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Abstract

Several important aspects related to SARS-CoV-2 transmission are not well known due to a lack
of appropriate data. However, mathematical and computational tools can be used to extract part of
this information from the available data, like some hidden age-related characteristics. In this paper, we
investigate age-specific differences in susceptibility to and infectiousness upon contracting SARS-CoV-2
infection. More specifically, we use panel-based social contact data from diary-based surveys conducted
in Belgium combined with the next generation principle to infer the relative incidence and we compare
this to real-life incidence data. Comparing these two allows for the estimation of age-specific transmission
parameters. Our analysis implies the susceptibility in children to be around half of the susceptibility in
adults, and even lower for very young children (preschooler). However, the probability of adults and the
elderly to contract the infection is decreasing throughout the vaccination campaign, thereby modifying
the picture over time.
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Introduction

Since the start of the COVID-19 pandemic, a new respiratory disease caused by the SARS-CoV-2 coronavirus,
many mathematical and statistical approaches have been considered to identify transmission dynamics and
characteristics of the virus. Some of those characteristics are still not completely known due to the lack
of appropriate data. However, these characteristics are necessary in order to correctly inform public health
policies as well as to develop more advanced scientific tools like mathematical and computational models.
Concerning COVID-19, as for most infectious diseases, it quickly became apparent that some of the disease
characteristics are strongly age-dependent [I]. In particular, the susceptibility to SARS-CoV-2 infection as
well as the infectiousness upon infection may be lower for children than for adults and the elderly. Knowledge
of such a difference could have an important impact on public health strategies in terms of prioritization of
vaccination or the choice of targeted non-pharmaceutical interventions.

We propose a method to estimate those heterogeneous differences concerning SARS-CoV-2 transmission,
focusing on relative susceptibility and infectiousness. Our approach is based on the method used by [2] to
estimate susceptibility profiles for influenza A/HIN1. However, we have refined it to include a larger number
of age categories and applied the methodology to SARS-CoV-2 transmission using a numerical approach. The
method relies on the analysis of social contact data in order to derive an estimate of the relative incidence
which is compared to real incidence data.

Social contact surveys [3] coupled with the next generation principle [4.[5] have been used for years to
estimate key epidemiological parameters such as the basic (and effective) reproduction number (i.e., the
average number of new infections caused by a typical infected individual during their entire infectious period
in a (fully) susceptible population), relative incidence or differences in susceptibility [2]. The first large-scale
social contact study, POLYMOD [6], collected social contact patterns for eight European countries between
May 2005 and September 2006. In 2020-2021, social contact data has been collected in the so-called CoMix
survey [THI0], initially in the United Kingdom, The Netherlands and Belgium and afterwards extended to
other European countries. Comix collected timely social contact information during the COVID-19 pandemic.

Social contact data can be used as a proxy to model SARS-CoV-2 transmission using the so-called social
contact hypothesis [L1], which implies that the age-specific number of infectious contacts is proportional to
the self-reported age-specific number of social contacts by a proportionality factor. This proportionality
factor, often denoted by ¢, assumes that the probability of transmission is homogeneous across the different
age classes. In the current paper, we aim to disentangle and quantify the heterogeneous components of
this proportionality factor further [12], elucidating information on relative age-specific susceptibility and
infectiousness. These estimates could serve to inform heterogeneous COVID-19 mathematical models relying
on social contact data, such as e.g. mechanistic models [I3HI6]. Social contact data are also used in [I718] to
derive heterogeneous contributions to SARS-CoV-2 transmission using an approach based on the reproduction
number. We go one step further using an approach based on the relative incidence derived from the next
generation principle.

More specifically, we use the CoMix social contact data combined with daily incidence data on the number
of new confirmed COVID-19 cases in Belgium over the period December 2020 to May 2021 to estimate the
proportionality factor and its heterogeneous unmeasured components. We disentangle potential sources of
heterogeneity in the acquisition of SARS-CoV-2 infection especially focusing on the comparison between
children (infant, primary and secondary school) and adults. We also estimate the time evolution of the
transmission parameters for different adult age classes throughout the vaccination campaign as carried out in
Belgium showing an evolution of the proportionality factors over time. Then we present an illustration of the
utility of heterogeneous proportionality factors by comparing the reproduction number estimated from the
CoMix social contact data to the ones estimated from incidence of cases and hospitalisations, respectively.
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Results

Estimation of susceptibility and infectiousness through proportionality factors

The proportionality factor is assumed to be age-specific and denoted by g;; where 7 and j belong to some
age classes. g;; could be further split into heterogeneous components:
where: 4 = qaihy,
e The vector (a;) represents age-specific differences in factors influencing transmission which are specif-
ically related to the susceptibility of individuals, including, but not limited to, direct (immunological)
susceptibility to infection upon exposure (e.g., due to age-specific heterogeneous risk behaviour and/or
compliance to non-pharmaceutical interventions not already captured by contact frequency). In order
to distinguish it from direct susceptibility to infection, this vector will be referred to as g-susceptibility.

e The vector (h;) describes age-specific differences in factors influencing transmission which are specif-
ically related to the infectiousness of individuals, including, but not limited to, infectiousness after
acquiring infection (e.g., due to differences in viral load upon exposure). In order to distinguish it from
infectiousness upon infection, this vector will be referred to as g-infectiousness.

e The remaining global proportionality factor ¢ captures any remaining residual effect and is of no
relevance when considering relative g-susceptibility or g-infectivity.

In the remainder of this paper, we will talk about susceptibility or infectiousness when considering immuno-
logical aspects of disease transmission, while we will add the prefix ¢ whenever quantities can carry additional
effects related to susceptible and infectious individuals in order to avoid any ambiguity.

If we denote by w = (w;) a vector representing the relative incidence within age class j and by M’ a
matrix containing the social contact data, then we have the following system:

q diag(a;) M” diag(h;)w = Ry w,

where R; represents the reproduction number. The core matrix of this system, K = g diag(a;) M diag(h;)
is called the next generation matriz and gives the number of new infections in a successive generation.
Details concerning the construction of this matrix and the next generation principle can be found in Section
(Materials and methodsl

Using our method, we compare the social contact matrix M” extracted from the CoMix social contact
survey in Belgium [7] and its derived relative incidence w to the incidence obtained from real-life data in
Belgium coming from PCR positive tests [19]. This method allows for an estimation of either the relative g-
susceptibility (a;) or relative g-infectiousness (h;) by age class, while assuming that the other set of parameters
is known from the literature (i.e., holding one of the two vectors fixed). The chosen age groups are [0, 6)
years, [6,12) years, [12,18) years, [18,30) years and subsequent 10-year age classes up to 80+ years in order
to account for the Belgian educational system. The period of observation goes from 22 December 2020 to
26 May 2021 (and to 15 June 2021 for confirmed cases data). A detailed description of considered data,
literature assumptions and fitting procedure is presented in Section [Materials and methodsl

The estimated relative g-susceptibility for the whole period is presented in Fig [l and implies that very
young children in age group [0,6) are about 0.182 (95% percentile bootstrap-based CI: 0.146-0.230) times
as susceptible compared to the first adult age class [18,30) with relative susceptibility equal to 1 (95% CI:
0.829-1.252). Primary school students aged [6, 12) have a relative susceptibility of 0.550 (95% CI: 0.427-0.629)
and secondary school students aged [12,18) a susceptibility of 0.603 (95% CI: 0.536-0.700). This shows an
increasing g-susceptibility by increasing age up to [18,30) after which the relative g-susceptibility tends to de-
crease slightly. Note, however, that this g-susceptibility captures not only differences in clinical susceptibility
to infection and the rather low relative g-susceptibility in the [12,18) age class could therefore be influenced
by (compliance to) non-pharmaceutical interventions, over and above the age-specific contact frequencies.
Due to the method, these numbers only have a relative interpretation and the proposed representation in
Fig [ is under the assumption of a mean susceptibility of 1 for the first adult class [18, 30).
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Fig 1. Estimated relative g-susceptibility. The estimation of g-susceptibility is performed by age class using
the next generation principle under an assumption on age-varying infectiousness
(0.54, 0.55, 0.56, 0.59, 0.7,0.76, 0.9, 0.99, 0.99, 0.99). The calibration is performed on CoMix waves 12 to 23
(observation period: 22 December 2020 to 15 June 2021). Dots represent means and bars represent 95% percentile
(nonparametric) bootstrap-based confidence intervals.

