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Abstract

Background

Vitamin A Supplementation (VAS) is a cost-effective intervention to decrease mortality
associated with measles and diarrheal diseases among children aged 6-59 months in low-
income countries. Recently, experts have suggested that other interventions like large-scale
food fortification and increasing the coverage of measles vaccination might provide greater
impact than VAS. In this study, we conducted a cost-effectiveness analysis of a VAS scale-
up in three sub-Saharan African countries.

Methods

We developed an individual-based microsimulation using the Vivarium simulation frame-
work to estimate the cost and effect of scaling up VAS from 2019 to 2023 in Nigeria, Kenya,
and Burkina Faso, three countries with different levels of baseline coverage. We calibrated
the model with disease and risk factor estimates from the Global Burden of Disease 2019
(GBD 2019). We obtained baseline coverage, intervention effects, and costs from a system-
atic review. After the model was validated against GBD inputs, we modeled an alternative
scenario where we scaled-up VAS coverage from 2019 to a level that halved the exposure
to lack of VAS in 2023. Based on the simulation outputs for DALY's averted and intervention
cost, we determined estimates for the incremental cost-effectiveness ratio (ICER) in USD/
DALY.

Findings
Our estimates for ICER are as follows: $860/DALY [95% Ul; 320, 3530] in Nigeria, $550/

DALY [240, 2230] in Kenya, and $220/DALY [80, 2470] in Burkina Faso. Examining the data
for DALY averted for the three countries over the time span, we found that the scale-up led
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files. The data were generated from simulation. The
code is public and can be reproduced from GitHub
(https://github.com/adityak77/vivarium_conic_
vitamin_a_supp).
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to 21 [5, 56] DALYs averted per 100,000 person-years in Nigeria, 21 [5, 47] DALYs averted
per 100,000 person-years in Kenya, and 14 [0, 37] DALY's averted per 100,000 person-
years in Burkina Faso.

Conclusions

VAS may no longer be as cost-effective in low-income regions as it has been previously.
Updated estimates in GBD 2019 for the effect of Vitamin A Deficiency on causes of death
are an additional driver of this lower estimate of cost-effectiveness.

Introduction

Vitamin A deficiency (VAD) is a risk factor for several major causes of death in children,
including diarrheal diseases and measles [1]. Vitamin A supplementation (VAS) has histori-
cally been an intervention of interest for the prevention of xerophthalmia and night blindness
as well as reduction of child mortality caused by measles and diarrhea in many low-income
countries [2, 3]. Globally among children under 5, VAD is responsible for 9.9% [95% UTI; 8.3,
11.6] of deaths due to diarrheal diseases and 12.0% [0.5, 23.1] of deaths due to measles [1].
Over the past few decades, efforts to increase coverage have decreased the burden of disease in
children [1, 3]. From 1995 to 2005, the number of preschool-age children with VAD dropped
from 251 million to 190 million globally [3]. However, in 2019, over 3 million disability-
adjusted life years (DALYs) were still lost due to VAD globally [1]. Reducing the prevalence of
VAD in children under 5 years of age could be an important part of the strategy to meet Sus-
tainable Development Goal 3.2 of reducing child mortality to at most 25 per 1,000 live births
by 2030 [4].

VAS has been an intervention that was popular for its low cost, varying between 0.50-1.50
USD per capsule based on spatial and temporal differences [5-7] while maintaining high effi-
cacy in lowering VAD. It is commonly distributed as part of Child Health Days (CHD), which
is a mass campaign designed to deliver immunizations and nutritional supplements to chil-
dren. CHDs often last for a week, take place semiannually, and are a national effort to locate
children though community-based or outreach campaigns. Two supplements every year for
children up till the age of five is enough to lower the risk of death associated with deficiency
[8]. Systematic reviews have shown that the relative risk of VAS on all-cause mortality and on
night blindness are 0.88 [0.83, 0.93] and 0.32 [0.21, 0.50], respectively [9].

In recent years, some experts have suggested providing other interventions like the measles
vaccine and large-scale food fortification in conjunction with VAS in order to reduce the inci-
dence associated with measles and diarrhea [9]. Experts still vigorously debate the best course
of action to tackle VAD moving forward [10]. There is very little recent literature on the cost-
effectiveness ratio of VAS, and many of these papers do not consider VAS individually but
rather as one among a group of interventions [11]. Using simulation results, we can determine
the cost-effectiveness of VAS as a standalone intervention. Leveraging data from the Global
Burden of Disease (GBD) 2019 study, we set out to estimate the cost-effectiveness of VAS in an
individual-based model using the Vivarium microsimulation framework.

With a Vivarium model calibrated to estimates from the GBD 2019 study, we projected the
impact of increasing coverage of VAS in three sub-Saharan African countries with different
levels of existing coverages: Burkina Faso, Kenya, and Nigeria. We aimed to estimate the
impact of scaling up this intervention by measuring the change in exposure to VAD and the
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corresponding change in DALY from year to year. We compared the outcomes of the inter-
ventions in the three countries to investigate how different levels of baseline coverage affect
the cost-effectiveness of scale-ups. Furthermore, we calculated the DALY’ averted and costs of
the scale-up to add up-to-date, quantitative evidence to support decisions on which interven-
tions would be worth pursuing.

Materials and methods
Vivarium model

We used Vivarium, an individual-based, discrete-time, Monte Carlo simulation framework
developed by the Simulation Science team at the Institute of Health Metrics and Evaluation
[12]. In the Vivarium model, we track a population of simulants over the period of the simula-
tion. For each individual simulant, we track whether they are supplemented, have been
exposed to VAD, have a disease, and are alive on every day of the simulation. With this frame-
work, we can calculate the cost-effectiveness of increasing the coverage of VAS by running two
distinct simulations. First, we run a baseline simulation that reflects the scenario where the
coverage of VAS remains constant over the duration of the simulation. Next, we simulate the
alternative scenario where the coverage of VAS increases steadily over the course of the simu-
lation. We track the DALY and cost of each scenario, and we can then obtain the DALY
averted and additional cost.

