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Abstract. The bidirectional interaction between undernutrition and infection can be devastating to child health. Nutri-
tional deficiencies impair immunity and increase susceptibility to infection. Simultaneously, infections compound under-
nutrition by increasing metabolic demand and impairing nutrient absorption. Treatment of acute malnutrition (wasting)
can reverse some of its deleterious effects and reduce susceptibility to infectious diseases. Nutrition-specific approaches
may be packaged with other interventions, including immunization, to support overall child health. To understand how
mass nutritional supplementation, treatment of wasting, and vaccination affect the dynamics of a vaccine-preventable
infection, we developed a population-level, compartmental model of measles transmission stratified by age and nutrition
status. We simulated a range of scenarios to assess the potential reductions in measles infection and mortality associ-
ated with targeted therapeutic feeding for children who are wasted and with a mass supplementation intervention. Nutri-
tion interventions were assumed to increase engagement with the health sector, leading to increased vaccination rates.
We found that the combination of wasting treatment and mass supplementation coverage followed by an increase in
vaccination coverage of non-wasted children from a baseline of 75% to 85%, leads to 34% to 57% and 65% to 77%
reduction in measles infection and mortality and 56% to 60% reduction in overall mortality among wasted children, com-
pared with the wasting treatment alone. Our work highlights the synergistic benefits that may be achieved by leveraging
mass nutritional supplementation as a touch point with the health system to increase rates of vaccination and improve
child survival beyond what would be expected from the additive benefits of each intervention.

INTRODUCTION

Undernutrition and infection interact in a bidirectional
manner. Both micronutrient and macronutrient deficiencies
stunt a child’s growth, impair immunity, increase susceptibil-
ity to infection, and worsen outcomes from common infec-
tious diseases.1 The risk of adverse outcomes from infection
is correlated with the degree of undernutrition; concurrently,
infection contributes to undernutrition by reducing a child’s
ability to consume food, contributing to nutrient malabsorp-
tion, and increasing metabolic demand.2–4 As an example, a
higher cumulative burden of diarrhea during the first 2 years
of life increases the risk of stunting at 24 months of age.5

Improving the baseline nutritional status of children and pro-
viding treatment of acute malnutrition (wasting) lowers the
negative impacts of infections on growth by strengthening
children’s immune systems, preventing poor appetite, com-
pensating for malabsorption, and favoring the growth of ben-
eficial gut microorganisms.2,6

Undernutrition can lead to long-lasting immune deficits,
rendering undernourished children at a significantly increased
risk of respiratory infections, diarrhea, malaria, and mea-
sles.3,7–9 Even seemingly mild manifestations of these
common infectious diseases can have long-term effects on
children’s physical and cognitive development.10 Identifying
patterns of association between undernutrition and infection
are important to the clinical and public health efforts in reduc-
ing childhood morbidity and mortality.1 The bidirectional

relationship between the two events has been well docu-
mented, and its importance recognized for decades.4,11 Few
studies, though, have explored the impact of undernutrition
on the transmission dynamics of infectious diseases. Among
these, there has been investigation into the effect of undernu-
trition, or specific nutritional therapies, on transmission of
tuberculosis12 and cholera,13 emphasizing the need to
address nutrition to reduce the burden of the infection. There
are also animal models of infection and undernutrition that
show infection can cause undernutrition; specifically, wean-
ling undernutrition exacerbates infection and mucosal disrup-
tion,14–17 and increases the intensity of infection in neonatal
mice, as assessed by stool shedding, by one to four orders
of magnitude.15

