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Table S1. List of parameters in DynaMICE

Symbol Definition Value References
C,qa  Standardised age-dependent country-specific Mossong et al. [1]
contact matrix between a Prem et al. [2]
susceptible of age group a and an
infectious case of age group a’
R, Basic reproduction number 16 Guerra et al. [3]
Varied in the sensitivity analysis
g Recovering rate 1/14 41 Strebel et al. [4]
m Maternal immunity waning rate 1/0.5y? Lasting for an average of 6 months.
o, Ageing rate of age group a, weekly 1/7 d* (weekly) Adjusted to match the age
for for 0, 1, and 2 years old and 1 y*(annual) structure and timestep
yearly for 3 to 100 years old
£ Amplification factor for seasonality 0.05 Assumed
[0) Two-dose vaccine efficacy 0.98 Sudfeld, Navar, and Halsey [5]
014 First-dose vaccine efficacy of age 0.64598+0.01485*  Hughes et al. [6]
group a age in months Determined by a linear function
and assumed < ¢
024¢ Second-dose vaccine efficacy of age  See Note S1: Part 2 Depending on the proportion of
group a attime t of model equations effective protection among those
who have first-dose vaccination
O3 Third-dose vaccine efficacy 0 Assumed
Viq:  First-dose routine vaccination country-specific WHO [7]
coverage of age group a
Vyqt Second-dose routine vaccination country-specific WHO [7]
coverage of age group a Only delivered to 72-week-olds
V3qt SIA coverage in overall population of  country-specific WHO [8]

age group a attime t

See ‘Note S2. Calculating national
SIA coverage’ section




Note S1. Model equations

We present the difference equations used in the DynaMICE model, first with the part that depicts measles
transmission dynamics and followed by ageing and vaccination. Parameters in these equations are
summarised in Table S1.

In the DynaMICE model, individuals in each age group are divided into 13 compartments to capture different
states of measles dynamics. The total population of all the states in an age group a at time t is denoted as
Ng ;. There are 254 age groups included in the model, with the first 156 groups representing the weekly age
for those from 0 to 2 years old and the rest for the yearly age between 3 and 100 years old. The basic
compartments for measles transmission include maternally immune (M, ,), susceptible (S, ¢), infectious
(I,¢), and recovered (R, ;) states; additional compartments are included to distinguish the first (VS, ¢, V1, ,
VR, ), second (V2S,¢, V21,4, V2R, ), and third times (V3S, ¢, V31, ¢, V3R, ¢) of an individual being
targeted and reached by vaccination programmes.

Nae=Mge+Saqr +1ae + Rae +VSar +Vige + VRge +V2Syae + V214, + V2Rg, + V3Sa, + V3,
+V3Ry,

Part 1: Transmission dynamics

Measles transmission is governed by force of measles infection (4, ;), which consists of seasonal variation
(w¢), disease transmissibility (R,), and standardised, age-dependent contact matrix (Cg 4/).

a'=25¢ (I + Vg, +V2lg, +V3igy)
t = thogz Coar N
ar=1 art

wy = 1+ € sin(2nt)

Sat+1 = Sat — AatSat

Iotr1 = It + 2aeSar — 9la

Rat+1 = Rar + 9las

VSat+1 = VSar = AatVSar

Vigesr =Vige + 2qtVSar — gVlge
VRatr1 =VRae +gVig:

V254441 = V250 — g V254

V2141 =V2he +A5:V2S,: — gV2I,,
V2Rg¢+1 = V2Ry: + gV2I,,

V3Sqt+1 = V3Sat — AqtV3Sars

V3l 41 =V3Ige + Aq¢V3Sar — gV3Ige
V3Rge+1 = V3Rgr + gV3I,,

Part 2: Ageing and vaccination implementation

Routine vaccination is delivered to the target age group at the same time as ageing occurs, while SIAs are
delivered at the beginning of the selected years. SIAs conducted at subnational level are merged to generate
a national coverage for model input. As Figure 3D in the main text shown, we applied a logistic function
based on the SIA coverage in the overall target population (v3 4 ¢) to address the dependency of SIAs on
previous vaccination history by SIAs. We then compared the number of doses delivered to the zero-dose
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population (D, 4 +) and total target population (Dg; 4 +), and estimated the respective SIA coverages in
populations with (k; 4 +) and without (k; 4 ;) previous measles vaccination history.

o —2:6217+52383 v34;
Dzeroat = (1 + g—26217+52383 umt) (Sa,t g + Ra,t)

Dall,a,t = 173,aNa,t

~2.6217+5.2383 V3 4

e
1 + ¢—26217+5.2383 v34¢’ Dall,a,t = Dzero,a,t
K =
Lat Dall,a,t .
_— , otherwise
Dzero,a,t

