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Abstract

Background To plan for the financial sustainability of immunization programs and make informed decisions to improve
immunization coverage and equity, decision-makers need to know how much these programs cost beyond the cost of the
vaccine. Non-vaccine delivery cost estimates can significantly influence the cost-effectiveness estimates used to allocate
resources at the country level. However, many low- and middle-income countries (LMICs) do not have immunization deliv-
ery unit cost estimates available, or have estimates that are uncertain, unreliable, or old. We undertook a Bayesian evidence
synthesis to generate country-level estimates of immunization delivery unit costs for LMICs.

Methods From a database of empirical immunization costing studies, we extracted estimates of the delivery cost per dose
for routine childhood immunization services, excluding vaccine costs. A Bayesian meta-regression model was used to
regress delivery cost per dose estimates, stratified by cost category, against a set of predictor variables including country-
level [gross domestic product per capita, reported diphtheria-tetanus-pertussis third dose coverage (DTP3), population, and
number of doses in the routine vaccination schedule] and study-level (study year, single antigen or programmatic cost per
dose, and financial or economic cost) predictors. The fitted prediction model was used to generate standardized estimates of
the routine immunization delivery cost per dose for each LMIC for 2009-2018. Alternative regression models were speci-
fied in sensitivity analyses.

Results We estimated the prediction model using the results from 29 individual studies, covering 24 countries. The predicted
economic cost per dose for routine delivery of childhood vaccines (2018 US dollars), not including the price of the vaccine,
was $1.87 (95% uncertainty interval $0.64-4.38) across all LMICs. By individual cost category, the programmatic economic
cost per dose for routine delivery of childhood vaccines was $0.74 ($0.26-1.70) for labor, $0.26 ($0.08-0.67) for supply
chain, $0.22 ($0.06-0.57) for capital, and $0.65 ($0.20—1.66) for other service delivery costs.

Conclusions Accurate immunization delivery costs are necessary for assessing the cost-effectiveness and strategic planning
needs of immunization programs. The cost estimates from this analysis provide a broad indication of immunization delivery
costs that may be useful when accurate local data are unavailable.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40273-020-00930-6) contains Key Points for Decision Makers
supplementary material, which is available to authorized users.
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1 Background

Routine immunization is critical to achieving 14 of the 17
Sustainable Development Goals (SDGs) adopted by coun-
tries in 2015 to “ensure prosperity for all” [1]. To moni-
tor progress towards these goals, to plan for the financial
sustainability of immunization programs, and to improve
program coverage and equity, decision-makers need to know
how much immunization programs cost beyond the cost of
the vaccine. Non-vaccine immunization delivery unit cost
estimates are essential for resource mobilization and plan-
ning for routine health systems, which have required the
development of new financing mechanisms to support the
increasing costs of country immunization programs [2].
Moreover, delivery cost estimates can help to identify and
evaluate strategies to improve efficiency in vaccine service
delivery [3]. Cost estimates can significantly influence the
cost-effectiveness estimates used to allocate resources at
the country level, particularly as service delivery can be
the main driver of immunization program costs [4, 5]. In
addition, low- and middle-income countries (LMICs) often
require an updated immunization program costing to apply
for support from Gavi, the Vaccine Alliance [3, 6]. Despite
the multiple uses of accurate cost estimates, many LMICs
have not conducted an empirical study of immunization
services costs, or rely on estimates that are highly uncer-
tain, unreliable, or old. While this evidence gap has been
narrowed by recent efforts to improve the production and
collation of immunization costing data—with 37 LMICs
represented in available costing studies [7-9]—these efforts
would need to be expanded substantially in order to supply
all countries with up-to-date and high-quality cost estimates.
The objective of this study was to produce standardized
country-level estimates of immunization delivery unit costs
for all countries meeting the World Bank’s LMIC classifica-
tion (136 total) [10], via an evidence synthesis of available
data on immunization delivery costs [9, 11]. Using these
data, we fit a Bayesian meta-regression model for routine
childhood (i.e., under-five) vaccination program delivery
unit costs. We present estimates of immunization delivery
cost per dose by year, by cost category (labor, supply chain,
capital, and other service delivery costs), and by country.

