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Abstract 

Background Population‑based serological studies allow to estimate prevalence of SARS‑CoV‑2 infections 
despite a substantial number of mild or asymptomatic disease courses. This became even more relevant for decision 
making after vaccination started. The KoCo19 cohort tracks the pandemic progress in the Munich general population 
for over two years, setting it apart in Europe.

Methods Recruitment occurred during the initial pandemic wave, including 5313 participants above 13 years 
from private households in Munich. Four follow‑ups were held at crucial times of the pandemic, with response rates 
of at least 70%. Participants filled questionnaires on socio‑demographics and potential risk factors of infection. From 
Follow‑up 2, information on SARS‑CoV‑2 vaccination was added. SARS‑CoV‑2 antibody status was measured using 
the Roche Elecsys® Anti‑SARS‑CoV‑2 anti‑N assay (indicating previous infection) and the Roche Elecsys® Anti‑SARS‑
CoV‑2 anti‑S assay (indicating previous infection and/or vaccination). This allowed us to distinguish between sources 
of acquired antibodies.

Results The SARS‑CoV‑2 estimated cumulative sero‑prevalence increased from 1.6% (1.1‑2.1%) in May 2020 to 14.5% 
(12.7‑16.2%) in November 2021. Underreporting with respect to official numbers fluctuated with testing policies 
and capacities, becoming a factor of more than two during the second half of 2021. Simultaneously, the vaccina‑
tion campaign against the SARS‑CoV‑2 virus increased the percentage of the Munich population having antibodies, 
with 86.8% (85.5‑87.9%) having developed anti‑S and/or anti‑N in November 2021. Incidence rates for infections 
after (BTI) and without previous vaccination (INS) differed (ratio INS/BTI of 2.1, 0.7‑3.6). However, the prevalence 
of infections was higher in the non‑vaccinated population than in the vaccinated one. Considering the whole follow‑
up time, being born outside Germany, working in a high‑risk job and living area per inhabitant were identified as risk 
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factors for infection, while other socio‑demographic and health‑related variables were not. Although we obtained 
significant within‑household clustering of SARS‑CoV‑2 cases, no further geospatial clustering was found.

Conclusions Vaccination increased the coverage of the Munich population presenting SARS‑CoV‑2 antibodies, 
but breakthrough infections contribute to community spread. As underreporting stays relevant over time, infec‑
tions can go undetected, so non‑pharmaceutical measures are crucial, particularly for highly contagious strains 
like Omicron.

Keywords COVID‑19, SARS‑CoV‑2, Population‑based cohort study, Sero‑prevalence, Sero‑incidence, Vaccination 
status, Breakthrough infections, ORCHESTRA 

Background
SARS-CoV-2 became pandemic mid-March 2020, within 
three months after the first report on 31st of December, 
2019 in the city of Wuhan, Hubei province, China [1, 2]. 
In Germany, the first COVID-19 cases were observed 
in the municipality of Munich in late January 2020 [3]. 
Since then, the number of infections has been one of 

the predominant topics for political and social life [4, 5]. 
Looking at the pandemic in Munich in the time-frame 
between February 2020 and April 2022, four waves of 
infection can be identified (Fig. 1A):

– First wave: late January – mid June 2020
– Second wave: mid June 2020 – mid February 2021;

Fig. 1 Epidemic evolution in Munich with description of the sample analysis. A Black: number of new daily SARS‑CoV‑2 cases officially reported 
by the Robert Koch Institute (RKI). Blue: number of blood/DBS samples of the KoCo19 collected daily. B Description of the lab analysis. With anti‑N, 
anti‑S and the response to the questionnaire item on vaccination it was possible to define the participants as: infected and vaccinated, infected 
and non‑vaccinated, non‑infected and vaccinated and non‑infected and non‑vaccinated. Blue shaded regions denote a negative response 
while orange regions a positive one
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– Third wave: mid February 2021 – end July 2021;
– Fourth wave: end of July 2021 – after the end of the 

analysed period.

In the first wave, the main non-pharmaceutical inter-
ventions applied were to reduce contacts in the whole 
city of Munich followed by a lifting of the restrictions 
with still severe contact reductions. During this early 
phase of the pandemic, PCR tests were scarce good, and 
we suspect that only few chance finds entered the offi-
cial statistics. In the second wave, contacts between peo-
ple were reduced from June to October 2020, followed 
by stronger regulations, including FFP2 mask obliga-
tion. At the end of December 2020, only twelve months 
after the start of the pandemic, effective vaccines were 
introduced in Germany [6], preventing infection or at 
least reducing symptoms [7]. In parallel, the test capac-
ity increased: starting in July 2020, the Bavarian state 
(including Munich) provided access to free PCR tests 
for all citizens, even without symptoms without a limit 
per person [8]. Antigen rapid tests became available 
nationwide for institutions like nursing homes or schools 
towards the end of 2020. By contact tracing more asymp-
tomatic infected individuals could be identified [9–11]. 
In the third wave, the lock-down from the previous wave 
still continued with the so-called "emergency brake" 
starting in mid-April 2021: stronger contact reduction, 
night-time curfew and closure of many stores [12]. Dur-
ing this wave, the first new virus variant of SARS-CoV-2 
was observed [13]: in early March 2021, the Alpha vari-
ant (B.1.1.7 variant) was detected in more than 40% of 
tested positive cases in Germany [14]. From early 2021 
on, the testing capacity was further increased nationwide, 
and antigen test became available for home use [15, 16].
Such low-threshold access to testing supposedly facili-
tated detecting asymptomatic cases, which entered the 
official numbers after PCR confirmation. The fourth wave 
of the pandemic started in Munich with almost all cases 
classified as Delta (B.1.617.2) variant. Further relaxations 
were possible in the summer breaks from July 2021: more 
visitors at outdoor and cultural events, restaurants could 
stay open longer, mask rules were relaxed, bars could reo-
pen [17, 18]. In October 2021, even clubs were allowed to 
open again [19].

