteremia, meningitis, and inpatient and outpatient pneu-
monia from the mean values of the Egypt-specific estimates of 
incidence in young children from Wahl et al. (2018),3 extra-
polated to older age groups using age-specific incidence of 
pneumococcal meningitis (for IPD) and lower respiratory 
infection (for inpatient and outpatient pneumonia) from 
2016 Global Burden of Disease (GBD) Institute for Health 
Metrics and Evaluations (IHME) data for Egypt41 (see 
Supplemental File A1 for detail). We construct the AOM 
incidence rates from the mean values of the age-specific 2016 
GBD IHME estimates of all-cause AOM for Egypt, converted 
to pneumococcal AOM using 26.4% pneumococcal derived 
from Ngo et al. (2016).42

We derive the UC and FC values for our incidence rates for 
meningitis, bacteremia, inpatient pneumonia, and outpatient 
pneumonia from the uncertainty ranges reported in Wahl et al. 
(2018). We use the lower bound of the uncertainty range for 
the UC value and the upper bound for the FC value. For our 
base-year AOM incidence rates, we use the lower bound of the 

GBD IHME estimates for our UC value and the upper bound of 
the GBD IHME estimates for our FC value.

For CFRs, we use Egyptian data for children from Wahl et 
al. (2018)3 described above and extrapolate to older ages using 
Malaysian age-specific CFR data from Wu et al. (2016),43 

whose values for children are similar to those for Egypt from 
Wahl et al. (2018).3 We reduce our base case CFRs by 20% for 
our UC value and increase them by 20% for our FC value.

For our sequelae probabilities, we rely on Thai data for 
AOM39 (hearing loss) and for meningitis38 (hearing loss, epi-
lepsy, and neurodevelopmental impairment), and on a global 
meta-analysis40 for a major long-term sequela following inpa-
tient pneumonia. In one-way sensitivity analysis, we change 
the base case values of the probabilities of hearing loss after 
AOM and long-term sequelae after inpatient pneumonia to the 
UC and FC values reported in Table 1, which we obtain from 
the confidence intervals for long-term sequelae after pneumo-
nia and the standard errors for hearing loss after AOM 
reported in each data source.

In the absence of local health utilities, we obtain these 
parameters from Kulpeng et al. (2013)21 for meningitis, bacter-
emia, and AOM sourced from Thailand, Aljunid et al. (2014),37 

for inpatient and outpatient pneumonia sourced from the 
United States, and from Sibak et al. (2015)19 for multiple 
sequelae sourced from global estimates. We obtain or derive 
the UC and FC values for our health utility parameters from 
the uncertainty ranges or standard errors from these data 
sources. Our sequelae probabilities and health utilities have 
the advantages over alternative sources in the literature of 
having the necessary level of disaggregation by manifestation 
in addition to being relatively conservative and recent.

In our CUA and CBA, we combine the health state prob-
abilities generated by the Markov model with the treatment 
costs associated with each health state to compute the expected 
present discounted value (EPDV) of treatment costs in each 
policy scenario (see equation 6.3 of Supplemental File A3), and 
therefore differences in such EPDV across scenarios. We use 
Egypt-specific direct medical costs from Sibak et al. (2015).19 

This study obtained treatment costs for pneumonia, meningitis 
and bacteremia from surveying physicians, and treatment costs 
for AOM were obtained from WHO-CHOICE. We adjust 
prices for the percent seeking treatment using the following 
Egypt-specific resource utilization parameters from Sibak et al.: 
50% for AOM, 80% for outpatient pneumonia, 24% for inpa-
tient pneumonia, 75% for bacteremia, and 100% for meningi-
tis. We derive the UC and FC direct medical cost values using 
the lower bound and upper bound, respectively, of the Sibak et 
al. treatment cost and utilization parameters.

Projection model

We assume PCVs’ impact on disease outcomes is limited to 
incidence rates and not disease severity. As a PCV naïve coun-
try, Egypt has no local data on PCV effects on incidence rates. 
We must therefore extrapolate such effects from other coun-
tries. Standard approaches to extrapolating vaccine effective-
ness across countries assume that either (i) vaccine 
effectiveness is constant across serotypes or (ii) baseline sero-
type distributions are similar across proxy and analysis 
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countries. For example, one approach44,45 extrapolates PCV7 
effectiveness to the serotypes in PCV10 not in PCV7 (“10n7” 
serotypes) or to those in PCV13 not in PCV7 (“13n7” sero-
types) (which assumes (i)), and another46 takes an overall 
vaccine effectiveness parameter from a proxy country, repre-
senting the percentage decline in overall IPD incidence (across 
all vaccine- and non-vaccine serotypes) caused by PCVs, and 
applies that parameter to overall IPD incidence (across all 
serotypes) in the analysis country (which assumes (ii)). But 
neither (i) nor (ii) holds.47,48 Some studies take some account 
of distributional differences and estimate analysis country 
overall vaccine effectiveness as the product of proxy country 
vaccine-type effectiveness and analysis country vaccine-type 
coverage.49 But this is incomplete because distributional differ-
ences exist among individual vaccine-type serotypes.

To more fully account for failures of (i) and (ii) to hold, 
we go beyond the standard approaches of extrapolating 
PCV7 effectiveness to 10n7 and 13n7 serotypes, using a 
single overall vaccine effectiveness parameter, and adjusting 
only for coverage of vaccine-types as a whole. We instead 
use a non-parametric (age- and) serotype-specific incidence 
rate projection model that estimates serotype-specific inci-
dence rate patterns in the proxy country and applies those 
patterns to only the same serotypes in Egypt, thus better 
accounting for serotype-specific effectiveness and serotype 
distribution differences. Since our approach is non-para-
metric, we have no explicit vaccine effectiveness parameters. 
Instead, vaccine effectiveness is implicit in the differences 
between incidence rate projections across the arms of a 
policy comparison (such non-parametric vaccine effective-
ness measures are in Figures 2 and 3 below). We briefly 
describe our projection model below and provide full 
details in Supplemental File A1.

Invasive pneumococcal disease incidence rate projections
Our projection model takes as inputs age- and serotype-speci-
fic IPD incidence rate time series from proxy countries that 
have had universal pediatric PCV programs with long histories 
of high vaccination uptake and robust IPD surveillance: the 
UK50 and Finland51 for PCV13 and PCV10, respectively. 
Finland has the added relevance of having introduced PCV10 
into a PCV naïve setting (as opposed to a PCV7 setting), which 
is the specific PCV10 policy we model for Egypt. The projec-
tion model takes post-PCV age- and serotype-specific IPD 
incidence rates from the proxy countries, computes percentage 
and level changes over time in these rates, and extrapolates 
those changes onto estimates of base-year Egyptian pre-PCV 
age- and serotype-specific IPD incidence rates (such serotype- 
specific projection therefore accounting for serotype distribu-
tion differences at the individual serotype level). We derive 
Egyptian base-year age- and serotype-specific incidence rates 
by disaggregating the IPD incidence rates in Table 1 using 
Egypt-specific serotype distribution data from Wasfy et al. 
(2005).52 These baseline Egyptian serotype distributions differ 
from those of the proxy countries (see Table A1) suggesting the 
value of our serotype-specific projection approach. Both proxy 
countries used a two-dose and one-booster vaccination sche-
dule as we assume for Egypt.

Given high PCV uptake rates and high-quality surveil-
lance in Finland and the UK, we assume their incidence 
rates reflect PCVs’ population-wide serotype-specific direct 
and indirect effects (herd protection, serotype replacement, 
and any cross-protection of PCV10 for serotypes 19A or 
6A) and the duration of these effects. Using serotype-spe-
cific real-world data (RWD) from high uptake proxy coun-
tries has the advantage of reducing reliance on assumption 
for estimates of these PCV-specific effects.