2 Methods

We developed a Bayesian meta-regression model to predict
immunization delivery unit costs, excluding vaccines and sup-
plies such as syringes and safety boxes, in LMICs, according
to World Bank country income classification in 2019 [10].
In this section, we describe the data used to fit the model,
modeling methods, and alternative regression specifications.
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2.1 Data Extraction

We relied on a publicly available database describing immu-
nization delivery costs in LMIC settings—the Immunization
Delivery Cost Catalogue (IDCC) maintained by the Immuni-
zation Costing Action Network (ICAN) [9, 11]. The IDCC is
an online web catalog and downloadable Excel spreadsheet
of immunization delivery cost evidence in LMIC settings,
which describes the results of a systematic review of pub-
lished and grey literature available between January 2005
and March 2019. The search of the peer-reviewed literature
included six major electronic databases, including EconLit,
Embase, Medline (via PubMed), NHS Economic Evalua-
tion Database (NHS-EED), Web of Science, and World
Health Organization (WHO) Global Index Medicus. Search
terms included three categories of keywords— “immuni-
zation” AND “cost” AND “delivery”—translated into the
query language of each database. All resources with full-
text availability in English, French, or Spanish, conducted
in LMIC settings, that included a form of delivery unit cost
data from primary data collection were included. In addition
to extracting relevant contextual and methodological infor-
mation from each study, the IDCC presents cost estimates
in 2016 US dollars [9, 11].

From the IDCC, we identified studies that reported delivery
cost per dose of routine (i.e., fixed facility) vaccine delivery,
and which specified the cost categories included in the estimate.
We excluded 39 studies that did not report a cost per dose or
for which a cost per dose could not be calculated, studies that
did not define the cost categories included in the cost per dose,
and studies that focused solely on the costs of vaccines deliv-
ered through outreach or through supplementary immunization
activities (SIAs), i.e., mass vaccination campaigns.

For the identified studies, we extracted estimates of the
routine delivery cost per dose for childhood immunization,
defined as vaccination of children under 5 years of age. We
also extracted study-specific contextual information, includ-
ing the number of sampled sites, when reported by a study,
whether the study examined programmatic (i.e., full) cost
per dose or single antigen (i.e., the incremental delivery
costs of a single new vaccine) cost per dose, economic and/
or financial cost per dose, and cost category cost per dose.
An economic cost analysis estimates the annualized value of
capital investments and the value of donated goods and labor
time; whereas, a financial cost estimate is based on the finan-
cial outlay for capital equipment and excludes the value of
donated goods and services [7]. If any information reported
in the IDCC was unclear for this analysis, we confirmed the
information in the original studies. For the observed cost
per dose outcome, we extracted the observation with the
highest level of granularity available from a given study.
For example, if the total vaccine delivery cost per dose was
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also reported as individual cost categories (i.e., labor, sup-
ply chain, capital, and other service delivery), we extracted
these data as independent observations and excluded the
total vaccine delivery cost per dose. “Supply chain” includes
costs for cold chain equipment, vehicles, transport, and fuel;
“other service delivery” includes costs for program man-
agement (i.e., supervision and monitoring), training, social
mobilization, and disease surveillance [6, 7].

We compiled data on covariates potentially associated
with immunization delivery unit costs: the year of data col-
lection (Year), a proxy for time-varying characteristics not
captured by other model covariates; log number of doses
in the routine vaccination schedule [log(Doses)], an indi-
cator of the economies of scale for vaccine delivery; log
gross domestic product (GDP) per capita [log(GDP)], an
indicator of country price levels; reported diphtheria-teta-
nus-pertussis third dose coverage (DTP3), an indicator of
routine health system capacity and overall coverage of the
immunization program; and log total country population
[log(Pop)], an indicator of service delivery volume [12,
13]. Model covariates log(Doses), log(GDP), and log(Pop)
were compiled for the year of data collection for each study.
By using a log transformation of specified covariates, we
assumed these explanatory factors relate to the outcome on

’c\f = exp(ﬁol + B, * Year; + p, * Econ; + f; * Single; + f, * log(Doses); + ps * DTP3; + f¢ * log(GDP); + f; * log(Pap)i)

the multiplicative scale rather than linearly (for example, a
doubling in per capita GDP produces a fixed increase in the
outcome). The number of doses in the routine vaccination
schedule was derived by reviewing country immunization
schedules [14]. As historical vaccination schedules were not
available for all calendar years, we assumed that the sched-
ule for the most recently available year prior to the reported
base year of the study applied.