Decisions on non-pharmaceutical interventions were 
mostly taken under the guidance of official case reports, 
which were shown to underestimate the true case num-
bers especially at the beginning of the pandemic, when 
testing capacity was still low [20]. In order to gain a bet-
ter understanding of the true case numbers, we started 
the prospective Munich COVID-19 cohort (KoCo19) in 
April 2020 including 5313 participants living in private 
households. In this population-based cohort study we 

measured SARS-CoV-2 antibody prevalence at the fol-
lowing times of the pandemic (Fig. 1A):

– May 2020 at the peak of the first wave in Germany,
– December 2020, at the beginning of the second wave,
– March 2021, at the peak of the third wave and at the 

beginning of the vaccination campaign for the gen-
eral population,

– August 2021, at the end of the third wave with around 
68% of the general population 14 years or older being 
vaccinated against SARS-CoV-2,

– November 2021, in the middle of the fourth wave 
and before the spread of the Omicron variant started 
in Germany.

To the best of our knowledge, KoCo19 is the SARS-
CoV-2 cohort with the longest follow-up time in the 
world. On December 1st, 2020, the KoCo19 cohort 
joined the ORCHESTRA (Connecting European Cohorts 
to Increase Common and Effective Response to SARS-
CoV-2 Pandemic) project. During the whole pandemic, 
KoCo19 results were used to advise political decision 
making.

We here present the evolution of SARS-CoV-2 cumu-
lative sero-positivity in the Munich general population 
14 years and older over time. Furthermore, we report on 
risk factors for SARS-CoV-2 infection over time. The data 
described here were not published elsewhere.

Methods
Study population and field work
Baseline and follow‑up questionnaires
A detailed description of the baseline study can be found 
in [20, 21]: We randomly sampled the Munich cohort 
of private households between April 5th and June 12th, 
2020. Only household members 14 years and older who 
gave written informed consent were included in the 
cohort. For participants younger than 18 years, informed 
consent was obtained from the parents as well as the par-
ticipants themselves.

Analyses use information from baseline individual and 
household questionnaires and from individual follow-up 
questionnaires. The different questionnaires were already 
described in detail [20], and included information on: 
socio-demographics, country of birth, smoking status, 
chronic conditions, general health, household size, living 
area per inhabitant, household type, housing type, self-
estimated health-related risk taking behaviour, personal 
contacts, number and intensity of leisure time activities 
before the pandemic (in February 2020), number and 
intensity of leisure time activities two weeks prior to 
the follow-up questionnaire. Starting from Follow-up 2, 
we also asked about SARS-CoV-2 vaccination including 
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the number of vaccinations, type of vaccine and date of 
vaccination.

Baseline and follow‑ups SARS‑CoV‑2 antibody study
At recruitment, a serum sample was gathered for 5313 
household members 14 years and older. Thereafter, four 
antibody follow-ups were conducted in December 2020 
[20], March 2021, August 2021 and November 2021 
(Fig.  1A). Follow-ups were performed by sending out 
boxes with a self-sampling kit to take a capillary blood 
sample (dry blood spot; DBS). A detailed description of 
the DBS analysis procedure can be found in [22]. When 
self-DBS collection was impossible, participants were 
invited to give serum and DBS at our study centre.

For the measurements at baseline [23] and Follow-up 
1, only the Elecsys® Anti-SARS-CoV-2 anti-N (Roche) 
(hereafter called Ro-N-Ig) assay was used for antibody 
detection after infection. From Follow-up 2 on, in addi-
tion, also the Elecsys® Anti-SARS-CoV-2 anti-S (Roche) 
(hereafter called Ro-RBD-Ig) assay was applied. This was 
necessary to distinguish antibodies due to infection (i.e., 
anti-S and anti-N present) and antibodies only due to 
vaccination (i.e., only anti-S present) (Fig. 1B).

For the measurement with full blood sampling, an 
optimised cut-off of 0.4218 for Ro-N-Ig was applied to 
indicate sero-positivity [23]. Estimates of sensitivity and 
specificity of blood Ro-N-Ig compared to reverse-tran-
scription polymerase chain reaction (RT-PCR) were used 
to adjust the prevalence.

Taking full blood samples as ground truth, sensitiv-
ity and specificity of the DBS anti-N method were 99.2% 
and 98.7%, respectively, applying a cut-off of 0.105 [22]. 
Based on our internal validation cohort (data not shown 
here), only samples with Ro-RBD-Ig larger than or equal 
to 0.115 were considered positive (regarding anti-S) for 
vaccination and/or infection. Similarly, the DBS anti-
S method had sensitivity and specificity of 96.6% and 
97.8%, respectively. Since sensitivity and specificity of 
both tests turned out high, no additional adjustment for 
sensitivity and specificity was applied. The cut-offs for 
blood samples, as well as DBS samples, along with their 
sensitivity and specificity, were determined based on 
cohorts randomly selected using serology rather than 
symptom severity. This approach ensured that the assays 
are suitable for detecting milder community infections 
[22, 23].

Using the serological values in combination with ques-
tionnaire information, we were able to classify partici-
pants into the following groups (Fig. 1B):

– Non-vaccinated, non-infected: negative in both anti-
S and anti-N antibodies;

– Vaccinated, non-infected: positive in anti-S and nega-
tive in anti-N antibodies;

– Non-vaccinated, infected: positive in both anti-S and 
anti-N antibodies, negative response to the question-
naire item on vaccination;

– Vaccinated and infected: positive in both anti-S and 
anti-N antibodies, positive response to questionnaire 
item on vaccination.

