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Supplementary Information Text

Measles-Undernutrition Model with Wasting Treatment (Scenario 1)

Age group 6-23 months old

dSN0

dt
= 2× (1− ω)B − λSN0 − 0.95× νSN0 − (α+ µ)SN0 (1)

dSM0

dt
= 2× ωB − θλSM0 − 0.95× νwSM0 − 0.75× τSM0 − (α+ µm)SM0 (2)

dSN1

dt
= 0.75× τSM0 − λSN1 − 0.95× νtSN1 − (χ+ α+ µ)SN1 (3)

dSM1+

dt
= χ(SN1 + SN2)− (θ + ς)λSM1+ − 0.95× νwSM1+ − 0.75× τSM1+ − (α+ µm)SM1+ (4)

dSN2

dt
= 0.75× τSM1+ − λSN2 − 0.95× νtSN2 − (χ+ α+ µ)SN2 (5)

Non-wasted who received vaccinated

dVN

dt
= 0.95× νSN0 − (α+ µ)VN (6)

Wasted who received treatment and then vaccinated

dVT

dt
= 0.95× νt(SN1 + SN2)− (α+ µ)VT (7)

Wasted who received vaccinated

dVM

dt
= 0.95× νw(SM0 + SM1+) + χVMT − 0.75× τVM − (α+ µ)VM (8)

Wasted who received vaccinated then received treatment

dVMT

dt
= 0.75× τVM − (χ+ α+ µ)VMT (9)

dIN
dt

= λ(SN0 + SN1 + SN2)− (γ + α+ µ)IN (10)

dIM
dt

= θλSM0 + (θ + ς)λSM1+ − (η × γ + α+ µm)IM + χIMT − (1− ϕ× σ)η × γ × 0.75× τIM (11)

dIMT

dt
= (1− ϕ× σ)η × γ × 0.75× τIM − (χ+ α+mu)IMT (12)
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dRNM

dt
= H(1− σ)γIN + χRNMT − 0.75× τ(1− ρ)RNM − (ρ+ α+ µm)RNM (13)

dRNMT

dt
= 0.75× τ(1− ρ)RNM − (χ+ α+ µ)RNMT (14)

dRNN

dt
= (1−H)(1− σ)γIN − (α+ µ)RNN (15)

dRMN

dt
= δ(1− ϕ× σ)ηγIM − (α+ µm)RMM (16)

dRMM

dt
= (1− δ)(1− ϕ× σ)ηγIM + χRMMT − 0.75× τ(1− ρ)RMM − (ρ+ α+ µm)RMM (17)

dRMMT

dt
= 0.75× τ(1− ρ)RMM − (χ+ α+ µ)RMMT (18)
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Age group 24 months and older

dSo

dt
= α(SN0 + SM0 + SM1+ + SN1 + SN2)− λSo − µoSo (19)

dIo
dt

= λSo − γIo − µoIo (20)

dRo

dt
= (1− σ)γIo − µoRo (21)

We developed a seasonally forced deterministic continuous-time SIR model. The seasonally forced

system in our model is analyzed by making the transmission rate vary cosinusoidal which is given in

the equations 22 and 23. λ is the force of infection. ϵ is number of imported cases from outside the

population.The mean transmission rate is given by the parameter β, with the amplitude of seasonality

b1. β0 is the mean transmission rate which is obtained based on the R0 equation. µ, µm and µo denote

constant per capita death rates, and ω represents proportion of infants under-6 months with overall

wasting.

λ(t) = β(t)(IN + IM + Io + ϵ)/N (22)

β(t) = β0(1 + b1cos(2πt)) (23)

R0 =
β0

ωηγ + (1− ω)γ + µ+ µm+ µo
(24)

Measles-Undernutrition Model with Mass Nutritional Supplementation (Scenario 2)

We remove the wasting treatment and instead, model the effect of mass nutritional supplementation on

the dynamics of measles by assuming that 60% of the population aged 6-23 months (shown as param-

eter MC) receive SQ-LNS (Fig. S1). We assume the rest of population (1 − MC) do not receive the

mass supplementation. The R0 equations for the MC = 60% of population with mass supplementation

and rest of population (40%) are shown in equations 25 and 26, respectively:

R0 =
β0

MC(1−K)ωηγ +MC(1− (1−K)ω)γ + µ+ µm+ µo
(25)

R0 =
β0

(1−MC)ωηγ + (1−MC)(1− ω)γ + µ+ µm+ µo
(26)
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Measles-UndernutritionModel withMassNutritional Supplementation andWasting Treat-
ment (Scenario 3)

We combine scenarios 1 and 2, and model the effect of mass nutritional supplementation as well as

wasting treatment on the dynamics of measles by assuming that 60% of the population aged 6-23

months receive SQ-LNS (Fig. S2). All the equations are same as the previous model, only the following

ones change and also µm and ν change to µm′ and ν ′, respectively.

dSN0

dt
= 2×MC(1− (1−K)ω)B − λSN0 − 0.95× ν ′SN0 − (α+ µ)SN0 (27)

dSM0

dt
= 2×MC(1−K)ωB − θλSM0 − 0.95× νwSM0 − 0.75× τSM0 + (α+ µm′)SM0 (28)
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Table S 1. Range of parameter values for the sensitivity analysis using scenario 1.

