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Abstract
Background  Belgium experienced two SARS-CoV-2 epidemic waves in 2020, in spring and autumn. Due to limited 
testing capacity, restrictive case definitions, asymptomatic infections, and incomplete testing compliance, case counts 
represent only a lower bound of SARS-CoV-2 infection incidence. We estimated this incidence from February 2020 to 
January 2021 by jointly modelling seroprevalence and surveillance data.

Methods  We developed a hierarchical Bayesian model that jointly fits seroprevalence, hospitalization, and mortality 
data to a shared latent incidence curve, represented by a spline. The model accounts for time-varying serological 
test sensitivity (reflecting seroconversion and seroreversion) using informative priors, and simultaneously estimates 
test specificity, infection-to-event distributions, and time-varying infection hospitalization rates (IHR) and infection 
fatality rates (IFR). Seroprevalence data comprised 37,235 samples from two repeated cross-sectional studies: residual 
laboratory samples tested with the EuroImmun IgG ELISA and blood donor samples tested with the Wantai Ab ELISA. 
Hospitalization and mortality counts were obtained from national COVID-19 surveillance.

Results  By early 2021, an estimated 19.0% (95% Credible Interval (CrI) 17.4–20.7), 13.6% (CrI 11.5–15.8) and 10.8% (CrI 
8.7–13.2) of the Belgian 18–49, 50–64 and 65–74 year-olds had been infected with SARS-CoV-2. The first wave mostly 
affected the younger age group, with a peak weekly incidence of 2.0% (CrI 1.7–2.3) late March 2020. The second wave 
peaked late October 2020 with weekly incidences of 1.6% (CrI 1.2–2.1) among 65–74 year-olds and 2.8% (CrI 2.4–3.3) 
among 18–49 year-olds. IHR and IFR were considerably higher in older age groups and declined over time. Among 
65–74 year-olds IHR declined from 9.9% (CrI 7.3–14.2) to 5.0% (CrI 3.5–7.1) and IFR from 2.8% (CrI 2.0–4.0) to 1.2% (CrI 
0.9–1.7).

Conclusion  An estimated 16.3% (CrI 15.1–17.4) of the Belgian adult population had been infected with SARS-CoV-2 
by early 2021. Joint modelling of seroprevalence and surveillance data provides a framework for estimating infection 
burden.

Estimating the incidence of SARS-
CoV-2 infections by jointly modelling 
seroprevalence, hospitalization and mortality 
data, February 2020 – January 2021, Belgium
Toon Braeye1,2* , Robby De Pauw1,3, Laurence Geebelen1, Steven Abrams2,4, Isabelle Desombere5, Niel Hens2,6, 
Naïma Hammami7, Mathieu Roelants7, An Muylaert8,9 and Sereina A. Herzog10



Page 2 of 13Braeye et al. Archives of Public Health           (2026) 84:76 

Text box 1. Contributions to literature
• Combines multiple data sources: This study uniquely integrates two 
different blood testing studies with hospital and death records using 
advanced statistical methods, providing more reliable estimates of 
COVID-19 infections than single-source studies.

• Accounts for test limitations: Unlike previous studies, this research 
properly adjusts for the fact that antibody tests become less accurate 
over time and may miss infections, leading to more precise infection 
estimates.

• Shows declining severity over time: Demonstrates that the chances of 
hospitalization and death from COVID-19 decreased throughout 2020, 
even before vaccines were available, providing important insights for 
pandemic preparedness.

• Reveals true infection burden: Found that by early 2021, one in six 
Belgian adults had been infected with COVID-19 - much higher than 
confirmed case counts suggested due to limited testing capacity early 
in the pandemic.

• Provides methodological framework: Establishes a statistical approach 
that other countries can adapt to better estimate infection rates during 
health emergencies when testing is incomplete.