Statistics
All statistical analyses were performed using the soft-
wares R (version 4.1.3, R Development Core Team, 2021) 
and Python (version ≥ 3.8.5).

After observed sero-conversion, antibody levels were 
imputed positive in all follow-ups, independently of 
the actual results of the round or in case of missingness 
(„ever positiveness “, Fig. 2A). We thus disregard potential 
anit-N waning. Our definition allows us to estimate the 
cumulative sero-prevalence in the considered population, 
which in turn we take as a proxy for cumulative infec-
tions and compare to the official number of positive cases 
reported by the authorities, neglecting reinfections. For 
simplicity, we in the following suppress the word “cumu-
lative” as a specification of the estimated sero-preva-
lence. In order to estimate the population prevalence, 
sero-prevalence estimates (adjusted and unadjusted for 
the sensitivity and specificity of the test) were computed 
using a weighting scheme. First, sampling weights for 
each participant at baseline were calculated according 
to the sampling design of the cohort [21]. These weights 
were then corrected for the attrition observed at each fol-
low-up, modelling the underlying non-response mecha-
nism [24]. The resulting weights were finally calibrated 
on the updated Munich structure at each round regard-
ing age, sex, country of birth, presence of children in the 
household and single member households distributions 
[25]. For the last three follow-ups (March, August and 
November 2021), information on the vaccination status 
of the participants was assessed via questionnaires. The 
missing values (30% for Follow-up 2, 27% for Follow-up 3 
and 8% for Follow-up 4) were imputed via multiple impu-
tation (m = 100) crossing for each round the vaccination 
status with the information on the immune response (Ro-
N-Ig and Ro-RBD-Ig results). The probability p of being 
vaccinated was estimated for each of the four anti-N and 
anti-S combinations for each of the imputed datasets and 
each Follow-up 2 to 4, see e.g. the values of one imputed 
dataset for Follow-up 4 in Table 1. The results for Follow-
up 3 are comparable to these ones. At the beginning of 
the vaccination campaign (Follow-up 2), the probabili-
ties to be vaccinated were lower, especially for anti-S and 
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anti-N positive ( p = 0.06 ) with mostly only infected (and 
non vaccinated) persons.

The imputation was performed using a Bernoulli distri-
bution with probability p for each participant with miss-
ing information.

Considering both Ro-RBD-Ig results and the ques-
tionnaire data, in the last two follow-ups 93% and 97%, 
respectively, of the participants could be assumed 
vaccinated. In contrast, the city of Munich reported 
that approximately 68% and 76%, respectively, of the 

Fig. 2 Cohort description based on the ever‑positive principle, i.e. anti‑N sero‑positivity remains for all rounds after sero‑conversion, 
independently of other blood results or if missing. A Change of serological status of participants: only infected (anti‑N ever positive and stated 
to be non‑vaccinated in the questionnaire), naïve (anti‑N and anti‑S always negative), vaccinated (only anti‑S ever positive), infected & vaccinated 
(in previous round only anti‑S positive, or stated to be vaccinated in the questionnaire), infected without information on vaccination (infected, 
undefined vaccination) and non‑responders/missing. B Observed responder behaviours. Left legend: number of participants. Right legend: number 
of missing rounds. Bottom legend: number of missing samples per round
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population older than 14 years have been vaccinated [26]. 
The calibration of the cohort results is hence of crucial 
importance. The variance associated with the calibrated 
sero-prevalence estimates was computed using lineari-
sation [25] and residual [25, 27] techniques. This vari-
ance accounts for the uncertainty due to the different 
stages of the sampling design (selection of the constitu-
encies and of the households), the non-response mecha-
nism [28] and the calibration process. As a sensitivity 
analysis, unweighted sero-prevalence estimates were 
also computed together with their uncertainty. The vari-
ance was determined by a nonparametric cluster boot-
strap procedure that accounts for household clustering 
[29]. The sero-prevalence estimates were calculated in 
each of the 5000 bootstrap samples (sampling of house-
holds with replacement), and the variance of these 5000 
estimates provided the uncertainty of the unweighted 
estimates. Finally, the variability associated with the 
multiple imputation procedure was added to the vari-
ance of the (weighted and unweighted) sero-prevalence 
estimates following the approach detailed in Honaker 
et al. (2011) [30]. In short, the final variance estimate V  
is a combination of the average of the variance estimates 
Vj , j = 1, . . . ,m (described above) over the m replica-
tions and the variance of the m sero-prevalence estimates 
θj , j = 1, . . . ,m:

The final sero-prevalence estimates were obtained 
using the means of the m estimates, and 95% confidence 
intervals were computed assuming a normal distribution.

Breakthrough infections (BTI) are defined as newly 
infected participants after vaccination. The correspond-
ing SARS-CoV-2-related serological spectrum is hence 
given by: anti-N negative but anti-S positive in the past 
and anti-N positive for a given next round (Fig.  1B). 
Accordingly, newly anti-N positive cases without anti-S 
antibodies in the previous rounds were defined as infec-
tions of naïve subjects (INS). While these estimates could 
be adjusted for the sensitivity and specificity of the test, 

V =
1

m
m
j=1Vj + S2 1+

1

m
,with S2 =

1

m− 1

m
j=1 θj − θ

2

we report in the results Sect.  95% confidence intervals 
(CI) for the ratio INS/BTI without adjustment. Indeed, 
the calculation of the variance requires information at 
the individual level (enabling accounting for the sampling 
design, the non-response, the calibration and the multi-
ple imputation), while the adjustment of the incidence 
rates is done directly on the estimates.