By projecting these countries’ direct- and indirect effects 
patterns to Egypt, we assume Egyptian PCV uptake will exceed 
the 80% required for herd effects53 and be roughly comparable 
to that in the proxy countries. Such assumption seems justified: 
Historical Egyptian uptake is between 92% and 99% for other 
pediatric vaccines in the NIP (e.g., DTP3 uptake in Egypt 
ranged from 93% to 98% between 2005 and 201654) and 
Egyptian PCV uptake of approximately 97% has also been 
assumed elsewhere in the published literature.19 Our ICERs 
and RoRs are relatively insensitive to small variations in the 
uptake rate, since such variations affect costs and benefits 
proportionately. So for simplicity, we assume 100% PCV 
uptake.

In projecting incidence rates, the model treats non-vaccine 
type (NVT) serotypes as a single serotype group (i.e., non- 
PCV13 serotypes as a single serotype group when projecting 
PCV13 impacts, and similarly for non-PCV10 serotypes). In 
projecting NVT incidence, the model adjusts for differences in 
NVT prevalence between proxy countries and Egypt by scaling 
the percentage changes in NVT incidence rates over time in the 
proxy country by the ratio of baseline NVT prevalence in the 
proxy country to that in Egypt. This adjustment factor dampens 
proxy country serotype replacement effects in cases where base-
line NVT serotype coverage is larger in Egypt compared with the 
proxy country.

We obtain the overall IPD incidence rate projections 
required by the Markov model by summing over the indi-
vidual serotype projections. We disaggregate overall IPD 
projections into meningitis and bacteremia incidence rate 
projections using the percentage of IPD representing as 
meningitis from Melegaro and Edmunds (2004).55

The available proxy country data allow us to generate 
seven years of within-sample projections. We project the 
seventh-year values to the remainder of the 100-year mod-
eling horizon under the assumption that direct effects have 
fully waned by the end of the seven-year projection period 
and herd protection extends to the end of the 100-year 
modeling horizon. Therefore, like the RWD from which 
they are derived, our projected IPD incidence rates pre-
sume/reflect ongoing infant vaccination, and projected 
IPD herd effects can exist for all ages. Our assumption 
that a steady state is reached seven years after a PCV NVI 
is empirically supported by the patterns in the Finnish and 
UK incidence rate series, which generally appear station-
ary seven years after a PCV NVI (see Figures A1 and A2 
in Supplemental File A1).

Non-IPD incidence rate projections
For children aged four and younger, we extrapolate PCV 
impact on IPD to pneumococcal pneumonia and AOM by 
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assuming proportionality between invasive and noninvasive 
disease based on English experience56 and precedent from the 
literature.57 We conservatively assume no PCV impact on 
non-IPD incidence after age four, hence we assume direct 
effects against non-IPD have fully waned five years after 
vaccination. We therefore allow herd protection against IPD 
in all ages, and against non-IPD only in children younger 
than age five. In scenario analysis, we allow herd effects 
against both IPD and inpatient pneumonia in all ages based 

on empirical evidence of such effects in some developed and 
developing countries.10–58–65

HALM

Derivation of value of a statistical life year and value of a 
statistical disability
Our HALM is a health-augmented budget constrained lifetime 
utility maximization problem that builds on the specification of 

Figure 2. Incidence rate projection model results. Overall invasive pneumococcal disease (IPD) incidence rate projections. Projections under a PCV10 program (red); 
Projections under a PCV13 program PCV13 (blue). Horizontal axis is time (in years) since the introduction of a universal pediatric PCV program.

Figure 3. Incidence rate projection model results. Effect of pediatric PCVs against invasive pneumococcal disease. PCV effect = ((no program incidence – program 
incidence)/no program incidence)*100. PCV10 effects (red); PCV13 effects (blue). Population: 2016 and 2023 birth cohorts. Base-case analysis.
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Murphy and Topel.29 Lifetime utility is the EPDV across all 
ages of age-specific period/moment utility. For simplicity and 
in contrast to the Markov model, our HALM has only two 
states, living and dead. Thus, all expectations in the HALM are 
taken with respect to the age-specific survival probability, 
which we denote by s að Þ for a given age a and derive from 
the Markov model (which in turn reflects background and SP- 
specific mortality). The living state is associated with a health 
utility, which we parametrize to equal the expected health 
utility conditional on being alive, which is generated by the 
Markov model.

Moment utility equals the product of age-specific survival 
probability, health utility, and economic utility. Economic uti-
lity is a constant-relative-risk aversion (CRRA) function of 
composite consumption, which in turn is a constant elasticity 
of substitution function of consumption and non-market time. 
Non-market time consists of unpaid work and leisure. The 
multiplicative structure of moment utility implies that utility 
when dead is zero and health and economic utility are natural 
complements: the healthier the individual, the more utility 
comes from consumption and non-market time; and the 
higher the levels of consumption and non-market time, the 
more utility comes from health.

The budget constraint requires the EPDV of lifetime 
consumption to not exceed initial assets and the EPDV of 
lifetime income. This constraint reflects the assumption of 
perfect capital markets (PCM), which in turn reflects per-
fect credit markets for saving and borrowing and perfect 
annuities markets for insuring consumption against long-
evity risk. PCM and CRRA utility are benchmark assump-
tions that simplify the model and have precedents in the 
relevant literature.29,66 Important for future work are more 
realistic budget constraints reflecting borrowing constraints 
and imperfect insurance. The individual takes lifetime 
expected survival, expected health utility, wages, and initial 
wealth as given and chooses optimal lifetime consumption 
and time allocation (on paid work, unpaid work, and lei-
sure) to maximize lifetime expected utility subject to the 
lifetime budget constraint. For an individual following this 
optimal trajectory, we compute their WTP for age-specific 
improvements in survival probability and health utility, also 
known technically as the compensating variations of such 
improvements, and which we call value of a statistical life 
year (VSLY) and value of a statistical disability (VSD), 
respectively.

WTP depends on health’s intrinsic and instrumental values. 
Intrinsic value involves the goodness of health in-and-of-itself, 
independently of its causal impact on the ultimate economic 
goods, consumption, and non-market time. It reflects the fact 
that survival probability and health utility are direct arguments 
(the first two multiplicative terms) in the expression for 
moment utility. This intrinsic value equals the partial deriva-
tive of moment utility with respect to either survival probabil-
ity or health utility, holding consumption and non-market 
time constant, monetized by dividing through by the marginal 
utility of consumption. Given natural complementarity, this 
partial derivative and therefore intrinsic value will vary over 
the lifecycle and be larger at ages with higher consumption and 
non-market time.

Instrumental value involves health’s causal impact on con-
sumption and non-market time, mediated by its impact on 
relaxing the budget constraint. Such value reflects the facts 
that consumption and non-market time have intrinsic value 
(i.e., they are direct arguments in the expression for economic 
utility and therefore moment utility), and that health has a 
causal effect on these. This causal effect works through a 
relaxation of the budget constraint: increased survival prob-
ability at a given age expands the lifetime budget, thereby 
facilitating consumption at other ages, by an amount propor-
tional to net savings (income minus consumption) at that age. 
Thus, net savings is a measure of this instrumental value. We 
conservatively assume that disability does not affect productiv-
ity (i.e., wages) in the budget constraint, which implies that we 
do not allow disability to affect the budget constraint. Future 
work should allow disability to affect productivity.