Background
In Belgium, the first infections with SARS-CoV-2 were 
reported by the end of February 2020. A rapid increase in 
cases resulted in a strict lockdown on 18 March 2020 and 
a first peak in cases was reached at the beginning of April 
[1]. During this first lockdown no social interactions were 
allowed outside of the household and non-essential travel 
was forbidden. The gradual easing of restrictions started 
in May 2020, but many measures remained in place dur-
ing the summer of 2020. Because of a resurgence of cases 
by the end of September, a new partial lockdown was 
implemented 16 October 2020. The second lockdown 
involved less restrictions, allowing, for example, a single 
contact outside of the household [2]. While case counts, 
COVID-19 related hospitalizations and deaths during 
2020 have been well documented [3], the actual number 
of infections remains unknown. The case count can only 
be considered a lower bound since limited testing capac-
ity and a restrictive initial case definition defined the test-
ing policy in the first half of 2020 [4]. Testing capacity 
increased and case ascertainment was higher in the sec-
ond half of 2020. During the surge of infections in Octo-
ber, however, the testing strategy changed again and the 
testing of asymptomatic high-risk contacts was no longer 
mandated. In addition to a changing testing strategy, a 
proportion of SARS-CoV-2 infections are asymptomatic 
and adherence to testing policy is incomplete further 
impacting and limiting the detection of infections.

Since the majority of infected individuals produce 
antibodies to SARS-CoV-2 that persist for at least sev-
eral months [5–8], serological screening can be used to 

estimate the proportion of the population previously 
infected with SARS-CoV-2 [9, 10]. While seropreva-
lence studies were very common during the COVID-19 
pandemic, especially in the pre-vaccination era, there is 
no consensus on how best to interpret their results [11]. 
Qualitative serological tests classify samples as seroposi-
tive or seronegative based on whether antibody titers 
exceed a detection threshold. Titers however require time 
to build-up after infection and will typically decline over 
longer time periods. Serological tests also have imperfect 
sensitivity and specificity. Various approaches have been 
used to address this: selecting assays with stable longitu-
dinal performance, combining multiple immunoassays 
[12, 13], or applying Rogan-Gladen estimators to correct 
for misclassification [14]. In addition, published sensitiv-
ity and specificity estimates for a given assay often vary 
considerably. Results are sensitive to which estimates are 
used — leading to discrepancies in reported IFR esti-
mates [12, 15]. In Belgium, the two prospective cross-
sectional seroprevalence studies set up to estimate past 
exposure to SARS-CoV-2 used qualitative serological 
tests with different reported characteristics. The Euro-
Immun test’s sensitivity estimates vary as widely as from 
64.1% to 94.4% [16], declining over time since infection 
[12, 17, 18]. The Wantai test has a reported 94.2–98.0% 
sensitivity which remains stable for at least 13 to 15 
months after infection [19–23]. We previously developed 
a framework that allows for the harmonization of these 
sensitivity estimates [24]. The suggested sensitivity dis-
tribution over time since infection captured the process 
of antibody build-up to detectable levels, seroconversion, 
and subsequent waning of antibodies, seroreversion, 
using a Weibull-bi-exponential distribution.

Seroprevalence data combined with sensitivity and 
specificity data can be used to back-estimate incidence 
with or without additional data sources. Surveillance data 
offers indirect evidence through the monitoring of events 
following infection. Without additional information on 
transition rates (e.g. IHR and IFR), however, they only 
serve as proxies for incidence’s trends. Previous studies 
have suggested frameworks to combine incidences esti-
mated from seroprevalence data with surveillance data, 
either using a stepwise [25, 26] or a joint approach [15, 
27]. None of these frameworks, however, allowed for the 
inclusion of all data available in Belgium: two cross-sec-
tional seroprevalence studies and mortality and hospital 
surveillance data. We aim to jointly estimate the inci-
dence of SARS-CoV-2 infections and the associated IFR 
and IHR for the Belgian general population aged 18 to 74 
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years old within a Bayesian hierarchical framework that 
propagates uncertainty from each data source.

Methods
Study population and period
Our study population included 18 to 74 year-olds within 
the general population in Belgium. Our study period ran 
from February 2020 to January 2021. The seroprevalence 
studies followed a repeated cross-sectional design. Both 
studies collected the first samples on 30 March 2020. The 
last collection round for the RLS ended on 17 October 
2020. The last collection round considered here for the 
BDS ended on 31 January 2021. Seroprevalence within 
the general population was only minimally affected by 
vaccination at the end of January 2021 since nursing 
homes were prioritized during the mass rollout of vac-
cination which started in January 2021. Seroprevalence 
is a delayed indicator. To build up to the seroprevalence 
observed at the end of March 2020 we needed to start 
estimating incidences earlier. We therefore allowed the 
model to start estimating incidences from 16 February 
onwards. This is the week during which the first hospital-
izations were recorded. The first COVID-19 deaths were 
recorded in the week starting 1 March 2020.