Of interest were also risk factors for infection, with 
the aim to model when, in the course of the pandemic 
period, the infection (anti-N positiveness) occurred. 
Right censoring was adopted for anti-N negative partici-
pants at the end of the observation period, Follow-up 4. 
An extended Cox regression model [31, 32] was applied 
to assess which baseline risk factors increase or decrease 
the risk of infection. Since positivity of individuals in 
one household might depend on each other (resulting in 
a potential high intra-cluster correlation [33]), the Cox 
regression model follows the count process formulation 
of Anderson and Gill [31] to adjust for intra-household 
clustering in the data obtaining robust standard error 
estimates.

The non-response mechanism (Fig. 2B) over the differ-
ent rounds of interrogation was studied using a logistic 
regression. The missingness in the explanatory variables 
was corrected by multiple imputation with m = 5 replica-
tions (Table 2). Due to a high number of missing values 
on the income (Supplemental Figure S1), a sensitivity 
analysis was performed considering complete cases for 
all covariates, except for the income where an indicator 
variable for missingness was used (Supplemental Table 
S1). The results are similar between the two analyses.

In both the risk factor analysis and the non-response 
mechanism analysis, for explanatory variables with two 
categories, a constraint to zero for one category (e.g. 
females vs. males) was used. For covariates with three 
and more categories, a sum-to-zero constraint (i.e. com-
pare each category to the average) was applied.

Results
Cohort development
Since anti-S becomes positive after vaccination but also 
after infection, the definition of being vaccinated for 
infected persons was obtained using the questionnaires 
when available (Fig. 1B). When describing the changes of 
antibody statuses over time, historical information needs 
to be taken into account. Figure  2A applies the defini-
tion of „ever positiveness “ (see Supplemental Figure S2 
for an alternative serological description) and consid-
ers the following major categories: only infected (anti-N 
ever positive, and vaccination excluded based on other 
information), naïve (anti-N and anti-S never positive), 
vaccinated (only anti-S ever positive), and infected & vac-
cinated (anti-N positive after anti-S positive, or anti-N 

Table 1 Estimated probabilities to be vaccinated used for the 
imputation of the vaccination status during Follow‑up 4

Anti-S negative may occur after vaccination in case of a delayed or an absence of 
antibody response. Moreover, Ro-RBD-Ig (anti-S) with a cut-off at 0.115 does not 
provide 100% sensitivity and specificity

Anti-N

Positive Negative

Anti‑S Positive p = 0.94 p = 0.99

Negative p = 0 p = 0.19
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Table 2 Non‑response mechanism at the different follow‑ups using multiple imputation

Variable Categories Follow-up 2 Follow-up 3 Follow-up 4

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Sex Male 0.81 [0.66; 0.98] * 0.97 [0.82; 1.15] 0.83 [0.69; 0.99] *

Age (years) 14–19 0.82 [0.49; 1.37] 0.59 [0.36; 0.97] * 0.61 [0.36; 1.05]

20–34 0.59 [0.45; 0.76] *** 0.55 [0.43; 0.69] *** 0.62 [0.49; 0.78] ***

35–49 0.86 [0.67; 1.11] 1.02 [0.81; 1.30] 0.89 [0.70; 1.15]

50–64 1.47 [1.15; 1.88] ** 1.41 [1.13; 1.76] ** 1.57 [1.24; 1.98] ***

65–79 1.87 [1.36; 2.58] *** 2.01 [1.46; 2.75] *** 1.28 [0.95; 1.71]

80 + 0.88 [0.57; 1.35] 1.06 [0.69; 1.63] 1.48 [0.96; 2.28]

Birth country Not Germany 0.98 [0.76; 1.27] 0.59 [0.47; 0.74] *** 0.63 [0.50; 0.79] ***

Level of education In school 1.00 [0.58; 1.73] 0.88 [0.52; 1.50] 1.00 [0.57; 1.76]

< 12 years 0.94 [0.69; 1.27] 1.10 [0.83; 1.46] 0.93 [0.69; 1.24]

≥ 12 years 1.06 [0.78; 1.45] 1.03 [0.77; 1.37] 1.08 [0.78; 1.48]

Employment status Employed 1.07 [0.86; 1.32] 1.06 [0.87; 1.30] 0.98 [0.78; 1.22]

Self employed 0.89 [0.65; 1.23] 0.85 [0.65; 1.11] 0.90 [0.68; 1.20]

Unemployed 0.75 [0.57; 0.99] * 1.27 [1.00; 1.62] 1.18 [0.90; 1.54]

Others 1.40 [0.84; 2.32] 0.87 [0.58; 1.31] 0.96 [0.59; 1.58]

Risk employment Yes 0.85 [0.63; 1.14] 1.10 [0.86; 1.41] 1.05 [0.82; 1.34]

Smoking status Non smoker 1.00 [0.87; 1.16] 1.17 [1.03; 1.33] * 0.96 [0.84; 1.09]

Past smoker 0.92 [0.78; 1.09] 1.01 [0.87; 1.19] 1.00 [0.87; 1.15]

Current smoker 1.08 [0.91; 1.29] 0.84 [0.72; 0.98] * 1.05 [0.89; 1.23]

General health Not good 0.61 [0.42; 0.88] ** 0.84 [0.60; 1.18] 0.59 [0.41; 0.85] **

Good 0.92 [0.73; 1.15] 1.08 [0.91; 1.28] 0.90 [0.75; 1.08]

Very good 1.28 [1.05; 1.54] * 1.03 [0.88; 1.21] 1.19 [0.99; 1.44]