We show in Supplemental File A2 that VSLY and VSD can 
be written in terms of observable economic quantities: full 
income yf equal to the sum of earnings and the monetized 
value of nonmarket time, full consumption cf equal to the sum 
of consumption and the monetized value of nonmarket time, 
health utility q, and consumer surplus per unit of full con-
sumption Φ (a standard quantity in empirical welfare econom-
ics). The value of nonmarket time is the product of wages and 
hours of nonmarket time. More specifically, for a given age a: 

VSLY að Þ ¼ yf að Þ þ cf að ÞΦ að Þ (1) 

VSD að Þ ¼ 1
q að Þ c

f að Þ Φ að Þ þ 1ð Þ (2) 

VSLY and VSD are positive functions of full consumption 
and consumer surplus given the complementarity between 
health and full consumption. VSLY is also a positive function 
of full income given that being alive expands production pos-
sibilities by that amount. VSD falls as health utility rises since 
health utility raises the marginal utility of consumption, which 
in turn lowers willingness to give up consumption for morbid-
ity risk reductions.

Equations (1) and (2) make clear that (i) health’s value 
varies over the lifecycle along with the relevant economic 
quantities, falsifying the equal value per QALY assumption, 
(ii) health’s value reflects not only paid work as assumed in the 
standard human capital approach (where paid work is a proxy 
for consumption), but also unpaid work, leisure, and consumer 
surplus, (iii) the values of increased survival and quality of life 
are theoretically and empirically distinct, and therefore not 
collapsible into a single WTP per QALY that assumes their 
perfect substitutability, (iv) given the relatively determinate 
magnitudes and lifecycle trajectories of full income, full con-
sumption, and health utility, the remaining critical determi-
nant of the scale of these health values is consumer surplus Φ. 
We calibrate the CRRA utility function, and therefore consu-
mer surplus, using an estimate of subsistence consumption for 
Egypt and an equation setting the EPDV of VSLY for a med-
ian-aged working age adult equal to empirical estimates of the 
Egyptian Value of a Statistical Life (VSL). And (v), the data 
requirements of the approach are manageable and include VSL 
and lifecycle consumption, earnings, time use, and wages.
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Parametrization of VSLY and VSD
The calibration of VSLY and VSD requires age-disaggregated 
data on lifetime consumption, earnings, nonmarket time, and 
wages, as well as the parameters of our utility function. We 
construct lifetime consumption and earnings by projecting 
National Transfer Accounts data for Turkey to Egypt using 
relative per capita GDP.67,68 Age-disaggregated hourly wages 
are constructed using International Labor Organization data 
for Egypt.69,70 Time use data are unavailable for Egypt, thus we 
source the data for nonmarket time from Turkish Statistical 
Institute71 and Office of National Statistics Algeria.72 As stated 
above, we calibrate utility function parameters (the elasticity of 
intertemporal substitution and subsistence annual consump-
tion) using an estimate of Egyptian subsistence consumption 
from Allen (2017)73 and an equation setting the EPDV of VSLY 
for a median-aged working age adult equal to an empirical 
estimate of the Egyptian VSL ($198,396, in 2016 US dollars) 
that we derive using the methodology described in Robinson et 
al., (2019).74 We detail this utility function parametrization and 
VSL derivation in Supplemental File A2 and report our HALM 
input parameters in Table 2. As shown in these derivations, 
VSL equals the EPDV of the VSLY from our economic model, 
which is in turn a function of annual consumption, earnings, 
and nonmarket time (see Equation 5.42 in Supplemental File 
A2). Therefore, in sensitivity analysis we vary VSL as a sum-
mary test of the sensitivity of our base-case CBA results to 
uncertainty in our economic parameters more generally.

Value for money

Vaccine procurement costs
Vaccine procurement costs per dose are from 2019 Pan 
American Health Organization (PAHO) Revolving Fund 
Vaccine Prices.75 The published prices are $12.85 per dose for 
PCV10 and $14.50 per dose for PCV13 to which an additional 
rebate is applied lowering them to $12.20 per dose for PCV10 
and $13.85 per dose for PCV13. These procurement costs are 
very similar to those assumed for Egypt by Sibak et al. (2015).19 

Following Sibak et al.,19 we increase net procurement costs by 
5% to account for administration costs, which cover 

international handling (3%), international delivery (1%) and 
wastage (1%). The total vaccination costs per infant are $38.43 
and $43.63 for three doses of PCV10 and PCV13, respectively.

The costs that enter our VfM measures (i.e., ICERs and 
RoRs) equal vaccination cost minus averted direct medical 
costs.

Benefits
Health outcomes from the Markov model. The Markov model 
generates probability distributions over health states under 
each policy scenario (no vaccination, PCV13 NVI, and 
PCV10 NVI). In our CUA, we combine these health state 
probabilities with health state utilities to compute the EPDV 
of QALYs associated with each policy scenario.

In our CBA, for each policy scenario, we combine health 
state probabilities generated by the Markov model and health 
state utilities to generate lifetime survival functions and 
expected health utilities conditional on being alive. Thus, any 
policy comparison is associated with differences in lifetime 
survival functions and lifetime expected health utilities, which 
for a given age a we denote by δs að Þ and δq að Þ, respectively. 
(These age-specific differences vary by cohort but for simplicity 
we have suppressed the notation reflecting such cohort-speci-
ficity.) We value δs að Þ at VSLY að Þ and we value δq að Þ
at VSD að Þ.

The Markov model also outputs averted cases, hospital 
episodes, and deaths.

Preferences over health outcomes. In our CUA, preferences 
over health outcomes are represented by health utilities that we 
obtain from the literature. In our CBA, preferences over health 
outcomes are represented by individual WTP for improved 
survival and health utility, given by VSLY and VSD, 
respectively.

Willingness-to-pay for vaccination. VSLY and VSD generated 
by the HALM represent individual WTP per unit of survival 
and health utility improvements, respectively, while the 
Markov model generates the number of units of such improve-
ments produced by vaccination. The individual benefit from 

Table 2. Health-augmented lifecycle model input parameters.

Values represent the arithmetic mean over the age group

Age group (years)

Parameter: 0-14 15-24 25-34 35-44 45-54 55-64 65-74 75-84 85-90 91-100

Annual consumptiona (2016 USD) 1,254.04 2,098.62 2,563.73 2,682.35 2,842.78 2,733.84 2,462.50 2,328.45 2,240.25 1,951.60
Annual earningsb (2016 USD) 0.00 1,248.19 2,920.70 3,727.57 3,848.79 3,182.57 1,911.07 627.76 176.00 0.00
Hourly wagec (2016 USD) 1.82 1.85 2.06 2.24 2.34 2.33 2.09 1.86 1.82 1.82
Nonmarket time (hours/day)d 1.40 3.36 4.68 4.90 5.01 7.43 8.98 9.00 9.00 9.00
Average consumer surplus per unit of full 

consumptione
0.0037 0.072 0.089 0.093 0.10 0.10 0.10 0.10 0.10 0.10

In the context of the HALM, annual earnings measure the value of market time. Since few individuals younger than age 15 and older than age 90 work, we assign these 
age groups a value of zero for annual earnings. However, we assign these age groups a non-zero hourly wage since we use hourly wages to monetize the value of 
nonmarket time. 

Data Source: aWorld Development Indicators for 2016 total consumption;85 United Nations World Population Prospects: 2017 Revision86 for 2016 total population; 
National Transfer Accounts data67 for Turkey for age structure. 

bWorld Development Indicators for 2016 per capita GDP;80 National Transfer Accounts data68 for Turkey for age structure. 
c2016 International Labor Organization data69,70 for Egypt for the overall average hourly wage; age structure constructed by pooling data from: Office of National 

Statistics Algeria;87 Statistical Committee of the Republic of Armenia;88 Republic of Bulgaria National Statistical Institute;89 and Eurostat90 Turkish data. 
dTurkish Statistical Institute;71 Office of National Statistics Algeria.72 

eAuthors’ calculations (see Supplemental File A2).
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vaccination is simply the individual WTP for vaccination, 
which equals the EPDV over a lifetime of these survival and 
health utility improvements monetized at VSLY and VSD, 
respectively.

