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1
1.1

Parameter estimates
Fixed parameters

Values of fixed parameters were derived from the published epidemiological literature [1–11]. Small discrepancies in parameter choices existed among the models, typically related in variation in interpretation
of the literature or model time scales (i.e. choice of a daily, weekly, etc time step). Where such discrepancies existed, we chose a single (typically intermediate) parameter value to be used by all the models
(Table S1). Where more substantial differences in fixed parameter choices existed related to the choice
of model structure (Figure S1), we retained the original parameter values.

1.2

Population mixing and transmission rates

We assumed transmission-relevant population mixing reflected self-reported behavior on the number of
physical contacts between individuals belonging to different age groups collected as part of the POLYMOD
study [12]. We had data on the reported number of contacts among individuals in the following age groups:
<1 year, 1-4 years, 5-14 years, 15-24 years, 25-44 years, 45-64 years, and ≥65 years old. We assumed the
population mixing rate between age groups was proportional to the reported contact rate, while mixing
within age groups was assumed to be homogeneous.
The mean transmission rate from an individual in age group j to an individual in age group i, denoted
β̄i,j , was then calculated as the age-specific contact rate between individuals of age i and j (Ci,j ) times
the age-specific risk of infection for an individual in age group i (qi ):
β̄i,j = qi Ci,j .

(1)

We incorporated seasonal forcing in the model by assuming the transmission rate varied sinusoidally with
a period of one year (52 weeks):



2πt − 52φ
,
(2)
βi,j (t) = β̄i,j 1 + b cos
52
where b is the amplitude of seasonal forcing, φ is the seasonal offset parameter (i.e. timing of peak
transmission), and t is the time in weeks. The age-specific force of infection (incidence rate per fully
susceptible individual) at time t, λi (t), can then be calculated as
X
λi (t) =
βi,j (t)Yj (t),
(3)
j

where Yj (t) is the total number of infectious individuals in age group j at time t times their relative infectiousness, which will vary based on the infection number (first, second, etc) and/or severity, depending
on the model structure (see Table 1).
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Detailed description of model fitting procedure

The number of severe and mild RVGE cases occurring at time t was calculated as a fraction ds and dm ,
respectively, of all infections occurring among individuals in age group i (Model A) or infection number
n (Models B-E), as follows:
Model A
X
RVGEsevere (t) =
ds,i λi (t)Si (t)
(4)
i

3

X

RVGEmild (t) =

dm,i λi (t)Si (t)

(5)

i

Models B-E
RVGEsevere (t) =

XX

RVGEmild (t) =

ds,n λi (t)Sn,i (t)

(6)

dm,n λi (t)Sn,i (t)

(7)

n

i

XX
n

i

where Sn,i (t) represents the number of susceptible individuals in age group i (who have experienced n − 1
previous infections, in Models B-E).
In fitting our models to the number of laboratory-confirmed rotavirus reports from England and Wales
(E&W), we assumed that a fraction r of all severe RVGE (Models A-C) or any (severe and mild) RVGE
cases (Models D-E) occurring at week t were reported in our dataset. For Model D, this reporting fraction
r was assumed to vary for individuals <5 years versus ≥5 years of age, whereas for Model E, r was fixed
at 0.029 [13]. Thus, the model-predicted number of reported RVGE cases in age group i at time t (x̂i (t))
for each of the models is given by:
Model A
x̂i (t) = rds,i λi (t)Si (t)
(8)
Models B-C
x̂i (t) = r

X

ds,n λi (t)Sn,i (t)

(9)

n

Model D


x̂i (t) =

P
r<5 Pn dm,n λi (t)Sn,i (t)
r≥5 n dm,n λi (t)Sn,i (t)

for < 5 year olds
for ≥ 5 year olds

Model E
x̂i (t) = 0.029

X

dm,n λi (t)Sn,i (t)

(10)

n

We fit our models to the data by maximizing the log-likelihood of each model assuming the number
of reported RVGE cases in age group i at week w (xi,w , where w is the discrete-time equivalent of t) was
Poisson-distributed with a mean equal to the model-predicted number of cases occurring at that time.
The log-likelihood (log(L)) of each model was given by the equation:


xi,w
XX
X
−x̂i (t = w) + xi,w log x̂i (t = w) −
log(L) =
log j  ,
(11)
w

i

j=1

We fit the models after an initial burn-in period long enough to reach the epidemiological steady state
prior to vaccination. The length of the burn-in period was chosen to be divisible by 52 weeks so that
the estimated seasonal offset parameter could be interpreted as the fraction of the year in which the
transmission rate peaked. The time series of reported RVGE cases from E&W and fitted models from
January 1999 to June 2009 are shown in Figure S2.
Since some of the models were originally fit by minimizing the sum of squares rather than the negative
log-likelihood (Models D and E), we also fit these models using this method. The best-fit parameter sets
were similar using both methods.
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Calculation of the direct effect of vaccination