Excellent 1.39 [1.11; 1.76] ** 1.07 [0.86; 1.33] 1.57 [1.25; 1.97] ***

Respiratory allergies Yes 0.92 [0.71; 1.19] 1.39 [1.10; 1.74] ** 0.83 [0.67; 1.02]

Diabetes Yes 1.37 [0.83; 2.28] 0.78 [0.48; 1.29] 0.81 [0.51; 1.30]

CVD Yes 1.10 [0.75; 1.60] 1.16 [0.87; 1.54] 1.15 [0.83; 1.58]

Obesity Yes 0.86 [0.50; 1.50] 0.89 [0.60; 1.31] 1.01 [0.67; 1.51]

Cancer Yes 0.87 [0.53; 1.43] 0.98 [0.58; 1.67] 1.02 [0.64; 1.63]

Lung disease Yes 0.93 [0.59; 1.45] 0.81 [0.58; 1.14] 0.97 [0.69; 1.36]

Skin allergies Yes 1.12 [0.81; 1.55] 0.98 [0.76; 1.27] 1.18 [0.90; 1.54]

Autoimmune disease Yes 1.28 [0.74; 2.22] 0.97 [0.68; 1.40] 1.34 [0.86; 2.08]

Household type Single 1.23 [0.93; 1.62] 1.25 [0.96; 1.62] 0.94 [0.73; 1.21]

Couple 1.24 [1.03; 1.49] * 1.10 [0.94; 1.29] 1.19 [1.01; 1.40] *

Family 0.85 [0.69; 1.06] 0.86 [0.70; 1.06] 0.89 [0.73; 1.10]

Others 0.77 [0.61; 0.98] * 0.85 [0.68; 1.06] 1.00 [0.78; 1.29]

Household income (Euro)  ≤ 2500 0.84 [0.67; 1.05] 0.81 [0.63; 1.04] 0.94 [0.75; 1.17]

2501–4000 1.01 [0.78; 1.30] 0.91 [0.76; 1.10] 0.92 [0.78; 1.08]

4001–6000 1.13 [0.95; 1.33] 1.16 [0.92; 1.46] 1.09 [0.92; 1.28]

6001 + 1.05 [0.76; 1.44] 1.16 [0.94; 1.44] 1.07 [0.87; 1.32]

Living area/inhabitant (sqm/individual)  ≤ 30 1.13 [0.92; 1.38] 0.97 [0.81; 1.17] 0.96 [0.80; 1.16]

31–40 1.03 [0.86; 1.23] 0.88 [0.75; 1.03] 1.02 [0.86; 1.21]

41–55 0.91 [0.74; 1.10] 1.27 [1.06; 1.51] * 1.10 [0.91; 1.33]

56 + 0.95 [0.74; 1.22] 0.92 [0.74; 1.15] 0.92 [0.75; 1.15]

Building type (nb of apartments) 1–2 1.24 [1.02; 1.51] * 0.90 [0.76; 1.08] 1.11 [0.92; 1.33]

3–4 0.91 [0.70; 1.19] 1.48 [1.14; 1.91] ** 1.03 [0.80; 1.31]

5 + 0.88 [0.75; 1.04] 0.75 [0.64; 0.88] *** 0.88 [0.75; 1.03]

Seropositivity in the previous rounds Negative 4.52 [3.78; 5.40] *** 5.42 [4.74; 6.19] *** 5.27 [4.63; 6.01] ***

Positive 2.01 [1.48; 2.72] *** 1.88 [1.54; 2.30] *** 1.90 [1.57; 2.31] ***

Missing 0.11 [0.09; 0.13] *** 0.10 [0.08; 0.12] *** 0.10 [0.09; 0.12] ***

Variables with 2 categories have contrasts with one category set to 0. For variables with 3 and more categories, constraint sum-to-zero contrasts was applied
OR odds ratio
p-value: *** p < 0.001; ** p < 0.01; * p < 0.05
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positive with respective questionnaire information). 
From Follow-up 2 on, participants started moving from 
the naïve to the vaccinated status, which became the most 
prominent stage in Follow-ups 3 and 4. The status of non-
responders is labelled as missing: 64% (3396/5313) of the 
participants gave blood in all rounds, 11% (578/5313) / 
8% (401/5313) / 6% (332/5313) had exactly one/two/three 
rounds missing, and 11% (606/5313) dropped out for all 
four follow-ups after the baseline measurement (Fig. 2B). 
Some non-responders still answered back in subsequent 
round(s), thus moving away from stage missing. Overall, 
the response rate was satisfactory (83% Follow-up 1; 82% 
Follow-up 2; 73% Follow-up 3; 71% Follow-up 4; Fig. 2B), 
especially considering the duration of the cohort.

Non-responder analyses
The non-response mechanism for the Follow-up 1 was 
previously presented [20]. We show the results for 
the last three follow-ups (Table  2). Females and par-
ticipants between 50 and 79  years were more likely to 
take part to the follow-ups, while young participants 
(age < 35  years old) together with participants with a 
migration background were less likely to participate. 
People who reported a bad general health condition 
tended to drop out of the cohort while those with excel-
lent health continued answering to the survey. Couples 
were slightly more likely to provide blood samples than 
other household types. Members of a household with a 
low or medium-to-low income were less likely to take 
part in the survey in comparison to households with a 
medium-to-high or high income, even though the dif-
ferences were not significant (see Supplemental Table S1 
for sensitivity analysis). During Follow-up 2, households 
in buildings with 1–2 apartments tended to answer more 
often, while during Follow-up 3, those living in buildings 
with 3–4 apartments answered more often. Households 
in buildings with 5 or more apartments answered less 
often. Participants not taking part in one previous round 
of interrogation were less likely to take part in the next 
rounds. Having at least one positive anti-N serological 
result in the previous rounds lead to a lower response 
rate in the next follow-ups in comparison to always hav-
ing negative anti-N results in the past. All other covari-
ates investigated in the non-response mechanism (level 
of education, employment status, smoking status, etc.) 
showed no or negligible association to the response 
behaviour.