The comparison of the relative incidence as estimated based on the positive PCR test data and the CoMix
social contact data is presented in Fig[2l The social contact data are presented by waves starting with wave
12 on 22 December 2020 and an inter-survey wave interval of two weeks for subsequent waves (cf. details in
Table [Al of [ST Appendix). The nationally collected data are represented in blue and the estimates coming
from social contact data in two colors: in green, the initial estimate with a homogeneous proportionality
factor (i.e., with a; = 1 and h; = 1 for all 4, j) and in red, the estimate using heterogeneous g-susceptibility
and infectiousness as presented in Fig[Il We clearly observe that estimates of the relative incidence under the
homogeneous proportionality factor assumption (green) are very different from the empirical estimates (blue),
especially for the young age groups. The relative incidence among adult age classes is estimated relatively
well up to a constant, but the relative incidence for children coming from the homogeneous social contacts
approach is clearly overestimated, except perhaps during times of school closure (see, e.g., wave 19). This
finding provides a clear indication that SARS-CoV-2 transmission is less important in children as compared
to adults.

The result of estimating the g-infectiousness for the whole period, is depicted in Fig[Bl The estimates
also show a potential important heterogeneity concerning the proportionality factor on the infectiousness
side. However, this reverse exercise provides less accurate results, with very large confidence intervals and
some bootstrap estimates reaching zero, both being problematic when dealing with relative values. Those
effects are the result of a lack of constraints for g-infectiousness. Indeed, while it is impossible to reach
zero susceptibility for a specific age class when having at the same time non-zero incidence, it is technically
allowed for age-specific infectiousness to be zero as the observed incidence could result from transmission
from other age classes.

Exact estimates of the components of the g-susceptibility (a;) and ¢-infectiousness (h;) are provided in
Tables [D] and M of Additional estimates under the assumption of homogeneity regarding
infectiousness or susceptibility (i.e., estimating (a;) under h; = 1, Vj or estimating (h;) under a; = 1, Vi) are
also presented in Figs [Bl and [J] of together with estimated values and the effect on the relative
incidence. These additional estimates provide qualitatively similar results.
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Fig 2. Estimated relative incidence. In blue: relative incidence based on Belgian PCR data. In green:
estimated relative incidence based on the next generation principle under the assumption of a homogeneous
proportionality factor. In red: estimated relative incidence based on the next generation principle with an estimated
age-varying g-susceptibility under the assumption on age-varying infectiousness as in Fig[Il Dots represent means
and bars represent 95% percentile (nonparametric) bootstrap-based confidence intervals.
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Fig 3. Estimated relative ¢g-infectiousness. The estimation of g-infectiousness is performed by age class using
the next generation principle under an assumption on age-varying susceptibility
(0.4,0.39,0.38,0.79,0.86, 0.8,0.82,0.88,0.74,0.74). The calibration is performed on CoMix waves 12 to 23. Dots
represent means and bars represent 95% percentile (nonparametric) bootstrap-based confidence intervals.
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Time evolution of proportionality factors

Since proportionality factors capture several effects, they also capture time-dependent effects such as the
reduction in susceptibility and infectiousness as a result of the vaccination campaign. In order to account for
such a time evolution, we also performed the previous analysis using groups of two consecutive CoMix waves
instead of the full period. The decision to consider two CoMix waves (28 days) together is motivated by the
fact that a sufficiently long non-holidays period is required as social contacts in children are of importance
and the heterogeneity of the transmission concerning adult classes is partially constraint by infection reported
by children. Note that the gradual introduction of the alpha variant of concern might also interfere.

Estimates of the time-dependent g-susceptibility relying on the same (time-invariant) assumption with
regard to the infectiousness vector are presented in Figldl A normalisation of the relative values was performed
over the different waves such that the average of the estimated factors for the age classes [0,6), [6,12) and
[12,18) is assumed constant. This choice is motivated by the fact that the vaccination campaign was not
including children during the entire study period, hence proportionality factors regarding susceptibility can
be expected to be stable for these age classes. Thus, the results provide an estimate of the evolution of adults’
proportionality factors under an on average constant assumption for children [0, 18).

3
Z
a
82
[0
(&)
(2]
3
2 |
m 1
= ' § . }
£ |11 Ty | T\ |
Nyt R Ty T
: | [+# /‘; I
+#\ 1 } ‘
f/tt,j
0
[0,6) [6,12) [12,18) [18,30) [30,40) [40,50) [50,60) [60,70) [70,80) 80+
Age classes
. Waves 1213 ¢ Waves 16 17 Waves 20 21
CoMix waves groups:
¢ Waves1415 ¢ Waves 1819 Waves 22 23

Fig 4. Time-varying estimated relative g-susceptibility. The estimation of g-susceptibility is performed by

age class and over time on groups of two consecutive CoMix waves, corresponding to a period of 4 weeks, under an

assumption on age-varying infectiousness (0.54, 0.55, 0.56, 0.59, 0.7, 0.76, 0.9, 0.99, 0.99, 0.99). Dots represent means
and bars represent 95% percentile (nonparametric) bootstrap-based confidence intervals.

As indicated previously concerning the estimation during the complete time-period, a decreasing g¢-
susceptibility is observed through adult age classes (see Fig[I]), with the oldest age class (80+) being the
least susceptible among all adults aged 18 years or older. This is a priori in contrast with usual assumptions
regarding age-specific susceptibility to SARS-CoV-2 infection. However, in Fig[dl, we clearly observe the high-
est relative g-susceptibility in the 80+ age class for the earliest waves as compared to all other age groups,
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or at least an equal g-susceptibility by considering the lower side of the confidence interval. Moreover, the
g-susceptibility in the oldest age class decreases rapidly over time towards the lowest relative g-susceptibility
equal to 0.446 (95% CI: 0.266-0.660) among the adult age groups. In general, the estimated g-susceptibility
is almost similar across the different adult classes during the first period with the exception of the oldest
class 80+ with an estimated relative g-susceptibility of 1.844 (95% CI: 0.920-3.127). Overall, g-susceptibility
estimates of other age classes tend to decrease over time, albeit at a slower pace and to a lesser extent. This is
in line with the implementation of the vaccination policy in Belgium, giving vaccination priority to residents
of nursing homes (CoMix waves 13-16, see schematic timeline in Fig [Al of and the elderly in
the general population (CoMix waves 18-21), while going gradually down from old to young throughout the
study period.

Exact values of the estimates in Fig [ are provided in Table [E] of as well as time-dependent
g-susceptibility and g-infectiousness under the various constraints mentioned above.

Time evolution of R; using contact patterns

In order to check the utility and validity of the use of a heterogeneous proportionality factor, we illus-
trate its application by determining the reproduction number R;, or more specifically the variation of the
reproduction number over time, and comparing this evolution with R; directly estimated from confirmed
cases/hospitalizations data.