Dzero,a,t B Dall,a,t
)
Kz2at = {Ng: — (Sa,t + g + Ra,t)
0 , Ootherwise

Dall,a,t = Dzero,a,t

A compartment (VEFF, +14), although not contributing to measles dynamics, is used to count the population
size with effective first-dose vaccine protection, which is later used to determine the second-dose efficacy

(62,a,t)-
VEFFy 41 = VEFF, — 6,VEFF, + 64(1 = vyq-1441)VEFF,_1;

+ Ua51,a(171,a—1,t+1 T Voa—1,t41 — Vz,a—1,t+1V1,a—1,t+1)171,a—1,t+15a—1,t+1

~ VEFF,,
Pat =Yg ¥ Vig, + VRa,
) , VSae+Vige+VRy, =0
b — Pat
S0t =) T g VSar*Viat+VRae #0) A ($> pa)
a,t
0 , otherwise

Myt =My — 0qMg + Ua(l - vl,a—l,t+1)Ma—1,t —mMg,

Sat+1 = Sat+1 — 0aSar+1 + Ua(l - 771,a—1,t+1)5a—1,t+1 +mMg: — K10:Sat+1
lot+1 = lats1 — Oalagrsr + Ua(l - 171,a—1,t+1)1a—1,t+1 —Kiatlat+1

Ra,t+1 = Ra,t+1 - UaRa,t+1 + Ua(l - vl,a—l,t+1)Ra,t+1 - Kl,a,tRa,t+1

VSat+1 =VSats1 — 0aVSars1 + C’a(l - vz,a—l,t+1)VSa—1,t+1 + Ua(l - 51,a)v1,a—1,t+1(5a—1,t+1 + Ma—l,t)
+ Kl,a,t(l - 61,a)5a,t+1 - Kz,a,tVSa,t+1

Vigts1 = Vigesr —0qVIgesr + C’a(l - vZ,a—l,t+1)VIa—1,t+1 + 0aV1,a-1e+1la—1,t41 F Kratla et
- Kz,a,tVIa,t+1

VRat+1 = VRgt41 — 04VRg 41 + Ua(l - vz,a—l,t+1)VRa—1,t+1 + Ua51,a771,a—1,t+1(Sa—1,t+1 + Ma—l,t)
+ 04V a-1t+1Ra-1641 T Ki,atRat+1 + K1,0:61,aSat+1 — K2,0tVRa t+1



V2Sat41 =V2S4t41 —04V2S84t41 + Ua(l - Vz,a—1,t+1)V25a—1,t+1 + Gavz,a—l,t+1(1 - 52,a,t+1)VSa—1,t+1
+ Kz,a,t(l - 52,a,t+1)VSa,t+1 —K2,0:V2Sq 41

V241 =V2yt11 —0qV2ge41 + Ua(l - Vz,a—1,t+1)V1a—1,t+1 K20 Vigte1 — K20tV 2lq 41

V2Rut41 = V2Rg 111 —0qV2Rg 41 + Ua(l - Uz,a—1,t+1)V2Ra—1,t+1 + 04V2,0-1,t+102,a,t+1V Sa-1,641
+ 04V a-1t41VRa-1,641 T K2,atVRa 41 — K20t V2Ra 141

V3Sat+1 =V3Sat+1 — 0aV3Sars1 + 04V3Sa—141 + 0aVaa-1641(1 — 63)V2S4 1441
+ K0:(1— 63)V28, 141

V3Ig 41 =V3lgt41 —0qV3lg 41 + 0qVoa 1641V 3a—1,641 + Ko0cV2 0041

V3Rgt41 = V3Rg 41 — 04V3Rg 41 + 0qV3Ra_ 141 + 0qV20-14103V 2801141
+ 0qV2a-1,t41V2Ra 1041 + K2,0: V2R 141 + K2,0,:63V 2S5 144

For the youngest age group (a = 1), the above equations are specially modified and shown below. We
assume newborns are either susceptible or maternally immune, using a proportion of immune population in
child-bearing ages from 20 (a0 = 174) to 35 (a1l = 189) years old. No measles vaccination is scheduled to
deliver to newborns.

M; t41
=My — My,
YataoRais1+VRari1 + V2Rg i1 +V3Rg e
a0 Sac+1 T VSars1 +V2Sar41 +V3Sars1 + Raerr + VRars1 + V2Ra 41 + V3R 4q

+ o,

Sl,t+1
= S1t41 — 0aS1641
Zgiao 5a,t+1 + VSa,t+1 + VZSa,t+1 + V35a,t+1

Gra0Sat+1 +VSars1 + V25001 +V3Sqrs1 + Rapsr + VRaes1 + V2Ro i1 + V3Ry 141

+ o,

VEFF, 41 = VEFF; 11 — 0,VEFF; 14
Ritr1 = Ryer1 — 0aRie41

VSit41 = VSit41 = 0aVS1 641
VItv1 = Vierr — 04V 1
VRit+1 = VRyt41 — 0qVR 41
V251641 = V251041 — 0aV251 141
V2 t41 = V21 t41 — 0aV2I4 144
V2R1t+1 = V2Ry 141 — 04V2R1 144
V3S1t41 = V3S1t41 — 0aV351 641
V3Ii,t41 = V3l t41 — 0aV3I 141
V3R1t+1 = V3Ry 41 — 04V3Ry 444



