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The rate of SARS-CoV-2 infections in children remains unclear due to many asymptomatic
cases. We present a study of cross-sectional seroprevalence surveys of anti-SARS-CoV-2 IgG
in 10,358 children recruited in paediatric hospitals across Germany from June 2020 to May
2021. Seropositivity increased from 2.0% (95% CI 1.6, 2.5) to 10.8% (95% CI 8.7, 12.9) in
March 2021 with little change up to May 2021. Rates increased by migrant background
(2.8%, 4.4% and 7.8% for no, one and two parents born outside Germany). Children under
three were initially 3.6 (95% CI 2.3, 5.7) times more likely to be seropositive with levels
equalising later. The ratio of seropositive cases per recalled infection decreased from 8.6 to
2.8. Since seropositivity exceeds the rate of recalled infections considerably, serologic testing
may provide a more valid estimate of infections, which is required to assess both the spread
and the risk for severe outcomes of SARS-CoV-2 infections.
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W

ith advanced COVID-19 vaccination of the elderly and
adults, the level of infection-derived immunity and
group susceptibility of children becomes an urgent
issue. The contribution of children to the transmission of Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) at the
population level is inﬂuenced by vaccination rates in other age
groups and may change with the emergence of viral variants with
higher viral loads and longer viral shedding1. A German national
registry reported 1647 hospitalised children during January 2020 to
May 2021 with laboratory-conﬁrmed SARS-CoV-2 infections, of
whom about 20% required SARS-CoV-2 associated therapy2.
To date, available evidence indicates that children develop the less
severe diseases than adults3. Because the presentation of COVID-19
in children is mainly asymptomatic or mild, the proportion of
underreported cases in this age group is likely to be particularly
high. Unreported cases, however, may contribute as transmitters to
community outbreaks4. Additionally, knowledge of the proportion
and age range of seropositive children is essential for the design of
control and vaccination strategies.
For more than 1 year from the pandemic onset, Germany
followed relatively rigid strategies to control incidence, involving
full or partial closures of educational and childcare facilities.
Seroprevalence of children in Germany may thus provide an
important reference for comparison with countries that followed
different approaches, particularly in school and education settings.
Previous seroprevalence studies in Germany indicated that reported
case numbers underestimated the rates of infection in children5–7 .
Though previous studies for example from the US, UK or Italy
observed increased infection rates in groups with migrant
background8–10, no data from Germany are available. It is interesting to assess migrant background since it might be a surrogate
for effects of various determinants such as higher risk occupations,
and differences in mobility patterns or household sizes.
Previous studies were temporally and regionally limited, as is
often the case for surveys on the seroprevalence of SARS-CoV-2,
especially in children11–13. Therefore, to date there are no comprehensive data available enabling to study temporal trends and
potentially related factors of COVID-19 seroprevalence of children in Germany.
In this study, we assessed the temporal course of seroprevalence
of SARS-CoV-2 antibodies of children in Germany employing
nationwide, multicentre, cross-sectional seroprevalence surveys.
We report results of a 1-year observation period from June 2020
to May 2021, prior to the onset of general recommendations for
COVID-19 vaccination for children. Differences in age groups,
migrant background and prior recognition of SARS-CoV-2 infections were analysed.
Results
Characteristics of the study population. Information on 10,358
patients, recruited between 1 June 2020, and 31 May 2021, was
available for analysis with a monthly recruiting average of 863
(±SD 220) participants across all 14 study centres. Fig. 1 presents
the proportional contribution to the total study recruitment by
location.
Patients’ characteristics potentially associated with seroprevalence are listed in Table 1. The median age was 10.3 years
(Interquartile Range (IQR) 5.3, 14.3 years). Children under three
accounted for 14.3% (n = 1437) of the study sample, 45.6%
(n = 4727) of the participants were three to 12 years old, and 40.1%
(n = 4152) 12–17-year old. Overall, 37.6% had a migrant background (one [11.7%] or both parents [26.0%] with country of origin
outside Germany) with some variability over the recruitment
months (range 32.6–41.3%). In this hospital-based study, nearly
60% of respondents reported pre-existing conditions.
2

Fig. 1 Distribution of study centres. 14 children’s hospitals, spread all over
Germany, took part in the SARS-CoV-2 study. In total 10,358 pedaitric
patients participated. The proportion of recruitment per study centre range
from 3.6% (373/10358) to 13.4% (1387/10358). *in Munich, two separate
study centres recruited—Paediatric Department of the LudwigMaximilians-University 10.3% and the Technical University Munich 3.1%.