2.2 Prediction Model

We used a Bayesian meta-regression model to regress immu-
nization delivery unit costs against country-level and study-
level explanatory variables (Table 1). Continuous variables
[Year, log(Doses), log(GDP), DTP3, and log(Pop)] were
standardized to mean zero and unit standard deviation before
fitting the regression model. We adopted an analytic model
that allowed the synthesis of cost estimates that included dif-
ferent combinations of cost categories. Under this approach,
a regression equation with a separate cost intercept was
specified for each of four cost categories: Labor (’c\é), Sup-
ply chain (¢°), Service delivery (?fd), and Capital (¢5). Each
regression equation estimated the cost per dose for a given
cost category as a function of the covariates in Table 1:

ey

& = exp(fBy, + By * Year; + B, * Econ; + P, * Single; + p, * log(Doses); + Ps  DTP3; + g * log(GDP); + p; * log(Pop);) (2)

& =exp(By,, + Py * Year; + P, * Econ; + Py  Single; + p, * log(Doses); + Ps # DTP3, + f * log(GDP), + p; * log(Pop),;) (3)

¢ = eXp(ﬁO( + fB, * Year; + f, * Econ; + f; = Single; + f, * log(Doses); + Ps * DTP3; + f¢ * log(GDP); + f; * log(Pop)i)

“

Table 1 Model covariates Covariate name

Description

Labor indicator (/;)

Supply chain indicator (/)
Service delivery indicator (/;)
Capital indicator (1)

Year

Econ

Single

log(Doses)

log(GDP)

DTP3

log(Pop)

Labor cost category included in cost per dose = 1; otherwise =0

Supply chain cost category included in cost per dose = 1; otherwise =0
Service delivery cost category included in cost per dose = 1; otherwise =0
Capital cost category included in cost per dose = 1; otherwise =0

Study year

Cost type: financial =0; economic = 1; undefined =2

Antigens included: full vaccine program =0; single antigen=1

Number of doses in the routine vaccination schedule in study year, logged
GDP per capita in study year, logged

DTP3 coverage in study year

Country population size in study year, logged

DTP3 diphtheria-tetanus-pertussis third dose coverage, GDP gross domestic product, Pop population
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An additional equation related these cost category unit
costs to the combination of cost categories included in
each empirical study estimate, with tc; representing the
mean estimate of the delivery cost per dose for a given
study:

te; =0 [ +C [+ x I, +0 1, Q)

These fc; values were used to parameterize a Gamma
likelihood function for the observed data (y;), where the
shape parameter « described the residual variance:

v~ Gamma(a, t%) 6)

This specification assumed variance proportional to tc;.
We assumed informative prior distributions for all regres-
sion coefficients, which were assumed to follow a normal
distribution centered at zero with a standard deviation of
1 [15]. The shape parameter a was assumed to follow a
half-Cauchy distribution centered at zero with a standard
deviation of 5 [16]. The prediction model was estimated
in R software [17] using an adaptive Hamiltonian Monte
Carlo algorithm using the Stan software package, version
2.20.0, with four chains of 5000 iterations. The first 2500
iterations were discarded (burn-in period), yielding 10,000
posterior draws for analysis [18, 19]. Stan model diagnos-
tics were utilized to determine any problems encountered
by the sampler, and the potential scale reduction factor
(i.e., Rhat) for all parameters was evaluated to determine
that the model had successfully converged.

The fitted prediction model was used to generate both
economic and financial programmatic delivery cost
per dose estimates (i.e., as opposed to generating sin-
gle antigen cost per dose estimates) for each LMIC for
2009-2018. To generate these estimates, we predicted
values from the fitted model, with covariates values spe-
cific to each country and year. Estimates included all cost
categories and are presented in 2018 US dollars, inflated to
2018 values in local currency using the country consumer
price index, and converted to 2018 US dollars using mar-
ket exchange rates [12]. Global and regional cost per dose
estimates were calculated as population-weighted averages
of individual country estimates. We tested predictive per-
formance by comparing model predictions to the observed
cost per dose matched to country and year.

2.3 Sensitivity Analysis: Alternative Regression
Specifications

We estimated several alternative regression specifications

as robustness checks. First, we re-estimated the model hav-
ing excluded two outlier observations with cost per dose
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estimates less than $0.01 as a robustness check. Second,
we adopted weakly informative prior distributions, i.e., all
predictors were assumed to follow a Normal distribution
centered at zero with a standard deviation of 10 instead of
1. Finally, we adopted non-informative prior distributions
for parameters.