Vivarium includes modular components that incorporate distributions and data from the
Global Burden of Disease (GBD) [1]. These components include an intervention model, a risk
exposure model, a risk-effect model, a cause model, a mortality/morbidity model, and a cost
model (Fig 1). Each individual component requires inputs to be modelled. For example, the
risk exposure model would need risk exposure prevalence; the risk-effect model would need
relative risks for risk-cause pairs; the cause model would need disease prevalence and inci-
dence; the mortality model would need cause-specific mortality rates and all-cause mortality
rates. We used incidence, prevalence, mortality, and relative risk data from GBD 2019 to cali-
brate the risk-effect model, the cause model, and the mortality/morbidity model. We con-
ducted a meta-analysis to determine the inputs in the other models.

VAS in children is meant to reduce VAD, which in turn, affects measles and diarrheal dis-
eases (Fig 1). We used Vivarium to model the two causes of death (measles and diarrheal dis-
eases) as well as the risk factor of Vitamin A deficiency by calibrating the simulation to
estimates from GBD 2019 that produced relative risks for risk-cause and cause-outcome pairs.
We use compartmental models to describe the dynamics of causes of death. The measles com-
ponent utilized a Susceptible-Infected-Recovered (SIR) model with a 10-day duration for the

Intervention Coverage Gap Risk Factor Disease or Condition| Model Outcome
Measles

Increased Vitamin Lack of Vitamin A Disability-Adjusted

A Supplementation Supplementation Deficiency Life Years (DALY)

Diarrheal Diseases

Fig 1. Microsimulation concept model.

https://doi.org/10.1371/journal.pone.0266495.g001
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infected state. While all individuals are initially susceptible to measles, some fraction may be
exposed to it over time. Those who recover from measles will never be susceptible to it again,
so we use an SIR model to describe it. The diarrheal disease component used a Susceptible-
Infected-Susceptible (SIS) model because individuals who get diarrhea will still be susceptible
to it after they recover. At each time step, based on the appropriate health models and country-
level data from the GBD database, the simulation determined whether the state of each indi-
vidual changed with regards to either of the two diseases. We chose a step size of 1 day to be
able to capture the possibility of being inflicted with a disease on successive days in the case of
diarrhea.

At model initialization, Vivarium assigns the age, sex, and VAD status of simulants. VAD is
determined as a serum retinol concentration of less than 0.70 pmol/L. We model VAD as a
binary categorical variable. At each time step, the simulation samples probability distributions
using a Monte Carlo method to determine changes in a simulant’s status. These changes
include whether an individual receives VAS, experiences incidence of diarrheal disease, mea-
sles, or changes to their VAD status.

First, we determined the initial characteristics of the population that we would simulate.
We used an open cohort of 1,000,000 individuals between the ages of 0 and 59 months. While
we tracked individuals in the simulation starting from birth, we only simulated the effect of
supplementing individuals between 6-59 months, the ages eligible for VAS. We stopped track-
ing simulants whose age exceed 59 months. For both the baseline and alternative scenarios, we
ran one simulation each from 2017 until 2023. For the alternative scenario, we modeled a
scale-up of VAS coverage starting in 2019. We allowed the alternative simulation to start two
years prior to scale up to verify that the model outputs were calibrated to the GBD 2019 esti-
mates relevant to Vitamin A. When determining the impact and cost-effectiveness of the inter-
vention, we only consider the time period from 2019 to 2023 in the simulations.

Although the GBD 2019 Study includes estimates of the exposure and relative risk of VAD,
as well as the coverage of VAS, it does not include information on the effectiveness of VAS to
reduce VAD. We modelled VAS as a dichotomous attribute, with one possibility being the
simulant received two doses of Vitamin A in one year and the other being that they did not
receive the supplementation at all. We modeled the scale-up of coverage of VAS as stepping up
from the baseline to the target value at equal intervals each year from 2019 to 2023 (held con-
stant throughout each year). We determined the baseline coverage and intervention effective-
ness using a systematic review. We employed a fixed-effect meta-analysis to synthesize the
values in the literature review (see Vitamin A Supplementation Coverage and Vitamin A Sup-
plementation Effect sections below). A fixed-effect meta-analysis assumes that our studies are
measuring a shared effect value that deviates from study to study due to only sampling error.
To generate values for coverage and relative risk, we weighted the values from different studies
based on their sample sizes, where studies with more individuals have larger weights.

Finally, we calculated the cost for the intervention from the perspective of the group distrib-
uting the doses, including the costs of the capsule, training, and transportation. We deter-
mined the number of doses supplied by the simulation and multiplied that value by a unit cost.
The unit cost was inferred from a literature search on VAS [5-7].

Simulation inputs

Vitamin A supplementation coverage. For our estimate of VAS baseline coverage, we
considered using the UNICEF database of VAS coverage by country for our estimates. How-
ever, due to the variation of estimates from year to year for a few of our countries of interest
(specifically Nigeria and Kenya), we decided to use other sources.
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GBD has a covariate for VAS coverage measuring the proportion of children who received
one dose of Vitamin A over the last six months. In other work, this measure has been used as a
proxy for the coverage of two doses over the past twelve months [8]. We used the GBD covari-
ate and a separate literature search to determine the baseline coverage for each location. If the
results of the literature search were similar to the GBD covariate, we used the value of the GBD
covariate for the baseline coverage.

For the literature search, we included DHS surveys and articles from Google Scholar and
PubMed. We included only sources that defined supplementation to be two doses within
twelve months or one dose in six months. We used a fixed-effect meta-analysis based on each
source’s coverage and sample size to determine the value for the baseline coverage in each
region [13]. For sources that did not provide a sample size, we assigned to them the smallest
sample size of all the other papers.

