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1 Materials and methods

1.1 Epidemiological data

Varicella is monitored since 1991 by the French national system of clinical surveillance [1]. Inci-
dence data and confidence intervals are estimated by the French GP surveillance system using a
Poisson distribution to model the number of cases reported to GPs, and a normal-approximation
for the computation of the 95% confidence intervals of incidence rates [2]. Estimates obtained
from collected data revealed a stable incidence rate of varicella in the population during the
period 1991 — 2015 (Figure S1). Although the total varicella incidence slightly decreased be-
tween 1991 and 2015 such variation is not statistically significant. In order to assess whether
a temporal trend in incidence records is present we used a linear regression model to fit the
observed yearly overall incidence of varicella over the period 1991 and 2015.

On the other hand, as shown in Figure S2, data disaggregated by age highlight a statistically
significant increase of incidence rates in most of age groups below 4 years of age and a decrease
of varicella cases among individuals older than 5 years.
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Figure S1: Yearly total incidence of varicella based on the GPs Sentinelles Network (1991-
2015). Total incidence of varicella (per 1,000 individuals) as observed in France in 1991-2015 [1] (red)
and as obtained by performing linear regression (blue). The p-value obtained indicates that there is no
significant relationship between time and incidence level; a represents the slope of the linear model.
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Figure S2: Yearly

(1991-2015). Incidence of varicella by age (per 1,000 individuals) as observed in France in 1991-2015
[1] (red) and as obtained by performing linear regression (blue). The slope of the linear model (a) is

shown along with the corresponding p-value, Bonferroni corrected. Small p-values indicate that there

is a significant relationship between time and incidence level.



1.2 The model

In this study we use a deterministic non-stationary age-structured model to simulate Varicella-
Zoster Virus (VZV) transmission dynamics. In the model, the population is stratified into four
epidemiological classes: individuals protected against varicella infection by maternal antibodies,
individuals susceptible to varicella infection, individuals infected (who can transmit the infection)
and individuals recovered from varicella. Recovered individuals are assumed to be life-long
immune against VZV re-infection. Each epidemiological class is further divided in 90 one-year
age groups (0-89+). Susceptible individuals are exposed to an age- and time-dependent force of
infection of the following form:

8 Gl 0

where (3 is a factor driving the contribution of individuals’ contacts to the transmission of
infection; n = 89 years; C;;(t) is the average number of contacts of an individual of age 7 with
individuals of age j and I;(t)/N;(t) is the fraction of infectious individuals of age j at time ¢.
Following the approach proposed in previous studies [3, 4], the model explicitly accounts for
the demographic dynamics of the population occurred between 1850 and 2015, mimicking time
varying birth and age-specific mortality rates observed in France during the period considered
[5] (see Figure S3). The system of ordinary differential equations describing epidemiological and
demographic transitions within a given year is the following:

M;(t) = Siob(t) N (t) — wM;(t) — p;(t) M;(t)
Si(t) = wM;(t) — Ai()Si(t) — pi(£)Si(t)
f‘( ) = Xi(8)Si(t) — v Li(t) — () Li(2)
Ri(t) = vIi(t) — Mi(t)Rz‘(t)

where

e M;(t) is the number of individuals of age ¢ who are protected against varicella infection by
maternal antibodies at time t;

e S;(t) is the number of susceptible individuals of age i at time t;

e [;(t) is the number of infected individuals of age i at time ¢;

e R;(t) is the number of recovered individuals of age i at time ¢;

e N;(t) is the number of individuals of age ¢ at time ¢;

o N(t) =37, Ni(t) is the population size at time ¢; n = 89 years;

e b(t) is the yearly crude birth rate observed in France at time ¢ (Figure S3a);
1 ifi=j

e ;; is the Dirac delta function, i.e. 9;; := )
0 otherwise
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e 1;(t) is the yearly age-specific mortality rate observed in France (Figure S3b);

e 1/w =2 months is the average duration of protection conferred by the passive transfer of
maternal antibodies, based on published estimates [6];

e 7 is the recovery rate from varicella, set in such a way to reflect an average generation time
of varicella equal to 3 weeks [7].