Data sources
Seroprevalence
The RLS was coordinated by the Centre for the Evalua-
tion of Vaccination, Vaccine & Infectious Disease Insti-
tute, at the University of Antwerp. A total of 16,547 
serum samples were included from 7 collection rounds 
with approximately one-month intervals between con-
secutive rounds. Samples were collected from ambula-
tory patients through 10 private diagnostic laboratories 
and analyzed using the Anti-SARS-CoV-2 IgG ELISA 
from EuroImmun (cat n° EI 2606-9601G; Medizinische 
Labordiagnostika AG, Germany). This semi-quantitative 
test detects IgG antibodies against the SARS-CoV-2 S1 
protein. Details and results from this study have been 
published in Herzog et al. [28].

The BDS was coordinated by Sciensano [29], Belgium’s 
institute for public health, in cooperation with the Red 
Cross. A total of 20,688 plasma samples were included 
from 23 collection rounds with 14-day intervals. The 
Wantai SARS-CoV-2 Ab ELISA (cat n° WS-1096; Bei-
jing Wantai Biological Pharmacy Enterprise Co. Ltd., 
China) was used for the qualitative detection of total 
antibodies directed to the Receptor-Binding Domain 
(RBD). This ELISA detects anti-RBD IgG, IgA and IgM 
concomitantly.

For both studies, data on age (in years), sex and region 
of residence were collected alongside sample data: ‘date 
of sampling’ and ‘qualitative test result’. Exclusion criteria 
can be found in the supporting information. To account 

for non-representative sampling with respect to sex and 
region, we applied post-stratification weights within each 
age group. For each stratum str, sex and region combi-
nation within age group a, we calculated weights as:

	
wa,str = π a,str

p̂a,str

Where π a,str  is the population proportion of stratum 
str within age group a (from national demographic 
data) and p̂a,str  is the corresponding proportion in the 
sample. Weighted sample sizes were obtained by multi-
plying observed counts by these weights. The weighted 
counts were then summed across sex and region strata 
within each age group for inclusion in the binomial 
likelihood.

Data on COVID-19 mortality and hospitalization
Belgian COVID-19 mortality surveillance has been 
described elsewhere [30]. In short, the surveillance aimed 
to be exhaustive by including data from multiple sources 
and by including both laboratory-confirmed and clini-
cally suspect deaths of COVID-19. The number of deaths 
within the surveillance data compare closely to all-cause 
excess mortality [1] and ‘cause-of-death’-certificates [31]. 
We excluded deaths in nursing homes as these occurred 
outside the general population.

A Clinical Hospital Survey (CHS) collected data on 
all COVID-19 cases within the hospital [32]. As we only 
wanted to include hospitalizations because of COVID-19, 
we excluded asymptomatic cases found during screening 
within the hospital. There is no formal assessment of the 
coverage of the survey in 2020, but in comparison to an 
exhaustive survey on hospital intakes and capacity [32] it 
appears to be close to 100% (S1 Fig).

The model
We estimated weekly incidences of SARS-CoV-2 infec-
tions at week t ( incidencet) by age group. Incidence was 
multiplied by population size to obtain estimated num-
bers of infections. These numbers were jointly fitted to 
seroprevalence, hospital and mortality data. The hierar-
chical Bayesian model included three likelihoods:

(1)	A beta-binomial for the number of positive tests out 
of the total number of serological tests by calendar 
week given the estimated number of infections and 
sensitivity (test- (Wantai or EuroImmun), severity- 
and ‘time-since-infection’-specific) and specificity 
(test-specific).

(2)	A binomial for the number of COVID-19 
hospitalizations by calendar week given the 
estimated number of infections and the estimated 
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infection hospitalization rate (IHR) (‘calendar 
time’-specific).

(3)	A binomial for the number of COVID-19 deaths 
by calendar week given the estimated number of 
infections and the estimated infection fatality rate 
(IFR) (‘calendar time’- specific).

The model was fitted independently for each age group 
(18–49, 50–64, 65–74 years). Except for the test speci-
ficity all input data and estimated coefficients were age-
specific. The latent spline representing incidence was 
modelled as a function of time using a cubic B-spline 
without penalization with 10 internal knots. The spline 
coefficients were given weakly informative normal pri-
ors with mean 0 and standard deviation 100. We explore 
the model structure in more detail below. A glossary with 
details on the variables included in the model can be 
found in the supporting information.

Seroprevalence
Likelihood  We selected a beta-binomial likelihood to 
account for the expected additional variance associated 
with seroprevalence’s samples of convenience [33]. Specif-
ically, we modeled the probability of detectable antibod-
ies (coined seropositivity) Pobstest,t as informing a beta-
distributed random probability Psampletest,t, which was 
then used as the parameter in the binomial likelihood for 
the observed positive samples.