Benefit outcomes. Benefit outcomes in our CUA are QALY 
gains and averted treatment costs, while benefit outcomes in 
our CBA are individual WTP for vaccination and averted 
treatment costs.

Program-wide outcomes and outcomes per vaccinated infant.
We compute program-wide costs and program-wide benefits 
(i.e., QALY gains for our CUA, and WTP for vaccination for 
our CBA) by summing across all individuals in the analysis 
population, controlling for birth cohort size76 and age structure 
within the vaccine-ineligible cohort77 as well as discounting 
future birth cohorts’ costs and benefits at 3% per year.

We report results per-vaccinated infant equal to program- 
wide results normalized by the size of the vaccinated infant 
cohorts (see equations 6.1 and 6.2 in Supplemental File A3). 
(Note that program-wide benefits include herd effect benefits 
received by the vaccine-ineligible cohort, so benefits per vacci-
nated infant do not equal benefits directly received by each 
such infant.)

Value-for-money
Our value-for-money measures in our CUA and CBA are the 
ICER and RoR, respectively. We discount the costs and QALY 
and WTP benefits in these measures at 3% per year as recom-
mended by the WHO78 and commonly used in the literature.20 

In one-way sensitivity analysis, we consider alternative dis-
count rates of 0%, 3.5%, and 5% as recommended by the 
literature.79 We present our results in 2016 United States 
dollars (USD). Inflation and exchange rate adjustments are 
provided in Supplemental File A3.

Denoting program-wide benefits and costs by B and C, 
respectively, the RoR to a PCV program relative to no 
program is: 

RoR ¼ B
C � 1
� �

� 100 (3) 

The RoR to a PCV13 program relative to a PCV10 program 
replaces B and C in (3) with the differences in B and C across 
the two programs.

We performed analysis in Stata 14.2 (Stata Corp) and 
Microsoft Excel.

Uncertainty

One-way deterministic sensitivity analysis
In one-way sensitivity analysis, we change the base-case values 
of base-year incidence rates, CFRs, probability of hearing loss 
after AOM, probability of long-term sequelae after inpatient 
pneumonia, health utilities, and direct medical costs to the UC 
and FC parameter values in Table 1. We vary the magnitude of 
the vaccination effectiveness implied by our incidence rate 
projection model by ±20% of the base-case value. We vary 
the VSL for the median age adult by ±10% the base-case 
value, and we change the discount rate to 0%, 3.5%, and 5%.

Multivariate probabilistic sensitivity analysis
A probabilistic sensitivity analysis (PSA) over the entire para-
meter space of our analysis is not feasible. We have three 
interconnected models, each of which is complex and para-
meter rich. Some of our parameters (e.g., VSL) are inputs into 
intensive numerical calculations (including integration), and 
some of our parameters are linked to each other by linear and 
non-linear constraints. All these render a full PSA prohibitive. 
We therefore perform a limited PSA encompassing the follow-
ing six parameters, which in our judgment are among the most 
important drivers of value in an economic evaluation, and 
which are characterized by statistical uncertainty: base-year 
incidence rates, CFRs, implied vaccine effectiveness (recall 
that vaccine effectiveness is not an explicit parameter but rather 
is implied by our incidence rate projections given vaccination), 
health utility weights, medical treatment costs, and the VSL. 
For each of these six parameters, we fix an uncertainty interval 
around the base-case value, where the boundaries of such 
intervals are the UC and FC values. There are 36 = 729 unique 
combinations of these six parameters, each of which can take 
on three values: base case, UC, and FC. For each of these 729 
combinations, we compute the relevant model outcomes like 
ICERs, RoRs, and averted cases, hospitalizations, and deaths.

We generate a frequency distribution for each of these 729 
combinations as follows. For each parameter, we assume that 
the base case is twice as likely to be true as to be false, and that 
the UC and FC have equal probability. This implies that the 
probability of the base case is 2/3, the probability of the UC is 
1/6, and the probability of the FC is 1/6.

We perform a simulation with 10,000 iterations. For each 
iteration we take six independent draws from a uniform dis-
tribution over the unit interval, one for each parameter. For 
each parameter, we set its value in the iteration to the FC value 
if the draw is � 1=6, to the UC value if the draw is � 5=6, and 
to the base case value otherwise. After the values of all six 
parameters have been set in this manner, this iteration maps 
onto one of the 729 combinations. We repeat this process for 
each of the 10,000 iterations.

Each of the 10,000 iterations now maps onto one of the 
729 combinations and the model outcomes associated with 
that combination. We then extract the 2.5th, 50th, and 
97.5th percentile scores of model outcomes across the 
10,000 iterations. By construction, the 50th percentile 
score replicates base-case results. The 2.5th and 97.5th 

percentile scores provide 95% confidence intervals (CI).

Scenario analysis

As shown in Figure 2, in some cases the overall IPD incidence 
rate projected by our model exceeds the corresponding base-year 
overall IPD incidence rate. To assess the sensitivity of our results 
to allowing post-PCV incidence rate projections to exceed base- 
year levels (equivalently, allowing negative vaccine effectiveness), 
we perform a scenario analysis capping all projected overall IPD 
incidence rates at Egyptian base-year levels.

Our post-PCV incidence rate projections are serotype spe-
cific and most studies implicitly do not project PCV impact at 
the serotype level. To assess the significance of our serotype- 
specific approach, we conduct a scenario analysis applying our 

HUMAN VACCINES & IMMUNOTHERAPEUTICS 11



projection approach to the overall IPD incidence rate rather 
than to individual serotypes (see Supplemental File A1 for 
details).

Our final projection model scenario extrapolates PCV 
impact on IPD to inpatient pneumococcal pneumonia for all 
ages, thereby allowing inpatient pneumonia direct and indirect 
effects for all ages.

Results

We present results for our incidence rate projection model, 
Markov model and HALM in Figures 2–7. These results are 
from our base-case analysis for PCV10 and PCV13. Cohort- 
specific results are presented for the 2016 and 2023 birth 
cohorts only. Results for the 2017–2022 birth cohorts are 
intermediate. And given our steady state assumption, results 
for cohorts born after 2023 equal those of the 2023 cohort.

Incidence rate projection model results

Figure 2 plots our seven-year overall IPD incidence rate pro-
jections for PCV10 (red curves) and for PCV13 (blue curves), 
providing non-parametric estimates of vaccine effectiveness.

For PCV13, Figure 2 shows that incidence rates generally 
decline over time except for the first year for ages 5–17, the 50– 
64 age group, and the 65 and older age group. For ages 50–64, 
the upward trend reflects the facts that for this age group, NVT 
incidence rates rise in the UK and NVT constitutes 100% of 
base-year IPD in Egypt (in contrast to 29% of base-year IPD in 
the UK); therefore, although overall incidence declines in the 
UK, it rises in our Egypt projection. For ages 65 and older, the 
upward trend at the end of the projection period wholly reflects 
the observed pattern in the UK data. For ages 5–17, the pro-
jected incidence increase in the first year following a PCV13 
introduction reflects the joint effect of: a substantial percentage 
increase in vaccine-type (VT) incidence from serotypes 1, 3, 
6A, and 7F in the UK, a decrease in NVT incidence in the UK, 
the higher NVT prevalence in Egypt than in the UK, and the 
weight we apply in extrapolating percentage changes in UK 
NVT incidence to Egypt (equal to the ratio of UK to Egypt 
NVT prevalence). The weight tends to dampen the effect of the 
UK decrease of NVT incidence on the Egypt projection, which 
in turn raises the relative influence of the increase in the four 
VT incidence in the UK on the Egypt projection. Thus, our 
projected overall IPD incidence rate for Egypt rises in the first 
year though it slightly falls in the first year in the UK data.