At the end of each year, the age of individuals aged 0-88 years is incremented by one.
Following the approach proposed in [3, 4] the demographic and transmission model was initial-
ized according to the population age structure in 1850. The number of individuals in each of
the considered epidemiological classes reflected the fraction of susceptible, infected and immune
individuals associated with a certain parameter set and the corresponding equilibrium solution
obtained by running the transmission model with constant fertility and mortality rates fixed to
those observed in 1850 [5], and by initializing the system with 10 infected individuals in a fully
susceptible population. Simulations of varicella dynamics from 1850 to 2015 were obtained by
running the model with time varying crude birth and age-specific mortality rates, as observed in
[5]. The demographic model is able to capture the changes in the age distribution of the French
population during the whole considered period (see Figure S4).

After recovery of varicella, VZV may reactivate causing Herpes Zoster (HZ). The mechanism
of VZV reactivation into HZ and the complex interplay between varicella and HZ disease has
not yet been completely understood [8, 9]. Although zoster cases may transmit varicella [10],
little is known about their relative infectiousness compared to varicella cases [9]. However, in
settings where varicella routine vaccination has not yet been introduced, as is the case of France,
zoster cases are much less frequent than varicella cases, thus, their contribution to VZV force
of infection is likely to be negligible. For the above reasons, we decided to not include Herpes
Zoster dynamics in our model.

1.3 Contact matrices over time

In this study we consider two variations of the general model described in Section 1.2, differing
in the assumption made to model human mixing patterns over time.

e Model M1. The average number of contacts of an individual of age ¢ with individuals
of age j at time ¢ is assumed to be

where C’f} and C’g are the average contact matrices estimated in 2012, respectively within

and outside schools, for France [11]. In this model no changes in mixing patterns over time
are assumed.

e Model M2. The average number of contacts of an individual of age ¢+ with individuals
of age j is allowed to vary over time as a consequence of changes in the number of school
contacts between 0-3 years old children as follows:

Ci(t) = f;(O)C5 + C

5
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Figure S3: Historical demographic data. a Yearly birth rate as observed in France during the

period 1850-2015 [5]. b Age-specific mortality rate as observed in France at different years [5].
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Figure S4: Demographic validation of the model. a Observed (red) and simulated (black) age

distribution of the French population at different years of the simulated period (1850-2015).



1.4 Contribution of different settings and age segments to varicella
transmission

The contribution of different settings and age segments to varicella transmission is computed by
explicitly tracking the cumulative number of infections occurring at age ¢ generated in a setting
P by contacts with infected individuals of age j, through the following differential equation:
- o
KEP(#H) = BCE (1) =22
50 =805 o
where C’g (t) is the average number of contacts of an individual of age i with individuals of age
7 in the setting P at time t.
Specifically, the total number of cases of age ¢ generated in a setting P by contacts with infected
individuals of age j in the time interval [¢;, 5] is defined as:

Si(t)

Kl (ts) — K[ (t)

For instance, the number of cases in individuals aged 4-6 years caused (in any setting) by contacts
with individuals aged 0-3 years in [tq, 2] was computed as:

6 3

2 2D (i)~ K1)

Pe{S,0} i=4 j=0

Furthermore, we assume that infections caused by school contacts among individuals aged 0-3
years occur in day-care centers, infections caused by school contacts among individuals aged 4-6
years occur in pre-primary schools and infections caused by school contacts among individuals
older than 7 years occur in primary schools or higher levels.

1.5 Models’ parametrisation

The two models considered are parametrised separately by applying a Markov Chain Monte
Carlo (MCMC) approach to the negative binomial likelihood of the yearly incidence of varicella
by age observed in France between 1991 and 2015 [1].

Model M1 has the following free parameters:

e transmission scale factor § (see Equation 1);
e reporting rate of varicella, p € [0, 1], which is assumed to be constant over age and time;

e dispersion parameter of the negative binomial distribution x.

For each year y between 1991 and 2015 the negative binomial likelihood is computed as follows:

2015 SL‘—i—Ck pm(B, ) ck(y) T z
cadton = I I iy (Fromits)  Gromaw) @

y=1991 keK

where



e K is the set of age groups in the varicella incidence observed in the year y [1], see Figure

S2;
e ¢(y) is the mean number of varicella cases in the k-th age group observed in year y [1];

e my(B,y) is the yearly number of cases in the k-th age group estimated by model M1 in
the year y.