Parameters Range

Relapse rate (χ)* c(0.1,5)

Infectious period extension for wasted children η) c(0.01,1)

Increased susceptibility to measles infection due to wasting (θ) c(1,10)

Measles case fatality rate (σ) c(0.01,0.2)

Increased susceptibility to measles due to subsequent wasting event (ς) c(0,10)

Measles-associated wasting mortality (ρ) c(0.01,1)

Proportion of children who become wasted after measles infection (H) c(0.01,0.9)

Increased measles mortality due to wasting (ϕ) c(1,5)

Proportion of wasted infected children who recover from wasting (δ) c(0.01,0.5)

* In annual scale
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Figure S 1. Schematic of measles-undernutrition model with mass nutritional supplementation (Scenario 2).

Figure S 2. Schematic of measles-undernutrition model with wasting treatment and mass nutritional supple-

mentation (Scenario 3).
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Figure S 3. Impact of wasting treatment and vaccination coverage of wasted children (scenario 1) on reducing

a) measles infection and b) mortality due to measles among wasted children, and c) overall mortality among

wasted children. The impact size is shown as percentage reduction in each outcome as well as incidence

per 100,000 wasted children aged 6-23 months old.
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Figure S 4. Impact of mass nutritional supplementation + wasting treatment (scenario 3) on reducing measles

infection and mortality due to measles among wasted children aged 6-23 months old, and overall mortality

among wasted children. The impact size is shown as percentage reduction in each outcome as well as inci-

dence per 100,000 wasted children aged 6-23 months old. The variation in boxplots is produced by changing

the treatment coverage of wasted children and vaccination coverage of children who received treatment for

wasting.
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Figure S 5. Comparison of measles infection per 100,000 population and mortality due to measles per

100,000 population across three scenarios. Scenario 1 shows changes in outcomes by wasting treatment

coverage of (τ : 25%, 55% and 75%), and scenario 2 shows changes in outcomes by vaccination coverage

of non-wasted children following mass supplementation (ν′: 75%, 80%, 85%). Scenario 3 shows changes

in outcomes by varying both τ and ν′. The variation in boxplots is produced by changing the vaccination

coverage of children who received treatment for wasting.

Figure S 6. Comparison of percentage reduction in measles infection and mortality due to measles across

three scenarios. The variation in boxplots is produced by changing the treatment coverage of wasted children

and vaccination coverage of children who received treatment for wasting.
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Figure S 7. Comparison of measles infection per 100,000 wasted children aged 6-23 months old, mortality

due to measles per 100,000 wasted children aged 6-23 months old, and overall mortality per 100,000 wasted

children aged 6-23 months old across three scenarios. Scenario 1 shows changes in outcomes by wasting

treatment coverage of (τ : 25%, 55% and 75%), and scenario 2 shows changes in outcomes by vaccination

coverage of non-wasted children following mass supplementation (ν′: 75%, 80%, 85%). Scenario 3 shows

changes in outcomes by varying both τ and ν′. The variation in boxplots is produced by changing the vacci-

nation coverage of children who received treatment for wasting.
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Figure S 8. Comparison of measles infection and mortality due to measles per 100,000 population across

three scenarios. Vaccination coverage of children treated for wasting was fixed to νt: 75%. Scenario 1 shows

changes in outcomes by wasting treatment coverage of (τ : 25%, 55% and 75%), and scenario 2 shows

changes in outcomes by vaccination coverage of non-wasted children following mass supplementation (ν′:

75%, 80%, 85%). Scenario 3 shows changes in outcomes by varying both τ and ν′.
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Figure S 9. Comparison of measles infection per 100,000 wasted children aged 6-23 months old, mortality

due to measles per 100,000 wasted children aged 6-23 months old, and overall mortality per 100,000 wasted

children aged 6-23 months old across three scenarios. Vaccination coverage of children treated for wasting

was fixed to νt: 75%. Scenario 1 shows changes in outcomes by wasting treatment coverage of (τ : 25%,

55% and 75%), and scenario 2 shows changes in outcomes by vaccination coverage of non-wasted children

following mass supplementation (ν′: 75%, 80%, 85%). Scenario 3 shows changes in outcomes by varying

both τ and ν′.
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Figure S 10. Variation in measles infection per 100,000 wasted children aged 6-223 months old using wast-

ing treatment (scenario 1), assuming the wasting treatment coverage (τ ) varies between 5% to 100% and

vaccination coverage of treated children for wasting (νt) varies between 67.5% to 100%.

Figure S 11. Variation in mortality due to measles per 100,000 wasted children aged 6-223 months old using

wasting treatment (scenario 1), assuming the wasting treatment coverage (τ ) varies between 5% to 100%

and vaccination coverage of treated children for wasting (νt) varies between 67.5% to 100%.
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Figure S 12. Result of partial rank correlation coefficient of scenario 1 simulations using different model

parameters. The further the coefficient of each parameter is from the horizontal line, the more sensitive the

model outcome is to that parameter.
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