3 Results
3.1 Data

A total of 52 routine delivery cost per dose estimates (i.e.,
excluding vaccine costs) from 29 studies covering 24 coun-
tries were included in the analysis [20—48]. For example, a
study may have included both economic and financial cost
per dose estimates, which were both included in this analy-
sis. Of the 29 studies, 13 were undertaken in low-income
country settings and 16 in middle-income country settings,
as classified by 2019 World Bank income level [10]. The
observed cost per dose ranged from $0.66 to $9.45 (focus-
ing on studies that included all cost categories). Thirty-four
unit cost estimates (65%) could not be disaggregated into
separate cost categories; the remaining observations could
be disaggregated into unique categories, resulting in a total
of 119 unique observations included in the analysis. When
examining the total cost per dose by cost categories included,
92% of observations included labor, 98% supply chain, 63%
service delivery, and 63% capital. Table 2 provides summary
information on the empirical studies used in the analysis. For
the observed dataset, the mean and standard deviation (in
parentheses) of the continuous explanatory variables were
12 (3) for Doses, $1550 ($1300) for GDP, 0.88 (0.09) for
DTP3, and 57,100,000 (207,000,000) for Pop.

3.2 Regression Model

Table 3 reports point estimates and standard errors for
regression coefficients and other model parameters. While
certain cost category intercepts, the single antigen indicator,
and the coefficients on log(Pop) and DTP3 were statistically
significantly different from zero, the coefficients for other
non-intercept predictor variables were not significant.

We assessed in-sample fit by comparing observed ver-
sus predicted values for the study sample (Fig. 1). Figure 1
includes six subplots: (A) includes all observations; (B)
includes observations in which all four cost categories were
included in the total cost per dose; (C) includes observations
that contained the labor cost category only; (D) includes
observations that contained the supply chain category only;
(E) includes observations that contained the service delivery
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Table 2 Summary characteristics for immunization delivery unit cost
per dose data

Estimates (n)

Reported cost per dose

Total cost per dose only 34

Total 4 cost categories 18°
Income®

Low income 32

Lower middle income 16

Upper middle income 4

Antigens costed

Single antigen 28

Full vaccination program 24
Cost type

Economic 27

Financial 11

Undefined 14

*There were 52 total cost per dose observations with reported base
years between 2001 and 2017, but the 18 cost per dose estimates that
could be disaggregated into cost categories brought the total analyzed
observations from 52 to 119

"Low income: gross national income (GNI) per capita of $1025 or
less; lower middle income: GNI per capita of $1026-$3995; upper
middle income: GNI per capita of $3996-$12,375 [12]. Costs in US
dollars

Table 3 Results for regressions of routine childhood delivery unit
cost per dose on predictors

Variable Mean coefficient

Cost category intercepts

Labor 0.08 (0.23)
Supply chain —0.97 (0.26)
Service delivery —0.07 (0.28)
Capital —1.16 (0.31)
Predictors
Year —0.14 (0.13)
Economic cost indicator —0.06 (0.14)
Single antigen indicator —0.49 (0.22)*
log(Doses) 0.01 (0.13)
log(GDP per capita) 0.19 (0.13)
log(Pop) —0.30 (0.12)*
DTP3 coverage 0.29 (0.12)*
Gamma dispersion parameter
Alpha 1.08 (0.07)

Continuous predictors were standardized to mean zero and unit stand-
ard deviation; thus, fitted coefficients for continuous variables [e.g.,
log(Doses)] represent the increase in log cost per dose observed for a
1.0 standard deviation increase in the variable. Values in parentheses
represent standard errors

DTP3 diphtheria-tetanus-pertussis third dose coverage, GDP gross
domestic product, Pop population

“Significant at 5% level

cost category only; and (F) includes observations that con-
tained the capital cost category only.

We calculated first differences to describe the percent-
age difference in the cost per dose associated with specified
changes in individual predictors, holding others fixed. These
values represent posterior means, and values in parentheses
represent equal-tailed 95% credible intervals. More recent
studies reported lower cost per dose estimates, controlling
for other covariates. The routine cost per dose was estimated
to decline by 4.6% (—4.2%, 13.0%) for each additional
calendar year, increase by 0.2% (—3.7%, 3.9%) for each
additional dose added to the routine vaccination schedule,
increase by 21.1% (—5.3%, 52.5%) when GDP per capita
was two times greater, decline by 14.1% (3.0%, 24.0%) when
population size was two times greater, and increase by 3.4%
(0.7%, 6.0%) for each percentage point increase in DTP3.