Seroprevalence of SARS-CoV-2 antibodies. Overall, SARS-CoV2 antibodies with OD ratio ≥ 1.1 were detectable in 461 of the
10,358 (4.5%) children. Besides determinants expected to be
signiﬁcantly associated with increased seropositivity per se such
as a ‘test of SARS-CoV-2 infection in the ‘past’ or a ‘history of
respiratory ‘diseases’, age group, country of origin of the parents
and language spoken in the family were found to be signiﬁcantly
associated with seropositivity, while sex and pre-existing medical
conditions were not (Table 1).
Of seropositive children with information of previous respiratory infections, 22.6% (n = 96/424) had one or more respiratory
tract infections with symptoms such as fever or shortness of
breath since March 2020, as opposed to 13.9% in children without
SARS-CoV-2 antibodies (n = 1336/9563, p = <0.0001).
In Germany, the number of infections and measures to contain
the pandemic varied depending on the federal state. Supplementary Fig. 1 shows the point estimates and 95% conﬁdence of the
prevalence of SARS-CoV-2 IgG in the different stages of the
COVID-19 pandemic in Germany stratiﬁed by study centre.
Time course of SARS-CoV-2 seroprevalence. The study started
at the end of the ﬁrst pandemic wave in Germany with an average
seroprevalence of SARS-CoV-2 IgG antibodies of 2.0% (95% CI
1.6, 2.5) in June to September 2020. From October 2020 onwards,
there was an increase to 10.8% (95% CI 8.7, 12.9) until March
2021 with no further major increase to the end of observation in
May 2021 (Fig. 2).
The prevalence of SARS-CoV-2 antibodies was signiﬁcantly
higher in children younger than 3 years (5.4%, n = 28/519) than in
older children (3–11 years, 1.4%, n = 28/1955; >12 years, 1.7%,
n = 30/1770); p < 0.0001) during June to September 2020, resulting
in an odds ratio (OR) of 3.61 (95% CI 2.27; 5.72) to test seropositive
for the comparison of <3-year old with older children during this
time (Fig. 3). The strength of this association was unchanged if

NATURE COMMUNICATIONS | (2022)13:3128 | https://doi.org/10.1038/s41467-022-30482-6 | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30482-6

Table 1 Characteristics of the study population potentially inﬂuencing seroprevalence.
N*
Sex
Male
Female
Age group
< 3 years of age
3–11 years of age
12–17 years of age
Country of origin of parents
Germany (both parents)
Germany (one parent)
Outside Germany (both parents)
Language spoken in the family
German
Other Language
Reason for hospitalisation
Elective treatment
Routine check-up
Referral for inpatient evaluation or parent/patient
education
Emergency
Other
Respiratory infection or pneumonia as reason for
hospitalisation
Yes
No
Test of SARS-CoV-2 infection in the pastc
Yes
No
SARS-CoV-2 test result in the pastc
Positive
Negative
History of respiratory diseases since March 2020
Yes
No
History of pneumonia since March 2020
Yes
No
History of hospitalisation due to pneumonia since March 2020
Yes
No
Past medical history (pre-existing conditions)
Yes
No
Selected pre-existing conditions
Asthma
Yes
No
Mucoviscidosis
Yes
No
Bronchopulmonary dysplasia (BPD)
Yes
No
Heart disease/heart defect
Yes
No
Haematological/oncological disease
Yes
No
Neurological/neuromuscular disease
Yes
No
Congenital or acquired immunodeﬁciency
Yes
No