In Fig Bl the variation of the reproduction number computed from the CoMix data is compared to the
reproduction number computed either from the number of cases [20] (panel a) or from hospitalizations [19]
(panel b). Clearly, specific choices of g—susceptibility and g—infectiousness affect the computation and in
FigBlwe report results for the homogeneous and heterogeneous scenarios of Figl2l A homogeneous assumption
for g—infectiousness and g—susceptibility leads to a poor agreement with the reproduction number estimated
from both confirmed cases and hospitalizations and is also characterized by a larger uncertainty while the
use of the estimated heterogeneous reproduction factor agrees more with reality.

a) 5 b)
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Fig 5. Time varying reproduction number. Reproduction number estimated from the CoMix data using the
next generation approach in comparison to the reproduction number estimated from the number of confirmed cases
(a) and from the number of hospitalizations (b). In green: estimated R; under the assumption of a homogeneous
proportionality factor. In red: estimated R; with the estimated age-varying g-susceptibility under the assumption on
age-varying infectiousness as in Figs [[land Bl Dots represent means and bars represent 95% percentile
(nonparametric) bootstrap-based confidence intervals.
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Discussion

We have demonstrated in this paper that social contact data can be used to inform transmission parame-
ters and to estimate age-specific characteristics of SARS-CoV-2 transmission. More specifically, the next
generation approach enables us to disentangle age-specific differences in transmission rates while relying on
temporal changes in social contact behaviour measured using consecutive waves of a social contact panel study.
Clearly, SARS-CoV-2 transmission is partly influenced by age-specific differences in contact behaviour, but
importantly, additional age-specific factors related to susceptibility and infectiousness, in a broad sense, are
quintessential to account for. We have shown that such factors imply a smaller susceptibility for children as
compared to adults, with the estimated susceptibility in children being around half of the susceptibility in
adults, and even less for very young children (Fig[d). This result is in accordance with a very recent result
obtained using CoMix social contact data in England but using a calibration on the reproduction number
instead of the next generation approach [17]. With respect to that, we assessed the impact of assuming homo-
geneous transmission parameters on the reproduction number, showing how (age-)heterogeneous parameters
are necessary to correctly align the reproduction number from the CoMix data and the reproduction number
estimated from infections or hospitalizations. Moreover, our method is able to estimate time-varying trans-
mission parameters and it shows a gradual decrease in susceptibility of adults in line with the progression
of the Belgian vaccination campaign (Fig[). This decrease implies a progressive change in the dynamics of
the epidemic with largely unvaccinated childhood age groups gradually becoming more important drivers of
SARS-CoV-2 transmission than predominantly vaccinated adult age groups.

However, our method suffers from several limitations. A potential bias which needs to be acknowledged is
the use of PCR data which correspond to the observed relative incidence and do not necessarily correspond to
the true relative incidence as each age class is not necessarily tested in the same way, even if we discard peri-
ods of strong variation in testing policy. Indeed, even in the absence of a change in testing policy, age-specific
differences in symptomatology, disease severity and the probability of developing symptoms upon infection
lead to different shares of symptomatic and asymptomatic cases to be detected. Despite the fact that we can
infer g-susceptibility and g-infectiousness from the observed PCR test data, we cannot further disentangle
both components by estimating the aforementioned quantities simultaneously. By comparing the two sepa-
rate approaches, the estimation of the relative g-susceptibility seems most informative, since proportionality
factors are better constrained by the data. More specifically, the estimated g-susceptibility was identifiable
when fitting to real incidence data while g-infectiousness estimates were estimated to be zero for certain age
classes, which seems an artefact of the methodology. Another limitation of the proposed method is that
a further decomposition of g-susceptibility (or g-infectiousness) in clinical susceptibility (infectiousness) and
other external factors relevant for transmission between susceptible and infectious persons is difficult, at least
without availability of relevant additional data thereon. Nonetheless, an assessment and quantification of the
(relative) g-susceptibility, g-infectiousness and the corresponding relative incidence provides useful insights
into heterogeneous SARS-CoV-2 transmission dynamics.
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Materials and methods

Social contact data

Our study is based on Belgian social contact data collected within the CoMix survey [7l8] during the epidemic
period between December 2020 and May 2021. These data are processed by means of the online Socrates
tool [8[21,22]. Participants were asked to fill in a contact dairy including all contacts made during a
specific day, reporting the type of contact, location, and age of the contacted person, with a contact defined
as an in-person conversation of at least a few words, or a skin-to-skin contact. The CoMix survey was
repeatedly performed in different waves and different survey periods. More specifically, an initial survey
period containing 8 waves was carried out between 4 March 2020 and 27 July 2020 targeting adults only. A
second survey period, still ongoing in 2021, began on 11 November 2020 targeting participants of all ages. The
waves are conducted with an interval of two weeks (14 days). For more detailed information on the CoMix
survey and the stratification process, the reader is referred to [7l[8]. A detailed timetable of the CoMix waves
and survey periods is presented in Table [Al of [ST Appendix] A schematic timeline of CoMix waves according
to the evolution of the alpha variant of concern and vaccination campaign in Belgium is presented in Fig [A]
of BT Appendnd

We use the following notation. NV; denotes the number of individuals in the Belgian population of age 4
according to Belgian demographic data [23] and integrated into the Socrates tool [22]. In general, we use
subscripts ¢ as an index for the participant’s age, and j as an index for the contacted person’s age. The
following observable quantities (dependent on the wave chosen) can be extracted from the survey:

e m;; represents the average daily number of individuals of age j who are contacted by a participant of
age 1. The elements m;; constitute a matrix M called social contact matriz.

e c;; is the per capita contact rate per day for participants of age ¢ with persons of age j in the population.
The elements ¢;; constitute a matrix C called the contact rate matriz. This matrix is related to the
social contact matrix by the relation ¢;; = m;;/Nj.

In theory, due to the reciprocal nature of contacts, the total number of contacts between members of two
age classes, as reported by participants in each of the age groups, must be equal, hence Nym;; = N;c;; N; =
Njc;iN; = Njmj;, which is equivalent to the condition that the contact rate matrix should be symmetric,
ie., ¢jj = cji, Vi,j. The social contact matrix M respects the relation N;m;; = N;m;;, but is in general
not symmetric due to differences in N; and N;. In practice, the observed total number of contacts N;mjs™
and N;m " are not necessarily equal due to sampling bias, hence, we calculate the reciprocal social contact
matrix by:
m’{jWNl + m;?wNj

2N, '

All these notations and definitions are similar to those described in detail in [24], except that the subscripts
¢ and j and order of indices are inverted here such that the definition of the social contact matrix M
corresponds to the natural output of the Socrates tool [22].

mi; =

Next generation principle

The social contact hypothesis [11] implies that the age-specific number of infectious contacts is proportional
to the self-reported age-specific number of social contacts. There are two ways to interpret empirical social
contact survey data in light of this hypothesis: either survey participants can be infected by their infectious
contacts or participants can infect their susceptible contacts. Here, we consider the first interpretation as
initial definition — since the CoMix survey did not specifically target infected persons, and symptomatic
participants may have been less likely to participate in the survey at the height of their symptoms. However,
we will show that the two interpretations lead to the same mathematical result under the assumption of
reciprocity of social contacts.
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If we denote by w; the incidence within age class j over a short observation interval (e.g. corresponding
to a wave period), then v; = w;/N; is the risk of being infected during the observation interval for that age
class (incidence rate or force of infection). The new generation of infected people is given by:

N.
w; = Zqumij'Uj = quijﬁzwjv
J J

where ¢ is a general proportionality factor completely defining the relationship between infection and contact
events. The g-factor accommodates several effects such as susceptibility to infection, infectiousness upon
infection, duration of the infectious period, type and effectiveness of contacts, seasonality, pre-existing natural
and vaccine-induced immunity, etc.