	 N.postest, t ∼

	 Binomial( Psampletest,t , Ntest, t)

	Psampletest,t ∼ Beta(Pobstest,t ∗ r, (1 − Pobstest,t) ∗ r)

The overdispersion parameter r was given an infor-
mative gamma prior (shape = 5, scale = 1000) so by 
default the overdispersion should be limited. The prior 
however has sufficient variance to include overdisper-
sion if necessary. We defined the cumulative incidence 
( cumulative.incidencet) as the cumulative proportion 
of individuals that were infected with SARS-CoV-2 in 
the population at week t. We obtained it by summing 
weekly incidences. To obtain the seroprevalence from the 
cumulative incidence by week and test ( Pobstest,t) for 
the incidence up to week t, we used a Rogan-Gladen type 
estimator [14, 34].

	

Pobstest,t = sensitivity test,t • incidencet

+ (1 − cumulative.incidencet)
∗ (1 − specificitytest)

sensitivity test,t • incidencet represents a convolution: 
for samples collected at week t, we sum over all prior 
infections weeks s, multiplying each week’s incidence by 
the sensitivity corresponding to the elapsed time ( t − s) 
since infection. This accounts for the fact that someone 
infected in week s and sampled in week t has a detec-
tion probability that depends on how many weeks have 
passed since their infection.

Sensitivity  Informative priors for the sensitivity were 
based on accompanying work [24]. Normal approxima-
tions of the posterior distributions of the shape, scale and 
exponential parameters of the scale Weibull-bi-exponen-
tial distribution served as informative priors in the cur-
rent model. In addition to age, we estimated severity-
specific test sensitivity, distinguishing asymptomatic, 
symptomatic, and hospitalized infections. Since both BDS 
and RLS excluded hospitalized cases, we applied sensitiv-
ity estimates for non-hospitalized infections only, assum-
ing a 30%/70% mixture of asymptomatic and symptomatic 
infections [35, 36]. Distributions for the test sensitivity 
formed by these informative priors are presented in S2 Fig 
and the priors themselves are presented in S1 Table.

We included a sensitivity analysis (SA) to investigate 
our decisions to include test sensitivity as a time-vary-
ing process with assumed severity mixture. In the SA, 
we included constant test-specific sensitivity estimates. 
They can be regarded as partially accounting for antibody 
decay as they were derived from data obtained at differ-
ent time points [37]. Test sensitivity of the EuroImmun-
assay is included as in Herzog et al. [28] (154 true positive 
and 27 false negative, approximately 85% sensitivity). For 
the Wantai-assay, test sensitivity is included based on 
Harritshøj et al. [38] (145 true positive and 5 false nega-
tive, approximately 97% sensitivity).

Specificity  The specificity included in the Rogan-Gladen 
estimator was estimated from published research on sam-
ples collected prior To 2020. The specificity was assumed 
equal over age-groups as validation studies rarely report 
age-stratified results. We included five studies for Euro-
Immun [38–42] (1834 true negative and 22 false posi-
tives, approximately 98.8% specificity) and five for Wantai 
[38, 40–43] (2066 true negatives and 20 false positives, 
approximately 99% specificity). A breakdown of the data 
used per study is presented in S2 Table. Specificity rep-
resents the probability for obtaining negative samples 
from non-infected individuals and it was included as a 
binomial likelihood function in the model. A beta-prior 
(shape = 20, scale = 0.1) was chosen for the specificity 
parameter.
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Mortality and hospitalization
The binomial likelihoods for hospitalization and mortality:

	Hospitalizationst ∼ binom (IHRperiod, incidence.hospt)

	Deathst ∼ binom (IFRperiod, incidence.deatht)

Discrete delay distributions were used to estimate the 
number of infections relevant for the number of hospital-
izations ( incidence.hospt) or deaths ( incidence.deatht) 
at week t. For both hospitalizations and deaths, 
delays could amount to a maximum of eight weeks. 
Delays beyond three weeks share the same proportion 
parameter.