Model M2 has an additional free parameter, shaping the change in school contacts of young
children over time (a, in Equation 3). The likelihood function used to fit model M2 is the
same used to fit model M1. For each model, we assumed uniform prior distributions on model
parameters; specifically, the prior distribution of f, z and « were assumed uniform in [0,1000],
while the one of p was assumed unifrom in [0,1]. We then determined the posterior distributions
by using random-walk Metropolis-Hastings sampling based on normal jump [12]. The posterior
distribution was computed by considering 30,000 simulations and a burn-in of 1,000 iterations.
Figure S5-S6 show the trace plots associated with illustrative chains, as obtained through the
MCMC approach for model M1 and M2 respectively.

It is worth noting that § represents a bifurcation parameter for the considered dynamical system
so that changes in the frequency of epidemic oscillations occur over a certain critical threshold
of this parameter. Specifically, for sufficiently high values of 5, model M2 produces triennial
instead of annual epidemics. As a consequence, the MCMC algorithm reject all values of 3 for
which the estimated varicella incidence over time is not compatible (in timing and magnitude)
with data (Figure S6a).

Epidemiological data used in this work are available at http://sentiweb.fr [1]. Contact ma-
trices estimated for France can be found in [11].
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2 Additional results

2.1 Model M1

According to model M1 the reduction observed in the French birth rate during the last century
led to a decrease of varicella incidence in the population (see Figures S3 and S7a). Since the early
90’s the birth rate remained approximately constant and the model estimates a roughly stable
incidence, in good agreement with the observed data [1]. Model M1 is validated against the VZV
serological profile observed in France in 2003 [13], which represents an independent dataset not
used for model parameterisation. As shown in Figure S7b, the estimated seropositive fraction
of the population at different ages lies in the 95% CI of the data for almost all age groups
considered.

It is worth noting that model M1 estimates a stable varicella incidence in all age groups over the
period 1991-2015 and thereby fails in capturing the temporal trends in the age-specific incidence
of varicella observed in France (see Figure S8).

18 7

—e— model
= 100 -
8 16 - —e— data
Q — 90_
— 2
. 14 A [ 80 -
[} )
=42 - S 70 -
3 =
w0
® 10 A g 601
©
S 520 S 50 -
£ 87 =1 7
© -
« 35— 15 5 40 1
D 6 A o B ’AV‘ ANSEANE VAN
g 8210 S 30 -
= ) =
g 47 2 5 g 207
g 5. i = 40 - —— model
= =0 : —e— data
0 - 1991 1999 2007 2015 0 -
Years r T T T T T T T T T T T T T T 1
Tt AN ODONODDONNOMNNO
O O O O O O O O O o o o AN ANANM
O ~ AN MO I 1O O I 0 OO © v | I O B |
22222222228 -3¥Ie2LdQ
a Years b Age group (years)

Figure S7: Epidemiological validation of Model M1. a Mean total incidence of varicella (per
1,000 individuals) as estimated by model M1 over the period 1900-2015. Shaded areas represent 95%CI
of model estimates. The inset compares the total incidence of varicella predicted by the model in 1991-
2015 (blue) to the one observed by the French GPs Sentinelles Network over the same period [1] (red).
Shaded areas represent 95%CI of model estimates (light blue) and of the data (orange). b Age-specific
VZV seroprevalence as observed in France in 2003 [13] (red) and as estimated by model M1 (blue).
Shaded areas represent 95%CI of the data as computed by exact binomial test in [13] (orange) and
95%CI of model estimates (light blue).

10



4
4
o AAH
o V
& ~
4
3]
3]
>
N
o o o o o o
S n & v O 1’
® A A -~ =
= ]
o
(7] ]
2
3]
(0]
>
—
o o o o o o
S H & v O 1’
® A & -~ =
)
g3
3]
o E
o
ot
(%
<
W]
(0]
>
o
o o o o o o
S nm & v O »
® A A -~ -

(srenpiaipur 000° | 4ed)

S0UBPIoUI B||90LIBA

gLoz
cloe
6002
9002 ,
€002 ©
0002 >
1661
661
1661

gLoz
z1oz
6002
9002
€002 ©
0002 >
1661
661
1661

GLoZ
zLoz
6002
9002
€002 ©
(]
0002 >
16614
661
1661

kel

o

[%)

<

[

[5]

>

1o

o o o o 9o o
S H © v S 1’
» A « -~ =

o

o

%

2

[

[

>

<

300
250
200
150
100

50

3 years old

3

~

3

o ©O O ©o o
%0505

N - -

300

(srenpiaipur 000° | 42d)