%a

Proportion of children with SARS-CoV-2 IgG
antibodies

10,338

p-valueb
0.48

5110
5228

49.4
50.6

4.3
4.6

1479
4727
4152

14.3
45.6
40.1

6.6
3.9
4.4

6187
1157
2578

62.4
11.7
26·0

2.8
4.4
7.8

8913
958

90.3
9.7

3.9
8.8

1722
2953
825

22.6
38.7
10.8

5.3
4.0
3.8

1449
674

19.0
8.8

6.0
4.8

10,358

<0.0001*

9922

<0.0001*

9871

<0.0001*

7623

0.02

9867

0.19
291
9576

2.9
97.1

5.8
4.3

4073
6050

40.2
59.8

7.2
2.5

167
3906

4.1
95.9

71.3
4.4

1432
8555

14.3
85.7

6.7
3.8

229
9827

2.3
97.7

10.5
4.2

140
9128

1.5
98.5

10.7
4.2

5788
4288

57.4
42.6

4.4
4.4

627
9314

7.0
93.0

4.5
4.5

172
8723

1.9
98.1

2.3
4.6

81
8729

0.9
99.1

8.6
4.5

430
8531

4.8
95.2

6.1
4.4

489
8394

5.5
94.5

3.7
4.5

712
8161

8.0
92.0

6.5
4.3

211
8556

2.4
97.6

3.3
4.5

10,123

<0.0001*

4073

<0.0001*

9987

<0.0001*

10,056

<0.0001*

9268

0.0001*

10,076

0.98

8941

0.96

8895

0.16

8810

0.07

8961

0.10

8883

0.38

8873

0.008

8767

0.42
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Table 1 (continued)
N*
Autoimmune disease
Yes
No
Metabolic disease
Yes
No
Gastrointestinal disease
Yes
No
Chronic renal disease
Yes
No

%a

Proportion of children with SARS-CoV-2 IgG
antibodies

8879

p-valueb
0.01

962
7917

10.8
89.2

2.9
4.7

528
6231

7.8
92.2

5.5
4.9

615
6106

9.2
90.9

4.1
5.0

265
6436

4.0
96.0

5.7
4.9

6759

0.57

6721

0.30

6701

0.60

*Difference in the absolute number of recruits of 10358 is due to unanswered questions.
aPercentage not adding to 100% is explained by rounding.
bTwo-sided exact p-values for Pearson chi-square (p-values marked with * are <0.05 after Bonferroni correction) for the association to SARS-CoV-2 IgG antibodies.
cQuestionnaire did not specﬁfy the applied test method.
N number of participants with available information, SARS-CoV-2 severe acute respiratory syndrome coronavirus 2, IgG immunoglobulin G.
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Fig. 2 Trends in SARS-CoV-2 seroprevalence from June 2020 to May 2021 in children in Germany. Two-month-average point estimates of the
prevalence of Severe Acute Respiratory Syndrome Coronavirus 2 immunoglobulin G antibodies as determined by an enzyme-linked immunosorbent assay
in blood samples from 10,358 paediatric study participants. The black dots display the respective point estimates of the prevalences and the wkiskers (lines
at the black dots) the 95% conﬁdence intervals of the point estimates. The predicted probability according to a b-spline regression model (grey solid line)
with 95% conﬁdence band (grey dashed lines).

children ≤ 6 months were excluded to rule out the possible
inﬂuence of maternal antibodies (OR 3.56 (95% CI 2.19, 5.79)).
This association decreased in the subsequent pandemic phase
(October 2020 to February 2021: OR 1.43 (95% CI 1.02, 2.02)) since
the seroprevalence increased at a higher rate in children over three
compared to those under three (Fig. 3). In March to May 2021, this
age group difference was no longer apparent (OR 1.00 (95% CI
0.64, 1.56)).
The multivariable logistic regression model conﬁrmed an
increased seropositivity rate for migrant background with an OR
of 1.61 (95%CI 1.16; 2.22) for children with one parent from
abroad and an OR of 2.90 (95% CI 2.35; 3.59) for children with
both parents from abroad compared to children with both
parents having Germany as country of origin. Compared to
12–17-year-old children, age under three was associated with a
signiﬁcantly higher risk of seropositivity with an OR of 1.39 (95%
CI 1.06; 1.82), while the group of 3–11-year old children had a
slightly lower risk with an OR of 0.82 (95% CI 0.66; 1.02).
Accordingly, the temporal courses differed when stratiﬁed by
migrant background (Supplementary Fig. 2) and age group
(Supplementary Fig. 3). The overall curve of the temporal course
4

adjusted for migrant background and age group was almost
identical to the unadjusted curve, visualised in a partial residual
plot (Supplementary Fig. 4). Interaction terms of country of
origin with one parent from abroad and country of origin of both
parents from abroad with time were statistically not signiﬁcant
(p = 0.19, respectively, p = 0.09). In contrast, there was a
signiﬁcant interaction for the age groups and time (<3-year old:
p = 0.0003, respectively, 3–11-year old: p = 0.04 with 12–17-year
old as reference).
Associations with previous SARS-CoV-2 testing. Participants
with recalled previous SARS-CoV-2 testing reported signiﬁcantly
more often a history of respiratory disease, pneumonia or hospitalisation due to pneumonia, and the children were more likely
to have a pre-existing medical history (Supplementary Table 1). A
previous test was more often reported in children with heart
diseases, haematological/oncological disease, neurological/neuromuscular diseases, gastrointestinal or chronic renal diseases. In
contrast, previous testing was not associated with children’s sex,
age or migrant background.
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Fig. 3 Age group-speciﬁc seroprevalence etimates in different phases of the COVID-19 pandemic in Germany. Prevalence of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) immunoglobulin G antibodies as determined by an enzyme-linked immunosorbent assay in blood samples from in
total 10,358 paediatric study participants in the different stages of the COVID-19 pandemic in Germany stratiﬁed by age category. The height of the boxes
displays the respective point estimates of the prevalences and the wiskers indicates the upper and lower 95% conﬁdence limits of these point estimates.