3.3 Estimated Costs Per Dose for All LMICs

For the year 2018, the population-weighted average eco-
nomic cost per dose for routine delivery of childhood vac-
cines was estimated to be $1.87 (95% uncertainty interval
$0.64—4.38) across all LMICs. By individual cost category,
the programmatic economic cost per dose for routine deliv-
ery of childhood vaccines was $0.74 ($0.26—1.70) for labor,
$0.26 ($0.08-0.67) for supply chain, $0.22 ($0.06-0.57) for
capital, and $0.65 ($0.20-1.66) for other service delivery
costs. By income level, the average predicted programmatic,
economic cost per dose was $1.41 ($0.52-3.16) for low-
income countries, $1.36 ($0.44-3.32) for lower middle-
income countries, and $2.59 ($0.82-6.38) for upper mid-
dle-income countries. Figure 2 presents the country-level
cost per dose estimates by GDP per capita and World Bank
income level for 136 LMICs. Table 4 presents the program-
matic, economic cost per dose by each stratification by world
region and income level.

The set of country-specific economic cost estimates for
delivery cost per dose can be found in Appendix Table
A (see the “Supplementary Appendix” in the electronic
supplementary material). Figure 3 presents the predicted
programmatic, economic cost per dose for childhood vac-
cine delivery by year for six example countries selected for
differences in region and income level. The predicted cost
per dose shows a decreasing trend on average over time.
Within individual cost categories, financial cost per dose
estimates did not differ substantially from the economic
cost per dose predictions; however, financial cost observa-
tions generally reported fewer cost categories, notably cap-
ital. The set of country-specific financial cost estimates for
delivery cost per dose can be found in Appendix Table B.
Appendix Table C further provides the median and inter-
quartile range globally, and by region and income level.
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Fig.1 Comparison of predicted cost per dose and published litera-
ture cost per dose for routine childhood vaccine delivery. The origi-
nal costs per dose represent 119 observations across 24 countries for

3.4 Sensitivity Analysis: Alternative Regression
Specifications

With the first alternative regression specification, exclud-
ing two outliers produced small changes in most coeffi-
cients and large changes in a few (Appendix Table D) and
resulted in cost per dose estimates that were 16% higher
on average (Appendix Table E). Adopting weakly informa-
tive (Appendix Table F) or non-informative (Appendix
Table G) priors did not substantially change regression
results (i.e., less than 10% average change in cost per dose
estimates).
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reported base years between 2001 and 2017. The predicted costs per
dose are matched to the country and year of each observation

4 Discussion

For the year 2018, the average economic cost per dose
across all LMICs for routine delivery of childhood vac-
cines was estimated to be $1.87 (95% uncertainty inter-
val $0.64-4.38), excluding vaccine costs. By country
income classification, the average cost per dose was
$1.41 ($0.52-3.16) for low-income countries, $1.36
($0.44-3.32) for lower middle-income countries, and
$2.59 (50.82-6.38) for upper middle-income countries.
These estimates are consistent with the empirical estimates



Producing Standardized Country-Level Immunization Delivery Unit Cost Estimates
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Table 4 Predicted economic cost per dose (US$) in 2018 for routine childhood vaccine delivery by cost category and world region/income level

Total cost per dose  Labor cost per dose Supply chain cost per
dose

Service delivery cost per
dose

Capital cost per dose

Region
Africa $1.49 (50.57-3.31) $0.59 ($0.23-1.28)
Americas $2.61 ($0.87-6.33) $1.02 ($0.35-2.42)

Eastern Mediterranean

Europe

Southeast Asia

Western Pacific
Income level

Low income

Lower middle income

Upper middle income

$1.86 ($0.71-4.05)
$3.51 ($1.21-8.18)
$1.35 ($0.40-3.48)
$2.07 ($0.59-5.47)

$1.41 ($0.52-3.16)
$1.36 ($0.44-3.32)
$2.59 ($0.82-6.38)

$0.73 ($0.29-1.56)
$1.38 ($0.50-3.19)
$0.53 ($0.16-1.34)
$0.81 ($0.24-2.10)