The direct effect of vaccination is the expected reduction in the incidence of severe (or any) RVGE
resulting from the protection conferred by vaccination on vaccinated individuals, in the absence of any
resulting reduction in transmission. The direct effect of vaccination on the individual can be estimated
as DEindiv = 1 − ARv /ARu , where ARv is the attack rate among vaccinated individuals and ARu is
the attack rate among unvaccinated individuals in the same population, in which they are exposed to
the same force of infection. This value is equivalent to the vaccine efficacy (V E) as it is conventionally
measured during vaccine trials.
The direct effect of vaccination in the population can be defined as
DEpop = 1 − xv,λ0 (a, t)/xu (a, t),

(12)

where xv,λ0 (a, t) is the incidence in a (partially) vaccinated population at time t given no reduction in the
force of infection, and xu (a, t) is the incidence in an unvaccinated population. The incidence xv,λ0 (a, t)
cannot be observed when vaccination is expected to reduce the force of infection, but it can be estimated
by standardizing the individual effects to the population. The incidence among individuals of age a
at time t in the counterfactual vaccinated population with coverage v(a, t) is the weighted sum of the
expected incidence among the unvaccinated proportion of the population and the expected incidence
among the vaccinated proportion of the population reduced only by the direct effect of the vaccine:
xv,λ0 (a, t)

= xu (a, t)(1 − v(a, t)) 1 + xu (a, t) v(a, t)(1 − DEindiv )
= xu (a, t) − xu (a, t) v(a, t) DEindiv

(13)

Thus, it is a function of the expected incidence in the absence of vaccination (xu (a, t)), the vaccine
coverage (v(a, t)), and the individual direct effect (DEindiv ).
The expected incidence in the absence of vaccination, xu (a, t), can be simulated using the models.
However, this would yield a slightly different estimate of the population direct effect for each of the
models. Given the relative stability of rotavirus dynamics in E&W over the past decade, for the sake of
clarity we assumed that the average pre-vaccination RVGE seasonal incidence in age group i (xi,w , to
which the models were fit) is representative of the expected incidence in the absence of vaccination for
a ∈ i and week of the year t = wpv .
The direct effect of vaccination for Model M across all age groups y years after vaccine introduction
under scenario k can therefore be estimated as:
RR
RR
xu (a, t) da dt −
xu (a, t)v(a, t) DEindiv da dt
R
R
DEM,y,k = 1 −
xu (a, t) da dt
P52y P
w=1
i vi,w xi,wpv V Ek
(14)
≈
P52y P
w=1
i xi,wpv
where w = 1 represents the week of vaccine introduction, vi,w is the proportion of vaccinated individuals
in age group i at week w, xi,wpv is the reported number of RVGE cases in age group i during an average
pre-vaccination week wpv (where w and wpv represent the same week of the year), and V Ek is the assumed
vaccine efficacy for scenario k (see Section 4). The population direct effects estimated using the modelsimulated incidence (xu (a, t) = x̂i (t)) were similar to those estimated using the observed incidence (xi,w )
and to one another for each of the models (results not shown).
The indirect effect of vaccination in the population is defined as expected reduction in incidence among
both vaccinated and unvaccinated individuals in a (partially) vaccinated population due to the reduced
force of infection, while total effect of vaccination is the reduction in incidence due to both the direct
effect of vaccination on vaccinated individuals and the reduced force of infection, i.e. the sum of the
5

direct and indirect effects. The total effect of vaccination in the population predicted by Model M y
years after vaccine introduction under scenario k can thus be estimated directly from the model output:
RR
xv (a, t) da dt
T EM,y,k = R R
xu (a, t) da dt
P52y P
w=1
i x̂i (t = w)
(15)
≈
P
52y P
w=1
i xi,wpv
The indirect effect of vaccination for Model M y years after vaccine introduction under scenario k is then
simply IEM,y,k = T EM,y,k − DEM,y,k .
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Calculation of the vaccine efficacy