	

incidence.hospt = prop1hosp ∗ incidencet

+ prop2hosp ∗ incidencet−1

+ prop3hosp ∗ incidencet−2

+ prop4hosp ∗ incidencet−3:t−7

Given the Dirichlet prior distribution for the propor-
tions ( prop) in week t − 1 : 8, proportions over the delay 
period summed to one. We allowed the IHR and IFR to 
vary across six pre-defined periods to accommodate 
potential temporal changes in hospital admission thresh-
olds, treatment effectiveness or healthcare capacity. The 
periods were chosen based on major policy transitions 
(lockdowns, easing of restrictions) rather than assumed 
changes in clinical outcomes: pre-lockdown and first 
lockdown (16 February – 9 May), first inter-wave period 
(10 May – 18 July), summer (19 July – 22 August), second 
inter-wave period (23 August – 3 October), second lock-
down (4 October – 12 December), and third inter-wave 
period (13 December 2020–31 January 2021). Both IHR 
and IFR had uniform priors on (0,1).

Software and code
Hierarchical Bayesian models were fitted using the Nim-
ble package in R [44]. Code is provided in the support-
ing information. This package uses Markov Chain Monte 
Carlo (MCMC) sampling to sample from posterior dis-
tributions. We used three MCMC chains with 50,000 
iterations each and a burn-in of 20,000 iterations. Thin-
ning was set to 20. 95% Credible Intervals are included 
as CrI. Convergence of the different chains was checked 
using the Gelman-Rubin statistic, effective sample size 
and trace plots (Supporting Information).

Results
Data description
The number of samples collected by each of the seroprev-
alence studies by month is presented in Table 1 and Table 
2 For those months during which both the BDS and RLS 
collected samples, around 4,100 samples were collected 
each month. For March 2020, the BDS only sampled the 
Flemish region, leading to a lower total number of sam-
ples for March (N = 3,349). For the summer period and 
after October only the BDS collected samples (N = 1,799-
3,035 per collection round). The combined unweighted 
seroprevalence increased over time to reach 19% in the 
youngest age group (18–49 years) and 13% in the oldest 
age group (65–74 years) by the end of January 2021. After 
post-stratification weighting, the seroprevalence for the 
youngest age group decreased to 17%, while it remained 
at 13% for the oldest age group (Table1 and 2).

Observed Seroprevalence and the cumulative proportion 
infected
On 5 July 2020, the cumulative incidence (expressed as 
a percentage) was estimated at 5.5% (CrI 4.9–6.1), 4.0% 
(CrI 3.3–4.7) and 2.4% (CrI 1.7–3.2) for the 18–49, 50–64 
and 65–74 year-olds, respectively. On 31 January 2021, 

Table 1  Number of samples and the Seroprevalence (weighted and unweighted) by collection month per age group (A) and per 
study (BDS = Blood Donor Samples, RLS = Residual Laboratory Samples Laboratory Samples) (B), March 2020-January 2021, Belgium. (A) 
Numbers and Seroprevalence per age group
Age Group 2020-03 2020-04 2020-05 2020-06 2020-07 2020-08 2020-09 2020-10 2020-11 2020-12 2021-01
Number of samples

18–49 1,861 2,420 2,506 3,679 1,096 1,622 2,416 2,386 1,085 1,093 1,777

50–64 904 1,100 1,024 1,655 395 581 1,076 1,016 394 410 811

65–74 584 686 625 926 309 464 625 637 320 305 447

Total 3,349 4,206 4,155 6,260 1,800 2,667 4,117 4,039 1,799 1,808 3,035

Seroprevalence - Unweighted (%)

18–49 2.4 5.4 6.6 5.8 6.2 5.7 4.7 7.1 18 18.7 18.5

50–64 2.5 5.7 5.5 4.5 5.1 5.3 3.7 4.8 9.4 18.3 14.1

65–74 2.9 3.5 3.7 3.6 3.6 3.7 3.5 3 7.8 12.1 12.5

Seroprevalence - Weighted (%)

18–49 2.6 5.5 6.6 5.9 6.1 5.7 4.8 7.2 16.8 17.4 17.4

50–64 3.1 5.5 5.3 4.4 4.3 5.2 3.6 4.5 8.1 17.8 13.8

65–74 3.4 4.2 3.4 3.2 3.6 4.1 3.7 3.1 7.2 10.8 12.8
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the cumulative incidence was estimated at 19.0% (CrI 
17.4–20.7), 13.6% (CrI 11.5–15.8) and 10.8% (CrI 8.7–
13.2) for the 18–49, 50–64 and 65–74 year-olds, respec-
tively (Fig. 1). Over the general Belgian population aged 
18 to 74 years the cumulative incidence was 16.3% (CrI 
15.1–17.4).