The target coverage in all three countries was chosen so that the exposure to the lack of
VAS was halved to represent an intervention scale-up of similar relative intensity for each
country. We ran simulations for two scenarios: one representing the “business as usual” sce-
nario with VAS coverage held constant at the 2017 level until 2023, and the other representing
the VAS scale-up from the existing coverage in 2019 to the target coverage by 2023. We com-
pared the deaths and DALY in the scenarios in each country to find the impact of VAS scale-
up.

Vitamin A supplementation effect. To determine the efficacy of VAS in reducing
VAD as arisk factor, we performed a literature search of online articles. We used a com-
bination of the search terms “Vitamin A supplementation,” “Vitamin A deficiency,” and
“relative risk” in Google Scholar and PubMed to locate relevant articles. Of the articles
found in these databases, we filtered out the ones that did not use the standard definitions
for VAS (frequency of capsule distribution is twice per year) and VAD (serum retinol
concentration less than 0.70 umol/L) [8]. Additionally, we included articles that provided
a value for the relative risk of VAS on VAD and excluded those that provided only rela-
tive risk of other outcomes like mortality, night blindness, and causes of death (more
details in S1 Appendix).

We quantified the effect of a lack of VAS on VAD in terms of the relative risk, meaning
the ratio of VAD prevalence among those without VAS to those with VAS. By conducting a
fixed-effect meta-analysis on these online sources, we determined distributions for our
simulation to decide which individuals would be afflicted with VAD based on their supple-
mentation status.

Intervention unit cost. We calculated the overall cost of both the baseline and alternative
scenarios by finding the number of doses distributed in the simulation and multiplying that by
a unit cost. We created an observer in the simulation that reported the total number of supple-
mented years. One supplemented year corresponds to an individual who was alive, between
6-59 months old and was provided the two doses of Vitamin A over a one-year time period.
We doubled the number of supplemented years to determine the number of doses distributed
in a particular year of the simulation.

We determined the unit cost from a recent study on costs of Vitamin A interventions
for the semiannual CHD program [7]. It considered costs for the capsule, training, wages,
and transportation to provide the unit cost per dose. After adjusting this value by infla-
tion, we arrived at a cost per dose of $0.60 USD. We took the product of the simulation’s
doses and the unit cost to determine the overall cost per scenario. The additional cost of
the intervention was calculated by comparing the costs of the baseline and intervention
scenarios.
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Analysis of simulation results

We tallied the population stratified on sex, year, and age with regards to our outcomes of inter-
est, including years of life lost (YLL) and years lived with disability (YLD). From our simula-
tion we added the number of YLLs and YLDs to find the total quantity of disability-adjusted
life years (DALYs) throughout the simulation. We arrived at the number of DALY averted in
each location by finding the difference between the baseline and alternative scenarios. Simi-
larly, we calculated the additional cost of the intervention in each region. Using these two val-
ues, we estimated the Incremental Cost-effectiveness Ratio (ICER), which is ratio of the
change in cost to the DALY averted. The ICER is useful for putting the health impact in per-
spective of the additional cost of the intervention.

The main two sources of uncertainty that we model in our simulation are parameter uncer-
tainty and stochastic uncertainty.

We modelled our input parameters from GBD and literature searches as probability distri-
butions. We utilized a Monte Carlo technique to draw samples from the distributions to gener-
ate random values. For each input, we propagated parameter uncertainty through the model
and captured the outcomes (including DALY averted, additional cost, and ICER) for each
draw. We used a total of 100 draws for each country and took the median to represent the
results for each scenario. We chose to summarize our results using the median instead of the
mean as the median is resistant to outliers. Using the outcomes of the 100 draws, we also gen-
erate an uncertainty interval for the DALY’ averted, additional cost, and ICER values.

Stochastic uncertainty is meant to model the variability across scenarios among identical
individuals within the population that have the same age and sex. We wanted to run the base-
line and alternative scenarios with the same stochastic variation, to allow us to examine the dif-
ferences in the outcomes due to parameter uncertainty, while minimizing random noise.
Vivarium uses common random numbers to reduce this variance between individuals [14].
Common random numbers ensure that the values drawn from an input parameter distribution
are the same for both the baseline and alternative scenario in each draw.

Verification and validation

We validated our simulation by comparing its estimates for health outcomes in the years
2017-2018 with the data collected in the GBD 2019 study. For each of the three countries, we
compared the rate of YLLs and YLDs with regards to the two diseases that are affected by VAS.
For each metric and disease, we stratified our results by sex and by age group (post neonatal,
and 1-4 years) as we believed that these variables would substantially affect the rate of YLLs
and YLDs.

In addition, we performed some more validations over the intervention years. We con-
firmed the coverage of VAS scales up in the alternative scenario and remains constant in the
baseline scenario. We compared the relative risk of VAD with the value provided by GBD and
verified that the effectiveness of VAS on reducing VAD matches the relative risk given by the
meta-analysis.

Results
Simulation inputs

We found that the existing literature backed the GBD covariate for coverage in Burkina Faso
[1, 15-18], so we used the GBD value for our simulation input. However, for Kenya and Nige-
ria, we judged the GBD covariate for supplementation coverage to be outdated and used the
results of the literature search.
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Table 1. GBD 2019 estimates for risk factors and causes associated with VAD by country for ages 0-5.