For PCV10, the projections in Figure 2 for ages 2–4 and 65 
and older directly reflect the Finnish data. For ages 5–17, 18–49 
and 50–64, overall IPD incidence trends downward in Finland, 
but trends upward in our Egypt projections due to rising post- 
PCV10 NVT incidence rates in Finland combined with high 
Egyptian base-year NVT prevalence. This combination of fac-
tors also explains the increase in incidence projected for ages 0- 
<2 in the first year following a PCV10 introduction.

Figure 2 shows PCV13 to be more effective than PCV10 in 
reducing overall IPD incidence. In Figures A3-A9 of 
Supplemental File A1 we show that this results from the fol-
lowing patterns holding in many age groups: PCV13’s higher 
effectiveness relative to PCV10 against PCV10-covered 

serotypes; stronger growth in non-covered serotypes with 
PCV10 relative to PCV13; and PCV13’s strong effectiveness 
against the extra three serotypes in PCV13 coupled with 
Finnish evidence of lack of strong cross-protection of PCV10 
against these three combined serotypes.

The vaccine effectiveness (in terms of percent reduction 
in overall IPD incidence relative to the base-year level) 
implied by our disease projection model is shown in 
Figure 3 for the 2016 and 2023 birth cohorts. This effect 
includes direct and indirect effects and is negative wherever 
incidence rate projections exceed the corresponding base- 
year values for the reasons provided above for Figure 2. 
The horizontal axis in Figure 3 is age since vaccination, 
labeled according to the projection model age groups: 0-<2, 
2–4, 5–17, 18–34, 35–49, 50–64, and 65 and older. Since we 
project incidence separately for each age group (see Figure 
2), we see discontinuities in Figure 3 as a birth cohort ages 
from one age group to the next. Vaccine effectiveness is 
constant after age 65, so we truncate the horizontal axis at 
age 65.

PCV13 effectiveness (blue curves) and PCV10 effective-
ness (red curves) are the same across both birth cohorts for 
ages six and older (primarily net indirect effects). For ages 
5–17, PCV13 effectiveness peaks at 54% reduction, while 
PCV10 effectiveness is negative. For ages 18–49, vaccine 
effectiveness peaks at slightly over 50% reduction and at 
10% reduction under a PCV13 and PCV10 program, 
respectively. For ages 50–64, vaccine effectiveness is nega-
tive under both PCV programs, although it is more nega-
tive under a PCV10 program. For ages 65 and older, 
PCV13 impact is slightly over 20% reduction, while 
PCV10 impact is negative. Vaccine effectiveness differs 
across the two cohorts for ages 0-<5 (primarily direct 
effects). For these ages, PCV13 effectiveness peaks at 
slightly over 50% reduction and 65% reduction for the 
2016 and 2023 birth cohorts, respectively, while PCV10 
effectiveness peaks at 40% reduction and slightly over 30% 
reduction for the 2016 and 2023 birth cohorts, respectively.

For children younger than age five, we assume that non-IPD 
incidence rates vary proportionately with IPD incidence, so 
vaccine effects on non-IPD incidence for this age group are the 
same as those in Figure 3. In our base case, PCV has no effect 
on non-IPD incidence for those aged five and older.

Markov model and HALM results

QALY gains for representative members of each birth cohort 
born from 2016 to 2023 are shown in Figure 4. QALY gains 
from PCV13 increase with each subsequent birth cohort from 
2016 to 2019, after which they begin leveling off and reach a 
steady state at 0.0478. QALY gains from PCV10 are less vari-
able across birth cohorts and relatively lower compared with 
those for PCV13, leveling off much earlier and reaching a 
steady state of approximately 0.02. The QALY gains from 
PCV13 for a representative member of the vaccine-ineligible 
cohort are 0.0025 QALYs, and those from PCV10 for a repre-
sentative member of the vaccine-ineligible cohort are .000708.

Figure 5 shows our HALM model results. Full con-
sumption varies according to age over the lifecycle, 

12 J. SEVILLA ET AL.



suggesting the empirical invalidity of equal values per 
QALY; VSLY (dashed black curve) rises with age until 
the retirement age, then falls and levels off at age 80; 
and VSD (solid black curve) has the same general shape 
as VSLY, and is slightly higher than VSLY before the age 
of 60, though the gap widens thereafter.

Markov model and HALM results for representative mem-
bers of the 2016 and 2023 birth cohorts are in Figures 6 and 7, 
respectively. In each figure, the results for the 2016 birth cohort 
are presented in the top horizontal panel, and those for the 
2023 cohort are in the bottom horizontal panel.

Figure 6 shows PCV effects on age-specific lifetime 
survival probabilities δs að Þ (left vertical panel) and age- 
specific lifetime health utilities δq að Þ (right vertical panel). 
PCV13 effects (blue curves) are relatively larger for the 
2023 birth cohort compared with the 2016 birth cohort 
due to the relatively stronger direct effectiveness of PCV13 
for the 2023 birth cohort compared with the 2016 birth 
cohort (see Figure 3 for ages 0-<5). The effect of PCV13 
on survival probabilities reaches a maximum at approxi-
mately 0.0008 for the 2016 birth cohort, compared with 
approximately 0.001 for the 2023 birth cohort; and its 
effect on health utility reaches a maximum of approxi-
mately 0.00076 for the 2016 birth cohort, compared with 
approximately 0.00096 for the 2023 birth cohort. PCV10 
effects (red curves) are relatively lower than the corre-
sponding PCV13 effects for both birth cohorts due to 
PCV10’s relatively lower implied vaccine effectiveness. 
PCV10 effects on both survival probabilities and health 
utilities are very similar across the two birth cohorts. 
This result is consistent with the PCV10 results in 
Figures 3 and 4, which show that PCV10 effectiveness 
and health gains are very similar across the two cohorts.

Figure 7 plots individual WTP for age-specific PCV- 
induced mortality risk reductionVSLY að Þ � δs að Þ (left verti-
cal panel) and for PCV-induced expected health utility gain 
s að Þ � VSD að Þ � δq að Þ (right vertical panel). For each birth 
cohort, the individual WTP for PCV13 vaccination is sim-
ply the discounted sum of the areas under the two blue 
curves across the vertical panels, and that for PCV10 vac-
cination is the discounted sum of the areas under the two 
red curves. These WTP calculations therefore combine the 
age-specific HALM results in Figure 5 with the age- and 
vaccine-specific results in Figure 6. It follows that the WTP 
for PCV13 is relatively higher than that for PCV10, 

Figure 4. Markov model results. Quality-adjusted life year gains for select birth 
cohorts. Base-case analysis.

Figure 5. Health-Augmented lifecycle model results. Base-case analysis using the 
2016 birth cohort. Value of a statistical disability year (black); Value of a statistical 
life year (dashed black); Full income (green); Full consumption (red); Annual 
earnings (blue).
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reflecting PCV13’s relatively stronger effects on survival 
probabilities and health utilities.