The elements k;; = qmij% = g¢N;c;; define a matrix K called the next generation matriz (or reproduction

matriz) since k;; represents the mean number of individuals of age ¢ that are infected through a single
individual of age j during their entire infectious period (for which the time between consecutive generations
of infected individuals is chosen to be equal to the average duration of infectiousness).

Note that under the reciprocity assumption leading to a symmetric matrix C, the relation N;m;; = Nym;
provides:

N.
kij:qmij#:qmji or  K=g¢M",
J

corresponding to the second interpretation that survey participants (on the right side of the transpose contact
matrix M7T) can directly infect their contacts (now on the left side) modulo the proportionality factor. This
expression relying on the transpose of the social contact matrix obtained as a direct output of the Socrates
tool, M, is chosen because of its better numerical stability.

The recurrence relation of the next generation matrix K:

w// _ Ku/ _ K2 w, w/// _ K3 w,
tends to a stable distribution due to the Perron—Frobenius theorem [25], i.e.,
Riw* =Kuw* = ¢M? w*,

with R; corresponding to the reproduction number of SARS-CoV-2 [26] which is defined as the leading
eigenvalue of the next generation matrix K. More specifically, estimation of the reproduction number R,
and the relative incidence w can be done by computing the leading eigenvalue and corresponding right-
eigenvector of K. However, R; depends on the proportionality factor g, which might be unknown, but the
relative incidence w is independent of ¢ and can therefore be directly extracted from the social contact data
MT. The reproduction number is initially the basic reproduction number Ry, but switches to the effective
reproduction number as long as social contact data evolve and the proportionality factor g captures the
depletion of susceptible. We emphasize here that the eigenvector w is only recovered up to a global constant
and therefore individual components w; have no meaning. What can be interpreted are relative ratios such
as w;/wj, providing an estimate of the relative incidence in age class i as compared to the incidence in age
class j. This vector is usually normalized such that ) w; = 1. In the same way, the incidence rate v; can
be recovered, in relative sense, as the leading left-eigenvector of M7 .

The switch from a homogeneous proportionality factor ¢ to a heterogeneous g;; is performed by assuming:

Gij = qaih;

where the vector (a;) acts on the susceptible side, the vector (h;) acts on the infectiousness side, and ¢ is a
remaining global proportionality factor captures any residual effect. This remaining factor has no influence
on the computation of the relative incidence w. However, due to the presence of g, the vectors (a;) and (h;)
only have a relative interpretation.
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The heterogeneous next generation matrix is defined as:
kij = q Ni K =g di M7 diag(h
ij = qa; mijﬁ j or = q diag(a;) iag(h;).
J

We note that we are working here with a next generation matrix with small domain. There also exists
a next generation matrix with large domain taking explicitly into account the different states of the disease
and their duration for each age class [4]. However, the small domain approach is appropriate here since we
do not work with a dynamical system and heterogeneity in disease duration is part of the effects captured
by the proportionality factors.

Estimating relative ¢-susceptibility (a;) and ¢-infectiousness (h;) from COVID-19
age-structured indicators

The vectors (a;) and (h;) have an important impact on the determination of the leading right eigenvector in
the system:
Kw* = ¢ diag(a;) M” diag(h;) w* = Ry w*.

The obtained relative incidence w* can be compared with the normalized relative incidence w estimated from
the observed incidence data in Belgium. Using this approach, we are able to determine g-susceptibility and g-
infectiousness corresponding to SARS-CoV-2 transmission in Belgium. However, (a;) and (h;) vectors cannot
be estimated simultaneously in a unique way from this process since there remains an indeterminacy [2[12].
Nevertheless, the identifiability problem can be solved by imposing a constraint on one of the two vectors.

For this study, we choose each time a heterogeneous constraint coming from the literature as well as a
homogeneous constraint (whose results are only presented in [ST Appendix). The heterogeneous constraints
are defined from the following assumptions:

e For the assumption on infectiousness h; (estimation of g-susceptibility parameters a;): We consider the
probability of an asymptomatic COVID-19 infection in case of SARS-CoV-2 exposure in the Belgian
population to be

p=(0.94,0.92,0.90,0.84,0.61,0.49,0.21,0.02,0.02, 0.02)

as assumed in [I4] using data from [27]. Assuming that the relative infectiousness of asymptomatic
versus symptomatic individuals is 0.51 [14], we obtain the following constraint:

(hj) = 0.51p + 1(1 — p) = (0.54,0.55,0.56,0.59,0.7,0.76,0.9, 0.99, 0.99, 0.99).

e For the assumption on susceptibility a; (estimation of g-infectiousness parameters h;): The assumption
is taken from [IJ:
(a;) = (0.4,0.39,0.38,0.79,0.86,0.8,0.82,0.88,0.74,0.74).

Data and fitting procedure

We use Belgian data on daily incidence of COVID-19 confirmed by means of a positive PCR test, as provided
by the Belgian Institute for Public Health, Sciensano [I9]. In order to reduce testing biases, the period of
study is restricted to a period with almost constant testing policy (with testing allowed for both symptomatic
and asymptomatic people and before biases induced by the introduction of the EU Digital COVID Certificate).
Since there is a delay between a change in social contact behaviour and its effect on the relative incidence, we
consider PCR test results for the period starting 7 days after the onset of a specific CoMix wave and lasting
for 14 days thereafter.

Concerning social contact data, the initial CoMix survey waves (1 to 8) are discarded due to a variable
testing policy and lack of information regarding child-child contacts. The three subsequent waves (9 to 11) are
also discarded since, despite the introduction of measuring child-child contacts, the information was collected
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using a different survey formulation. CoMix waves 12 to 23 correspond to a period with constant testing
policy, an identical survey design as well as without vaccination in children, which implies that the results
with regard to age classes [0 — 6), [6 — 12) and [12 — 18) years are expected to be more stable. The start of
wave 12 corresponds to 22 December 2020 when the vaccination campaign in adults has not been started and
the last wave considered corresponds to 26 May 2021, with PCR, tests considered up to 15 June 2021 (thus
when vaccination of the oldest individuals in the Belgian population was nearly completed).

The calibration is performed using the statistical software R with a best fit search using the Hellinger
distance (which is suitable for distributions) on relative incidences w* and w. The optimization is done by
means of a random walk, until no change in the distance during 100 consecutive iterations is observed, and
with an initial homogeneous prior (a; = 1 or h; = 1, Vi = 1...10) and steps of length N(O,O.OO52)10.
The sensitivity analysis is performed by repeating the process over 200 nonparametric bootstraps using the
previous posterior as new prior. Uncertainty is quantified by means and 95% percentile confidence intervals
(i.e., 2.5% and 97.5% quantiles of all bootstrap-based estimates).

Since g-susceptibility and g-infectiousness vectors represent relative values, a normalization process should
be chosen for the representation of the results. We choose the following normalization:

o The average “ta2tas op Mthoths of the estimated factors for the age classes [0,6), [6,12) and [12,18)
(children, no subject to vaccination during the complete period) is assumed to be constant across all
bootstrap runs and wave groups (i.e. all combinations of two CoMix waves) if applicable.

e The mean @z or hy (across the bootstrap runs) for the first adult age class [18,30) is set to one. This
constraint is chosen because we mainly want to compare susceptibility and infectiousness of children
versus adults while the age class [18,30) is one of the most stable ones in the bootstrapping process.