Undernutrition is a primary contributor to death in 44.8%
of childhood fatalities from measles.18 Malnourished children
are more likely to develop complications of measles and
have a higher case-fatality ratio,19 whereas measles infection
can in turn worsen the nutritional status of children. Koster
et al.20 found that measles had an adverse impact on both
mortality and the nutritional status of surviving children. In
their prospective study in Bangladesh, children 7 to 23
months of age experienced a persistent nutritional deficit of
about 10% after measles infection, followed by prolonged
diarrhea. Another study in an urban settlement in Guinea-
Bissau also found a negative impact of measles on the nutri-
tional status of children aged 9 to 35 months old.21 Several
studies have shown that measles was a precipitating cause
of kwashiorkor22–24 and that there have been reports of a
reduction in the incidence of kwashiorkor after measles vac-
cine campaigns.23

Interventions focused on treating or preventing undernutri-
tion often rely on increasing the engagement of mothers and
children with the health sector. Intentionally packaging
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nutrition-specific care with routine immunization could lead
to enhanced effectiveness in reducing undernutrition but
also improve prevention efforts against infectious disease. In
fact, nutritional commodities may be perceived as an incen-
tive to draw patients to health centers where other services
may be offered. Previous work has shown that an incentive
as simple as a bag of lentils for each immunization visit, has
large positive impacts on the uptake of immunization serv-
ices in resource-poor areas.25 In addition, vaccination
uptake can enhance long-term nutrition outcomes, and tar-
geted vaccination of children with poor sociodemographic
characteristics can improve their overall nutrition status.26

We developed a population-level, dynamic model of mea-
sles transmission stratified by nutrition status to understand
how nutrition-based interventions and vaccination collec-
tively affect measles infection and mortality. In particular, we
modeled two scenarios. In the first, wasted children received
treatment with ready-to-use therapeutic food (RUTF). The
second included treatment of wasted children, as well as
mass supplementation of all children aged 6 to 23 months
with small quantity lipid-based nutritional supplements (SQ-
LNS). LNS are a class of ready-to-use food supplements
that are highly nutrient-dense and fortified with vitamins and
minerals at levels designed to treat and prevent acute mal-
nutrition. They range in ration sizes based on their use to
either treat or prevent acute malnutrition, with ready-to-use
therapeutic or supplementary foods (RUTF, RUSF) coming
in 92- or 100-g sachets, medium-quantity LNS in 50-g
sachets, and 20-g sachets of SQ-LNS for home fortification
of local diets to improve children’s complementary feeding.
There is strong evidence in support of implementing mass
SQ-LNS supplementation among at-risk children from 6 to
18 or 23 months, like those in Niger.27 Such supplementa-
tion has been shown to reduce stunting, wasting, anemia,28

and all-cause mortality,29 as well as improve developmental
outcomes.30

We accounted for the nature, timing, and magnitude of
interactions between measles and undernutrition under the
different simulated scenarios. Model parameters reflected
the situation in Niger, which was considered to be an appro-
priate case study due to its high rates of undernutrition and
its persistent measles burden. Undernutrition is the leading
cause of infant mortality and morbidity in Niger.31 The levels
of undernutrition in Niger are among the highest in the world,
with 43.5% and 12.5% of children under 5 years of age
being stunted and wasted in 2021, respectively; in the rural
Zinder region, stunting and wasting rates were even higher
at 57.4% and 14.3%.32 These rates are much higher than
the average for the African continent as a whole (30.7% and
6.0%, respectively).33 Outbreaks of vaccine-preventable dis-
eases like measles are also common in Niger.34,35

Our modeling scenarios can help us understand the com-
plex connections between undernutrition and measles that
have not been disentangled by previous studies and may
help inform approaches to intervention. There is strong evi-
dence for the positive impact on preventing undernutrition
and mortality through mass supplementation with child-
adapted foods like SQ-LNS. If our model demonstrates an
additive benefit of increased measles vaccination, it would
justify further investment by governments and donors in
scaling up such programs especially in areas with a

simultaneous high burden of malnutrition and low coverage
for measles vaccination.