80UBPIOUI B||90LIBA

Sloe
cloe
600¢
900¢
€00¢
000¢
1661
¥661
1661

Sloe
¢loe
600¢
900¢
€00¢
000¢
1661
y661
166}

Sloe
¢loe
600¢
900¢
€00¢
000¢
66}
y661
166}

Years
8 years old

300
250
200
150
100

50

Years
7 years old

300
250
200
150
100

50

Years
6 years old

o O o o
n o wuw o

(srenpiaipur 000° | 42d)
90UBpIoU| B||921IBA

300

Sloe
cloe
600¢
900¢
€002
000¢
1661
¥661
1661

Sloe
cloe
6002
900¢
€00¢
000¢
1661
Y661
1661

Years
>20 years old

Years
10-19 years old

300

250
200
150
100

50

300

9 years old

250
200
150
100

50

300

(srenpiapul 000 | 1od)
20UBpIdU| B||931IBA

Gloe
cloe
600¢
900¢
€00¢
0002
1661
661
1661

Gloe
cloe
600¢
900¢
€00¢
000¢
1661
661
le61

Years

Years

dence of varicella by age group (1991-2015). Incidence of varicella by

1Inci

Figure S8: Yearly

age as observed in France in 1991-2015 [1] (red) and as estimated by model M1 (blue). Shaded areas

show the 95%CI of data and of model estimates.

11



2.2 Model M2

Figure S9 shows the temporal changes in mixing patterns as estimated by model M2 in terms
of average contact matrices between individuals of different ages. According to the model, the
number of the overall contacts among young children has progressively increased during the last
decades. The observed changes are ascribable to an increase in the number of day-care contacts
of children aged 0-3 years.

Simulations obtained with model M2 suggest that, although the overall incidence of varicella
underwent a slight decrease between 1991 and 2015, the role of day-care centers in varicella
transmission increased (see Figure S10a). Specifically, the increasing number of contacts at
school among children aged 0-3 years resulted in an increase of the contribution of schools in
the transmission of varicella in this age group (see Figure S10b). However, obtained estimates
show that the relative weight of transmission in schools and other settings in older age groups
did not significantly change over the considered period (Figure S10c-d).

1991 1998
10 10

9 0.4+ 9 0.4+
v 8 036 ©» 8 0.36
© ©
3 - 02 3 0.32
c 0.28
£ 6 028 £ }
© 0.24 © 0.24
8 5 8 5
c 0.2 c 0.2
Q 4 8 4
° 016 2 0.16
6 o 3
o ° 012 ® 0.12
[S) 2 2
< 2 008 < 0.08

1 0.04 1 0.04

0 0 0 0

01 2 3 4 5 6 7 8 9 10 4 5 6 7 8 9 10
a Age of participant (in years) b Age of participant (in years)
2005 2012
10 10

9 0.4+ 9 0.4+
v 8 036 B g 036
3 - 032 g 0.32
c 0.28 o 0.28
< 6 < E s '
kst 024 0.24
8 5 8 5
€ 0.2 z 0.2
Q 4 Q 4
S 016 O 0.16
(o] o
[ ® 012 o 8 0.12
(@] 2 o)) 2
< 008 < 0.08

1 0.04 1 0.04

0 0 0 0

01 2 3 4 5 6 7 8 9 10 12 3 4 5 6 7 8 9 10
C Age of participant (in years) d Age of participant (in years)

Figure S9: Changes in mixing patterns between 1992 an 2012 (model M2). Average contact
matrices (total) for France by 1-year age-brackets, as obtained by model M2 between 1991 and 2012,
when using the posterior mean estimate of o (see Equation 3).

12



0-3 years

—_
o
nursery primary school S 100+
144 pre—primary school other settings 2 90
%
®7_,,\12< 3 801
>

e g & 704

$ © 101 »

S = 3 60

8T g a

€ c O oA

&8 <

5 | @ 40

o 6 Qo 0

= =

5 ]

g g 44 g 30
-

R o 20
4 c

2 S 101
©

0- © 0-

ANDTVONONOT—ANDTOONODDNO — AN L0 NOILTOONODO=ANNTUONODO—NMLO
HORNNDDDHPOOODOOO D L PPN DRDHDOOODODDCOD e
DN NONOOO0O0O0O0O0O0O000000O0O PPN NOOO0O0O0O0O0O0O0O000000O
—FrrrrrrrrrrrAANNNNANNNANANNNNNANN —FrrrrrrrrrrrAAAANANNNNANNNNNANANA

