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1 RSV model structure

State Description

M(t) Number of individuals at time ¢ who are completely protected from infection due to maternally-
derived antibodies.

Si(¢t) Number of individuals at time ¢ who are susceptible to acquiring an RSV infection, who have
experienced ¢ previous infections.

E;(t) Number of individuals at time ¢ who are infected with RSV but are not yet infectious (i.e. ex-
posed),who have experienced ¢ previous infections.

Aqi(t) Number of individuals at time ¢ who are infected with RSV, infectious and have no symptoms
of RSV-related respiratory disease, who have experienced i previous infections (not including the
current infection).

I;(t) Number of individuals at time ¢ who are both infected with RSV, infectious and have symptoms
of RSV-related respiratory illness, who have experienced 4 previous infections (not including the
current infection).

R;(t) Number of individuals at time ¢ who are completely protected from infection due to immunity
acquired from natural-infection, who have experienced ¢ infections (not including the one just
experienced).

Z(t) Cumulative number of new RSV infections at time ¢

Vp(t) Number of individuals at time ¢ who are completely protected from infection due to immunity
acquired from administration of Palivizumab.

Var(t)  Number of individuals at time ¢ who are completely protected from infection due to immunity
acquired from administration of long-acting monoclonal antibodies.

Table 1: Description of the epidemiological state variables of the RSV model, where i € {0, 1,2, 3}.

State Description

a

n Ageing rate from age group a to age group a + 1.

pab Total number of daily physical contacts made by age group a with age group b.

b Total number of daily conversational contacts made by age group a with age group b.

I Initial proportion (at ¢ = 0) of people who are infected (i.e. in epidemiological compartments E,
I or A) with RSV (

I Initial proportion (at ¢ = 0) of people who not-infected but are protected (in epidemiological

compartment R) from RSV

Table 2: Description of additional epidemiological parameters in the RSV model which are not
included in Table 1 of the main text.

In order to capture the heterogeneity in transmissive capacity across the population, we stratified
the model into demographic groups according to their age (indicated by the superscript a). 25
age groups were considered, allowing for the dynamics of RSV incidence in infants to be closely
monitored (age groups: <1, 1, 2, 3,4, 5,6, 7, 8 9, 10, 11 months, and 1, 2, 3, 4, 5, 5-9, 10-14,
15-24, 25-34, 35-44, 45-54, 55-64, 6574, 75+ years). The number of individuals, N?, in each
age group age, a, is calculated by multiplying the daily birth rate in 2018 for England and Wales,
1, by the number of days spent in each age group (d,). Individuals in an epidemic compartment
move to the next age group (X — X*1) at rate n® = 1/(365d,,).!

The ODEs of the RSV transmission model for age group a are:
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where an overdot refers to differentiation with respect to ¢, 11(a) is the indicator function

(non-zero at a = 1). The value of pr depends on the maternal protection model (see Section 1.1)

and A\?(¢) is the force of infection for age group a (see Section 1.3). A schematic showing the re-

lationship between each of the epidemiological states variables and the epidemiological parameters

is given in Figure 1.
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Figure 1: The relationship between the epidemic model state variables (M: protected due to
maternal antibodies, S: susceptible, E: exposed but not infectious, I: infectious and symptomatic,
A: infectious and asymptomatic, R: recovered and protected) for each of the four exposure levels
(subscript ¢« = 0,1,2,3). For maternal immunity, the parameters are p the daily birth rate, pr
the proportion of neonates born with protection and £ the rate of loss maternal immunity. For
each exposure level i, \; is the force of infection, ¢ is the rate of loss exposure to infection, p®
is the probability that an RSV infection is asymptomatic in age group a, -; is the rate of loss of
infectiousness, and w is the rate of loss of post-infection immunity.

1.1 Maternal protection model

We considered two different model structures to capture the dynamics of maternal protection.
The first, static immunity model, M?!, assumes that all neonates are born with protection, (pr = 1).
The second, dynamic immunity model M?, assumes that the proportion of infants born with
protection is equal to the proportion of women of child bearing age (15-44 years) who are in
epidemiological state, R at time ¢, pr(t) = 231:19 R“(t)/Zilzlg N@under the observation that cord
titre changes in neonates seasonally, which could influence susceptibility to infection (Figure 2).2
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Figure 2: Two models of maternal protection where p is the daily birth rate, £ is the rate of loss
of maternal-derived immunity, and pg(t) is the proportion of infants born with protection at time
t.

1.2 Contact matrices

To estimate the number of contacts between age group a and b, we combined the results of two
contact surveys. The first study (Study A), was conducted as part of the EU funded POLYMOD
study—a large pan-European survey with 7,290 participants who recorded 97,904 contacts across
all age groups.> The second study (Study B), is a smaller study in the United Kingdom with
122 number of participants (all under the age of one year) who recorded 758 contacts.* Both
studies provided estimates for the number of daily household/non-household contacts and daily
physical/conversational contacts made between each age group. Therefore, to estimate the total
number of daily physical/conversational contacts made between age group a and b, (p*°* and ¢*®
respectively), we used Study A for participants less than 1 years of age, and Study B for older
participants. To ensure this symmetry occurs in the contact matrices, we calculated the weighted
mean number of contacts made between age a to age group b for conversational contacts (same

formula for physical contacts) as:

1
ca,b — N = (ca,bNa + cb,aNb)

where N is the population size for age group a. The resulting symmetric contact matrices for
a,b

p®b. ¢®b are plotted in Figure 3.
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Figure 3: Top: Number of daily physical contacts made between age group a and age group b.
Bottom: Number of daily conversational contacts made between age group a and age group b.
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1.3 Force of infection

The probability of transmission for a contact made between two age groups is g, if the contact is
physical and gpq. if the contact is conversational, where 0 < g. < 1 is the reduction in infectious-
ness of conversation contacts relative to physical contacts. Further, due to climatic factors, we
assumed that the probability of transmission is seasonally forced according to a normal distribu-
tion, with peak transmission occurring at ¢, mean b; and standard deviation 1. Finally, because
asymptomatic infections are shorter and have a lower viral load then symptomatic infection, we
assume the infectiousness of asymptomatic infections is reduced by a factor of 0 < a < 1. The
equation for the force of infection is therefore:

A (t) = qp(1 + by exp((t — ¢) H(5 Z ab+qc ) (A;’oz—l—lf’) (2)

=0

1.4 1Initial conditions

For each age group a, we estimated i) the initial proportion of persons who still have maternally
derived immunity, D> (by assuming loss of immunity is exponentially distributed with rate &)
and ii) the initial proportion of persons who have experienced k£ number of previous infections p{
(assuming acquisition of infection is Poisson distributed with rate 1 year). The initial proportion
of persons in each exposure level who are not infected is therefore given by (1 —I;), and of this
proportion, ls are in epidemiological group R;, with the rest in epidemiological group S;. Of the
infected proportion, I1, the initial proportion in state F, is the average amount of time within that
epidemic group (o /(o +;)). Following a similar argument, the formulae for the initial proportion
of the infected persons who are in the asymptomatic and symptomatic state is o /(o + v;)p* and
/(o +vi)(1 — p*) respectively (Figure 4).
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Figure 4: The formulae for calculating the initial conditions of the epidemic state variables
using the parameters, pg, the initial proportion of persons in a demographic group with maternal
protection, and p{ the initial proportion of persons in a demographic group in exposure group .
(see Equations 4-5 for formulae).
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The equations for the initial conditions are:

M®(0) = Np¢
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where N = N¢; the equation for e the initial proportion of persons in age group, a (age

[ a—1

range, [n?~1,n?, n?~! < n%) who still have maternal protection given a rate of loss of maternal

protection parameter, &, is:

a

1 n
pe = m/n exp(—365¢x) dx (4)

a—1

and the equations for p¢, the initial proportion of persons in age group a who have experienced
k number of previous infections assuming no cumulative protection follows a Poisson distribution,
is:

a

R s o) g, | =0,1,2

n
p3

5
1— (p) +pl +pd) )

1.5 Model output

,a

The output of the epidemic model is the number of new infections Z{U‘f in age group a,

maternal model m, per week w; and the formula is:

m Z_/\/l"”,(l t =
Zujxl ,a ()

- a ©)

t=wp_1

where ZM™:4(t) is the cumulative number of new infections at time ¢ under maternal immunity

model m.
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2 Parameterisation of prior distributions

2.1 Duration of immunity

It is unclear what the period of naturally-acquired immunity is for RSV, however, observational
cohort studies suggest that reinfection is possible after 60 days and it is also reasonable to assume
that some hosts are susceptible again at the start of an RSV season (on average 200 days later).>¢
Therefore, we assumed the prior distribution for the duration of protection of A(130,35) so that
the 95% CI corresponds with 60 and 200 days. For duration of maternal protection, having a higher
baseline cord blood antibody level for RSV at birth provides i) a significant decrease in disease
incidence during in the first 6 months of life”™® and ii) a decrease in risk of hospital admission.?
Therefore, we assumed the duration of maternal protection can be no shorter than 14 days and no

longer than 6 months, giving a prior of (14, 180).

2.2 Duration of symptomatic infection

For the prior for the duration of the latency period (1/0), we used an experimental challenge
study'® to estimate the mean and standard deviation as 4.0 and 1.5 days respectively. Using the

formula

2 2
Gamma ('ZQ, Z) (7)

where 1 is the mean and s? is the variance, the fitted distribution for 1/0 is Gamma(7.111,0.563).
To ensure that the duration of infection decreased with repeated exposure, we found prior distribu-
tions for the duration of primary infection, 1/7p, and the decrease in duration of infection relative
to the previous infection, g; such that v = v(g1)™%, 72 = Y0(9192) 7%, and v3 = Y9(g919293) .
The mean and 95% confidence interval for primary and subsequent infection from a prospective
cohort study were the convolution distributions:!* 5.1 (95% CI 4.2-6.2) + 1(0,7) and 4.0 (95% CI
3.3-4.9) + U(0,7) respectively where the uniform distribution arises to account for left-censoring
in weekly collection protocol. The empirical sample for the prior distributions for 1/v¢ is found by
sampling from 5.1 (95% CI 4.2-6.2) 4+ U(0,7) and fitting the sample to a probability distribution.
The method of fitting an empirical sample to a probability distribution, we refer to as Fitting

procedure 1:

Fitting procedure 1 To fit an empirical distribution to a probability distribution we use the
maximum likelihood method to estimate the parameters of the i) Gamma(k, 0), ii) LN (u, o), and
iii) W (A, k), and choose the probability distribution with the highest likelihood.