Table 2 Ratio of children with previously reported positive SARS-CoV-2 testǂ to all children with SARS-CoV-2 IgG antibodies, as
determined by an Enzyme-Linked Immunosorbent Assay (ELISA), in different phases of the pandemic according to the date of
study recruitment.

All age groups
Total observation period
Jun–Sep 2020
Oct 2020–Feb 2021
Mar–May 2021
A
Total observation period
Jun–Sep 2020
Oct 2020–Feb 2021
Mar–May 2021
B
Total observation period
Jun–Sep 2020
Oct 2020 – Feb 2021
Mar–May 2021
C
Total observation period
Jun–Sep 2020
Oct 2020–Feb 2021
Mar–May 2021

Previously reported positive SARS-CoV-2 testa (known
infection)

Total-SARS-CoV-2 positive ELISA (IgG
antibodies)

Known: total

119
10
49
60
< 3 years
12
1
7
4
3–11 years
41
3
14
24
12–17 years
66
6
28
32

461
86
208
167

1:
1:
1:
1:

3.9
8.6
4.2
2.8

97
28
44
25

1:
1:
1:
1:

8.1
28
6.3
6.3

183
28
82
73

1:
1:
1:
1:

4.5
9.3
5.9
3.0

181
30
82
69

1:
1:
1:
1:

2.7
5
2.9
2.2

aQuestionnaire did not specify the applied test method.
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2.

Overall, there were 4073 participants with information on
previous SARS-CoV-2 test results, of whom 167 (4.1%) had
received a positive SARS-CoV-2 test result. In 25.8% (n = 119/
461) of the seropositive participants an infection with SARSCoV-2 had been previously diagnosed, which corresponds to
3.9 cases per recalled infection over the entire observation
period (Table 2), while there were reports of previous SARSCoV-2 infections in only 0.5% (n = 48/9897) of the seronegative
participants.
The number of seropositive cases per recalled infection
decreased from 8.6 in June to September 2020 to 2.8 in March
to May 2021 (Table 2). A similar decrease was observed across all

age groups. In each part of the observation period, the detection
rates were lower in the younger age groups, with rates of 1: 6.3 for
children <3 years compared to 1: 3.0 for children aged 3–11 years
and 1: 2.2 for children aged 12–17 years from March to May
2021, respectively (Table 2 A, C).
Prevalence of neutralising antibodies. 143 of the 252 sera,
additionally tested by PRNT, showed an ELISA OD ratio ≥1.1
and 109 an OD ratio <1.1. Neutralising antibodies were found in
55/252 (21.8%) sera. 94.5% of PRNT-50 positive sera showed an
OD ratio ≥1.1 and 0.05% of PRNT-50 positive were within the
ELISA OD ratio borderline range (0.8–1.1), none of the sera with
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OD ratio below 0.8 tested positive for neutralising antibodies
(Supplementary Fig. 5A, B).
ELISA threshold optimisation. ROC analysis yielded different
optimal cut-off values for the ELISA (see Supplementary Methods),
accounting for different absolute estimates of seroprevalence. The
temporal trend of seroprevalence according to b-spline regression
models was similar for all three tested thresholds (Supplementary
Fig. 6). The manufacturer-recommended threshold at OD ratio 1.1
may thus be a valid and useful classiﬁer in paediatric serosurveys,
additionally allowing comparison with adult serosurveys.
External validity of the results. Age and sex distribution in our
study sample compared to the general German population of
children ≤17 years in 2020 was slightly shifted towards older ages,
more pronounced in the female group (Supplementary Fig. 7).
Two-month seroprevalence estimates, standardised for migrant
background, age groups, and study sites, were similar compared
to crude seroprevalence estimates with overlapping conﬁdence
intervals (Supplementary Table 2). External validity is supported
by these comparable estimates.
Discussion
This study reveals a seroprevalence of 10.8% in children by March
2021, admitted to German paediatric hospitals for various reasons, with no major change up to May 2021. The steepest increase
was observed in the second wave of the pandemic. The time trend
in seropositivity rates varied in different age groups and by
migrant background. Whereas seroprevalence studies are thought
to reﬂect the true infection activity at the population level, as
opposed to measurements of point prevalence by RT-PCR, some
caution is required when comparing the present results against
whole population assessments.
A recent seroprevalence study in Bavaria, a federal state of
Germany, found seroprevalence estimates in 1–5 and 6–10-yearold children of 5.6% and 8.4% in February 2021, respectively7.
When we applied these age groups to our data, we found corresponding estimates of 9.8% and 7.8%. Therefore, while the prevalence estimates for 6–10-year-old children agreed well between
the two studies, there seems to be a higher seroprevalence in
young children in the present study. Differences in the utilisation
of medical services (hospital versus private ofﬁces) could contribute to this discrepancy.
One explanation for increased seroprevalence in younger
children from June to September 2020 as observed in our data
may be a different role of household transmission. We were able
to rule out an alternative explanation of infants carrying speciﬁc
antibodies from their mothers, as excluding infants younger than
6 months did not change the results. Young children are likely to
have closer contact with adult virus carriers than older children in
the family. In a meta-analysis, a similar phenomenon was seen for
married couples (higher attack rate)14. As the ﬁrst wave was
characterised by relatively strict closures of childcare and educational settings in Germany, changes in seroprevalence may
reﬂect a gradual change of epidemic patterns, with predominantly
household-based acquisition during the ﬁrst wave and institutional- or community-based acquisition in later periods. There
are several other studies, however mainly regional and often with
small sample sizes, in which similar effects can be observed. A
study in Seattle, US, with a design similar to ours, observed a low
seroprevalence in children in general, but an increased prevalence
in 0–4-year-old children12. Another US hospital-based study, in
Arkansas, demonstrated a strong predominance of seroprevalence
in 1–4-year-old children from April to October 2020, a time when
schools were closed, followed by a re-distribution toward older
6