For Models B-E, vaccination was assumed to impart immunity comparable to natural infection(s). Thus,
vaccine efficacy was not a model input, but instead was implicitly derived from assumptions about the
build-up of natural immunity. The assumed vaccine efficacy can be calculated as a function of the
proportion who seroconvert to each dose, the reduction in the risk of any infection, and the relative
risk of (severe) symptomatic infection. For scenario 1, in which we assumed that vaccination conferred
immunity comparable to a single natural infection following first dose at 2 months of age, the vaccine
efficacy against severe and any RVGE was calculated as:



0.03
V E1,severe = 1 − 0.04(1) + 0.96 0.62 ∗
= 82.3%
(16)
0.13



0.25
= 64.3%
(17)
V E1,mild = 1 − 0.04(1) + 0.96 0.62 ∗
0.47
where 0.04 represents the proportion of vaccinees who do NOT seroconvert to vaccination and 0.96
represents the proportion of vaccines who do serocovert; these proportions are multiplied by the relative
incidence of RVGE in individuals with zero or one previous natural infection, respectively (Table S1).
For scenario 2, in which we assumed that vaccination conferred immunity comparable to primary
infection following first dose and immunity comparable to second infection following second dose, the
vaccine efficacy against severe and any RVGE was calculated by summing the products of the proportion
of individuals who seroconvert to zero, one, or two doses times the expected reduction in RVGE incidence
for the corresponding number of previous infections (Table S1), as follows:





0
0.03
+ 0.962 0.37 ∗
= 98.7%
(18)
V E1,severe = 1 − 0.042 (1) + 2(0.04)(0.96) 0.62 ∗
0.13
0.13





0.25
0.32
V E1,mild = 1 − 0.042 (1) + 2(0.04)(0.96) 0.62 ∗
+ 0.962 0.37 ∗
= 74.1%
0.47
0.47

(19)

These calculated vaccine efficacies were very similar to the range of estimates derived from randomized
trials conducted in Europe and Latin America [14–17].
We chose to calculate the expected direct effect of vaccination using the observed pre-vaccination
incidence rather than our best-fit models to minimize the variation between the direct effects expected
for each of the models. Nevertheless, there were small variations among the expected direct effects
calculated for each of the models resulting from differences in assumptions regarding whether reported
cases reflected severe or any RVGE, and whether the fraction of cases that developed severe RVGE (Model
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A) or reported (Model D) varied by age. These differences were generally <7% of the mean direct effect
calculated for all models; thus, we only present the mean value calculated for all the models.
Model A assumes that the 82.3% and 98.7% modeled vaccine efficacies against severe RVGE (under
scenarios 1 and 2, respectively), which are used to calculate the direct effects, pertain only to the first
year of follow-up. If one accounts for this by assuming those ≥1 year of age no longer benefit from the
direct protection of the vaccine, then in fact the direct effect of vaccination should be considerably less
than if we assume direct protection from the vaccine is lifelong, and vaccination does in fact offer indirect
protection relative to this reduced direct effect according to Model A [18].

5

Long-term impact of vaccination on incidence of any RVGE

The long-term impact of vaccination on the incidence of any (mild and severe) RVGE 10-20 years after
vaccine introduction were similar to the results for severe RVGE (presented in the main text), although
in most cases the relative reductions were less substantial (Figure S3). This is to be expected since
the efficacy of the vaccines against mild RVGE is assumed to be lower than the efficacy against severe
RVGE, based on natural history data [7] and consistent with data from randomized trials [14–17]. Thus,
the direct effects against any RVGE that we calculated were lower than those for severe RVGE (Figure
S3). However, Models B and C predicted substantially stronger indirect protection against any RVGE
compared to severe RVGE, particularly for the ≥5 year old population. Model A also predicted stronger
indirect protection against any RVGE for the population as a whole, as did Model E under scenario
2 (Figure S3). Model D again predicted the strongest overall effect of vaccination, with elimination of
RVGE possible at ∼ 100% coverage under Scenario 1 and ∼ 80% coverage under Scenario 2.
Model E predicted a much smaller increase in the relative incidence of any RVGE (compared to severe
RVGE) among ≥5 year olds (Figure S3, Figure 4 of the main text). The increase in any RVGE among ≥5
year olds predicted by Model E was similar to that for the relative incidence of severe RVGE predicted
by Models B and C (Figure S3, Figure 4 of the main text). Therefore the magnitude of the relative
increase in reported cases of RVGE among ≥5 year olds should be similar according to Models B, C,
and E, since Model E assumes reported cases reflect the incidence of any RVGE, while Models B and C
assume reported cases reflect only severe cases of RVGE.
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