MATERIALS AND METHODS

Measles-undernutrition model with wasting treatment
(Scenario 1: Treatment).We developed a seasonally forced,
deterministic, continuous-time susceptible-infectious-recov-
ered (SIR) model of measles transmission that accounts for
vaccination and for nutritional interventions (Figure 1). We
stratified the population into children 6 to 23 months and
individuals of all other ages, with children aging from the for-
mer into the latter compartment at a rate a. We assumed a
fixed population of N0 5 100,000 and the demographic
characteristics of Niger such as birth rate and death
rates.36–38 The population size of infants up to 6 months is
assumed to be B 5 5000. A full list of parameter values is
given in Table 1, and model equations are also given in sup-
plementary material.
Initially, children enter the two classes of susceptibility

based on their nutritional status: nourished (non-wasted,
SN0) or wasted (SM0). A proportion, v, of children become
wasted during the first 6 months of life. Some of the wasted
children, regardless of their status in the model (susceptible
to measles or vaccinated or recovered), receive therapeutic
feeding and move to the non-wasted and treated compart-
ments. The treatment rate of wasted children was varied to
represent the coverage of 5% to 100%, with 75% effective-
ness. Previous studies have shown that after recovery from
wasting, some children relapse and become wasted postdi-
scharge.39 We accounted for relapse by moving treated indi-
viduals to different compartments at rate x. The susceptible
children who received treatment (SN1), were moved to com-
partment (SM11). After individuals in SM11 are treated again
for wasting, they move to (SN2) and can, in turn, move back
to (SM11) after experiencing relapse for the second time or
more. We assume that wasted children have a higher mortal-
ity rate (mm) than in other states.
A proportion of individuals from all aforementioned compart-

ments are vaccinated and enter the vaccinated compartment
(V). The vaccination coverage is assumed to be 75%, close to
Niger national immunization coverage in 2016.40 We model
single-dose vaccination and assume 95% of vaccinated chil-
dren are no longer susceptible to measles infection. We also
assumed that vaccination coverage of wasted children are
10% lower than nourished children (yw 5 67.5%), based on
the Demographic and Health Surveys data.41 The vaccination
coverages in the model were defined as rates, and the propor-
tion vaccinated was calculated from the model outputs. On
the basis of observations of changes in overall care-seeking
as a result of engagement of mothers through nutrition inter-
vention programs,25 we hypothesize that receiving therapeutic
feeding for wasting among children who are susceptible to
measles, increases the measles vaccine uptake by nt.
Upon contracting measles, non-wasted and wasted individ-

uals enter the infectious compartments (IN and IM, respec-
tively). Depending on the host age and condition, measles may
be fatal. This is presented by the measles case fatality rate,
here defined as probability (s). We assume that wasting leads
to increased susceptibility to measles (u), longer infectious
period (h), and increased measles mortality (w). In this work,
we assumed that the subsequent wasting event increases
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susceptibility to measles to the same degree as the first wast-
ing event (§ 5 0). Individuals who recover from measles move
to the recovered class (R). A proportion, H, of children develop
wasting after measles infection.23 Children who survive from
measles but become wasted post–measles infection move
from IN to RNM, and those who stay nourished move to RNN

class. There is also a chance, r, of mortality due to measles-
associated wasting.24,42 These parameter values were
informed by literature on kwashiorkor specifically, due to a
lack of studies on measles-associated marasmus. We assume
that a proportion, d, of wasted children who get infected with
measles, eventually recover from wasting and move from IM to
RMN upon infection. Those who stayed wasted move from IM
to RMM. We assumed a proportion of individuals in RMM
experience death due to measles-associated wasting.
We depict the findings as heatmaps displaying measles

infections averted across different combinations of thera-
peutic feeding rate for children with wasting (t) and vaccina-
tion rate among wasted children receiving therapeutic
feeding (yt). We vary these two quantities while fixing values
of the remaining model parameters. The percentage reduc-
tion in infections and mortality due to measles among
wasted children aged 6 to 23 months old, total infections
and mortality in the population to measles among wasted
children, and overall mortality among wasted children are
the model outcomes. To calculate the percentage reduction,
the sum of number of each outcome over the past year of

simulations were calculated versus the baseline sum (t 5

0.05 and yt 5 67.5). We also calculated the rates of infected
cases and measles deaths per 100,000 wasted children and
per 100,000 population per year, as well as rate of overall
mortality per 100,000 wasted children.
Measles-undernutrition model with wasting treatment