R; evolution from contact patterns

Via the next generation approach, the ratio of the eigenvalues of two next generation matrices can be used to
evaluate the relative reduction in the reproduction number. This can be done to compare the time-varying
reproduction number derived from the CoMix survey with independent evaluations of the reproduction num-
ber. We use as comparison the R; computed from the daily number of cases [20] and the daily number of
hospitalizations [19]. In order to account for the time delays associated with infections and hospitalizations
(e.g. time to develop symptoms, time to hospitalisations, etc.), the reproduction number computed from
the CoMix social contact data was shifted forward in time. A time shift of 7 (14) days is considered when
comparing R; estimates with the reproduction number computed from the number of confirmed cases (re-
spectively hospitalizations). As the reproduction number is known up to the overall constant ¢, we fix the
reproduction number for CoMix wave 12 to be equal to the reproduction number computed from infections or
hospitalizations. Uncertainty due to sampling variability is estimated via 10000 nonparametric bootstraps.
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Supporting information

S1 Appendix. Supplementary Material. Presentation of the complete results with all figures and
tables containing values. Table A: Timetable of CoMix starting dates. Fig A. Schematic timeline of CoMix
waves. Figs. B to Q: Estimates of relative proportionality factors and corresponding relative incidence under
different assumptions. Table B to I: Exact estimates of the components of the proportionality factors.
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S1 Appendix: Supplementary Material

In this Supplementary Material, we present the complete results obtained on the estimation of heterogeneous
proportionality factors using the next generation matrix. Social contact data M are taken from CoMix
waves 12 to 23 as described in the timetable given in Table [A] and timeline in Fig [Al Relative incidences
are computed as the leading eigenvector of the next generation matrix diag(a;) MT diag(h;) and compared
with the normalized relative incidence estimated from PCR positive tests. The g¢-susceptibility (a;) and
g-infectiousness (h;) vectors are either assumed or estimated. We present 4 different sets of results:

e Estimation of g-susceptibility (a;) using homogeneous infectiousness assumption h; = 1 Vj (Figs [Bl
to[Eland Tables [B] and [C))

e Estimation of g-susceptibility (a;) using heterogeneous infectiousness assumption (h;) coming from the
literature (Figs [ to [l and Tables [D] and [E))

e Estimation of g-infectiousness (h;) using homogeneous susceptibility assumption a; = 1 Vi (Figs [
to[Ml and Tables [E] and [G))

e Estimation of g-infectiousness (h;) using heterogeneous susceptibility assumption (a;) coming from the
literature (Figs [N to [Q] and Tables [Hl and [

Each time, we present the estimate of the proportionality factors for the complete period (waves 12 to 23) or
estimated by groups of two waves, with the exact values presented in the subsequent tables. The normalization
method is described at the beginning of each subsection. We associate to the results the estimate of the relative
incidence, with the real data presented in blue, the estimate without any proportionality factor a; = h; =1 Vi
in green and the estimate with the assumed and estimated proportionality factors in red. Dots represent
means and bars represent 95% nonparametric bootstrap confidence intervals (2.5% and 97.5% quantiles).

Survey 1 Survey 2a Survey 2b
wave 1 20 April 2020 wave 9 11 November 2020 wave 12 22 December 2020
wave 2 5 May 2020 wave 10 25 November 2020 wave 13 6 January 2021
wave 3 18 May 2020 wave 11 9 December 2020 wave 14 20 January 2021
wave 4 1 June 2020 wave 15 3 February 2021
wave 5 15 June 2020 wave 16 17 February 2021
wave 6 29 June 2020 wave 17 3 March 2021
wave 7 13 July 2020 wave 18 17 March 2021
wave 8 27 July 2020 wave 19 31 March 2021
wave 20 14 April 2021
wave 21 28 April 2021
wave 22 12 May 2021
wave 23 26 May 2021

Table A. Timetable of CoMix with starting dates. The first survey (waves 1-8) did not include children. The second
survey included children with a preliminary version of the survey (waves 9-11) and a modified survey (waves 12-...).

Nursery home residents

Vaccination:
Hospital and frontline staff

65+ and people with comorbidities
(0%) Evolution of alpha VOC (85%)
Variant: > 18-64 by decreasing age
; e\’q) e‘\‘b exb‘ e‘\(o e‘\% @{\ ex{b exg Q)‘}Q @q} e‘ﬂ) eq:b
CoMix: &(zﬁ szr“ ngr“ szr“ szr“ $‘z§ ${z§ & $fzr4 @fzy4 $fzr4 $fz»4
| | | | | | L
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Timeline: January February March April May June

Fig A. Schematic timeline of CoMix waves, vaccination campaign in Belgium and evolution of alpha VOC.
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Estimation of g-susceptibility using homogeneous infectiousness

Method: Estimation of the (a;) relative g-susceptibility vector.

Assumption: homogeneous infectiousness (h;) =(1,1,1,1,1,1,1,1,1,1).

Normalization method: Mean g-susceptibility among children age classes [0,6), [6,12) and [12,18) is assumed
constant among bootstraps and wave groups (if applicable). The mean of the first adult age class [18,30) is
set to 1 for the first period.
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Fig B. Estimation of relative g-susceptibility using assumption on infectiousness (1,1,1,1,1,1,1,1,1,1).
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ageclass mean median sd lower upper
[0,6) 0.157 0.155 0.020 0.124 0.204
[6,12) 0.474 0.481 0.045 0.367 0.542
[12,18) 0.540 0.535 0.039  0.478 0.619
[18,30) 1.000 0.993 0.103  0.825 1.238
[30,40) 1.161 1.149 0.122  0.973 1.443
[40,50) 1.003 0.992 0.100 0.846 1.256
[50,60) 0.897 0.889  0.083 0.765 1.063
[60,70) 0.936 0.935 0.073  0.806 1.100
[70,80) 0.953 0.951 0.095 0.768 1.150
80+ 0.917 0.914 0.115 0.695 1.167

Table B. Relative g-susceptibility using assumption on infectiousness (1,1,1,1,1,1,1,1, 1,1) corresponding to Figure

Bl

ageclass mean  median sd lower upper
[0,6) 0.112 0.112  0.015 0.081 0.143
[6,12) 0.469 0.470  0.053 0.374 0.571
[12,18) 0.543 0.543  0.057  0.438 0.659
[18,30) 1.000 0.966  0.201  0.691 1.449
[30,40) 1.347 1.314 0.225 0.978 1.949
[40,50) 1.150 1.114  0.240 0.755 1.649
[50,60)  0.864 0.862 0.211 0.481  1.265
[60,70) 1.149 1.114 0.178 0.885 1.573
[70,80) 1.123 1.113  0.258 0.706 1.806
80+ 1.979 1.885 0.583 1.062 3.367
(a) Waves 12 13
ageclass mean  median sd lower upper
10,6) 0.133 0.131  0.025 0.089 0.186
[6,12) 0.419 0.424  0.073  0.270 0.556
[12,18) 0.572 0.568 0.084  0.409 0.735
[18,30)  0.775 0.761 0.218 0.410  1.225
[30,40) 1.072 1.053 0.217 0.704 1.516
[40,50) 0.944 0.926 0.169 0.675 1.314
[50,60) 0.833 0.826  0.153  0.591 1.189
[60,70) 0.921 0.917 0.133  0.671 1.195
[70,80) 1.162 1.149 0.202 0.807 1.592
80+ 0.835 0.826  0.194  0.501 1.240
(c) Waves 16 17
ageclass mean  median sd lower upper
[0,6) 0.173 0.172  0.030 0.117 0.235
[6,12) 0.434 0.434 0.049 0.339 0.515
[12,18) 0.517 0.517  0.063  0.406 0.638
[18,30) 0.886 0.869 0.120 0.712 1.154
[30,40) 0.853 0.839 0.121  0.663 1.117
[40,50) 0.911 0.904 0.112  0.747 1.172
[50,60) 0.762 0.754  0.104  0.601 0.983
[60,70) 0.715 0.712  0.091  0.560 0.909
[70,80) 0.683 0.683  0.078  0.525 0.826
80+ 0.595 0.601 0.126  0.366 0.843