Incremental cases, hospital episodes, and mortality

Table 3 presents the number of cases, hospital episodes, 
and mortality that are averted by each vaccination policy 
over the 100-year time horizon, along with 95% CIs for 
these outcomes from our PSA. Compared with no program, 
a PCV10 program averts 34.0 (26.99–39.2) million cases, 
255,248 (138,146–381,840) hospital episodes, and 77,594 
(41,833–143,664) deaths. Compared with no program, a 
PCV13 program averts 70.04 (57.21–80.09) million cases, 
742,212 (367,567–1,217,722) hospital episodes, and 249,057 
(112,684–529,136) deaths. Compared with a PCV10 pro-
gram, a PCV13 program averts 36.03 (30.22–40.86) million 
cases, 486,964 (229,422–835,882) hospital episodes, and 
171,464 (70,850–385,472) deaths.

Value-for-money results

Table 4 presents our base-case results per vaccinated infant 
for the CUA and CBA analyses, along with 95% CIs for the 
ICERs and RoRs generated from our PSA. In the first and 
second horizontal panels, we compare PCV13 and PCV10 
programs, respectively, to no program. In the third panel, 
we compare PCV13 to PCV10. We report the correspond-
ing program-wide results in Table A26 in Supplemental 
File A3.

Cost-utility analysis results
Compared with no program, PCV10 produces 0.0192 incre-
mental QALYs at an incremental cost of $38.43–$0.38= 
$38.05 for an ICER of $1,984.41 ($1,186-$3,805), which is 
less than Egypt’s per capita GDP of $3,479 (2016 USD).80 

(Our reported quotients are not exactly equal to the quoti-
ents of our reported values due to rounding.) Compared 
with no program, PCV13 produces 0.0462 incremental 

Figure 6. Markov model results. Vaccination effects on lifetime survival probability and lifetime health utility. Base-case analysis using the 2016 and 2023 birth cohorts. 
PCV10 effects (red); PCV13 effects (blue).
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Figure 7. Willingness to pay (WTP) results. WTP for mortality risk reductions and morbidity risk reductions. Base-case analysis using the 2016 and 2023 birth cohorts. 
WTP for PCV10 (red); WTP for PCV13 (blue).

Table 3. Base-case incremental cases, hospital episodes, and mortality over a 100-year time horizon.

Percentiles are from multivariate probabilistic sensitivity analysis

Program Incremental

No program PCV10 PCV13 PCV10 versus no program PCV13 versus no program PCV13 versus PCV10

Cases
IPD 598,144 592,986 315,685 −5,158 −282,458 −277,301
Pneumonia 61,910,259 59,242,670 56,357,710 −2,667,589 −5,552,549 −2,884,960
AOM 197,103,639 165,769,521 132,902,189 −31,334,118 −64,201,451 −32,867,333
Total cases (TC) 259,612,042 225,605,177 189,575,584 −34,006,864 −70,036,458 −36,029,593
2.5th percentile TC 184,478,341 157,491,016 127,267,087 −26,987,325 −57,211,254 −30,223,929
97.5th percentile TC 364,618,754 325,384,819 284,523,954 −39,233,935 −80,094,800 −40,860,865

Hospital episodes
IPD 469,152 463,418 246,301 −5,734 −222,851 −217,117
Pneumonia 5,790,813 5,541,298 5,271,452 −249,514 −519,361 −269,846
Total hospitalizations (TH) 6,259,965 6,004,716 5,517,752 −255,248 −742,212 −486,964
2.5th percentile TH 4,287,160 4,149,015 3,919,593 −138,146 −367,567 −229,422
97.5th percentile TH 8,041,588 7,659,748 6,823,866 −381,840 −1,217,722 −835,882

Mortality
IPD 204,057 197,337 102,523 −6,720 −101,534 −94,814
Pneumonia 1,331,659 1,260,785 1,184,135 −70,874 −147,523 −76,649
Total deaths (TD) 1,535,715 1,458,122 1,286,658 −77,594 −249,057 −171,464
2.5th percentile TD 846,374 804,541 733,690 −41,833 −112,684 −70,850
97.5th percentile TD 2,398,297 2,254,634 1,869,162 −143,664 −529,136 −385,472

Direct and indirect effects of IPD allowed for all ages. Direct and indirect effects of non-IPD allowed for ages 0–4 years only.
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QALYs at an incremental cost of $43.63-$0.88=$42.75 for an 
ICER of $925.60 ($512-$1,735), which falls below one-half 
per capita GDP. Compared with a PCV10 program, a 
PCV13 program produces 0.027 incremental QALYs at an 
incremental cost of $5.198-$0.498=$4.7 for an ICER of 
$173.98 ($86-$331), which is significantly below one-half 
per capita GDP. Our base-case CUA results therefore indi-
cate that at traditional thresholds, PCV10 represents good 
VfM relative to no program (i.e., ICER falls below per capita 
GDP), and PCV13 represents very good VfM relative to no 
program and relative to PCV10 (i.e., ICERs fall below one- 
half per capita GDP).

Cost-benefit analysis results
In the base-case analysis, RoRs to PCV13 and PCV10 relative 
to no program are 488% (188–993%) and 164% (33–336%), 
respectively, while choosing PCV13 over PCV10 has a consid-
erable RoR of 3,109% (1410–6602%). Though QALY gains are 
not directly relevant to CBA, we compute ratios of WTP to 
QALY gains in Table 4, which can serve as a measure of the 

average monetary value of health implied by our HALM. Our 
ratios fall between 1- and 3-times per capita GDP, which the 
WHO Commission on Macroeconomics and Health81 offers as 
benchmark values for QALYs suggesting that our HALM pro-
vides health valuations of roughly similar size to those bench-
mark values. Since our HALM is more firmly justified by 
economic theory and evidence, such similarity yields some 
justification for those benchmarks.

One-way deterministic sensitivity, scenario, and 
disaggregated analysis results
We report the results of our one-way deterministic sensitivity 
and scenario analyses in Tables 5 and 6, respectively.

In one-way sensitivity analyses, we find that VfM estimates are 
very sensitive to whether incidence rate projections are based on 
serotype-specific or overall IPD incidence, validating our serotype- 
specific approach. Projecting vaccine impacts using overall IPD 
incidence rates rather than serotype-specific incidence rates nearly 
quadruples the RoR to a PCV10 versus no program from 164% to 
649%, while increasing that for a PCV13 program from 488% to 
779% and dropping the RoR to a PCV13 versus a PCV10 program 
from 3109% to 1769%.

We find that our VfM estimates are very sensitive to the choice 
of base-year incidence rates, the discount rate, assumptions on 
PCV direct and indirect effects on inpatient pneumonia, and the 
length of the modeling horizon. Replacing the Wahl et al. (2018)3 

base case base-year incidence rates with the UC values decreases 
the RoR to a PCV10 versus no program from 164% to 60%, 
decreases the RoR to a PCV13 versus no program from 488% to 
253%, and decreases the RoR to a PCV13 versus PCV10 program 
from 3109% to 1768%. Replacing base-case base-year incidence 
rates with the FC values increases the RoR to a PCV10 versus no 
program from 164% to 267%, increases the RoR to a PCV13 versus 
no program from 488% to 811%, and increases the RoR to a 
PCV13 versus PCV10 program from 3109% to 5456%. Allowing 
inpatient pneumonia direct and indirect effects for all ages 
increases the RoR to a PCV10 versus no program from 164% to 
249%, increases the RoR to a PCV13 versus no program from 
488% to 1191%, and increases the RoR to a PCV13 versus PCV10 
program from 3109% to 9883%. Reducing the modeling horizon 
from 100 years to 60 years decreases the RoR from 164% to 68% 
for PCV10 versus no program, from 488% to 273% for PCV13 
versus no program, and from 3109% to 1935% for PCV13 versus 
no program.