SARS-CoV-2 sero-prevalence, underreporting factor 
and sero-incidence over time
The blue estimate in Fig. 3A shows the calibrated cumu-
lative sero-prevalence (adjusted for sensitivity and 

specificity) in private households for the Munich popula-
tion 14 years and older:

– Baseline: 1.6% (1.1 – 2.1%),
– Follow-up 1: 4.1% (3.3%—4.9%), and after adjustment 

for vaccination status
– Follow-up 2: 7.3% (6.1—8.5%),
– Follow-up 3: 12.4% (10.7—14.1%),
– Follow-up 4: 14.5% (12.7—16.2%).

Without adjustment for vaccination status for the Fol-
low-ups 3 and 4, the sero-prevalence would have been 
significantly lower: 8.5% (7.2-9.8%) for August 2021 and 
10.5% (9.1-11.9%) for November 2021. Indeed, the pro-
portion of vaccinated persons is greater in the cohort in 
comparison to the general Munich population. There-
fore, the calibration on the vaccination status increases 
the weight of the participants who are not vaccinated. 
The sero-prevalence being greater in the non-vaccinated 
population (see below and Fig. 3C), the overall sero-prev-
alence, including both vaccinated and non-vaccinated, 
also increases with the calibration.

The official number of positive cases is reported in 
pink in Fig.  3A for the general population of Munich 
(including institutions like nursing homes and poten-
tial reinfections). Considering that the KoCo19 cohort 
is limited to private households and that the estimated 
sero-prevalence does not account for multiple infec-
tions, a comparison of this estimate with the official 
number over time allows us to estimate a lower bound 
for the underreporting factor (with the false assump-
tion that all cases reported by the authorities occurred 
in private households and neglecting reinfections). 
The estimated underreporting factor changed over the 
rounds:

– Baseline: 3.4 (2.4 – 4.4),
– Follow-up 1: 1.3 (1.0 – 1.6),
– Follow-up 2: 1.8 (1.5 – 2.1),
– Follow-up 3: 2.3 (2.0 – 2.6),
– Follow-up 4: 2.2 (2.0—2.5).

Figure 3B depicts the sero-incidence (adjusted for sen-
sitivity and specificity), i.e. the percentage of new infec-
tions between two consecutive rounds:

– Follow-up 1: 2.0% (1.4—2.7%),
– Follow-up 2: 3.1% (2.3—3.9%),
– Follow-up 3: 3.2% (2.5—3.9%),
– Follow-up 4: 2.4% (1.4—3.4%),

with the time interval between Follow-ups 3 and 4 being 
rather short (three months).
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Breakthrough infections in the Munich population
To better understand the effect of the vaccination cam-
paign (see also next section), the calibrated cumulative 
sero-prevalence was split between vaccinated versus 
non-vaccinated people (Fig. 3C):

– Follow-up 2: 3.1% (0.5% - 5.6%) versus 7.8% (6.6 – 
9.1%),

– Follow-up 3: 8.5% (6.6 – 10.4%) versus 20.6% (16.2 - 
25.0%) and

– Follow-up 4: 11.8% (9.8 - 13.8%) versus 22.9% (18.5 
- 27.4%).

The sero-prevalence of the vaccinated group is lower 
compared to the non-vaccinated group.

Figure 3D compares the adjusted (for sensitivity and 
specificity) incidence rates for BTI versus INS over the 
rounds:

– Follow-up 3: 1.3% (0 - 3.7%) versus 3.3% (2.6 - 4%) and
– Follow-up 4: 1.8% (0.6 - 2.9%) versus 4.1% (2.3 - 

5.9%).

In August and November 2021, incidence rates of 
INS were greater than the ones of BTI. Significant 

Fig. 3 A Weighted and unweighted cumulative anti‑N sero‑prevalence in private households and official numbers of cases reported 
by the authorities for the Munich population older than 13 years. B Weighted and unweighted anti‑N sero‑incidence. C Anti‑N sero‑prevalence 
estimates calibrated on the number of vaccinated people split according to the vaccination status of the same round. D Calibrated estimates 
for the infection of naïve subjects and breakthrough infections. E Prevalence and incidence of vaccination in Munich (official numbers). F Relative 
frequencies according to the infection and vaccination status
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differences between unadjusted INS and BTI incidence 
rates (INS/BTI) could however not be achieved:

– Follow-up 3: ratio of 2.8 (0 - 7.7) and
– Follow-up 4: 2.1 (0.7 - 3.6).

The low sample sizes led to low power and may thus 
have implied the non-significant findings: In Follow-
up 2, the low number of vaccinated persons led to high 
uncertainty in the estimation of BTI in Follow-up 3; 
vice versa, in Follow-up 3, the low number of non-vac-
cinated persons led to high uncertainty in the estima-
tion of INS in Follow-up 4.

The vaccination campaign in the Munich population
The introduction of vaccination quickly changed 
the SARS-CoV-2-related serological spectrum of the 
Munich population. The percentage of the Munich 
population presenting antibodies against the virus 
(either anti-S after infection and/or vaccination and/or 
anti-N antibodies after infection) increased fast over 
time:

– Follow-up 2: 11.2% (9.6 - 12.8%),
– Follow-up 3: 74.2% (72.6 – 75.8%),
– Follow-up 4: 86.8% (85.8 - 87.9%).