Prevalence (%) PAF of VAD with respect to Cause DALYs by Cause (per 100K Person-Years
Nation VAD Measles Diarrheal Diseases Measles Diarrheal Diseases VAD Measles Diarrheal Diseases
Nigeria 9(5,13) | 0.13(0.05,0.31) 3.3(2.7,3.9) 4.8 (0.2, 10.8) 1.6 (0.2, 3.3) 69 (43, 107) 75 (1, 150) 547 (83, 1,163)
Kenya 48 (34,61) | 0.05 (0.02,0.12) 3.0 (2.5, 3.6) 17.2 (0.9, 32.6) 5.2(1.0,9.7) 170 (104, 257) | 86 (1, 253) 757 (104, 1190)
Burkina Faso | 35 (25,47) | 0.04(0.01, 0.09) 4.1 (3.3,4.9) 11.9 (0.5, 24.4) 4.3 (0.7, 8.5) 269 (160, 402) | 525 (9, 1581) 877 (137, 1988)

Abbreviations: GBD = Global Burden of Disease study; PAF = Population Attributable Fraction; VAD = Vitamin A Deficiency; DALY = Disability-Adjusted Life Year

https://doi.org/10.1371/journal.pone.0266495.t001

Overall, we found that the baseline coverage for Nigeria was 32.1% [31.8, 32.3] [19-26], for
Kenya it was 55.2% [54.7, 55.7] [25-31], and for Burkina Faso it was 88.4% [85.3, 91.9] [1].
The values we used in the simulation for baseline coverage were 32%, 55%, and 88% for Nige-
ria, Kenya, and Burkina Faso, respectively. As a result, for Nigeria the target coverage was 66%,
for Kenya it was 77%, and for Burkina Faso it was 94%.

Our literature search for the relative risk of lack of VAS on the risk factor VAD provided
1,020 hits in Google Scholar and 33 hits in PubMed. After checking the articles based on our
eligibility criteria, four sources eventually went into the fixed-effect meta-analysis. We found
that the relative risk was 1.48 [1.05, 2.08] [32-35].

We used GBD 2019’s estimates to model the relationship between risk factors and causes as
well as the relationship between causes and outcomes (Table 1) [1].

Simulation outputs

The simulation results show benefits of scaled-up interventions in each of the countries
involved. Over the seven-year period, 21 [5, 56] DALYs per 100,000 person-years were averted
in Nigeria, 21 [5, 47] DALYs per 100,000 person-years were averted in Kenya, and 14 [0, 37]
DALYs per 100,000 person-years were averted in Burkina Faso (Table 2).

As coverage increased, the DALY's averted per year rose as well for all countries (see S2
Appendix for yearly simulation outputs). In 2017 and 2018, the number of DALYs averted
were zero, when supplementation was yet to begin. Starting from 2019, the DALY's averted
increased at a constant rate in all three regions depending on the size of the yearly coverage
increase.

For each nation, the simulation records the number of supplemented years (the total num-
ber of person-years the simulation decided to supplement individuals with the intervention)
which takes into account the current coverage. As the scale-up was smallest in Burkina Faso,
the additional cost to implement the intervention was the least while Nigeria had the greatest
cost. The additional cost per 100,000 person-years amounted to $17,880 [17,800, 17,960] in
Nigeria, $11,390 [11,350, 11,430] in Kenya, and $3,100 [3,060, 3,120] in Burkina Faso

Table 2. Overall outcomes for simulated intervention by country.

Country Overall DALYs Averted Per 100,000 Overall Additional Cost Per 100,000 Person-Years (USD / 100,000 Cumulative ICER (USD/
Person-Years Person-Years) DALY)
Nigeria 21 (5, 56) 17,880 (17,800, 17,960) 860 (320, 3530)
Kenya 21 (5,47) 11,390 (11,350, 11,430) 550 (240, 2230)
Burkina 14 (0, 37) 3,100 (3,060, 3,120) 220 (80, 2470)
Faso

Abbreviations: DALY = Disability-Adjusted Life Year; USD = US Dollar; ICER = Incremental Cost-effectiveness Ratio

https://doi.org/10.1371/journal.pone.0266495.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0266495  April 7, 2022 7/13


https://doi.org/10.1371/journal.pone.0266495.t001
https://doi.org/10.1371/journal.pone.0266495.t002
https://doi.org/10.1371/journal.pone.0266495

PLOS ONE Cost-effectiveness of Vitamin A Supplementation using simulation model

Overall cost-effectiveness by country

Nigeria

Country

Kenya }7 4< ‘o . 0 + 0

Burkina Faso - X .

0 500 1000 1500 2000 2500 3000 3500 4000
ICER (USD/DALY)

Fig 2. Cost-effectiveness of intervention scale-up by country.

https://doi.org/10.1371/journal.pone.0266495.9002

(Table 2). The additional cost per year increased at a rate proportional to the increase in cover-
age for each specific intervention.

Despite averting the fewest DALY over the course of the simulation, the intervention in
Burkina Faso has the lowest median ICER among the countries. Overall, the intervention over
the seven-year period would have an ICER of $860/DALY [320, 3530] in Nigeria, $550/DALY
[240, 2230] in Kenya, and $220/DALY [80, 2470] in Burkina Faso (Fig 2).

Validation

We validated the simulation output for each nation in 2017 and 2018 by comparing it to GBD
estimates from that year. We stratified the simulation results by age, sex, and cause for the
comparison. In particular, the two age groups that we validated were post neonatal and 1-4
years of age since the intervention is only provided to children between 6-59 months of age.
The mean rate of YLLs and YLDs from that year over 100 draws are within 10% of the GBD
value for both age groups and sexes for measles. Those values for diarrheal diseases are within
20% of the average in Nigeria and Burkina Faso but are well within the range of the parameter
uncertainty estimated by GBD.

Discussion

By comparing the effect of a scale-up of VAS coverage in three countries with varying baseline
coverages, we measured the changes in the cost-effectiveness of different levels of scale-ups. In
Nigeria, where the baseline coverage was the smallest, we simulated an intervention coverage
scale-up from 32% to 66%, while in Burkina Faso, where the baseline coverage was the largest,
we simulated an intervention coverage scale-up from 88% to 94%. The model found that scale-
ups in all three nations produce similar rates of DALY averted, all with overlapping uncer-
tainty intervals. A surprising result is that although Nigeria had a larger scale-up than Kenya,
the two nations had the same median DALY averted. This can be attributed to the increased
prevalence of VAD in Kenya compared to Nigeria (see Table 1).