Overlaid curves of the cumulative incidence by age 
group are presented in the S3 Fig. The posterior estimates 
for the Weibull-Bi-exponential distribution represent-
ing the sensitivity of the serological tests by age group, 
clinical severity and time since infection are presented in 
Fig. 2.

Infections, IHR and IFR
Infections were mainly acquired during the two ‘waves’ 
(surges of SARS-CoV-2 infections) peaking in March 
and October 2020, with few infections in between. While 
the younger age group was most affected during the 
first wave, the impact during the second wave was more 
evenly distributed across all age groups. The propor-
tion infected among 65–74 year-olds however remained 
smaller than among the younger age groups. During the 
week with the highest incidence of the first wave, start-
ing on 22 March 2020, the percentage infected was 2.0% 
(CrI 1.7–2.3), 1.4% (CrI 1.1–1.7) and 0.7% (CrI 0.5-1.0) in 
18–49, 50–64 and 65–74 year-olds, respectively. During 
the week with the highest incidence of the second wave, 
starting 25 October 2020, the weekly proportion infected 
was 2.8% (CrI 2.4–3.3), 2.1% (CrI 1.6–2.7) and 1.6% (CrI 
1.2–2.1) in 18–49, 50–64 and 65–74 year-olds, respec-
tively (Fig. 3).

The IHR declined over the study period. During the 
first lockdown (February - May 2020) the percentage hos-
pitalized after infection was estimated at 9.9% (CrI 7.3–
14.2). It was estimated at 5.0% (CrI 3.5–7.1) in the period 
following the second lockdown (October - December 

2020) in the oldest age group. For 50–64 year-olds the 
IHR went from 4.2% (CrI 3.5–5.1) to 2.3% (CrI 1.7–3.1) 
and in the youngest age group, the percentage declined 
from 1.0% (CrI 0.8–1.1) to 0.4% (CrI 0.3–0.6). A similar 
trend in which the rates were significantly reduced over 
2020 was observed for the IFR. For 65–74 year-olds, 
the IFR decreased from 2.8% (CrI 2.0–4.0) to 1.2% (CrI 
0.9–1.7), for 50–64 year-olds, it decreased from 0.5% (CrI 
0.4–0.6) to 0.3% (CrI 0.2–0.4). For 18–49 year-olds, the 
IFR remained low at 0.03% (CrI 0.02–0.04) throughout 
the study period. During the period from mid-July to end 
of August, both the IHR and IFR transiently increased.

Time to event
The discrete delay distribution for hospitalizations 
peaked in the first week. Of those infections that result 
in hospitalization, 67% (CrI 58–76, 18-49y), 75% (CrI 
63–88, 50-64y) and 89% (CrI 76–97, 65-74y) did so within 
the week of infection. In comparison, only few infections 
resulted in death within the same week, between 9 and 
13%. For the youngest age group, deaths mostly occurred 
two weeks after infection. While for the older age groups 
deaths were spread over the weeks following the first 
week after infection (S3 Table).

Sensitivity analysis
Our sensitivity analysis (SA) to assess robustness to the 
distribution and informative priors used for the tests’ 
sensitivity resulted in the following two main observa-
tions. The SA-sensitivity was higher for younger age 
groups resulting in a decrease in estimated incidence 
compared to the main analysis (17.4% compared to 19%). 
Second, the fit to the seroprevalence data was worse in 
the SA, illustrated by a smaller estimate for the overdis-
persion parameter, compared to the main analysis. SA 
results are presented in the S4 Fig.

Table 2  Number of samples and the Seroprevalence (weighted and unweighted) by collection month per age group (A) and per 
study (BDS = Blood Donor Samples, RLS = Residual Laboratory Samples) (B), March 2020-January 2021, Belgium. (B) Numbers and 
seroprevalence per study
Study 2020-03 2020-04 2020-05 2020-06 2020-07 2020-08 2020-09 2020-10 2020-11 2020-12 2021-01
Number of samples

RLS 2,765 2,406 2,356 4,460 — — 2,320 2,240 — — —

BDS 584 1,800 1,799 1,800 1,800 2,667 1,797 1,799 1,799 1,808 3,035

Total 3,349 4,206 4,155 6,260 1,800 2,667 4,117 4,039 1,799 1,808 3,035

Seroprevalence - Unweighted (%)

RLS 2.7 5.3 6.3 5 — — 4 4.8 — — —

BDS 1.9 4.9 5.3 5.3 5.5 5.3 4.6 7.3 14.3 17.5 16.4

Seroprevalence - Weighted (%)

RLS 3 5.7 6.5 5.1 — — 4.2 5 — — —

BDS 2.1 4.8 4.9 5.2 5.3 5.3 4.5 7 13.2 16.4 15.7
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Model goodness of fit
The model provided acceptable posterior predictive intervals 
for the fitted data: seroprevalence results of RLS and BDS, 
the age-specific hospitalizations and deaths (S5 Fig). Graphi-
cal overviews by age group of the time series of infections, 
cases, hospital intakes and deaths are provided in S6 Fig.