(e) Waves 20 21
Table C. Relative g-susceptibility with time evolution using assumption on infectiousness (1,1,1,1,1,1,1,1,1,1)
corresponding to Figure

ageclass  mean median sd lower  upper
[0,6) 0.128 0.125 0.024 0.084 0.183
[6,12) 0.555 0.561  0.048  0.455 0.636
[12,18) 0.441 0.437  0.051  0.360 0.548
[18,30) 0.926 0.912 0.137 0.675 1.210
[30,40) 1.232 1.219 0.174  0.918 1.657
[40,50) 0.899 0.890 0.124  0.683 1.176
[50,60) 0.942 0.949 0.183 0.579 1.300
[60,70) 1.091 1.087 0.171  0.762 1.427
[70,80) 1.409 1.393  0.199 1.016 1.797
80+ 1.303 1.286 0.238  0.850 1.806
(b) Waves 14 15
ageclass  mean median sd lower  upper
[0,6) 0.162 0.161 0.018 0.126 _ 0.194
[6,12) 0.435 0.437 0.035 0.368 0.509
[12,18) 0.527 0.526  0.041 0.451 0.612
[18,30) 0.753 0.756  0.111  0.568 0.974
[30,40) 0.901 0.898  0.098 0.726 1.074
[40,50) 0.769 0.761  0.095 0.599 0.958
[50,60) 0.652 0.643 0.129 0.415 0.883
[60,70) 0.734 0.731  0.087  0.580 0.918
[70,80) 0.697 0.694 0.125  0.456 0.900
80+ 0.626 0.613 0.129  0.413 0.897
(d) Waves 18 19
ageclass mean median sd lower upper
[0,6) 0.183 0.182  0.021 0.141 0.224
[6,12) 0.460 0.460 0.047  0.367 0.550
[12,18) 0.482 0.482 0.058 0.376 0.597
[18,30) 0.912 0.904 0.112  0.720 1.154
[30,40) 0.794 0.784  0.153  0.530 1.103
[40,50) 0.710 0.710 0.125  0.490 0.943
[50,60) 0.740 0.745 0.088  0.586 0.899
[60,70) 0.561 0.557  0.070  0.433 0.715
[70,80) 0.557 0.553  0.074 0.432 0.712
80+ 0.492 0.486  0.101 0.297 0.704

(f) Waves 22 23
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Estimation of ¢-susceptibility using heterogeneous infectiousness

Method: Estimation of the (a;) relative g-susceptibility vector.

Assumption: heterogeneous infectiousness (h;) = (0.54,0.55,0.56,0.59,0.7,0.76,0.9,0.99, 0.99, 0.99) using the
proportion of asymptomatic cases in the Belgian population with asymptomatic infectiousness assumed at
0.51 as used in [14] using data from [27].

Normalization method: Mean ¢-susceptibility among children age classes [0,6), [6,12) and [12,18) is assumed
constant among bootstraps and wave groups (if applicable). The mean of the first adult age class [18,30) is
set to 1 for the first period.
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[0,6) [6,12) [12,18) [18,30) [30,40) [40,50) [50,60) [60,70) [70,80) 80+
Age classes

Fig F. Estimation of relative g-susceptibility using assumption on infectiousness
(0.54,0.55,0.56, 0.59, 0.7, 0.76, 0.9, 0.99, 0.99, 0.99).
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Fig G. Relative incidence using estimated g-susceptibility and assumption on infectiousness
(0.54,0.55,0.56,0.59,0.7,0.76, 0.9, 0.99, 0.99, 0.99).
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Fig H. Estimation of relative g-susceptibility with time evolution using assumption on infectiousness
(0.54,0.55,0.56, 0.59, 0.7, 0.76, 0.9, 0.99, 0.99, 0.99).
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Fig I. Relative incidence using estimated g-susceptibility with time evolution and assumption on infectiousness

(0.54,0.55,0.56, 0.59,0.7,0.76, 0.9, 0.99, 0.99, 0.99).
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ageclass mean median sd lower upper
[0,6) 0.182 0.180 0.020 0.146 0.230
[6,12) 0.550 0.559  0.051  0.427 0.629
[12,18) 0.603 0.599 0.044 0.536 0.700
[18,30) 1.000 0.993 0.102  0.829 1.252
[30,40) 1.172 1.162 0.120 0.975 1.462
[40,50) 1.009 0.997 0.100 0.854 1.254
[50,60) 0.880 0.875 0.082  0.755 1.057
[60,70) 0.869 0.864 0.070 0.744 1.028
[70,80) 0.846 0.849 0.090 0.671 1.009
80+ 0.805 0.798 0.101  0.609 1.000

Table D. Relative g-susceptibility using assumption on infectiousness (0.54,0.55,0.56,0.59, 0.7,0.76, 0.9, 0.99, 0.99, 0.99)
corresponding to Figure [E]

ageclass mean  median sd lower upper
[0,6) 0.134 0.134 0.018 0.103 0.172
[6,12) 0.555 0.556  0.059  0.449 0.666
[12,18) 0.613 0.616  0.064  0.495 0.735
[18,30) 1.000 0.971  0.208  0.680 1.454
[30,40) 1.387 1.346  0.238 1.012 2.019
[40,50) 1.157 1.125 0.249 0.746 1.695
[50,60) 0.853 0.853  0.216  0.461 1.255
[60,70) 1.096 1.066 0.169  0.839 1.519
[70,80) 0.999 0.976  0.249  0.563 1.593
80+ 1.844 1.763 0.567  0.920 3.127
(a) Waves 12 13
ageclass mean  median sd lower upper
10,6) 0.157 0.157 0.026  0.110 0.209
[6,12) 0.506 0.513 0.081 0.341 0.650
[12,18) 0.639 0.630  0.093 0.466 0.822
[18,30) 0.789 0.785  0.221  0.428 1.250
[30,40) 1.113 1.089 0.222 0.742 1.577
[40,50) 0.968 0.957 0.170 0.676 1.353
[50,60) 0.834 0.825 0.148 0.609 1.166
[60,70) 0.853 0.854 0.122 0.634 1.105
[70,80) 1.060 1.041  0.187 0.739 1.446
80+ 0.765 0.746  0.159  0.491 1.119
(c) Waves 16 17
ageclass mean  median sd lower upper
[0,6) 0.206 0.204 0.033 0.146 0.274
[6,12) 0.511 0.513  0.055  0.407 0.601
[12,18) 0.585 0.588  0.069  0.467 0.719
[18,30) 0.946 0.936  0.119 0.763 1.201
[30,40) 0.902 0.900 0.129 0.688 1.174
[40,50) 0.965 0.953 0.115 0.785 1.219
[50,60) 0.782 0.776  0.102  0.610 0.984
[60,70) 0.694 0.691  0.091 0.537 0.896
[70,80) 0.645 0.651  0.077  0.502 0.787
80+ 0.543 0.530 0.122  0.338 0.796