(Scenario 2: Prevention). Instead of wasting treatment, we
model the effect of community-wide mass nutritional supple-
mentation on dynamics of measles by assuming that 60% of
the population aged 6 to 23 months (parameter MC) receive
daily doses of SQ-LNS (20 g per sachet) at a health center,
per coverage found in a recent study in Mali29 (Table 3, Sup-
plemental Figure 1). We hypothesize that the mass supple-
mentation results in an increase in the first dose of measles
vaccine uptake in the region during the time the cohort
receives supplementation. We represent this effect by con-
ducting three scenarios and varying measles vaccination
rate in a way that the estimated coverage changes from the
baseline value of 75% to 80%, and 85% among susceptible
individuals who are not wasted (SN0) after receiving the SQ-
LNS. The increased measles vaccine uptake rate is shown
as y9 (Supplemental Figure 1). Recent studies have shown
significant improvement in children’s nutritional status as a
result of receiving SQ-LNS. A cluster-randomized controlled
trial in Mali has shown a 29% reduction in the probability of
a first wasting event.43 We account for this effect in the
model by parameter k (Supplemental Figure 1). Also, a

FIGURE 1. Schematic of measles-undernutrition model with no mass nutritional supplementation (Scenario 1).
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recent pooled analysis of randomized controlled trials of
LNS showed a 27% reduced probability of all-cause mortal-
ity.29 This effect is shown as mm9 in the model.
The number of measles cases is calculated as the sum of

(1) the number of measles cases where 40% of the popula-
tion (1-MC) do not receive the mass supplementation, and
(2) the number of measles case where 60% of population
(MC) receive the mass supplementation, per unit time. The
number of measles cases among wasted children, mortality
due to measles among wasted children, and overall mortality
among wasted children as well as their rates were calculated
in a similar manner.
Measles-undernutrition model with mass nutritional

supplementation and wasting treatment (Scenario 3:
Treatment 1 Prevention). We combine Scenarios 1 and 2
and we model the combined effects of wasting treatment
and the community-wide mass nutritional supplementation
on dynamics of measles (Supplemental Figure 2).
Sensitivity analysis. To characterize the response of

model outputs to parameter variations and to identify the
influential parameters, we conducted a sensitivity analysis
using Latin hypercube sampling-partial rank correlation
coefficient (LHS-PRCC). LHS-PRCC is an efficient sampling-
based sensitivity analysis that assumes the effect of a
parameter on model outputs is monotonic after removing
the linear effects of all parameters except the parameter of
interest.44 Using LHS, we generated a matrix of 5,000 sam-
ple points in the nine-dimensional unit cube (i.e., all parame-
ters), and we explored how these parameters affected the
model outcomes by using different simulated parameter
sets. Next, we determined the effect of each parameter on

the model outcomes while averaging over the other variables
by inspecting the PRCC between each of the parameters
and the percent change in different outcomes.

RESULTS

Scenario 1. We modeled a 20% prevalence of wasting
among children aged 6 to 23 months. Treating wasted chil-
dren was assumed to increase vaccination coverage among
wasted children who are susceptible to measles and seeking
treatment. We first assumed a coverage of therapeutic treat-
ment of wasted children to be 5% and explored the impact
of incremental increases, along with constant or increased
vaccination coverage among the treated children only, upon
measles infection and measles mortality among wasted chil-
dren and overall mortality. An underlying assumption is that
unvaccinated wasted children who receive therapeutic feed-
ing are given the measles vaccine during week 4 of treat-
ment, as is indicated by most treatment protocols. Rates of
treated and vaccinated individuals were converted to the
proportions and shown in figures. Figure 2 shows how the
combination of wasting treatment and measles vaccination
coverage impacts measles outcomes. Increasing the treat-
ment coverage of wasted children from 5% to 95%, followed
by vaccination coverage of children who received treatment
from 5% to 95%, leads to a reduction in measles cases of
up to 36% (from 2,673 to 2,039 per 100,000 population), and
50% reduction in measles mortality (from 125 to 75 per
100,000 population) In addition to these benefits seen for the
overall population of children, the combination of wasting
treatment coverage from 5% to 95% followed by measles