We find that VfM estimates are moderately sensitive to 
changes in the vaccine effectiveness implied by our base-case 
incidence rate projections. We find that VfM estimates are 
relatively insensitive to capping overall IPD incidence rate pro-
jections at the base-year levels (or equivalently, imposing a floor 
of 0% on implied vaccine effectiveness). When such a cap is 
imposed, the RoR to a PCV10 versus no program increases from 
164% to 201%, the RoR to a PCV13 versus no program increases 
from 488% to 489%, and the RoR to a PCV13 versus PCV10 
program decreases from 3109% to 2803%. We also find that VfM 
estimates are relatively insensitive to adjustments to CFRs, 
health utilities, probability of hearing loss after AOM, probability 
of long-term sequelae after pneumonia, and VSL. VfM estimates 
based on the UC and FC direct medical costs values are nearly 

Table 4. Base-case results (95% confidence interval).

PCV13 vs. no program results per vaccinated infant

QALY gain 0.0462
Vaccination cost (2016 USD) 43.63
Averted direct cost (2016 USD) 0.88
WTP (2016 USD) 251.23
WTP per QALY (2016 USD) 5,439.25
Net benefit (2016 USD) 208.48
ICER (2016 USD) 925.6 (512.08–1,734.9)
Rate of return 487.65% (188.23%-992.86%)

PCV10 vs. no program results per vaccinated infant
QALY gain 0.0192
Vaccination cost (2016 USD) 38.43
Averted direct cost (2016 USD) 0.38
WTP (2016 USD) 100.40
WTP per QALY (2016 USD) 5,235.72
Net benefit (2016 USD) 62.35
ICER (2016 USD) 1,984.41 (1,186.32–3,804.67)
Rate of return 163.84% (32.61%-335.81%)

PCV13 vs. PCV10 results per vaccinated infant
QALY gain 0.0270
Vaccination cost (2016 USD) 5.198
Averted direct cost (2016 USD) 0.498
WTP (2016 USD) 150.83
Net benefit (2016 USD) 146.13
Net costs (2016 USD) 4.70
ICER (2016 USD) 173.98 (87.59–331.23)
Rate of return 3109.37% (1409.91%-6601.6%)

Direct and indirect effects of IPD allowed for all ages. Direct and indirect effects of 
non-IPD allowed for ages 0–4 years only. 95% confidence intervals for ICERs and 
RoRs are from multivariate probabilistic sensitivity analysis. 

Definitions: QALY gain = difference in quality-adjusted life year (QALY) gains 
between the PCV program and comparator program. Vaccination costs =  
difference between the PCV program and comparator program in vaccination 
costs. Averted direct costs = difference between the PCV program and com-
parator program in direct medical cost. WTP = willingness-to-pay. WTP in 
PCV13 vs. PCV10 comparison = difference between PCV13 and PCV10 in 
willingness-to-pay. WTP per QALY = ratio of WTP and QALY gain. Net benefit 
of a PCV program compared to no program = WTP plus averted direct cost 
minus vaccination costs. Net benefit of PCV13 compared to PCV10 = difference 
between PCV13 and PCV10 in net benefits. Net costs in PCV13 vs. PCV10 
comparison = difference between PCV13 and PCV10 in vaccination costs 
minus averted direct costs. ICER = incremental cost-effectiveness ratio, which 
is the ratio of net costs and QALY gains. Rate of return to a PCV program =  
ratio of net benefits to net costs (vaccination costs minus averted direct costs) 
multiplied by 100. Rate of return to PCV13 vs. PCV10 = ratio of the difference 
in net benefits to the difference in net costs multiplied by 100.
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identical to the base-case values because, as shown in Table 4, 
expected averted direct medical costs are a small fraction of the 
net costs that enter into the RoR and ICER calculations.

We disaggregate benefits by disease manifestation and age group 
(i.e., ages 0–4, 5–17, 18–65, 65–79, and 80+). We perform these 
analyses only for the 2016 birth cohort, both for simplicity and 
because only this cohort has the full maximum lifespan of 100 years 
within the modeling period. We provide these results in Table A27 
in Supplemental File A3. We find that the value of preventing 
inpatient pneumonia is considerably higher than that of preventing 
any other manifestation, which is due to its combination of relatively 
high incidence and mortality risk. We find that vaccine benefits are 
concentrated during the working age years, which is caused by three 
factors. First, the working age years cover a larger proportion of the 

total lifespan than either youth or the elderly years. Second, 
improved survival during infancy has ripple effects throughout the 
lifetime, in particular raising survival probabilities throughout the 
working age years. Third, as shown in Figure 5, VSLY and VSD 
values are highest during the working-age years.

Discussion

Implications of RoRs for decision-makers

RoRs from this study can inform vaccine decisions in Egypt. The 
HALM allows individuals to either consume or save at the market 
rate of interest, which implies that the resulting WTP for vaccina-
tion internalizes the individual’s opportunity cost in terms of 

Table 5. One-way deterministic sensitivity analysis.

Rate of return ICER (2016 US dollars)

PCV10 vs. no 
program

PCV13 vs. no 
program

PCV13 vs. 
PCV10

PCV10 vs. no 
program

PCV13 vs. no 
program

PCV13 vs. 
PCV10

Base case 163.84% 487.65% 3109.37% 1,984 926 174
Base-year incidence rates
Most unfavorable case 60.32% 253.26% 1767.88% 3,263 1,504 287
Most favorable case 266.66% 811.07% 5455.50% 1,422 612 105
Implicit vaccine efficacy
Decrease by 20% 111.02% 369.69% 2424.38% 2,481 1,158 221
Increase by 20% 216.68% 605.77% 3818.48% 1,653 771 142
Case fatality rates
Decrease by 20% 143.69% 430.02% 2748.47% 2,167 1,029 196
Increase by 20% 181.98% 540.77% 3445.66% 1,843 847 158
Probability of hearing loss after AOM
Most unfavorable case 161.86% 484.35% 3095.64% 1,997 930 175
Most favorable case 165.87% 491.01% 3123.39% 1,971 921 173
Probability of long-term sequelae after 

ICAP
Most unfavorable case 141.18% 447.00% 2923.34% 2,158 993 185
Most favorable case 194.06% 541.84% 3357.38% 1,793 848 161
Health utilities
Most unfavorable case 127.67% 420.00% 2786.91% 2,286 1,047 194
Most favorable case 200.56% 554.29% 3418.30% 1,739 825 157
Direct medical costs
Most unfavorable case 163.53% 486.20% 3069.22% 1,987 928 176
Most favorable case 164.21% 489.23% 3152.96% 1,982 923 172
VSL of the average working-age adult
Decrease by 10% 135.44% 424.42% 2764.20% n/a n/a n/a
Increase by 10% 191.59% 549.47% 3447.07% n/a n/a n/a
Discount rate
Change to 0% 459.76% 1149.71% 6758.45% 1,154 530 98
Change to 3.5% 130.09% 412.06% 2693.26% 2,179 1,020 192
Change to 5% 54.10% 241.79% 1756.70% 2,843 1,345 256

Definitions: ICAP=inpatient community-acquired pneumonia; VSL = value of a statistical life. Rate of return equals the net benefits of vaccination as a percent of the net 
costs of vaccination, where net benefits are equal to the willingness-to-pay plus averted direct medical cost minus vaccination costs and net costs are equal to 
vaccination costs minus averted direct medical costs. ICER = incremental cost-effectiveness ratio, which is the ratio of net costs and QALY gains. 

Most unfavorable and most favorable parameter values are reported in Table 1.

Table 6. Scenario analysis.