Note S2. Calculating national SIA coverage

In the DynaMICE model, SIAs are implemented at the beginning month of each calendar year and at national
level. To obtain the input for national coverages over time, we first extracted the number of population
reached by historical SIAs and targeted ranges for the age groups from the WHO database [8]. We assumed
that infants younger than 6 months old are not eligible to receive an SIA dose, if the lower bound of the
targeted age group is not available in the WHO data. For SIAs engaged with ‘school-age’ population, we
assumed children aged between 6 and 17 years old are targeted. In countries where there are multiple
records of SIA events in the same calendar year, we assumed they are implemented with a one-month
interval. The national number of population reached by SIAs was then divided by the national population size
[9] for each age group, to calculate the time- and age-specific SIA coverages, denoted as v3 4 ; in Table S1 and
model equations. The coverages are capped to 100% and presented for the top ten countries with high
measles mortality (Figure 2 in the main text).

Note S3. Constructing contact patterns

As shown in Part 1 of model equations in Note S1, we incorporated a contact matrix (€, 4,) in the DynaMICE
model to address age-dependent measles transmission. Here we described the details about how the four
types of contact patterns in this study were constructed.

(i) POLYMOD matrix

The original contact data were extracted from the POLYMOD study [1], a large-scale diary-based survey
across eight European countries. The physical contact matrix for Great Britain was previously used in the
DynaMICE model to approximate the general pattern of age-dependent contact across different settings
[10]. In obtaining the matrix (C, 4,) ready for use in DynaMICE, we first expanded the original POLYMOD
matrix for fine age structure. We then conducted pairwise adjustment [11] to ensure the reciprocity of
contact pairs over the simulation period between 2000-2050, based on the time-varying country-specific
demographics [9]. Finally, the matrix was standardised by its largest eigenvalue (‘POLYMOD’ in in Figure
S2).

(i) Synthetic matrix

Synthetic contact matrices were built on the POLYMOD surveys and adjusted for household structure,
labor participation, school enrolment, and other country-specific characteristics [2]. With the adjustment
on country-specific characteristics, synthetic matrices are likely to better represent the contact pattern in
countries where empirical contact studies are not available. We followed the same approaches as used in
processing the POLYMOD matrix for age structure expansion, reciprocity adjustment, and standardisation
(‘Synthetic’ in Figure S2).

(iii) Proportional matrix

We assumed that the contact probability with a particular age group depends on the proportion of
population in a specific age group. The proportional mixing matrix is presented as:

Ni ., Nar | Nase
N N N
C(prp) —|: . . . .
a,a’ . LI . H
N . Nar | Nase
N N N

, where N,, denotes the population size of age a’ and N denotes the total population across all ages. For
each country, we applied a time-varying matrix according to the age distribution over the simulation
years. Based on the proportional mixing, the force of infection matrix is identical across age groups:



A(prp) = w.R Za’=254 C(prp) (Iar,t+Vare+V2lar c+V3lare) _ w.R =3 (lare+VIarc+V2lare+V3lar )
a,t = Wihog Ligr=1 a,ar N =Wl g ya'=254 )y .
al,t al=1 alt

This is also known as ‘homogeneous mixing’ contact pattern.

(iv)

We assumed equal contact probabilities for each yearly age from 0 to 100 years old, and further divided
the contact probability by 52 for the weekly age groups. The uniform mixing matrix is written as:

Uniform matrix

1 1 1
(uni) 101x52 101x52 101 101
Con’ = : - : : o
1 1 1 1
101x52 101x52 101 101
weekly age yearly age
L 0—-2 years old 3—-100 years old

There is no age dependency in mixing and the force of infection is identical across age groups and

countries.



Figure S1. Case-fatality risks using Wolfson’s and Portnoy’s approaches, 2000-2050. In Wolfson’s approach,
we assumed CFRs for over five years old to be half of that for under five years old [12]. In the Portnoy’s
approach [13], time-varying CFRs were obtained using a statistical model and assumed to remain constant
after 2018. In most countries except Pakistan, the updated CFR estimates using Portnoy’s method appear to
be relatively lower at a smaller scale.
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Figure S2. Standardised social contact matrices in ten high-burden countries. POLYMOD Great Britain [1]
and country-specific synthetic matrices [2] used in the study are presented. Note that there is no available
data for Somalia and thus the synthetic matrix for Ethiopia was adopted considering the geographical

proximity and similar socio-behavioural dynamics. For comparison, each matrix is standardised by dividing by

its largest eigenvalue.
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