TABLE 1
Parameter values used in the dynamical measles-undernutrition model

Parameters Symbol Value Reference

Demographic and undernutrition parameters

Population size N0 100,000 –

Population of surviving infants under 6 months old B 5,000 –

Aging rate of age group 6–23 months a 1/(6 1 23)/2 �1/15 month21
–

Under 2 mortality rate m 2.05 deaths per 10,000 per day �0.075 per year 36

Proportion of infants under 6 months who are wasted v 20% 52

Wasting mortality rate mm 0.016 1 0.075 36,53

Wasting treatment coverage t Variable (defined as a rate) 54

Relapse rate x 2% at 1 month postdischarge 39

Measles parameters

Measles basic reproductive ratio R0 15 55

Seasonality amplitude of measles b1 0.6 45

Force of infection l See Supplemental Material –

Measles infectious period 1/g 14 days 45

Immigration rate of measles e 10 infected per year 56

Vaccination coverage of measles y Defined as a rate to be equivalent to 75% 40

Vaccination coverage of wasted children yw Defined as a rate to be equivalent to 67.5% 41

Vaccination coverage of children treated for wasting yt Variable (defined as a rate) –

Measles case fatality rate s 2.8% 57

Increased measles mortality due to wasting w (6 1 3.7)/2 �5 7

Increased susceptibility to measles infection due to wasting u 2 Assumed
Proportion of children who become wasted after measles infection H 4% 24,42

Increased susceptibility to measles due to subsequent wasting event § 0 Assumed
Measles-associated wasting mortality r 44% 42

Infectious period extension for wasted children* h Assuming infectious period among wasted
children is 20 days, h 5 14/20 �0.7

58

Proportion of wasted infected children who recover from wasting d 20% Assumed

Mass nutritional supplementation parameters

Mass supplementation coverage MC 60% Assumed
Measles vaccine coverage after mass supplementation y9 75%, 80%, 85% Assumed
Reduced all-cause mortality due to mass supplementation mm9 0.075 (1 – 0.27) 1 0.016 29

Reduced probability of first wasting event due to mass supplementation K 29% 43

* Measles latent and infectious periods are approximately 6 and 8 days, respectively. Infectiousness starts�4 days before the onset of rash and lasts�4 days after the onset of rash.
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immunization coverage from 5% to 95% reduces the mea-
sles infection and mortality among wasted children specifi-
cally by 71%, and overall mortality of wasted children by
69% (Supplemental Figure 3).
Scenario 2. Instead of therapeutic feeding of wasted chil-

dren, we included mass supplementation for nutritionally at-
risk populations—a less targeted intervention with greater
reach at the community level. We assumed that 60% of
the children aged 6 to 23 months old received mass supple-
mentation with SQ-LNS at health centers and hypothesized
that vaccination coverage of non-wasted children (SN0) who
received supplementation increased from 75% to 85%. This
led to a 20% reduction in measles infection and mortality in
the population and 15% reduction among wasted children. It
also leads to a 10% reduction in overall mortality among
wasted children.
Scenario 3. We combined Scenarios 1 and 2 and assessed