Fitting procedure 1 gives a probability distribution of W (4.137,8.303) for 1/vy. For ¢1
we divided the samples from 5.1 (95% CI 4.2-6.2) + U(0,7) by the samples from 4.0 (95% CI
3.3-4.9) 4+ U(0,7) and used Fitting Procedure 1 on the resulting sample to get a probability
distribution of W (34.224,0.879) for g;. For g, we used an experimental reinfection study!® to find
a mean and standard deviation for «9 of 3.6 and 1.1 days respectively (Gamma(10.71,0.34) from
Equation 7). Dividing ordered samples from this distribution by the ordered empirical sample
for 7o multiplied by (g1)~! gives an empirical sample for the prior distribution for g, which, from
Fitting procedure 1, has a probability distribution LA(—0.561,0.163). As there is no evidence
to suggest the duration of infection decreases further after tertiary infection, gz = 1.
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2.3 Susceptibility to infection

The prior distribution for the reduction in susceptibility to infection, §;, assuming i number of
previous infections, is determined using two prospective cohort studies'?'? which estimated the
average proportion of individuals who become infected when challenged with RSV for secondary,
tertiary and subequent infections, relative to their previous infection, as 0.757, 0.878 and 0.322

respectively (with sample sizes of 47, 26 and 19). Using the formula

B(un, (1 — u)n) (8)

where 1 is the mean, and n is the sample size, we estimated the probability distributions for
these observations as B(35.583,11.417), B(22.829,3.171) and B(6.117,12.882) for susceptibility to
secondary and tertiary and subsequent infection, relative to previous infection.

2.4 Asymptomatic infection

The proportion of infections which are asymptomatic is estimated from a prospective cohort study'*
which showed, for ages <1, 1-4, 5-14, and 15 years and over, the mean probability of asymptomatic
infection is 0.091, 0.173, 0.521, and 0.765, for the sample sizes is 33, 52, 73, and 47 respectively
(giving B(3.003,29.997), B(8.996, 43.004), 5(38.033,34.967) and B(35.955, 11.045) from the formula
Equation 8). Though exiting studies have estimated the difference in viral load and the duration
of shedding between asymptomatic and symptomatic infection, it is unclear how these differences
alter the infectiousness of a host.'* Therefore, as there is no strong evidence otherwise, we assumed
the prior distributions for « of ¢(0, 1).

2.5 Transmission and initial parameters

Finally, as they cannot be estimated from epidemiological data, the prior distributions for the
transmission probability per contact physical contact g, relative reduction in transmission due
to conversational contact ¢., the relative seasonal amplitude by, the offset ¢ and the width of
heightened transmissive season ¢ all have prior distributions of #/(0,1). A summary of all the prior
distributions described above associated with the epidemic model is given in Table 3.

10
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Parameter Value Source
Duration of immunity
1/¢ Maternally-derived (days) (14, 180) 9
1/w  Post-infection (days) N (135, 35) 5,6
Duration of symptomatic infection
1/0  Exposure (days) Gamma(7.111,0.563) 10
1/40 Primary infection (days) W (4.137,8.303) 1
g1 Proportional decrease between secondary and primary in- W (34.224,0.879) 11
fection
g2 Proportional decrease between tertiary and secondary in-  LAN'(—0.561,0.163)
fection
Susceptibility
01 Relative susceptibility to secondary infection, relative to  1B(35.583,11.417) 12
primary infection
52 Relative susceptibility to tertiary infection, relative to sec-  B(22.829, 3.171) 12
ondary infection
03 Relative susceptibility to subsequent infections after third  1B(6.117,12.882) 12
infection, relative to tertiary infection
Asymptomatic infection
p<l Proportion asymptomatic (<1 years) B(3.003,29.997) 14
p'=*  Proportion asymptomatic (1-4 years) B(8.996, 43.004) 14
p®>~1%  Proportion asymptomatic (5-14 years) BB(38.033, 34.967) 14
p>15  Proportion asymptomatic (154 years) B(35.955,11.045) 14
e! Reduction in infectiousness U(0,1) —

Transmission parameters

dp
qs
b1
¢
P

Probability of transmission of RSV per physical contact.
Reduction in transmission due to conversational contact
Relative amplitude

Seasonal offset

Width of seasonal peak

Initial parameters (at t =0, age group a)

I

la

Initial proportion infected

Initial proportion of non-infected individuals who are pro-
tected

Table 3: Prior distributions of the parameters in the transmission model. Subscript ¢ indicates
exposure level and superscript a indicates age group.

11
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3 Model-fitting

3.1 Detection model

The virological surveillance data used to calibrate the transmission model is the Respiratory
DataMart System (RDMS). RDMS is a laboratory-based virological sentinel surveillance system,
which systematically collects data on the number of RSV positive and negative clinical respiratory
samples from 14 Public Health England (PHE) and National Health Service (NHS) laboratories in
England.'® From RDMS, we extracted the total number of weekly laboratory-confirmed cases of
RSV from July 2010 and up until June 2017 for each age group. The number of positive samples

for age group a and week number w; is given by dj, € D, where D is the set of all samples.