Even though the cumulative sero-prevalence and the 
sero-incidence seemed to be higher among the non-
vaccinated population compared to the vaccinated 
population (Fig. 3C and D), BTI contributed relevantly 
to the community spread, considering that the size of 
the population of vaccinated people was much larger 
than the non-vaccinated one during the last rounds of 
interrogation (Fig. 3E). Figure 3F illustrates this effect 
in more detail. The proportion of people vaccinated 
and infected increased over time, up to Follow-up 4 
where this proportion was significantly greater than 
the one of infected and non-vaccinated people. This 
figure also shows that the proportion of the population 
without any antibodies related to SARS-CoV-2 (non-
vaccinated and non-infected) was decreasing over 
time, while the share of people vaccinated and non-
infected increased (cf. Fig. 2A).

Risk factors for SARS-CoV-2 sero-prevalence
The results of the risk factor analysis can be found in 
Fig.  4. The extended Cox regression model suggests 
that being born outside Germany (hazard ratio (HR) 
1.36, 95% confidence interval (CI) 1.01–1.85) and hav-
ing a job with a high potential of contact to COVID-19 
cases (HR 1.31, 95% CI 1.00–1.70) were risk factors for 

SARS-CoV-2 sero-positivity. Living area of 30–40 square 
meters per inhabitant presented a slightly higher risk of 
infection (HR 1.27, 95% CI 1.01–1.59), while for 40–55 
square meters per inhabitant the risk decreased (HR 0.74, 
95% CI 0.57–0.97), compared to the average Hazard of 
all categories of living area. All other socio-demographic 
(sex, age, level of education, employment status, build-
ing type, household income) and health-related variables 
(smoking status, general health status, different diseases 
and drug intakes) were not identified as risk factors for 
infection.

Household and neighbourhood clustering of SARS-CoV-2 
cases
SARS-CoV-2 transmission within households was found 
to be highly significant for baseline [33] and Follow-up 1 
[20] analyses and was confirmed until Follow-up 4 (Sup-
plemental Figure S3). While the overall picture obtained 
in recent rounds showed a lower-than-expected mean 
variance at 500  m as well, we now could not find suffi-
cient proof of spatial clustering beyond household level, 
especially if one adjusted p-values for multiple testing.

Discussion
We present the development of the SARS-CoV-2 pan-
demic in the municipality of Munich. To estimate the real 
number of SARS-CoV-2 infections, the members of the 
prospective KoCo19 cohort were asked five times to give 
their blood for study purposes between spring 2020 and 
fall 2021. SARS-CoV-2 antibodies generated by silent or 
symptomatic infections and/or vaccination could hence 
be measured. We could show that the sero-prevalence 
drastically increased over time, from 1.6% during the 
baseline to 14.5% in Follow-up 4, with a relevant under-
reporting bias. Risk factors for SARS-CoV-2 sero-posi-
tivity, such as being born outside of Germany, living area 
per inhabitant and working in a job with high potential 
of contact with COVID-19, could be identified together 
with household clustering.

Sero-prevalence was still low towards the end of the 
first pandemic wave and increased drastically in every 
follow-up. Comparison of our results with official num-
bers reveals an underreporting factor that changes over 
time. These changes might result from different test-
ing policies as well as different variants of the virus. 
The estimates present lower bounds of the true under-
reporting factor, since our study focused on private 
households whereas the official number of reported 
cases included institutions (like nursing homes) as well. 
Moreover, potential reinfections counted in the official 
numbers were here neglected. Indeed, our study focuses 
on the pandemic from its beginning to the Delta variant, 
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before the spread of the Omicron variant. Therefore, the 
low number of reinfections did not play a major role dur-
ing this period [34–36].

In our data it was possible to separate infection of 
naïve subjects from breakthrough infections in low- 
and high-incidence time periods. In all follow-ups, 
our results indicate a contribution of breakthrough 

infections to the spread of SARS-CoV-2. The findings 
presented here, based on serology, contribute to cur-
rent knowledge so far derived from PCR test results. 
The number of breakthrough infections detected 
based on PCR tests that were either done routinely, 
because of symptoms or among case contacts [37, 38] 
might miss an important number of silent infections, 

Fig. 4 Association between potential risk factors and SARS‑CoV‑2 sero‑positivity taking into account time between baseline and Follow‑up 
4; events are thus right‑censored. Results are based on multiple imputation. The main individual level risk factors were country of birth 
outside Germany and being employed in a job more in contact with the epidemic. Living in an apartment with a living area of 30–40 square meters 
per inhabitant revealed a slightly higher risk, while for 40–55 square meters per inhabitant the hazard ratio decreased
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especially as vaccinated individuals tend to have less 
pronounced symptoms. In our cohort, only a small part 
was fully vaccinated until March 2021 (Follow-up 2), 
given the vaccination scheme in Germany at that time. 
This resulted in a wide confidence interval for break-
through infections during the next follow-up. During 
August 2021 (Follow-up 3), almost the complete cohort 
got vaccinated and therefore, the estimation uncer-
tainty for breakthrough infections during Follow-up 
4 decreased. 99.4% of the people stating vaccination 
in the questionnaire sero-converted in anti-S, indicat-
ing a good efficacy of the vaccinations. In concordance 
with other studies [39, 40], a considerable proportion 
of breakthrough infections was detected. Our results as 
well as other studies suggest that vaccination lowers the 
risk of infection [41]. Moreover, the share of infected 
persons (sero-prevalence) was shown to be greater 
in the non-vaccinated population in comparison to 
the vaccinated one. The sero-incidence of (most likely 
asymptomatic) infections among vaccinated people in 
the population was lower than the one in non-vacci-
nated people; however, the difference was statistically 
non-significant. BTIs might thus relevantly contribute 
to the community spread, considering also the fact that 
the vaccinated population was much larger compared 
to the non-vaccinated one. This might be even more 
relevant for highly transmissible variants like Omicron.