Rate of return ICER (2016 US dollars)

PCV10 vs. no 
program

PCV13 vs. no 
program

PCV13 vs. 
PCV10

PCV10 vs. no 
program

PCV13 vs. no 
program

PCV13 vs. 
PCV10

Base case 163.84% 487.65% 3109.37% 1,984 926 174
Allow inpatient pneumonia herd effects for all ages 249.09% 1191.48% 9883.40% 1,677 519 71
Impose cap on overall IPD incidence rate projections 200.71% 488.56% 2802.86% 1,794 925 189
Project vaccine effects using proxy country overall IPD 

incidence rates
649.20% 779.02% 1769.13% 710 621 318

Reduce study horizon from 100 years to 60 years 67.50% 272.92% 1934.70% 2,554 1,203 228

Definitions: Rate of return equals the net benefits of vaccination as a percent of the net costs of vaccination, where net benefits are equal to the willingness-to-pay plus 
averted direct medical cost minus vaccination costs and net costs are equal to vaccination costs minus averted direct medical costs. ICER = incremental cost- 
effectiveness ratio, which is the ratio of net costs and QALY gains.
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foregone consumption or savings. The high RoRs to PCV10 and 
PCV13 relative to no vaccination, including at the lower bounds 
of their 95% CIs, and regardless of the presence or absence of 
inpatient pneumonia indirect protection for all ages, imply that 
vaccine benefits greatly exceed the opportunity cost to households 
of the income paid through taxes and premiums to finance the 
vaccines. Therefore, our results provide strong economic justifica-
tion for financing a PCV10 or PCV13 program through taxes or 
statutory premiums.

It has been estimated that the RoR to public spending on 
female schooling in low-to-middle income countries, reflecting 
its impact not just on increased earnings but also on reduced 
child- and adult-mortality risk, is 280%.82 This RoR comes 
from a study with a shorter time horizon than ours: earnings 
and mortality risks are measured only until age 65 and 60, 
respectively, and so understates the RoR that would come from 
the same 100-year time horizon as ours. Subject to that caveat, 
in the base case, the PCV13 versus no vaccination RoR of 488% 
surpasses this threshold, though the lower bound value of its 
95% CI (188%) does not. The PCV13 versus PCV10 RoR 
greatly surpasses this threshold in the base case (3109%) and 
at the lower bound value of its 95% CI (1410%). In the scenario 
with a 60-year time horizon, the RoR to PCV13 versus no 
vaccination of 273% is slightly under this threshold, but the 
RoR to PCV13 versus PCV10 of 1935% is well over this 
threshold.

Thus, across the base case and scenario analyses, PCV13’s RoRs 
(relative to both no vaccination and PCV10) are generally attrac-
tive relative to that of non-health public expenditure and support 
the MoF expanding the payer’s budget to accommodate PCV13. 
(The exceptions to this involve PCV13 versus no vaccination, 
where the RoRs are relatively unattractive at the UC value for 
incidence rates, a 5% discount rate, and a 60-year modeling 
horizon.) In comparison, the RoR of PCV10 relative to no vacci-
nation fails to meet this threshold in the base-case and most 
scenario and sensitivity analyses, the exceptions being the upper 
bound of the 95% CI, and the scenarios using a 0% discount rate 
and Finland’s overall IPD incidence to estimate vaccine 
effectiveness.

We can also derive implications of our RoRs for MoH 
decisions. It has been estimated that health payers worldwide 
can produce about one QALY at a cost of about 0.50 of per 
capita GDP out of their budgets.83,84 If we value such QALY 
output at our estimated WTP per QALY, then the threshold 
RoR that payers seem to be able to realize from spending out of 
their existing budgets is given by: 

WTP per QALY
0:5 � PCGDP

� �
� 1

� �
� 100 ¼ WTP per QALY=PCGDPf g

0:5

� �
� 1

� �
� 100

(4) 

Based on the PCV13 WTP per QALY of $5,439 estimated in 
our base-case CBA and Egypt’s per capita GDP of $3,479 (2016 
USD), this threshold RoR equals 212.7%.

The RoRs to PCV13 relative to no vaccination and to 
PCV10 exceed this threshold in our base case and all sensitivity 
and scenario analyses, suggesting strong justification for reim-
bursement out of the fixed payer budget. The RoR to PCV10 

over no program provides no such justification in the base case 
and most scenario and sensitivity analyses.

We find PCV13 to be good VfM relative to PCV10 for the 
legislature, finance ministry, and payer. This holds in base- 
case, scenario, and sensitivity analysis. We also find PCV13 to 
be good VfM relative to no vaccination program for the three 
decision-makers in the base case and nearly all scenario and 
sensitivity analysis. Our findings differ from those of a previous 
Egyptian CUA, Sibak et al. (2015),19 which found PCV13 
ICERs exceeding per capita GDP and therefore not good 
VfM. One reason why the Sibak et al. (2015)19 ICERs are higher 
than ours is that they excluded herd protection against IPD for 
older unvaccinated age groups.

Strengths and limitations

Most of the published economic evaluations of pediatric PCV 
programs in MICs come from Asia and Latin America, use 
CUA, adopt either the health payer or government perspective, 
and generally address only the payer’s decision.20 Those studies 
from the societal perspective tend to ignore the productivity 
costs of infection and assume a constant individual WTP per 
QALY. Although our evaluation conducts a traditional CUA 
from the payer perspective, its primary contribution to the 
literature is its use of a HALM within a societal perspective 
CBA. The strength and novelty of this approach is that it 
quantifies individuals’ WTP for vaccines in a manner that 
reflects health’s interactions with consumption, paid work, 
unpaid work, and leisure over the lifecycle. Unlike our CUA, 
our CBA and HALM-based approach generates VfM measures 
that not only inform payers’ reimbursement decisions, but also 
inform MoF and legislative decisions, which are of special 
relevance in Gavi-ineligible MICs such as Egypt. The generality 
of our HALM allows it to be applied not only within the health 
sector, but also across all public sectors. Therefore, our study 
also contributes to the development of CBA for public-sector- 
wide VfM assessments more broadly.

Our evaluation has several limitations. First, since Egypt is a 
PCV-naïve country, evidence of the population impacts of 
PCV programs must come from international sources. 
Additional data scarcities not specific to PCVs require us to 
also rely on other countries for data on time use, consumption, 
annual earnings, long-term sequelae probabilities, and utility 
weights. We also rely for our incidence rates and case fatality 
rates on Egypt-specific model-generated estimates from the 
literature, and on PAHO prices rather than Egypt-specific 
negotiated vaccine prices. Second, parameter uncertainties 
are exacerbated by the long modeling horizon over which we 
project those parameters, though we quantify the impact of 
such uncertainty on model outcomes with our multivariate 
probabilistic sensitivity analysis. Third, there is uncertainty 
regarding the likelihood of non-IPD indirect effects for unvac-
cinated cohorts, though we address this in scenario analysis. 
Lastly, results are sensitive to the use of serotype-specific rather 
than overall IPD incidence in the estimation of vaccine effec-
tiveness, though this validates our use of serotype-specific 
incidence.
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Conclusion

Our study improves upon current approaches to economic 
evaluation of vaccines in general and PCVs in Egypt specifi-
cally. We improve upon such approaches by adopting a fuller 
societal perspective and using HALMs that more comprehen-
sively and flexibly reflect health’s interactions with production, 
consumption, and leisure over individuals’ lifetimes. 
Considering individuals’ WTP for vaccination over a lifetime 
and the resulting RoR is a valuable tool for making informed 
decisions regarding the allocation of resources. Our analysis 
will therefore help inform Egyptian decision-makers regarding 
the broader socio-economic value of a universal pediatric PCV 
program. Given the high RoR to PCV13 found in our study, 
particularly in the presence of inpatient pneumonia herd 
effects for all ages, we conclude that a universal pediatric 
PCV13 program represents good VfM for policymakers in 
Egypt.
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