the effects of therapeutic feeding of wasted children and mass
supplementation of 60% of children 6 to 23 months old,
together on measles outcomes. We varied the treatment cov-
erage of wasted children (t) between 5% and 95% as well as
the vaccination coverage of treated children for wasting (yt)
between 67.5% and 95%. An increase in vaccination coverage
of non-wasted children as a result of mass supplementation
(y9) from 75% to 85%, leads to a 55% reduction in measles

infection (from 1,652 to 1,246 per 100,000 population) and
66% reduction in measles mortality (from 42 to 24 per 100,000
population) (Figure 3). The measles infection and mortality
among wasted children aged 6 to 23 months were reduced by
71%, and overall mortality among wasted children was
reduced by 67% (Supplemental Figure 4).
Comparing Scenario 1 with Scenario 3 reveals that the

absolute numbers of measles cases and measles mortality
are lower in Scenario 3 than Scenario 1. Eighty-five percent
vaccination coverage of non-wasted children after mass
supplementation, in addition to varying wasting treatment
and vaccination coverage of children treated for wasting,
leads to 36% to 57% and 67% to 77% reductions in mea-
sles infection and mortality, respectively, compared with
wasting treatment only (Figure 4 and Supplemental Figure
5). Among wasted children specifically, the infection and
mortality due to measles also reduced by 74% to 78%, and
overall mortality by 56% to 60%, for the 85% vaccination
coverage (Supplemental Figures 6 and 7).
If mass supplementation leads to 85% vaccination coverage

of non-wasted children in both Scenarios 2 and 3, comparing
Scenario 3 outcomes with Scenario 2 shows 5% to 44%
reduction in measles infection and 37% to 70% reduction in
measles mortality (Figure 4 and Supplemental Figure 5). The
variation in boxplots is produced by changing the treatment

FIGURE 2. Combined impact of treatment of wasted children and their vaccination coverage (Scenario 1) on reduction in (A) measles infection
and (B) mortality due to measles. The outcomes are shown as percentage reduction as well as incidence per 100,000 population.
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coverage of wasted children as well as vaccination coverage
of children who received treatment of wasting. Increasing the
treatment coverage of wasted children increases the effect
size of Scenario 3 compared with Scenario 2 and leads to
larger reduction in measles infection, measles mortality, and
overall mortality (Supplemental Figures 6 and 7).
Overall, comparing the three scenarios shows that preven-

tion could be a more effective approach than treatment.
Assuming that in the prevention scenario 75% of non-
wasted children who received nutrition supplementation
received vaccination, and in the treatment scenario, 75% of
wasted children receive treatment, and 75% vaccination
coverage of treated children, number of infected cases per
100,000 wasted children reduced from 13,574 (Scenario 1,
treatment scenario) to 6,260 (Scenario 2, prevention sce-
nario) and to 4,929 (Scenario 3, treatment 1 prevention
scenario). Number of measles deaths per 100,000 wasted
children was also reduced from 1,900 (treatment scenario) to
876 (prevention scenario) and to 690 (treatment 1 preven-
tion scenario) (Supplemental Figure 9). Similar results were
obtained for the measles infection as well as measles mortal-
ity per 100,000 population (Supplemental Figure 8). Provi-
sion of mass nutritional supplementation reduced the
number of wasted children and therefore the number of

wasted infected children. This effect was much larger than
the treatment effect. Scenarios 2 and 3 have similar impact
sizes on measles burden, emphasizing that prevention is a
more effective approach than treatment (Supplemental Fig-
ure 9).
These differences in model outcomes were estimated by

fixing the input parameter values to best estimates informed
by the literature and to represent the dynamics of measles in
the Zinder region of Niger45 (Table 1). However, precise
quantities to inform some of the model parameters are
unknown or unavailable—specifically, the increase in infec-
tious period and increase in susceptibility to measles due to
wasting (h, u). Simulation over a range of values for one
parameter with others fixed allows us to examine the effect
of Scenario 1 on multiple model outcomes. As the magni-
tude of wasting effects, such as susceptibility effect and
duration of infectious period, grow larger, they result in an
increase in the number of infected children and number of
deaths per 100,000 wasted children aged 6 to 23 months
old, assuming the vaccination coverage of children who
received treatment varied between 67.5% and 100% and
the wasting treatment coverages varies between 5–100%
(Supplemental Figures 10 and 11). For instance, an increase
in susceptibility effect from u 5 2 to u 5 4, leads to, on