(e) Waves 20 21
Table E. Relative g-susceptibility with time evolution using assumption on infectiousness
(0.54,0.55,0.56,0.59,0.7,0.76, 0.9, 0.99, 0.99, 0.99) corresponding to Figure [Hl

ageclass  mean median sd lower  upper
[0,6) 0.151 0.148 0.027  0.103 0.212
[6,12) 0.660 0.663  0.056  0.548 0.753
[12,18) 0.491 0.484 0.058 0.402 0.611
[18,30) 0.911 0.912 0.136  0.639 1.191
[30,40) 1.205 1.189 0.178 0.883 1.637
[40,50) 0.896 0.888 0.123  0.670 1.161
[50,60) 0.895 0.893  0.177  0.585 1.241
[60,70) 0.975 0.980 0.155 0.687 1.299
[70,80) 1.258 1.257 0.181  0.931 1.590
80+ 1.222 1.198 0.231 0.841 1.715
(b) Waves 14 15
ageclass  mean median sd lower  upper
10,6) 0.189 0.188 0.018 0.153 0.224
[6,12) 0.516 0.520 0.039 0.444 0.593
[12,18) 0.597 0.593  0.044 0.517 0.688
[18,30) 0.763 0.761  0.113 0.574 0.984
[30,40) 0.927 0.925 0.097 0.748 1.101
[40,50) 0.779 0.775  0.093  0.606 0.961
[50,60) 0.654 0.645 0.123  0.428 0.872
[60,70) 0.699 0.701  0.078  0.555 0.852
[70,80) 0.632 0.640 0.122  0.405 0.851
80+ 0.578 0.577 0.122  0.365 0.819
(d) Waves 18 19
ageclass mean  median sd lower  upper
[0,6) 0.211 0.210 0.023 0.167 0.255
[6,12) 0.545 0.545  0.054  0.447 0.649
[12,18) 0.546 0.546  0.066  0.417 0.678
[18,30) 0.948 0.929 0.111 0.766 1.172
[30,40) 0.819 0.810  0.153  0.559 1.149
[40,50) 0.737 0.735 0.122  0.524 0.954
[50,60) 0.737 0.736  0.088  0.562 0.905
[60,70) 0.532 0.530 0.067  0.414 0.668
[70,80) 0.516 0.507 0.071  0.410 0.669
80+ 0.446 0.439 0.099 0.266 0.660

(f) Waves 22 23
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Estimation of g-infectiousness using homogeneous susceptibility

Method: Estimation of the (h;) relative g-infectiousness vector.

Assumption: homogeneous susceptlblhty (a;) =(1,1,1,1,1,1,1,1,1,1).

Normalization method: No normalization accross bootstraps and wave groups is applied here since the g¢-
infectiousness among children age classes is estimated at (0,0,0) for several bootstraps and this prevents
using the same normaliztion method than in other subsections. The mean of the first adult age class [18,30)
is set to 1 for the first period.
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Relative g-infectiousness
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[06) [6,12) (12,18) [18,30) 30,40 [40,50) 50,60) 60,70) [70,80) 80+
Age classes

Fig J. Estimation of relative g-infectiousness using assumption on susceptibility (1,1,1,1,1,1,1,1,1,1).
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Fig K. Relative incidence using estimated g-infectiousness and assumption on susceptibility (1,1,1,1,1,1,1,1,1,1).
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Fig L. Estimation of relative g-infectiousness with time evolution using assumption on susceptibility
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ageclass mean  median sd lower upper
[0,6) 0.078 0.000 0.129  0.000 0.430
[6,12) 0.054 0.000 0.111  0.000 0.331
[12,18) 0.060 0.000 0.106  0.000 0.368
[18,30) 1.000 0.872 0.733  0.000 2.594
[30,40) 1.108 0.991  0.910 0.000 3.049
[40,50) 4.224 4.220 1.176  1.818 6.619
[50,60) 2.899 2.896 1.144 0.968 5.159
[60,70) 1.741 1.694 0.882  0.000 3.536
[70,80) 0.752 0.513  0.810  0.000 2.598
80+ 0.164 0.000 0.372  0.000 1.307

Table F. Relative g-infectiousness using assumption on susceptibility (1,1,1,1,1,1,1,1, 1, 1) corresponding to Figure [Jl

ageclass mean  median sd lower upper
10,6) 0.009 0.000  0.034  0.000 0.071
[6,12) 0.018 0.000 0.086  0.000 0.300
[12,18) 0.036 0.000  0.103  0.000 0.295
[18,30) 1.000 0.639 1.136  0.000 3.763
[30,40) 0.108 0.012  0.232  0.000 0.897
[40,50) 5.047 5.173  1.413  1.977 7.763
[50,60) 4.143 4.061 1.254  1.574 6.643
[60,70) 4.625 4.608 0.839  3.281 6.540
[70,80) 2.149 2.073 1.013 0.353 4.318
80+ 0.394 0.154 0.556  0.000 1.739
(a) Waves 12 13
ageclass mean  median sd lower upper
[0,6) 0.453 0.359 0.474  0.000 1.516
[6,12) 0.137 0.004 0.236  0.000 0.831
[12,18) 0.350 0.172  0.468  0.000 1.580
[18,30) 0.644 0.566  0.581  0.000 2.159
[30,40) 1.541 1.399 1.168  0.000 3.898
[40,50) 6.836 6.716 1.669 4.277  10.259
[50,60) 0.436 0.114 0.613  0.000 2.063
[60,70) 3.914 3.893 1.357 1.850 6.483
[70,80) 1.468 1.447 0.988 0.016 3.418
80+ 1.439 1.362 0.810 0.034 3.138
(c) Waves 16 17
ageclass  mean median sd lower upper
[0,6) 0.105 0.001  0.268  0.000 0.971
[6,12) 0.031 0.000 0.112  0.000 0.263
[12,18) 0.158 0.026  0.254  0.000 0.826
[18,30) 1.088 0.833 0.897  0.000 2.888
[30,40) 1.928 1.887 0.924 0.336 4.407
[40,50) 9.128 9.524  1.643 5.465  12.172
[50,60) 6.266 6.296 1.093 4.218 8.278
[60,70) 0.338 0.178 0.386  0.000 1.188
[70,80) 0.285 0.156  0.307  0.000 1.093
80+ 0.113 0.029 0.263  0.000 0.675

(e) Waves 20 21
Table G. Relative g-infectiousness with time evolution using assumption on susceptibility (1,1,1,1,1,1,1,1,1,1)
corresponding to Figure [[1

ageclass  mean median sd lower  upper
10,6) 0.340 0.267  0.330  0.000 1.124
[6,12) 0.117 0.023  0.214  0.000 0.711
[12,18) 0.180 0.029 0.271 0.000 0.943
[18,30) 0.445 0.147  0.632  0.000 2.034
[30,40) 3.270 3.137 1.012 1.508  5.281
[40,50) 2.581 2.458 1.152  0.335 5.005
[50,60) 4.321 4.263 1.242 1.930 6.838
[60,70) 4.689 4.919 1.575 1.894 7.435
[70,80) 7.442 7.427  1.299 5.041  9.871
80+ 1.252 1.047 1.024  0.000 3.903
(b) Waves 14 15
ageclass mean median sd lower upper
[0,6) 0.128 0.042 0.180  0.000 0.618
[6,12) 0.272 0.227  0.238  0.000 0.876
[12,18) 1.008 0.938 0.523 0.178 2.250
[18,30) 0.880 0.649 0.870  0.000 2.692
[30,40) 0.864 0.774  0.601 0.003 2.178
[40,50) 6.531 6.746  0.835  4.912 8.031
[50,60) 3.524 3.749  0.945 1.635 5.077
[60,70) 3.161 3.088  0.694 1.998 4.534
[70,80) 0.600 0.447  0.542  0.000 1.683
80+ 0.221 0.084 0.315 0.000 1.147
(d) Waves 18 19
ageclass  mean median sd lower upper
[0,6) 2.481 2.357 1.230 0.461 4.773
[6,12) 0.365 0.219  0.450  0.000 1.416
[12,18) 1.966 1.842 0.794 0.811 3.857
[18,30) 7.831 7.097 2411 4.653 12.346
[30,40) 0.322 0.108 0.561  0.000 1.513
[40,50) 1.436 1.264 1.076  0.000 4.204
[50,60) 6.863 7.341 2.154  3.143 10.833
[60,70) 0.174 0.079  0.305  0.000 0.773
[70,80) 0.999 0.672  0.992  0.007 3.578
80+ 0.214 0.104 0.274  0.000 1.010

(f) Waves 22 23
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Estimation of ¢-infectiousness using heterogeneous susceptibility

Method: Estimation of the (h;) relative g-infectiousness vector.