$0.56 ($0.20-1.24)
$0.54 ($0.18-1.28)
$1.01 ($0.34-2.44)

$0.21 ($0.07-0.49)
$0.37 ($0.11-0.94)
$0.26 ($0.09-0.62)
$0.50 ($0.15-1.25)
$0.19 ($0.05-0.52)
$0.29 ($0.07-0.81)

$0.20 ($0.07-0.47)
$0.19 ($0.06-0.50)
$0.37 ($0.10-0.95)

$0.52 ($0.17-1.23)
$0.91 ($0.27-2.44)
$0.65 ($0.22-1.52)
$1.22 ($0.38-3.06)
$0.47 ($0.13-1.26)
$0.73 ($0.18-2.09)

$0.49 ($0.16-1.17)
$0.47 ($0.14-1.21)
$0.91 ($0.25-2.39)

$0.17 ($0.06-0.43)
$0.31 ($0.09-0.81)
$0.22 ($0.07-0.52)
$0.41 ($0.12-1.07)
$0.16 ($0.04-0.45)
$0.24 ($0.06-0.69)

$0.16 ($0.05-0.41)
$0.16 ($0.04-0.43)
$0.30 ($0.08-0.81)

Countries included in each World Health Organization (WHO) region are low- and middle-income countries according to World Bank income

level in 2019 [12]

reported in the ICAN IDCC [11], where studies including
all cost categories averaged $1.41 for low-income coun-
tries and $4.02 for lower middle-income countries (there
was only one empirical estimate, $1.87, for upper middle-
income countries). While the population-weighted average
predicted cost per dose estimates were similar for low- and
lower middle-income countries, Fig. 2 indicates that costs
were predicted to be higher for richer countries overall.

Costs were also predicted to be lower for more populous
countries (e.g., Ethiopia and Nigeria), compared to similar
countries with smaller populations.

These predicted cost per dose estimates can be useful
for cost-effectiveness analyses when country-level costs
are unavailable, highly uncertain, or old. For example,
instead of using neighboring country data or regional
data when primary cost data are unavailable—or creating
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estimates based on expert opinion alone—these modeled
costs provide another alternative to use, based on a broader
set of data. While recent costing reference cases provide
concrete guidance for implementing and reporting costing
studies [49, 50], we are unlikely to have the resources to
conduct empirical costing and/or cost-effectiveness analy-
sis for all questions and settings of interest. Therefore, a
key strategy for improving the availability of costing data
is to determine how and where we can leverage insights
from specific studies to understand a general theme.
Country-specific costs modeled within a Bayesian meta-
regression framework provide a broad indication of immu-
nization delivery costs that may be useful when accurate
local data are unavailable.

The regression results showed several relationships that
might be expected between predictors and immunization
delivery costs. The statistically significant relationships were
population size and DTP3; higher population size (a proxy
for higher service volume at the site level) was associated
with lower cost per dose, while DTP3 (a proxy for over-
all coverage of the immunization program) was associated
with higher cost per dose. While the reason for the signifi-
cant relationship with population size is unclear, it could be
related to economics of scale, i.e., the increasing scale of
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an immunization program results in cost savings through
both efficiency gains and spreading fixed costs over a larger
population. Additionally, we did not investigate alternative
measures of service volume, such as under-five population,
which may impact the results. However, we expect that the
direction of this relationship is likely to remain the same,
as the higher service volume to lower delivery costs rela-
tionship has also been found in previous studies [8]. Higher
DTP3 being associated with higher cost per dose may be due
to increasing marginal costs with higher vaccine coverage
levels, or some other feature of higher-coverage programs
that leads to higher costs. Greater GDP per capita (a proxy
for country price levels) was also associated with higher cost
per dose. Additionally, we found no relationship between
number of doses in the routine immunization schedule and
unit cost, although we might expect to observe a lower cost
per dose due to economies of scale. We also found the sign
estimated for some coefficients was different to what might
have been expected (e.g., the negative signs on Year and the
economic cost indicator, Econ). If interpreted directly, these
findings would suggest lower costs (in real terms) in more
recent years, holding other covariates constant, and eco-
nomic costs which are lower than financial cost estimates.
However, the statistical precision of these two findings (as
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expressed by the p values) is low, and consequently little
weight should be placed on the point estimates. In addi-
tion, the direction and magnitude of the coefficients in the
model could be driven by unobserved characteristics of the
included studies (e.g., the costs of inputs or the data collec-
tion approach) that are correlated with both the predictor
variables and the unit cost. For this reason, all of these rela-
tionships should be viewed as correlations with the predicted
cost per dose and should not be interpreted causally.