Discussion
Our work contributes to an ongoing effort to estimate 
the incidence of SARS-CoV-2 infections during the ini-
tial year of the pandemic. We combined data from two 
different repeated cross-sectional seroprevalence stud-
ies, including informative priors for the characteristics of 

Fig. 1  The observed, weighted seroprevalence (points) and posterior model fit for seroprevalence (colored lines) by study, date of collection round and 
age group. In addition the cumulative incidence (grey line) and 95% Credible intervals (transparant ribbons) are presented. A 18-49 years, (B) 50-64 years 
and (C) 65-74 years. February 2020 - January 2021, Belgium
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the serological tests, with surveillance data on COVID-
19 hospitalizations and deaths. Posterior incidence esti-
mates showed two waves in 2020, with little transmission 
in between. We estimated that 16.3% of the general Bel-
gian population aged 18 to 74 years old had been infected 
by the start of 2021. The first wave mainly affected those 
under 50 years old. The second wave affected age groups 
more equally and was associated with lower IHR and IFR.

Seroprevalence results
With seroprevalence estimates around 16% for the gen-
eral adult population, Belgium ranked high among 
countries affected by COVID-19 in the initial year. A sys-
tematic review of sero-epidemiological studies estimated 
the worldwide seroprevalence at 4.5% by December 
2020 [11]. Among European countries, Germany (1.7%, 
November [37]), Norway (0.9%, December [45]), Den-
mark (2.2%, October [46]) and Iceland (0.9% June [47]) 
can be classified as having low seroprevalence. Euro-
pean countries reporting higher seroprevalence included 

Spain, the Netherlands and England with 9.8% (Novem-
ber 2020 [48]), 12.2% (February 2021 [49]) and 12.1% 
(December 2020 [50]), respectively. A direct comparison, 
however, is not possible given the limitations of seroprev-
alence studies presented earlier.

While we did report age group-specific estimates, we 
did not explore incidences within specific settings. Other 
Belgian seroprevalence studies have examined health-
care workers (~ 7% after the first wave [13, 51]), nurs-
ing home residents and staff (17–21% [52]), and children 
(6 months to 16 years, comparable or lower than adults 
[53–55]), with detailed findings presented in the support-
ing information.

IHR and IFR
Our IHR and IFR and their evolution over time are in 
accordance with results from meta-analyses which like-
wise reported a decrease over 2020 [26, 56, 57]. These 
findings have been linked to improvements in treatment 
[58]. Discussion remains about the exact trend over 2020 

Fig. 2  Posterior ‘time-since-infection’-varying estimates for the test sensitivity of the EuroImmun (left) and Wantai (right) test. For asymptomatic infection 
(upper) and symptomatic infection (lower) by age group (18–49 years, 50–64 years and 65–74 years). 95% Credible intervals are presented as transparent 
ribbons
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Fig. 3  A Weekly incidence of SARS-CoV-2 infections and 95% Credible Interval (CrI), B infection hospitalization rate (IHR) and CrI and C the infection fatal-
ity rate (IFR) and CrI. February 2020 – January 2021, Belgium
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[59]. Because of temporal changes in hospital occupancy 
and admission protocols [60], short-term trends might 
deviate from the long-term trend. We observed elevated 
IHR and IFR estimates in August 2020, coinciding with a 
prolonged heatwave associated with considerable excess 
mortality [61]. A heatwave could directly increase IHR 
and IFR through heightened patient vulnerability. How-
ever, it is also likely that COVID-19 mortality surveil-
lance captured some heat-related deaths, and that the 
low infection incidence during this period amplified this 
effect—even minor numerator misclassification dispro-
portionately affects ratios when the denominator is small. 
The subsequent apparent decrease in IHR and IFR from 
August to November thus more plausibly reflects the 
resolution of this artifact than a true change in IFR, with 
autumn estimates rejoining the overall declining trend 
observed throughout 2020.