In addition, the model predicted that Nigeria has the most additional cost whereas Burkina
Faso has the fewest. Similarly, the intervention in Burkina Faso is the most cost-effective and
the scale-up in Nigeria is the least. However, we note that the model’s estimates for ICER have
wide and overlapping uncertainty intervals. Because ICER is the ratio between additional cost
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and DALYs averted, one factor alone may not sufficiently reflect the trend in the cost-effective-
ness of an intervention. Although Burkina Faso had the fewest DALY’ averted, the interven-
tion had the lowest ICER because it has the smallest cost. There is substantial uncertainty in
the DALY averted and ICER values as well, but in all settings the median ICER is between
100-1000 USD/DALY.

Opverall, our simulation study finds that VAS is not as cost-effective as previously reported
in the literature. The cumulative ICER estimates for the nations in our simulation are approxi-
mately ten times larger than previous cost-effectiveness analyses of this intervention [11, 36].
Edejer’s study from 2005 considers the cost-effectiveness of different combinations of nutri-
tion-related interventions in sub-Saharan Africa. The authors found that VAS, Zinc Supple-
mentation, Measles vaccination, and pneumonia case management together have an ICER of
$85/DALY [11]. However, this study measures the effectiveness of VAS combined with other
interventions, and therefore may not be directly comparable with our results. Another analysis
by Chow and colleagues in 2010 found that VAS by itself had an ICER ranging between $23-
50/DALY within India [36]. The differences in these values compared to our simulation’s out-
puts may be due in part to the combination of interventions or differing locations of the
studies.

However, we believe that the increase in ICER can be mainly attributed to the decrease in
VAD over time and new estimates for the risk effect of VAD on causes of death. For example,
among children under 5 years of age in Nigeria, VAD was responsible for 5,850 DALY per
100,000 person-years in 2005 and 1,860 DALY per 100,000 person-years in 2010, but it only
caused 690 DALY per 100,000 person-years in 2019 [1]. A lower prevalence of VAD would
allow fewer DALY to be averted, which would result in a larger ICER.

Changes in the modelling of VAS in GBD 2019 might have further reduced the impact of
VAS. GBD 2019 used a new meta-analysis method for micronutrient modelling that was not
applied in GBD 2017 [37]. The results of the new modelling approach reduced the effect of
VAD on measles and diarrheal diseases by an order of magnitude [1, 38]. GBD 2019 also
found that lower respiratory infections (LRI), a cause of death associated with VAD in GBD
2017, did not have sufficient evidence to estimate a causal relationship with VAD [1]. Asa
result, we chose not to include LRI in our model. We ran a separate simulation that was cali-
brated to GBD 2017 estimates and included LRI. This model found that ICERs were more sim-
ilar to previous literature: Nigeria had an ICER of 41 [26, 61], Kenya had an ICER of 62 [46,
97], and Burkina Faso had an ICER of 35 [22, 59]. This illustrates the importance of the inputs
to our model and how it can affect the results of our simulation.

Our cost-effectiveness analysis has two major strengths: the flexibility of the Vivarium
framework, and the ability to incorporate uncertainty into the model. The Vivarium frame-
work allows us to create models that are very flexible while calibrating population-level param-
eters to GBD estimates. The model used in our simulation only considered VAS, which is
sometimes not possible in the field because individuals may be subject to multiple interven-
tions simultaneously. In fact, much of the literature on cost-effectiveness of nutritional supple-
ments combines different interventions when estimating the ICER. Additionally, the
microsimulation model allows us to vary the number of draws and individuals in each simula-
tion. This gives us the ability to incorporate uncertainty in our simulations.

Our approach has two limitations due to the scope of our model. In addition to lowering
VAD by increasing VAS coverage, campaigns often boost the intake of VA as well. While GBD
estimates for VAD include data on VA intake, we did not model VA intake explicitly. Second,
our model does not incorporate the YLDs stemming from xerophthalmia and night blindness.
However, the YLDs are small compared to the YLLs of the causes that we did include, so we
believe that this omission does not greatly affect our results.
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Another area for future improvement is our cost model. We determined the overall cost of
the intervention using a singular value for the average unit cost of VAS (see S1 Appendix for
more details on the literature search). We used sources from journal publications only, but
there are other sources that claim the unit cost might be larger. The WHO One Health Tool
estimates that the unit cost can range between $2.45-3.17 USD. Increases in unit cost would
create a proportional increase in ICER. For example, if the unit cost of VAS were five times
larger, the additional cost and ICER would increase by a factor of five as well. Another draw-
back of our cost model is that it assumes that the intervention cost increases linearly as cover-
age expands. However, costs are likely to vary in different nations and even subnational
regions based on accessibility, budget, and the size of the program. As a result, cost has a super-
linear relationship with intervention coverage in the real world. Although our simulation can
take uncertainty into account, it might not have enough complexity to consider all the factors
of a realistic cost model. Up-to-date cost data as well as studies analyzing the nonlinear costs of
supplementing individuals in isolated regions would improve the quality of this analysis.

Conclusion

In this study, we calculated the ICER as a measure of the cost-effectiveness of scale-ups of VAS
coverage in three countries using an individual-based microsimulation calibrated to match
GBD estimates at the population level. We found that the intervention was not as cost-effective
as it has been reported previously. This is due to falling levels of VAD among children in our
countries of interest and lower risk effects for causes of death due to VAD in GBD 2019.

Supporting information
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(DOCX)
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(DOCX)

Acknowledgments

We would like to thank Dr. Nicole Young for review of the manuscript.

Author Contributions

Conceptualization: Aditya Kannan, Derrick Tsoi, James Collins, Abraham Flaxman.
Data curation: Aditya Kannan, Derrick Tsoi.