Only a small proportion of the total RSV infections will be detected by the RDMS. This is
because RSV infections which are included are only those in which the infected individual:

1. acquired infection in a region which is covered by the surveillance system
2. consulted healthcare at some clinical interface

3. the health care profession offering a test

4. the test is accurate in detecting the RSV virus

As severity of RSV infection depends on age, points 2) and 3) imply that the proportion of total
RSV infections which are present in the RDMS is likely to be dependent on age. Therefore, we
assumed that the per-infection detection probability by the RDMS surveillance system, €, could
be dependent on age (note that Z ¢* =~ dy, ).

Due to lack of direct information for estimates of the detection probability, we first estimated
an approximate value, €* by dividing the proportion of the population which are reported in the
dataset p$ by an estimate for the attack rate in age group, r* (Figure 5). The estimate for
the attack rate is found from a prospective cohort study'® for children less than 5 years, and for
individuals greater than 5 years we used the attack rate from the aforementioned prospective cohort
study for the first year, under the assumption all infants are fully susceptibility, and multiplied it
by the prior distribution for the relative reduction in susceptibility d;. The approximate values for
the detection probability, €* = p% /r?, are plotted in Figure 5. By defining the total number of
positive samples for age group a per year from RDMS as D%, the weighted proportion of samples

for each age group is given by w* = D*/%,D,.

12
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Figure 5: Top: Schematic showing the multiplicative relationship in age group a between the
estimated attack rate r*, the detection probability €, and the proportion of the population caught
in the RDMS surveillance dataset, p% . Bottom: For each age group a, this plot shows the estimated
value for the detection probability €*, and the number of positive RSV samples from the RDMS
dataset D® which is proportional with the radius of the point marker.

Assuming that each age group has a unique detection probability could over fit the model,
however, using too few detection probabilities lead to a poorly fitted model. We chose the optimal
number of age dependent detection rates by performing a formal model comparison using Akaike
Information Criteria (AIC) to choose between 5 models which vary in the number of detection
probabilities used between ages 0-4 years. The first age structure (£!) assumed the same detection
probability value for all 0-4 year olds. The second, third and fourth structures (£2, £2 and £4)
assumed that the 0—4 age groups is parameterised by 2, 3 and 4 different detection probabilities.
To find the optimal age stratification for each of these three structures, we fitted the values of &
to a discrete-valued function using a weighted least squares method (using the weights w?’) for all
possible stratifications of this age group and then chose the age stratification with the smallest
corresponding AIC. This method gave the optimal age stratifications of {0-2mo,3mo—4yrs}, {0-
2mo, 3-7mo, 8mo—4yrs} and {0-2mo, 3-5mo, 6-11mo,1-4yrs} for the three structures respectively.
For the fifth structure, we assumed that the values of detection probability are parameterised

according to an exponential decay exp(ax + b), where a and b are parameters be estimated.

For detection models €7, = {1,2, 3,4}, the prior distribution for each of the detection proba-
bilities €/, were found by calculating the weighted mean and standard deviation of the estimated
detection probabilities values & contained within the age range of the stratification and then fitting
these moments (through Equation 7) to a Gamma distribution. For £°; the detection probability

for age group j, is given by fitting a non-linear weighted least squares with the exponential func-

13
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tion of the form exp(ax + b) to the estimated detection probabilities values between 0 and 4 years.
The mean and standard deviations of the parameters of the fitted exponential (a and b) are then
then assumed to follow a normal distribution. A summary of all the age stratifications and prior

distributions for all five of the model structures are given in Table 4.

Parameter Prior distribution Source

Detection model structure 1, ' = {e‘lg1 , 6231 , 6351}

egl 0-4yrs Gamma(1.4278, 0.0050) G
Detection model structure 2, £2 = {6152,6252,6352,6§2}

6392 0—2mo Gamma(10.9978, 0.0013) €
6252 3mo—4yrs Gamma(1.7757, 0.0018) €
Detection model structure 3, £3 = {5153’5?93’623’%3’62'3}

6‘15,3 0-2mo Gamma(10.9978, 0.0013) €
6253 3-8mo Gamma(11.9721, 0.00045) €@
6%3 9mo—4yrs Gamma(2.16447, 0.00063) €
Detection model structure 4, £E* = {6154,6254,624,6§4,6554,eg4}

e§4 0—2mo Gamma(10.9978, 0.0013) €
6154 3-6mo Gamma(27.1392, 0.00024) €
&, 7-11mo Gamma(19.8873, 0.00018) o
e§4 1-4yrs Gamma(7.64267, 0.00012) €
Detection model structure 5, E° = {655,6?95, . eé;eéi}, eéS =exp(a+bx*j)

a 0-4yrs N (—3.9885,0.1357) €
b N(—0.1794,0.0413) @
Common to all model structures, |EF|= A,

e;‘:‘l 5-54yrs Gamma(35.0678, 2.61628 x 10~6) €
ca* 554 yrs Gamma(59.2461, 2.28079 x 10~6) e

Table 4: Prior distributions for the parameters in the five detection models.