Assumption: heterogeneous susceptibility (a;) = (0.4,0.39,0.38,0.79,0.86,0.8,0.82,0.88,0.74,0.74) taken
from [1].

Normalization method: Mean g-infectiousness among children age classes [0,6), [6,12) and [12,18) is assumed
constant among bootstraps and wave groups (if applicable). The mean of the first adult age class [18,30) is
set to 1 for the first period.
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Fig N. Estimation of relative g-infectiousness using assumption on susceptibility
(0.4,0.39,0.38,0.79,0.86,0.8,0.82,0.88,0.74, 0.74).
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Fig O. Relative incidence using estimated g-infectiousness and assumption on susceptibility
(0.4,0.39,0.38,0.79, 0.86, 0.8, 0.82, 0.88, 0.74, 0.74).
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Fig P. Estimation of relative g-infectiousness with time evolution using assumption on susceptibility
(0.4,0.39,0.38,0.79, 0.86, 0.8, 0.82, 0.88, 0.74, 0.74).
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Fig Q. Relative incidence using estimated g-infectiousness with time evolution and assumption on susceptibility
(0.4,0.39,0.38,0.79, 0.86, 0.8, 0.82, 0.88, 0.74, 0.74).
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ageclass mean median sd lower upper
[0,6) 0.346 0.034 0.461  0.000 1.483
[6,12) 0.892 0.957 0.404  0.000 1.549
[12,18) 1.310 1.326 0.231 0.870 1.710
[18,30) 1.000 0.967 0.544  0.000 2.051
[30,40) 0.645 0.375 0.811  0.000 2.512
[40,50) 3.783 3.541 1.586  1.672 7.443
[50,60) 1.320 1.257 0.741  0.000 2.705
[60,70) 0.266 0.000 0.445  0.000 1.586
[70,80) 1.277 1.155 0.903  0.000 3.362
80+ 0.099 0.000 0.279  0.000 0.950

Table H. Relative g-infectiousness using assumption on susceptibility (0.4, 0.39,0.38,0.79,0.86,0.8,0.82, 0.88,0.74,0.74)

ageclass mean median sd lower upper
[0,6) 0.204 0.013 0.363  0.000 1.319
[6,12) 0.483 0.454 0.383  0.000 1.402
[12,18) 1.061 1.070 0.443 0.001 1.748
[18,30) 1.000 0.625 1.259  0.000 3.990
[30,40) 1.625 0.052  12.906  0.000 4.577
[40,50) 9.694 3.895 49.732  0.345 25.974
[50,60) 5.792 2.434 31.815 0.000 17.774
[60,70) 0.398 0.063 0.802  0.000 2.223
[70,80) 2.973 2.087 4.053  0.018 10.597
80+ 0.189 0.000 0.505  0.000 1.891
(a) Waves 12 13
ageclass mean  median sd lower upper
10,6) 0.433 0.425 0.412  0.000 1.167
[6,12) 0.436 0.388 0.398  0.000 1.405
[12,18) 0.879 0.897  0.267 0.161 1.322
[18,30) 0.246 0.153  0.311  0.000 1.093
[30,40) 0.479 0.212  0.661  0.000 2.002
[40,50) 2.615 2.145 1.843 0.488 6.913
[50,60) 0.133 0.000 0.341  0.000 1.184
[60,70) 0.495 0.400  0.432  0.000 1.497
[70,80) 1.725 1.432 1.105 0.303 4.271
80+ 0.674 0.501 0.764  0.000 2.751
(c) Waves 16 17
ageclass mean  median sd lower upper
[0,6) 0.255 0.038 0.367  0.000 1.115
[6,12) 0.646 0.662 0.376  0.018 1.484
[12,18) 0.847 0.867 0.335 0.121 1.433
[18,30) 0.682 0.607  0.546  0.000 2.017
[30,40) 0.790 0.709 0.631  0.000 2.279
[40,50) 4.716 4.233 2.591 2.017 10.348
[50,60) 0.112 0.002  0.262  0.000 0.999
[60,70) 0.049 0.003 0.149  0.000 0.461
[70,80) 0.072 0.004 0.196  0.000 0.585
80+ 0.111 0.004 0.248 0.000 0.851

(e) Waves 20 21
Table I. Relative g-infectiousness with time evolution using assumption on susceptibility
(0.4,0.39,0.38,0.79, 0.86, 0.8, 0.82, 0.88, 0.74, 0.74) corresponding to Figure [Pl

corresponding to Figure [Nl

ageclass  mean median sd lower  upper
[0,6) 0.560 0.547  0.453  0.000 1.535
[6,12) 0.464 0.404  0.436  0.000 1.370
[12,18) 0.724 0.760  0.278  0.005 1.134
[18,30) 0.484 0.287  0.554  0.000 1.814
[30,40) 0.818 0.700  0.695  0.000 2.559
[40,50) 1.404 1.172  1.127  0.000 4.761
[50,60) 0.838 0.739 0.711  0.000 2.570
[60,70) 1.737 1.647 1.033  0.000 4.353
[70,80) 4.463 4.026  1.995 2.142 9.635
80+ 0.549 0.501  0.550  0.000 1.707
(b) Waves 14 15
ageclass  mean median sd lower  upper
10,6) 0.189 0.146  0.177  0.000 0.556
[6,12) 0.480 0.484  0.147  0.196 0.740
[12,18) 1.079 1.090 0.142 0.806 1.342
[18,30) 0.333 0.320 0.230  0.000 0.806
[30,40) 0.181 0.139 0.178  0.000 0.548
[40,50) 1.536 1.418 0.703  0.520 3.044
[50,60) 0.212 0.143  0.235  0.000 0.820
[60,70) 0.120 0.083  0.127  0.000 0.384
[70,80) 0.469 0.432 0.328 0.001 1.227
80+ 0.089 0.021  0.115  0.000 0.354
(d) Waves 18 19
ageclass mean  median sd lower  upper
[0,6) 0.794 0.823 0.321 0.013 1.352
[6,12) 0.263 0.208  0.247  0.000 0.799
[12,18) 0.692 0.689 0.189  0.339 1.044
[18,30) 0.671 0.644 0.274  0.210 1.346
[30,40) 0.039 0.000  0.109  0.000 0.323
[40,50) 0.496 0.436  0.404  0.000 1.327
[50,60) 0.399 0.391  0.270  0.000 0.918
[60,70) 0.014 0.000 0.042  0.000 0.123
[70,80) 0.104 0.053 0.144  0.000 0.507
80+ 0.016 0.004 0.033  0.000 0.105

(f) Waves 22 23

S13 /513