Formal analysis: Aditya Kannan, Abraham Flaxman.

Funding acquisition: Abraham Flaxman.

Investigation: Aditya Kannan.

Methodology: Aditya Kannan, Derrick Tsoi, Abraham Flaxman.
Software: Cody Horst, James Collins.

Supervision: Abraham Flaxman.

Validation: Yongquan Xie.

Visualization: Aditya Kannan, Yongquan Xie.

Writing - original draft: Aditya Kannan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266495  April 7, 2022 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266495.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266495.s002
https://doi.org/10.1371/journal.pone.0266495

PLOS ONE

Cost-effectiveness of Vitamin A Supplementation using simulation model

Writing - review & editing: Aditya Kannan, Abraham Flaxman.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Vos T, Lim SS, Abbafati C, Abbas KM, Abbasi M, Abbasifard M, et al. Global burden of 369 diseases
and injuries in 204 countries and territories, 1990-2019: a systematic analysis for the Global Burden of
Disease Study 2019. The Lancet. 2020 Oct 17; 396(10258):1204—-22. https://doi.org/10.1016/S0140-
6736(20)30925-9 PMID: 33069326

Black RE, Victora CG, Walker SP, Bhutta ZA, Christian P, Onis M de, et al. Maternal and child undernu-
trition and overweight in low-income and middle-income countries. The Lancet. 2013 Aug 3; 382
(9890):427-51. https://doi.org/10.1016/S0140-6736(13)60937-X PMID: 23746772

Global prevalence of vitamin A deficiency in populations at risk 1995-2005 [Internet]. World Health
Organization; (WHO Global Database on Vitamin A Deficiency). Available from: https://apps.who.int/
iris/bitstream/handle/10665/44110/9789241598019_eng.pdf.

Goal 3: Ensure healthy lives and promote well-being for all at all ages [Internet]. United Nations Sustain-
able Development Goals. [cited 2021 Feb 22]. Available from: https://www.un.org/
sustainabledevelopment/health/.

Horton S, Blum LS, Diouf M, Ndiaye B, Ndoye F, Niang K, et al. Delivering Vitamin A Supplements to
Children Aged 6-59 Months: Comparing Delivery through Campaigns and through Routine Health Ser-
vices in Senegal. Curr Dev Nutr. 2018 Jan; 2(4). https://doi.org/10.1093/cdn/nzy006 PMID: 30019030

Neidecker-Gonzales O, Nestel P, Bouis H. Estimating the global costs of vitamin A capsule supplemen-
tation: a review of the literature. Food Nutr Bull. 2007 Sep; 28(3):307-16. https://doi.org/10.1177/
156482650702800307 PMID: 17974364

Kagin J, Vosti SA, Engle-Stone R, Rettig E, Brown KH, Nankap M, et al. Measuring the Costs of Vitamin
A Interventions: Institutional, Spatial, and Temporal Issues in the Context of Cameroon. Food Nutr Bull.
2015 Sep; 36(3 Suppl):S172—-192.

The Lives Saved Tool: Spectrum Manual [Internet]. Johns Hopkins University; 2018 Sep. Available
from: https://www.livessavedtool.org/manuals.

Imdad A, Mayo-Wilson E, Herzer K, Bhutta ZA. Vitamin A supplementation for preventing morbidity and
mortality in children from six months to five years of age. Cochrane Database Syst Rev [Internet]. 2017
[cited 2021 Feb 22];(3). Available from: https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.
CD008524.pub3/full. PMID: 28282701

Mason JB, Benn CS, Sachdev HPS, West KP, Palmer AC, Sommer A. Should universal distribution of
high dose vitamin A to children cease? BMJ. 2018 Mar 1; 360:k927. https://doi.org/10.1136/bmj.k927
PMID: 29496673

Edejer TT-T, Aikins M, Black R, Wolfson L, Hutubessy R, Evans DB. Cost effectiveness analysis of
strategies for child health in developing countries. BMJ. 2005 Nov 17; 331(7526):1177. https://doi.org/
10.1136/bm|.38652.550278.7C PMID: 16282378

Collins J, Deason A, Wilson K, Horst C, Swedin K, Mumford E, et al. Vivarium [Internet]. Zenodo; 2019
[cited 2021 Feb 22]. Available from: https://doi.org/10.5281/zenodo.3546963.

Flaxman AD, Vos T, Murray CJL. An Integrative Metaregression Framework for Descriptive Epidemiol-
ogy [Internet]. University of Washington Press; 2015 [cited 2021 Feb 22]. 250 p. (Publications on Global
Health, Institute for Health Metrics and Evaluation). Available from: https://uwapress.uw.edu/book/
9780295991849/an-integrative-metaregression-framework-for-descriptive-epidemiology.

Flaxman AD, Deason AW, Dolgert AJ, Mumford JE, Sorensen RJD, Eldrenkamp E, et al. Untangling
uncertainty with common random numbers: a simulation study. In: Proceedings of the Summer Simula-
tion Multi-Conference. San Diego, CA, USA: Society for Computer Simulation International; 2017. p.
1-12. (SummerSim ‘17).