3.2 Calibration

We performed inference on the parameter set:
om,e — Mm U Se

where m € {1,2} and e € {1,2,3,4,5} are the possible maternal protection and detection
model structures. For each model structure, the transmission model estimated the number of new
infections per week Z7, and the detection model estimated the age-dependent probability of being
reported in the RDMS dataset, €¢*. We assume that year-to-year changes in the number of RSV
positive samples are due to i) changes in sampling protocol, ii) hospital admission thresholds being
lowered (particularly in the younger infants) and/or iii) failure to manage these acute illnesses in
the community care setting.!” Therefore, to account for these year-to-year changes we normalise
the number of RSV positive samples in age group a during year y relative to year 7 (2016-17) so
that each year has the same total number of positive samples in age group a. Mathematically, for

the number of positive samples dy,, for age group a during week number w;, we define

524+52x6(y—1)

Dy= > i, 9)

t=1+452x6(y—1)

Then, the normalised data JfUt during year y, is given by
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a Na

ds, = d“g? (10)

By treating each infection in age group a as a Bernoulli trial, which has probability of success

(being detected in the normalised RDMS dataset D) of €%, the likelihood function for the parameter

set (6™¢) for week, w; and age group a is given by the binomial distribution d2, ~ Bin(Zt/:lm’“, €").

Fitting the output for each age group over to seven years of weekly incidence data, the full likelihood
is the product of each age and weekly binomial likelihood function:

25 7+52
£(p|o™*) = L(DIM™, €% =[] I Bin(Z!"*, )

a=1t=1
Using this likelihood and the prior distributions, the posterior distributions for the parameters
in the model are determined using an adaptive parallel tempering Metropolis Hastings algorithm
with a temperature ladder consisting of 12 chains and an adaptive covariance matrix.'® The
proposal distribution was a multivariate truncated normal distribution (7A), with the boundaries
of the distributions equal to the support for each parameter. Thus, for each of the 12 chains, given

a Markov chain of length, i, {0;}!_, the equation of the acceptance probability of a new position,

0/ ~ TN(GH El) is

a(ﬂi, 9/) =

3.3 Model choice

To determine which of the model structures (maternal protection model m and detection model
e) best estimates the incidence of RSV given the RDMS data, we calculated a Deviance Information
Criterion (DIC) given by

DIC™ — —2(TETDI77) - L(DIF™) 1

where £(D|f)) is the likelihood of the mean of the posterior samples and £(D|f) is the mean
of the likelihood of the posteriors samples.

3.4 Posterior distributions

Each of the 12 Markov chains ran for 50,000 steps, where the first 25,000 steps were the burn-in
and the final 25,000 steps were the empirical samples for the posterior distributions for each of the
parameters. The final posterior samples were thinned every 20 steps, given a empirical sample of
1,250 values for the joint posterior distribution.

3.5 Implementation

The transmission model ODEs were solved using the Euler method in Ascent package in C++,
using a time step of 1 day over a 8 year period, (1 year to reach a stead state and 7 years to
calculate the likelihood).

The binomial likelihood function leads to computationally unmanageable values, therefore we

consider the log likelihood. The equation for the log likelihood function is therefore:

25 52x7 a _a Ta
Za:l t=1 _Zwte i when dt =0

— . . Jja — 13
2 ST o log(Z8,€) — nZ80el — Y4 log(k),  when d? > 0 (13)

log £(D|0) = {

15
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and the acceptance probability can be calculated:

Correction constant
a(0;,0") = exp(log L(D|0')+log(p('))—log L(D|6;)—1og(p(0;))+log(TN (6;|0', ;) — TN (0'10;,%)))
(14)
Evaluating the correction constant is computationally difficult as it involves evaluating two

points from multivariate truncated normal distributions in a high number of dimensions. Therefore,

to evaluate a this term, we used an expected propagation method outlined in Cunningham et al.**

16
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4 Intervention model

4.1 Palivizumab programme

In order to evaluate to the impact of the Palivizumab programme we stratified the infants according to whether they are Palivizumab eligible (VHR) or not

a.VHR)

(indicated by the superscript r). To estimate the proportion of infants who are eligible for Palivizumab in age group a (p , we first estimated the number of

infants who receive Palivizumab per season in England from the number of Palivizumab units sold.2® Then, we determined the age distribution using estimates

K?21:22 and the eligibility

for of infants who are prematurely born with Chronic Lung Disease (CLD) and Chronic Heart Disease (CHD) by gestational age in the U
criteria for Palivizumab in UK.?? This gives an estimate for the proportion of Palivizumab eligible persons of 0.00348, 0.00227 for infants aged < 1 and 1 month
of age, 0.00066 for infants aged 2-5 months, 0.00002 for infants aged 5-8 months and zero otherwise. The Palivizumab programme is given to all very-high-risk
neonates between October and February and assumes a 90% coverage (2,128 courses).

The ODEs of the Palivizumab programme for age group a and clinical-risk group r are:
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where an overdot refers to differentiation with respect to ¢, 1;(a) is the indicator function (non-zero at a = 1), and the equation for the force of infection is:

(pa’b + QCca’b) ZA?J"O[ + IZb,r

25
AT = apfi(6) b

b=1

T,

where ), is the sum over all the Palivizumab eligible and non-Palivizumab eligible clinical-risk groups, and exposure groups i = {0,1,2,3} and f;(t) =

qp(1 4 by exp((t — ¢)?/(2¢?)) Hz/:o ;. Further, ¢% . is the number of persons who are protected by Palivizumab in age group a and clinical-risk group r. The

»Pa
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initial conditions for this set of ODEs are given by Equations 3 with N = N" and V" = 0.