With an increasing prevalence of vaccination in the 
population, silent infections or persons presenting only 
mild symptoms are common. In this context, population-
based sero-prevalence studies are important to estimate 
the true population prevalence. A couple of German 
cross-sectional population-based sero-prevalence stud-
ies were published especially during the first and second 
wave of the pandemic [42–44]. To our knowledge, all 
these studies stopped by mid 2021, leaving our cohort as 
the only one.

In our first analysis [33], an increased (albeit not sta-
tistically significant) risk of infection of having a job with 
a high potential of contact to COVID-19 cases could 
be found. With this analysis the risk factor became sta-
tistically significant, which is in line with other studies 
[45–47]. The World Health Organisation reported that 
among the COVID-19 cases reported worldwide, 14% 
belong to the group of healthcare workers, whereas in 
most countries this group represents less than 3% of the 
general population [48].

Participants with a living area between 31 and 40 
square meters per inhabitant showed a significantly 
increased risk for infection, while the risk of the group 
with a living area between 41 and 55 square meters 
per inhabitant significantly decreased. Considering 
the number of household members, we found that 56% 

(76%) of the households with 31 - 40 (41—55) squared 
meters per inhabitant also have only one or two house-
hold members. Knowing that a larger household size 
implies more possible infectious contacts [49–51] sug-
gests that the risk also depends on the household com-
position: Less members are associated to lower risk of 
infection. Household size is included in the model but 
does not show any significant effect, also not as inter-
action term, although the risk of infection seems to 
become higher with more household members (Fig. 4). 
This might be due to the fact that the variables house-
hold size, living area per inhabitant and building type 
all describe the living situation, with difficulties in sepa-
rating the risk effects. Nevertheless, no multicollinear-
ity issues were detected for this analysis.

Beside the two aforementioned risks for infection 
and being born outside Germany, no other socio-
demographic or health-related risk factors were iden-
tified in our study. These results should rather be seen 
as exploratory than confirmatory, considering that we 
made no adjustment for multiple testing.

Major strengths of our study are its population-based 
approach, the appropriate weighting of results for the 
general Munich population, the high number of par-
ticipants, the thorough validation of the assays used, 
and the use of validated questionnaire items. The over-
all response to the study was high compared to other 
population-based epidemiological studies in Germany 
(64% of the participants gave specimens in all rounds) 
[52]. While most participants completed the question-
naire online or on paper, we also provided the alterna-
tive of telephone interviews, which helped increasing 
participation. A relevant limitation of our study is the 
exclusion of children and residents not living in private 
households. While in general, people with migration 
background are less likely to participate in population-
based studies, the lack of translated questionnaires 
further limited the number of migrants participating 
in our study [21]. To increase response, blood samples 
were collected at participants’ homes or via mail with 
the DBS introduction and not at a centralized testing 
facility. Although until now a lot of research has been 
done for the COVID-19 pandemic, definitions like cor-
relate of protection and long COVID symptoms are still 
not fully understood. Therefore, we aim to continue our 
longitudinal prospective representative cohort.

Conclusion
Despite the vaccination campaign, SARS-CoV-2 sero-
prevalence in the Munich general population increased 
drastically towards the end of 2021, but was still below 
20%. The estimated number of infected persons was 
nevertheless at least twice as high as the official number 
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reported by the authorities during the second half 
of 2021. Workers with a high potential of contact to 
infected persons experienced an increased risk of infec-
tion. Breakthrough infections still contribute to the 
community spread, thus we conclude that non-pharma-
ceutical interventions are still relevant, especially in the 
presence of highly transmissible variants like Omicron.
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Additional file 1: Figure S1. Missing pattern in the baseline question‑
naire. Bottom middle: variable analysed for missing information. Bottom 
left: bar chart depicting numbers of missing information for that variable. 
Bottom right: description of intersection pattern between variables (all 
possible combinations of the variables for which a missing information 
was given, from left to right e.g. only income information missing, income 
& living & household type information missing, all variables missing, etc.). 
Top: bar chart depicting the numbers of participants that did not give 
information for that intersection pattern.

Additional file 2: Figure S2. Cohort description based on current lab 
result (in contrast to ever‑positivity as in Figure 2). Change of serologi‑
cal status of participants: only infected (anti‑N positive and stated to be 
non‑vaccinated in the questionnaire), naïve (anti‑N and anti‑S negative), 
vaccinated (only anti‑S positive), infected & vaccinated (anti‑N positive 
and in previous round only anti‑S positive, or anti‑N positive and stated 
to be vaccinated in the questionnaire), infected without information on 
vaccination status (infected, undefined vaccination) and non‑responders/
missing.

Additional file 3: Figure S3. Proximity cluster analysis at Follow‑ups 2 to 
4. The grey points and curves show the distribution of mean within‑cluster 
variances for 10,000 random permutations of cluster assignments. The 
horizontal lines show the observed values. Cluster variables are house‑
holds, buildings, and geospatial clusters of different sizes. Household 
membership was left invariant when considering buildings and geospatial 
clusters. p‑values indicate the one‑sided probability of observing smaller 
than observed values under random cluster assignments. Results indicate 
within‑household clustering and suggest neighbourhood transmission 
only in the cluster with 500m.

Additional file 4: Table S1. Non‑response mechanism at the different 
follow‑ups using complete cases and indicator of missingness for income.
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