Janmohamed A, Doledec D. Comparison of administrative and survey data for estimating vitamin A
supplementation and deworming coverage of children under five years of age in Sub-Saharan Africa.
Trop Med Int Health. 2017 Jul; 22(7):822-9. https://doi.org/10.1111/tmi.12883 PMID: 28449319

Munos M, Guiella G, Roberton T, Maiga A, Tiendrebeogo A, Tam Y, et al. Independent Evaluation of
the Rapid Scale-Up Program to Reduce Under-Five Mortality in Burkina Faso. Am J Trop Med Hyg.
2016 Mar 2; 94(3):584—-95. https://doi.org/10.4269/ajtmh.15-0585 PMID: 26787147

Ouédraogo CT, Becquey E, Wilson SE, Prince L, Ouédraogo A, Rouamba N, et al. Factors Affecting
the Validity of Coverage Survey Reports of Receipt of Vitamin A Supplements During Child Health Days
in Southwestern Burkina Faso. Food Nutr Bull. 2016 Dec 1; 37(4):529-43. https://doi.org/10.1177/
0379572116666167 PMID: 27604622

PLOS ONE | https://doi.org/10.1371/journal.pone.0266495  April 7, 2022 11/13


https://doi.org/10.1016/S0140-6736%2820%2930925-9
https://doi.org/10.1016/S0140-6736%2820%2930925-9
http://www.ncbi.nlm.nih.gov/pubmed/33069326
https://doi.org/10.1016/S0140-6736%2813%2960937-X
http://www.ncbi.nlm.nih.gov/pubmed/23746772
https://apps.who.int/iris/bitstream/handle/10665/44110/9789241598019_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/44110/9789241598019_eng.pdf
https://www.un.org/sustainabledevelopment/health/
https://www.un.org/sustainabledevelopment/health/
https://doi.org/10.1093/cdn/nzy006
http://www.ncbi.nlm.nih.gov/pubmed/30019030
https://doi.org/10.1177/156482650702800307
https://doi.org/10.1177/156482650702800307
http://www.ncbi.nlm.nih.gov/pubmed/17974364
https://www.livessavedtool.org/manuals
https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD008524.pub3/full
https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD008524.pub3/full
http://www.ncbi.nlm.nih.gov/pubmed/28282701
https://doi.org/10.1136/bmj.k927
http://www.ncbi.nlm.nih.gov/pubmed/29496673
https://doi.org/10.1136/bmj.38652.550278.7C
https://doi.org/10.1136/bmj.38652.550278.7C
http://www.ncbi.nlm.nih.gov/pubmed/16282378
https://doi.org/10.5281/zenodo.3546963
https://uwapress.uw.edu/book/9780295991849/an-integrative-metaregression-framework-for-descriptive-epidemiology
https://uwapress.uw.edu/book/9780295991849/an-integrative-metaregression-framework-for-descriptive-epidemiology
https://doi.org/10.1111/tmi.12883
http://www.ncbi.nlm.nih.gov/pubmed/28449319
https://doi.org/10.4269/ajtmh.15-0585
http://www.ncbi.nlm.nih.gov/pubmed/26787147
https://doi.org/10.1177/0379572116666167
https://doi.org/10.1177/0379572116666167
http://www.ncbi.nlm.nih.gov/pubmed/27604622
https://doi.org/10.1371/journal.pone.0266495

PLOS ONE

Cost-effectiveness of Vitamin A Supplementation using simulation model

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zuber PLF, Yaméogo KR, Yaméogo A, Otten MW Jr. Use of Administrative Data to Estimate Mass Vac-
cination Campaign Coverage, Burkina Faso, 1999. J Infect Dis. 2003 May 15; 187(Supplement_1):
S86-90. https://doi.org/10.1086/368052 PMID: 12721897

Adamu MD, Muhammad N. Assessment of Vitamin A supplementation coverage and associated barri-
ers in Sokoto State, Nigeria. Ann Niger Med. 2016 Sep 6; 10(1):16-23.

Aghaji AE, Duke R, Aghaji UCW. Inequitable coverage of vitamin A supplementation in Nigeria and
implications for childhood blindness. BMC Public Health. 2019 Mar 8; 19(1):282. https://doi.org/10.
1186/s12889-019-6413-1 PMID: 30849959

Aremu O, Lawoko S, Dalal K. Childhood vitamin A capsule supplementation coverage in Nigeria: a mul-
tilevel analysis of geographic and socioeconomic inequities. ScientificWorldJournal. 2010 Oct 1;
10:1901-14. https://doi.org/10.1100/tsw.2010.188 PMID: 20890579

Nigeria Demographic and Health Survey 2003 [Internet]. Nigeria: National Population Commission;
2004 Apr [cited 2021 Feb 22]. Available from: https://dhsprogram.com/pubs/pdf/FR148/FR148.pdf.

Nigeria Demographic and Health Survey 2008 [Internet]. Nigeria: National Population Commission;
2009 Nov [cited 2021 Feb 22]. Available from: https://dhsprogram.com/pubs/pdf/FR222/FR222.pdf.

Nigeria Demographic and Health Survey 2013 [Internet]. Nigeria: National Population Commission;
2014 Jun [cited 2021 Feb 22]. Available from: https://dhsprogram.com/pubs/pdf/FR293/FR293.pdf.

Bryce J, Terreri N, Victora CG, Mason E, Daelmans B, Bhutta ZA, et al. Countdown to 2015: tracking
intervention coverage for child survival. Lancet. 2006 Sep 23; 368(9541):1067—76. https://doi.org/10.
1016/S0140-6736(06)69339-2 PMID: 16997661

Janmohamed A, Klemm RD, Doledec D. Determinants of successful vitamin A supplementation cover-
age among children aged 6-59 months in thirteen sub-Saharan African countries. Public Health Nutr.
2017 Aug; 20(11):2016—22. https://doi.org/10.1017/S1368980017000684 PMID: 28532531

Kenya Demographic and Health Survey 2003 [Internet]. Kenya: Central Bureau of Statistics; 2004 Jul
[cited 2021 Feb 22]. Available from: https://dhsprogram.com/pubs/pdf/FR151/FR151.pdf.

Kenya Demographic and Health Survey 2008—-09 [Internet]. Kenya: Kenya National Bureau of Statis-
tics; 2010 Jun [cited 2021 Feb 22]. Available from: https://dhsprogram.com/pubs/pdf/FR229/FR229.
pdf.

Kenya Demographic and Health Survey 2014 [Internet]. Kenya: Kenya National Bureau of Statistics;
2015 Dec [cited 2021 Feb 22]. Available from: https://dhsprogram.com/pubs/pdf/FR308/FR308.pdf.