FIGURE 3. Impacts of mass nutritional supplementation and wasting treatment (Scenario 3), on reducing (A) measles infection (blue) and (B) mor-
tality due to measles (purple), assuming the vaccination coverage of non-wasted children (y9) after receiving the SQ-LNS changes from its baseline
value of 75% to 80%, and 85%. The variation in boxplots is produced by changing the treatment coverage of wasted children (t) between 5% and
95%, and the vaccination coverage of wasted children between 67.5% and 95%.
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average, a 50% increase in measles infection among
wasted children (from 13,988 to 22,085 per 100,000 wasted
children aged 6 to 23 months old per year) (Supplemental
Figure 10). Varying other parameter values such as
increased measles mortality due to wasting (w) or proportion
who recover from wasting after measles infection (d) does
not lead to a noticeable difference in the simulation results
for the number of infected cases. Further sensitivity analyses
using the LHS-partial rank correlation coefficient (LHS-
PRCC) index and generating a matrix of 5,000 sample
points in the nine-dimensional unit cube (all parameters) indi-
cate that s (measles-induced mortality probability) u (sus-
ceptibility impact of measles infection) have the strongest
influence on both measles infection and measles mortality
outcomes (Supplemental Figure 12). In addition, mortality
due to measles among wasted children aged 6 to 23 months
old is sensitive to w (increased measles mortality due to
wasting).

DISCUSSION

Substantive barriers to improving child health in resource-
limited settings include persistently high rates of undernutri-
tion and low rates of vaccine coverage for common
infections such as measles. Given the close bidirectional
relationship between childhood undernutrition and infectious
diseases among vulnerable populations, there may be
opportunities for synergy wherein the treatment and/or pre-
vention of one condition leads to decreased rates of the
other. Our work aims to capture the dynamic interactions
between undernutrition and measles, so as to estimate the
impact of treatment of wasting, mass nutritional supplemen-
tation for nutritionally at-risk populations, and measles vac-
cine coverage on measles infection and mortality.
No other nutrition intervention has shown such significant,

simultaneous impacts on childhood malnutrition as mass
supplementation with SQ-LNS from 6 to 18 or to 23 months,

FIGURE 4. Difference between (A) wasting treatment (Scenario 1) and mass nutritional supplementation and wasting treatment (Scenario 3) and
(B) mass nutritional supplementation (Scenario 2) and scenario 3, in reducing measles infection (blue) and mortality due to measles (purple),
assuming the vaccination coverage of non-wasted children (y9) after receiving SQ-LNS varies to 75%, 80%, and 85%. The variation in boxplots is
produced by changing the treatment coverage of wasted children (t) between 5% and 95%, and the vaccination coverage of wasted children
between 67.5% and 95%.
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including reductions in wasting, stunting, anemia, and mor-
tality as well as improved developmental outcomes.27–30 Our
models demonstrate a strong effect of mass nutritional sup-
plementation in reducing measles infection and death, as
well as overall mortality, if such an intervention could be lev-
eraged to incentivize measles vaccination uptake. Impor-
tantly, modestly increasing measles vaccination coverage by
providing vaccination at the same time and location as blan-
ket nutritional supplementation leads to sizeable reductions
in measles cases and mortality well above treatment of
wasting or increased vaccine uptake alone. In addition to the
synergic effect, our dynamical model demonstrates the non-
linear impacts of these interventions on measles burden.
Our results show that mass supplementation alone and