Palivizumab
At birth: Age group a:

I/ e

J

Figure 6: The relationship between the state variables (Vp: protected due to Palivizumab antibodies) used in the Palivizumab intervention model. For
Palivizumab the parameters are u, the birth rate, pr the proportion of infants born with protection due to maternal immunity, and ¢C},”;al the proportion of
infants in age group a, clinical risk group r who are newly protected by Palivizumab at time ¢. The left schematic shows the rate of change between epidemiological
groups when Palivizumab is administered at birth. The right schematic shows the rate of change between epidemiological groups when Palivizumab is given other
age group. The rate of loss of immunity is given by wpe and shown by the dashed line. Rate of loss of maternal protection occurs at rate £ and is shown by a

solid line.
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4.2 Long-acting monoclonal antibodies programmes

In order to evaluate to the impact of intervention programmes aimed at infants in different clinical risk groups, we stratified the infants into demographic
groups according to their clinical-risk status i) Palivizumab-eligible (VHR), ii) high-risk (HR), and neither (NR) (indicated by the superscript 7). To estimate

the proportion of infants who are high-risk, we assume the prevalence is 3.8% across each monthly age group up to 11 months.2

The monoclonal antibody programmes considered are given below:

Intervention Prophylactic(s) Eligible population Window of adminis- Coverage of eligible pop- Annual number of Comparator

programme tration ulation courses

name

MAB-VHR La-mAB VHR infants October-February 90% 11,679 Palivizumab

MAB-HR-S La-mAB VHR infants October-February 90% MAB-VHR
La-mAB HR neonates October-February 90%

MAB-HR-S+ La-mAB VHR infants October-February 90% 22,907 MAB-VHR
La-mAB HR neonates October-February 90%
La-mAB HR 1-5 months September-October 90%

MAB-ALL-S La-mAB VHR infants October-February 90% 252,581 MAB-HR-S+
La-mAB HR and HR neonates October-February 90%

MAB-ALL-S+ La-mAB VHR infants October-February 90% 547,818 MAB-ALL-S
La-mAB HR and HR neonates October-February 90%
La-mAB HR and HR 1-5 months September-October 90%

Table 5: Summary of the characteristics of the intervention programmes which use long-acting monoclonal antibodies. La-mAB: Long-acting monoclonal

antibodies

The ODEs of the RSV intervention model for the long-acting monoclonal antibodies programmes, for age group a and clinical-risk group r are:
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where an overdot refers to differentiation with respect to ¢, 1;(a) is the indicator function (non-zero at a = 1), and the equations for the force of infection is:

where

%

2 (p®" + qec™?) b b
AT () = qpfi(t) Z — ZAZ”TQ + I

Nb
b=1 T, %

is the sum over all risk groups R = {NR, HR,VHR} and exposure groups i = {0,1,2,3} and f;(¢t) = ¢,(1 + by exp((t — ¢)?/(2¢?)) HE,:O 0ir.

Further, ¢%" . is the number of persons who are protected by monoclonal antibodies in age group a and clinical risk group r,.
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The initial conditions for this set of ODEs are given by Equations (3) with N = N®" and V};" = 0.

Long-acting monoclonal antibodies
At birth:

H(1=@3 ab)(1-PR) +

N

Age group a:

afq_par (
N(1-®Bmab) J S,

Figure 7: The relationship between the state variables (Vj;: protected due to long-acting monoclonal antibodies) used in the long-acting monoclonal antibodies
intervention model. For long-acting monoclonal antibodies the parameters are pu, the birth rate, pr the proportion of infants born with protection due to maternal
immunity, and d)‘}g’;n . the proportion of infants in age group a, clinical risk group r who are newly protected by long-acting monoclonal antibodies at time ¢. The
left schematic shows the rate of change between epidemiological groups when monoclonal antibodies are administered at birth. The right schematic shows the
rate of change between epidemiological groups when long-acting monoclonal antibodies are given other age group. The rate of loss of immunity is given by winaep

and shown by the dashed line. Rate of loss of maternal protection occurs at rate £ and is shown by a solid line.
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4.3 Childhood/elderly vaccination programmes

The childhood and elderly intervention programmes considered are given below:

Intervention Prophylactic(s) Eligible population Window of adminis- Coverage of eligible pop- Annual number of Comparator

programime tration ulation courses

name

VAC-INF-S Palivizumab VHR infants October-February 90% 2,128 Palivizumab
Vaccine 2-month-olds September-January 90% 251,162

VAC-INF-A Palivizumab VHR infants October-February 90% 2,128 VAC-INF-S
Vaccine 2-month-olds Year-round 90% 617,724

VAC-2-4 Palivizumab VHR infants October-February 90% 2,128 VAC-INF-A
Vaccine 2—4 year olds October-February 45% 917,008

VAC-5-9 Palivizumab VHR infants October-February 90% 2,128 VAC-2-4
Vaccine 5-9 year olds October-February 60% 2,046,820