Oiye S, Safari N, Anyango J, Arimi C, Nyawa B, Kimeu M, et al. Programmatic implications of some vita-
min A supplementation and deworming determinants among children aged 6—59 months in resource-
poor rural Kenya. Pan Afr Med J [Internet]. 2019 Feb 28 [cited 2021 Feb 22]; 32(96). Available from:
https://www.panafrican-med-journal.com/content/article/32/96/full/. https://doi.org/10.11604/pam.
2019.32.96.17221 PMID: 31231453

Clohossey PC, Katcher HI, Mogonchi GO, Nyagoha N, Isidro MC, Kikechi E, et al. Coverage of vitamin
A supplementation and deworming during Malezi Bora in Kenya. J Epidemiol Glob Health. 2014 Sep; 4
(3):169-76. https://doi.org/10.1016/j.jegh.2013.12.005 PMID: 25107652

Villamor E, Fawzi WW. Effects of Vitamin A Supplementation on Immune Responses and Correlation
with Clinical Outcomes. Clin Microbiol Rev. 2005 Jul 1; 18(3):446—64. https://doi.org/10.1128/CMR.18.
3.446-464.2005 PMID: 16020684

Cherian T, Ranjini EK, Balasubramaniam KA, Raghupati P. Vitamin A supplementation in children with
recurrent respiratory infections. Indian Pediatr. 2001 Jul; 38(7):771-5. PMID: 11463965

Ross DA, Kirkwood BR, Binka FN, Arthur P, Dollimore N, Morris SS, et al. Child morbidity and mortality
following vitamin A supplementation in Ghana: time since dosing, number of doses, and time of year.
Am J Public Health. 1995 Sep 1; 85(9):1246-51. https://doi.org/10.2105/ajph.85.9.1246 PMID:
7661232

Shankar AH, Genton B, Semba RD, Baisor M, Paino J, Tamja S, et al. Effect of vitamin A supplementa-
tion on morbidity due to Plasmodium falciparum in young children in Papua New Guinea: a randomised
trial. The Lancet. 1999 Jul 17; 354(9174):203-9. hitps://doi.org/10.1016/S0140-6736(98)08293-2
PMID: 10421302

Chow J, Klein EY, Laxminarayan R. Cost-Effectiveness of “Golden Mustard” for Treating Vitamin A
Deficiency in India. PLOS ONE [Internet]. 2010 Aug 10 [cited 2021 Feb 22]; 5(8). Available from: https://
journals.plos.org/plosone/article?id=10.1371/journal.pone.0012046. PMID: 20706590

Hess SY, McLain AC, Lescinsky H, Brown KH, Afshin A, Atkin R, et al. Basis for changes in the disease
burden estimates related to vitamin A and zinc deficiencies in the 2017 and 2019 Global Burden of Dis-
ease Studies. Public Health Nutr. 2021 Dec 10;1-7. https://doi.org/10.1017/S1368980021004821
PMID: 34889182

PLOS ONE | https://doi.org/10.1371/journal.pone.0266495  April 7, 2022 12/13


https://doi.org/10.1086/368052
http://www.ncbi.nlm.nih.gov/pubmed/12721897
https://doi.org/10.1186/s12889-019-6413-1
https://doi.org/10.1186/s12889-019-6413-1
http://www.ncbi.nlm.nih.gov/pubmed/30849959
https://doi.org/10.1100/tsw.2010.188
http://www.ncbi.nlm.nih.gov/pubmed/20890579
https://dhsprogram.com/pubs/pdf/FR148/FR148.pdf
https://dhsprogram.com/pubs/pdf/FR222/FR222.pdf
https://dhsprogram.com/pubs/pdf/FR293/FR293.pdf
https://doi.org/10.1016/S0140-6736%2806%2969339-2
https://doi.org/10.1016/S0140-6736%2806%2969339-2
http://www.ncbi.nlm.nih.gov/pubmed/16997661
https://doi.org/10.1017/S1368980017000684
http://www.ncbi.nlm.nih.gov/pubmed/28532531
https://dhsprogram.com/pubs/pdf/FR151/FR151.pdf
https://dhsprogram.com/pubs/pdf/FR229/FR229.pdf
https://dhsprogram.com/pubs/pdf/FR229/FR229.pdf
https://dhsprogram.com/pubs/pdf/FR308/FR308.pdf
https://www.panafrican-med-journal.com/content/article/32/96/full/
https://doi.org/10.11604/pamj.2019.32.96.17221
https://doi.org/10.11604/pamj.2019.32.96.17221
http://www.ncbi.nlm.nih.gov/pubmed/31231453
https://doi.org/10.1016/j.jegh.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25107652
https://doi.org/10.1128/CMR.18.3.446-464.2005
https://doi.org/10.1128/CMR.18.3.446-464.2005
http://www.ncbi.nlm.nih.gov/pubmed/16020684
http://www.ncbi.nlm.nih.gov/pubmed/11463965
https://doi.org/10.2105/ajph.85.9.1246
http://www.ncbi.nlm.nih.gov/pubmed/7661232
https://doi.org/10.1016/S0140-6736%2898%2908293-2
http://www.ncbi.nlm.nih.gov/pubmed/10421302
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0012046
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0012046
http://www.ncbi.nlm.nih.gov/pubmed/20706590
https://doi.org/10.1017/S1368980021004821
http://www.ncbi.nlm.nih.gov/pubmed/34889182
https://doi.org/10.1371/journal.pone.0266495

PLOS ONE

Cost-effectiveness of Vitamin A Supplementation using simulation model

38. James SL, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global, regional, and national inci-

dence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and ter-

ritories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. The Lancet.
2018 Nov 10; 392(10159):1789-858.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266495  April 7, 2022 13/13


https://doi.org/10.1371/journal.pone.0266495