mass supplementation combined with wasting treatment
have a similar effect size on reducing measles infection and
mortality. Mass supplementation with SQ-LNS coupled with
vaccination would likely be more cost-effective than the indi-
vidual treatment of wasting alone, which, in high-burden
countries, puts financial pressures on vulnerable and poorly
resourced health systems. Future work should explore the
cost-effectiveness of integrated interventions.
We used model parameters based on data from Niger, a

nation plagued by a high burden of undernutrition, where
interventions focused on the early childhood nutrition have
the potential for a large impact on measles infection rates.
Niger has made little progress toward achieving international
targets for decreasing stunting and wasting.46 Our results
suggest that mass nutritional supplementation among vul-
nerable populations using SQ-LNS has over twice the effect
on reducing measles infection and mortality as well as over-
all mortality among wasted children, compared with treat-
ment of wasted children alone, assuming both methods lead
to increased vaccination coverage. Therefore, expanding the
reach of mass nutritional supplementation, including provid-
ing nutrition supplementation during routine immunization
visits, could help Niger make progress toward lowering the
incidence of wasting, as well as indirectly improve vaccina-
tion coverage. The models could be applied to other coun-
tries like Chad, Nigeria, or the Democratic Republic of
Congo that have a similar burden of undernutrition as Niger
but much lower measles vaccination coverage.
As with all models, there are some limitations to our work.

Our work is theoretical; however, our sensitivity analyses
show that our model is robust to choice of parameter values
and thus is a call for more empirical studies. Although we
account for multiple interactions between measles and
undernutrition, there are several features of the complex sys-
tem of measles epidemiology that were not included in the
model. For instance, we did not account for any potential
impact of undernutrition on measles vaccine leading to a
potential delay in response to vaccine or waning of vaccine
because it is underexplored in the literature.47 In addition,
one of the complications that malnourished children experi-
ence after measles infection is post-measles diarrhea, which
exacerbates nutrient loss.1 Accounting for this could help us
better identify the impacts of infection on children’s nutri-
tional status. Also, after measles infection a certain percent-
age of children experience blindness, a certain percentage
have some residual pneumonia, and, quite significantly, a
certain percentage have residual post-measles immunodefi-
ciency. The reported deaths due to measles do not account

for mortality from these various comorbidities.48,49 In addi-
tion, assessing the potential increased pathogenicity of
measles as a result of undernutrition would be useful in
understanding the cyclic relationship between the two
events to develop more effective interventions. More field
data to constrain model parameters around the relationship
between measles infection and undernutrition would allow
for increasingly rigorous quantification of direct and indirect
impacts of nutrition interventions. Also, nutrition interven-
tions that led to rises in vaccination coverage were assumed
to be delivered at health centers and at regular intervals. It
will also be important to investigate different distribution
models for supplementation to retain contact with health
personnel without placing undue burden on already over-
worked caretakers.
Given the complex interactions between undernutrition and

infectious diseases, it is still challenging to recognize where
and at what level specific interventions can be most effective.
The large contribution of undernutrition and infection to the
global burden of disease increases the importance of study-
ing these two processes. Our study offers a more nuanced
understanding of the complex interactions between measles
transmission dynamics and undernutrition and helps motivate
advocacy for nutrition-focused interventions based on their
multidimensional impacts. This work also helps understand
how the addition of nutritional status, preventive nutrition
interventions, and therapeutic treatments into mathematical
models of vaccine-preventable diseases can better explain
increased susceptibility to infection despite achieving certain
vaccine coverage levels. This model also has implications for
understanding other indirect benefits of increased care-
seeking due to engagement with the health system for
nutrition-based interventions. When considering how health
systems with limited budgets should spend their money to
achieve maximal benefit, we have shown here that leveraging
mass nutritional supplementation as a contact point with the
health system to increase, even modestly, measles vaccina-
tion coverage has a synergistic benefit beyond either inter-
vention alone. Such a double impact could be even more
important in areas where both malnutrition and measles are
rising because of conflict, climate shocks, and disruptions
from the COVID-19 pandemic.50,51
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