VAC-5-14 Palivizumab VHR infants October-February 90% 2,128 VAC-5-9
Vaccine 5-14 year olds August-December 60% 4,093,640

VAC-75+ Palivizumab VHR infants October-February 90% 2,128 VAC-5-14
Vaccine 75+ year olds November-March 70% 5,495,680

VAC-65+ Palivizumab VHR infants October-February 90% 2,128 VAC-75+
Vaccine 65+ year olds November-March 70% 10,281,800

Table 6: Summary of the characteristics of the intervention programmes which use vaccines

The ODEs of the RSV intervention model for the above childhood and elderly programmes, for age group a and clinical-risk group r are:
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where an overdot refers to differentiation with respect to ¢, 1;(a) is the indicator function (non-zero at a = 1), and the equation for the force of infection is:

25 a a
a,rN (p b4 qcC ’b) b,r b,r
ACT(E) = apfi(t) E N E Az a+1;

b=1 T, 4

where >, is the sum over all risk groups R = {NR, HR,VHR} and exposure groups i = {0,1,2,3} and f;(t) = ¢,(1 + by exp((t — #)?/(24?)) H:,:O Oy

a,r

Further, qb?)’;al is the number of persons who are protected by Palivizumab in age group a and clinical risk group r, and ¢»

Puac 18 the number of persons protected
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by vaccination in age group a and clinical risk group a at time t.

Vaccination

Vi

Figure 8: The relationship between state variables for vaccination in children or the elderly. Here ¢35 is the proportion of individuals in age group a, clinical

risk group r who are newly protected by vaccination at time ¢. Solid lines refer to natural disease progression and dashed lines refer to immune progression due
to vaccination.

The initial conditions for this set of ODEs are given by Equations (3) with N = N*" and V5" = 0.
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4.4 Maternal vaccine programmes

The proportion of persons in age group a who are mothers with an infant less than 1 years of age, u®, was calculated by multiplying the total number of infants
less than 1 by the age-specific proportion of births by parental age u;, (ug is non-zero for a = 19,20 and 21 only).?5 This gives proportions of 0.0175, 0.0601, and
0.0233 for 15-24, 25-34, and 35-44 years respectively.2? The proportion of mothers who are in the programme is given by ¢. = 0.6. We define, u*? = u%(1 — ¢..),
u®® = u¢, and u®™ = (1 — u?).

When evaluating the maternal vaccination programmes, the age and clinical-risk groups are further stratified according to maternal status and whether they
are including in the programme (see Table 7). The strategy is the same as outlined in a previous mathematical model which evaluates the impact the maternal

Pertussis vaccines.?8

Superscript Description

n Infants less than 1 years of age and who are not participating in the maternal vaccination programmes and adults who are not mothers who have given birth in the last year
P Mothers who have given birth in the last year who are not in the maternal vaccine programme
c Mothers who have given birth in the last year and are in the maternal vaccine programme and the newly born infant.

Table 7: Summary of the maternal vaccine-related states.

The maternal vaccine programmes considered are given below:

Intervention Prophylactic(s) Eligible population Window of adminis- Coverage of eligible pop- Annual number of Comparator
programme tration ulation courses
name
MAT-S Palivizumab VHR infants August-December 90% 2,128 Palivizumab
Maternal vaccine  Pregnant women 28-32  October-February 60% 165,257
weeks gestational age
MAT-A Palivizumab VHR infants October-February 90% 2,128 MAT-S
Maternal vaccine  Pregnant women 28-32  Year-round 60% 406,442

weeks gestational age

Table 8: Summary of the characteristics of the intervention programmes which use maternal-vaccines
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where the force of infection is given by defining Z"° = Yoin A?7T’Sa + If "% for maternal vaccine groups, s = {n,p,c}, then the equations for the force of

infection for the three maternal vaccine states are:

pa(m):b(@) | g ca(m) b()

pa(m):be) 4 g ca(n)ble)

b,c

25 a(n),b(n a(n),b(n
[(P (n):b(n) 4 g, c(n):b( ))Ib’"+

NI = ap i)Y L

b=1

Nb.p

0P+

Nb.c

(19)
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(20)

(21)

where the contact matrices are defined in Table 9. These contact matrices are modified versions of the matrices outlined in the mathematical model used to

evaluate the impact of maternal Pertussis vaccines.
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Contact, Age group (a), Maternal-vaccine group (s2)
Participant <lyrs 15-44yrs 1-14,45+
Age group Maternal- n C n ¢ p n
(a) (yrs) vaccine
group (s1)
<1 n P (1~ ge) Pl P (1) (00— P (gt (1) | B
c P (L — ¢e) P e Pttt it (- et - 6 e’
15-44 n P (1= ¢e) e Pl —u’) Pl e pHtu (1= ) P’
c (™" —pi")A—c)  pH +G —pi")pe | pVP(A—ub) p*tu’ e pUlul (1 — ¢e) pe?
p (0™ = pH )L =) P+ (O™ =pH")ge | p*'(1—u’) e putul (1~ oe) P’
1-14, 45+ n P = ¢e) P e P =) U’ e pul (1= ¢e) P’