Molenberghs et al. [62] estimated lower IFR for the 
first wave using the same mortality data but derived inci-
dence from a stochastic compartmental model [63] that 
assumed perfect serological test specificity. This yielded 
higher cumulative incidence estimates (6.9% by 4 May 
2020) and consequently lower IFR. Our explicit model-
ing of imperfect specificity produces more conservative 
incidence estimates.

Methods
Several approaches exist for combining seroprevalence 
and surveillance data to estimate incidence. Unlike step-
wise methods that first estimate IFR from seroprevalence 
before deriving incidence (e.g., REMEDID [64], IHME 
[26], Shioda et al. [25]), an approach that requires tem-
poral homogeneity of IFR [27], we directly incorporated 
all data within a unified Bayesian framework. A key dis-
tinction is our treatment of test sensitivity: we included 
age- and severity-specific estimates using a Weibull-Bi-
exponential distribution with informative priors derived 
from longitudinal serological data, capturing both 
seroconversion and seroreversion. This contrasts with 
approaches that ignore severity of infection [65], esti-
mate sensitivity parameters directly from serosurvey data 
[25], assume fixed seroconversion delays [66] or average 
over assays [66]. Like Shioda et al. [25], we used a Weibull 
distribution for the seroconversion. For the serorever-
sion, we used a mixture of two exponential distributions. 
Others included single Weibull distributions [25, 67, 68] 
or constant exponential rates [69–71]. Similar to Taka-
hashi et al. [27], Kadelka et al. [15] and others [66, 72], 
we estimated the parameters of these distributions from 
longitudinal data on serological testing [24]. Kadelka et 
al. demonstrated the importance of this choice, revising 
Buss et al.‘s cumulative incidence estimate for Manaus 
from 76% [69] to 47.6% [15] after incorporating longitu-
dinal antibody data. Our framework also estimated delay 

distributions from the data rather than requiring them a 
priori [25, 64], and explicitly modeled test specificity—
important when prevalence is low and false positives can 
substantially inflate estimates.

Barber et al. [26] pursued similar objectives with com-
parable Belgian data, though they included seropreva-
lence indirectly, ignored specificity, and assumed more 
aggressive EuroImmun sensitivity decay. Despite these 
differences, their results align with ours: approximately 
18% of Belgians infected by early 2021, accumulated over 
two waves, with comparable IFR estimates and trends.

Limitations
We observed overdispersion in the seroprevalence data. 
While priors initially favored minimal overdispersion, 
the data supported substantial excess variability beyond 
that expected from modelled infection rates and sample 
sizes alone. This likely reflects limitations inherent to 
these convenience samples: unmeasured cohort hetero-
geneity, spatial effects, differing protocols between BDS 
and RLS, and selection biases. For example, Herzog et al. 
[28] noted that self-confinement behavior among typical 
healthcare-seeking individuals may have affected partici-
pation in earlier RLS rounds differently than later ones. 
With only broad age stratification and limited participant 
information available, we could not fully characterize or 
adjust for these sources of variability. Robust inference 
from seroprevalence studies requires designs that better 
control for such biases [73].

This study uses a spline to model the underlying inci-
dence of infections. This incidence is constrained by the 
spline’s structure. We explored different possible splines 
by fitting them to advanced mortality and hospitalization 
time series. Other possibilities have not been explored 
in this paper. Case data is presented alongside the model 
outputs (S6 Fig), but it was not used in the model fit or 
for deciding on possible knot placement. Case ascertain-
ment was not investigated in this paper. In addition, the 
estimation of IHR and IFR might be sensitive to the peri-
ods over which they are estimated.

PCR-confirmed infection is used in this paper as a 
proxy for SARS-CoV-2 infection. Much of the work on 
test sensitivity and specificity, but also work on IFR and 
IHR is based on PCR-confirmed infections. Translating 
modelled infection timing to potential PCR-confirmation 
timing would require an additional step incorporating 
delays, test sensitivity, and specificity associated with 
PCR testing itself.

In conclusion: by early 2021, one in six Belgian adults 
had been infected with SARS-CoV-2—substantially 
higher than confirmed case counts. We observed declin-
ing IHR and IFR throughout 2020 suggesting improve-
ments in clinical management. Our integrated modelling 
approach, which jointly fits multiple data sources while 
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accounting for time-varying test sensitivity, provides a 
template for estimating infection burden when surveil-
lance is incomplete.
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