Years Years
b school setting (day care)
other settings

N 4-6 years 7+ years

S . <

;100 5100_

£ 90 g’ 901

=

E k=3

% 801 T 801

z 70 »

a B - |

2 g 70

% 601 g 60

S | 171

o 50 T 501

g 409 % 40

=

g 30 2 301

5 201 2 201

c ——

S 10 o 101

B c

< 0- o

T ADTOONODO—ANTINONONO—ANMOTWO & 0-

w HONNPDDD DD DD S SN R TRESRRSTUARILEERIF-NRYL
DN NDNOOO0O0O0O0O0O0O0O000000O © BRI RRRNRSESESE888888855555S
‘_‘_‘_'_‘_'_‘_'_‘_NC§NNNNNNNNNNNNNN 'S - ANANAANANNANARANS

ears

school setting (pre—primary)
other settings

Q

school setting (primary)
other settings

Figure S10: Contribution of schools into varicella transmission. a Estimates obtained with
model M2 on temporal changes in the contribution of different settings to the mean total incidence of
varicella (day care, pre-primary school, primary school and other settings) over the period 1991-2015.
b Estimates obtained with model M2 on temporal changes in the percentage of varicella cases in the

age group 0-3 years generated at school and in other settings. ¢ As b but for the age group 4-6 years.
d As b but for the age group > 7 years.

2.3 Models’ comparison

Following the approach adopted in section 1.1, we performed - separately for each model and
for different age groups - a linear regression analysis between time and the estimated incidence
of varicella (see Table A). Obtained results show that model M2 better performs with respect
to model M1 in reproducing age-specific temporal trends that were found significant in the data
(see Table A and section 1.1).

Furthermore, possible Pearson’s correlation was tested - separately for each age group and model
- between the observed and estimated incidence (see Table B). While results obtained for model
M2 show a positive and significant correlation in most of age groups, in the majority of cases
the correlation associated with model M1 resulted either negative or not significant (see Table
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B). These two simple analyses suggest that model M2 better represents the observed temporal
patterns than model M1.

Data Model M1 Model M2
Age group (years) a p-value a p-value a p-value
0 0.643 0.153 | -0.001 < 0.001 | 0.577 < 0.001
1 2.553 < 0.001 | -0.001 < 0.001 | 0.895 < 0.001
2 2.210 0.003 | -0.001 0.014 0.560 < 0.001
3 2.372 0.051 | -0.001  0.006 0.103 0.001
4 0.305 1.000 | -0.001  0.009 |-0.985 < 0.001
5) -1.649  0.006 0.000 0.159 | -0.745 < 0.001
6 -1.443 < 0.001 | 0.000 0.222 | -0.372 < 0.001
7 -1.165 < 0.001 | 0.000 1.000 |-0.144 < 0.001
8 -0.810 < 0.001 | 0.000 1.000 | -0.051 < 0.001
9 -0.272  0.047 0.000 1.000 | -0.018 < 0.001
10-19 -0.175 < 0.001 | 0.001 1.000 0.002 0.809
20+ -0.026 < 0.001 | -0.007 < 0.001 | -0.006 < 0.001

Table A: Results obtained by performing for each age group a linear regression between incidence
level and time as obtained when considering incidence as observed in the data (first two columns),
as estimated with M1 (3rd and 4th columns) and as estimated with model M2 (5th and 6th
columns). The slope of the linear model (a) is shown along with the corresponding p-value,
Bonferroni corrected.
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Model M1 Model M2

Age group (years) r p-value r p-value
0 -0.528  0.007 0.503 0.010

1 -0.570  0.003 0.759 < 0.001

2 -0.583  0.002 0.713 < 0.001

3 -0.413  0.040 | 0.689 < 0.001
4 -0.155  0.458 | -0.106 0.614

) 0.213 0.308 0.649 < 0.001

6 0.116 0.581 0.723 < 0.001

7 0.237 0.255 0.846 < 0.001

8 0.026  0.903 | 0.704 < 0.001
9 0.074 0.726 0.584 0.002
10-19 -0.060  0.775 | -0.259  0.210

20+ 0.804 < 0.001 | 0.804 < 0.001

Table B: Results of Pearson’s correlation (correlation coefficient r and p-value) between the
observed and estimated incidence of varicella in different age groups for the two models.
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