Table 9: Formulae for synthesing the contact matrices with maternal-vaccine stratification.
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Symbol Definition Source

pEb Number of daily household physical contacts only made by age group a with age group b 34

pe=1):5(2)  Total number of daily household physical contacts made by age group a and maternal vaccine group s;  Generated by Table 9
with age group b and maternal vaccine group s2. (s; = {n,p,c})

c?f Number of daily household conversational contacts only made by age group a with age group b 34

¢a(51):b(s2) Total number of daily conversational contacts made by age group a and maternal vaccine group s; with  Generated by Table 9

age group b and maternal vaccine group sz. (s; = {n,p,c})

Further, ¢‘},’};al is the number of persons who are protected by monoclonal antibodies in age group a and clinical risk group r and ¢

persons protected by vaccination in age group a and clinical risk group a at time t.

a,r
Pvac

is the number of
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Figure 9: The relationship between maternal vaccine groups in the maternal vaccine intervention model. The parameters are the birth rate, x4, and the proportion
of women who are newly mothers includedin the programme ¢.. The model ensure that all infants born to vaccinated women are protection (all into group M),
otherwise they are born according to the dynamic maternal immunity assumption.

The initial conditions for this set of ODEs are given by Equations (3) with N = N*™5 and V5"* = 0.
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5 Economic model

All of the parameters of the economic model are given in Table 3 of the main text.

5.1 Estimating annual incidence of outcomes

We estimated the annual incidence of four different RSV-related outcomes (GP consultations,
hospital bed days, symptomatic infections, hospitalisations and deaths) under the existing Palivizumab
programme by synthesising recent incidence estimates for RSV outcomes in England. The inci-
dence of GP consultations and deaths are age-dependent and estimated from three sources for each
age category: 0-5 years of age,2” 5-55 years?® and for 55 years and over.?? For hospital admissions
and number of bed days, the incidence was dependent on age and clinical risk status. Reeves et
al.3Y gives the estimated number of hospital bed days and hospital admissions for high-risk (HR)
and not-at-risk (NR) infants up to 11 months of age. For the individuals aged 1-4 years and 5-14
years (which are NR), the number of hospital admissions is estimated from Reeves et al. 2017,17

and Taylor et al?® 31

and the number of bed days per hospitalisation is 2 days.”* For persons aged
15-64 years and 65+ years, we used Fleming et al.?® and data from PHE and assuming the aver-
age number of bed days per hospitalisations is 3 days.?3 For all the studies highlighted above, the
mean u and 95% CI (¢, ¢, ) are given, therefore, we fit a probability distribution using Fitting

procedure 2:

Fitting procedure 2 If CI are symmetric: (|(c, — p)|=|(c; — p)|):  The fitted distribution is
N (i, (cy — p)/2). If CI are non-symmetric: |(c, — p)|# |(e; — p)|: By choosing the parametric
distributions, X = {Gamma(a, p/a), LN (log(u), o), Weibull(a, u(T(1 + 1/a))~1)}, (chosen such
that VX € X, E[X] = p), the fitted parameters are found by solving the non-linear equation
V0 € © = {a,p,a}

/ " po(@)dz — 0.95 = 0 (22)

1

to find the fitted values ©. We choose the uncertainty according to the distribution whose
fitted parameter, 0 minimising the cost function

AO) = (Pj(c;) — 0.025) + (P;(cy) — 0.975)? (23)

A summary of age-specific annual incidence rates for GP consultations, hospital admissions,
number of bed days and deaths is given in Figure 10. Fitting procedure 2 is also used to
estimate all the probability distributions in Tables 2 and 3 of the main text.
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Figure 10: Estimated annual incidence of GP consultations (top left), deaths (top right), hospital
admission (bottom left) and number of bed days (bottom right) per 100,000 persons in each age
group (x-axis) and clinical risk group.

5.2 QALY loss due to death

Assuming an average life expectancy per person of 81.0 years,?* then using SF-6D population

norms with annual weighting of x, per year,3® the quality adjusted life expectancy is given by
81
Za:O

rate of r = 0.035, is given by

r, = 65.94. Given death occurs at year of life a;, then the QALY loss, assuming a discounting

81
EQE] = Z x4 exp(—0.035(a — a;))

a=a;

(24)

We assume that the standard deviation of the life expectancy at age a; is 10% of the current

~ N(EQB], 0.1(E[QB]))-

a;

life expectancy (Q7

5.3 Cost-effectiveness

If X is the prophylactic associated with intervention programme P, then the cost of treatment (67,
cost of administration (A?) cost of purchasing (B?') and the total QALY loss (QF) associated with

each treatment over the time horizon is given by:

52%T
OF =" Zy, (r&®cp + ry 0% )e /% (25)
w=1
52T
AF= Ax ) Dy e (26)
w=1
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52T
BY = px Y Dipje ™™ (27)
w=1
52T
QF = 3 787 (r4Qc + 1 QY + 1 Qb )e T/ (28)
w=1

The formula for the maximum price per dose to implement programme P in an existing pro-
gramme C' to remain cost-effective at an 20,000£/QALY threshold is given by:

20000(Q%¢ — QF) — (8F — 8Y) — (AT — A©)

52xT ma,r /52 52T na,r —rw/52
Zw:l DPvtwe / B Zw:l Dc7tw€ /

p(P,C) = (20)
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