There are several limitations to this analysis. First, the
studies we included in the analysis were heterogeneous in
terms of the scope of costing, site selection, data collec-
tion methods, and the level of detail with which results were
reported. This heterogeneity in costing study methods and
reporting has been observed by prior reviews [51-55]. We
attempted to deal with this by adopting an analytic strategy
that allowed for differences in the cost categories and types
of costs (i.e., financial vs. economic) reported. However, it
is unlikely our approach fully reconciled all methodologi-
cal differences between studies. For this reason, the residual
variance of the meta-regression model—which was substan-
tial—will reflect not only sampling uncertainty but also non-
sampling error due to methodological heterogeneity, such
as inconsistent definitions of cost categories and cost types.
This could induce omitted-variable bias, if methodological
differences were correlated with regression variables, or if
cost estimates were biased systematically. For example, it
has been observed that costing studies may over- or under-
estimate costs due to the costing approach used (i.e., gross
costing vs. micro-costing [56]) or may underestimate costs
due to the exclusion of relevant intervention cost categories
[57]. In our analysis, we saw that excluding outliers changed
the magnitude, although not the direction, of several regres-
sion coefficients, as shown in the results of Appendix Table
C. All included studies were reported from the immuniza-
tion provider perspective, and excluded caregiver/benefi-
ciary time and transportation costs to receive vaccination.
As the definition of this provider perspective may have var-
ied across studies, we defined cost categories to include the
same elements in order to improve comparability. However,
for categories that included both recurrent and investment
costs, the treatment of investment costs (e.g., useful life esti-
mates, annuitization) may differ between individual costing
studies. A second limitation stems from the assumption that
routine childhood vaccine delivery costs are similar regard-
less of individual vaccine product. This assumption was
necessitated by the format in which data were reported, yet
in reality there may be differences in delivery costs, particu-
larly in the case of injection versus oral vaccines that involve
differences in training and delivery, or where multiple doses
are delivered in a single immunization visit. Furthermore,
as routine immunization schedules were not available for all
historical years, country-specific time trends in the number

of doses in the immunization schedule (represented by the
Doses variable) may be less accurate for earlier years. A
third limitation relates to sample size. While we were able
to include a large number of studies in this meta-regression
analysis, the average number of observations within each
of these studies (i.e., number of sites) was small. A cost-
ing study that relies on a small number of sampled sites
may produce results that are not representative, if there is
likely to be large variation across sites [58]. In addition, the
24 countries included in the dataset were not a representa-
tive sample of all LMICs. The countries represented by the
sampled studies were generally of lower GDP per capita
(average $1600 vs. $4000) and higher DTP3 (average cov-
erage 88% vs. 85%) compared to the 136 LMICs for which
we provide modeled estimates. While we adjusted for these
factors in the meta-regression model, the imperfect overlap
of sample and population adds to the uncertainty in country-
level unit costs estimated for countries with higher GDP per
capita, lower population size, and lower DTP3. Therefore,
estimates will be less reliable for countries with combina-
tions of covariates not included in the analyzed sample, as
shown by the estimates for countries such as Tuvalu and
Palau (Appendix Table A).

In light of the issues described above, this analysis does
not fully resolve the evidence gap created by the limited
number of immunization costing studies that are published
(limited relative to the number of settings and policy ques-
tions where they would be useful), and the estimates we
report inherit many of the limitations of the empirical stud-
ies they are based on. Additional primary data collection on
delivery costs of programs is necessary. However, the need
to make policy choices based on imperfect information is
unavoidable, and the estimates we report provide an addi-
tional evidence source for analysts missing this important
input to their analysis.

Immunization delivery costs are a necessary category of
high-quality cost-effectiveness models, and are also used to
inform resource mobilization for immunization programs.
Using observed costs per dose from 29 studies in 24 coun-
tries, our study provides estimates for 136 LMICs for the
years 2009-2018 produced via meta-regression analyses
that can help improve resource mobilization and planning
in situations where empirical cost data are unavailable or of
low quality. This methodology has the potential to be applied
to many other areas of health care for LMICs in which it is
unlikely that primary data cost studies would be conducted
for all settings/services of interest.
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