groups in late 202015. In Croatia, children under 10 had higher
seroprevalence than other age groups after the ﬁrst wave, with the
pattern reversed after the second wave16. In Madrid after the ﬁrst
wave, children aged 0–4 years had a higher seroprevalence
compared to the other age groups17. A comprehensive serosurvey
in Wuhan, China, conducted after the initial outbreak with
subsequent community lockdown in early 2020, identiﬁed an
increased seroprevalence in children aged 0–5 years as compared
to children of all other age groups18. Some caution may thus be
necessary when interpreting population-based studies. The resolution of age categories, and the timing of the ﬁrst wave, may be
critical to analyse patterns of infection across age tiers. Contact
restrictions in place during study periods may have contributed to
the broad impression of signiﬁcantly lower infection levels in
children, while settings with less strict containment measures
showed similar seroprevalence in children and adults. For
instance, age groups <5, 5–18 and 19–45 years all had similar
seroprevalence in South Africa by late 202019. Based on analyses
of attack rates and contact patterns, a study based on contact
tracing data during the 2020 outbreak in China concluded that
children may be slightly less susceptible than adults, but this
difference may be entirely compensated by more intense contact
behaviour20.
Clear population differences in SARS-CoV-2 infection have
been reported since the pandemic outbreak21. The differences
occurred in terms of occupational or age groups, and when
stratiﬁed by ethnicity22. Positivity rates in non-Hispanic, Black,
and Hispanic people aged <18 years were 2.4 and 4.3 times
increased, respectively, compared to the rate within the white
ethnicity group8. Findings from England suggest an important
role of migrant background in paediatric COVID-19 hospitalisation rates and outcome9. The higher prevalence of SARSCoV-2 antibodies in children with migrant background in the
present study resembles these ﬁndings. Causes for differences in
seroprevalence according to migrant background might be
related to temporal and regional variation in incidence, structural and systemic differences such as higher risk occupations,
and differences in mobility patterns or households sizes10. The
volatile interplay of these mechanisms may explain the observed
changes of the effect of migrant background on seropositivity
over time.
Seroprevalence among adults in Germany was estimated at
14% (as of April 2021)23. Preliminary studies in children suggested a somewhat lower seroprevalence in children than in
adults1,6,13.
A gradual increase in testing activity may explain the
increasing detection ratio during the pandemic as observed. In
March to May 2021, a rate of 2.8 seropositive cases per recalled
infection suggests that a higher number of infections in children
than adults still went undetected. A large community-based study
in Germany identiﬁed an underdetection ratio of about 1.8 to 1
for adults of all age groups in the same period24. Interestingly, our
study revealed that the age of the children inﬂuenced the detection rate. The younger the children, the lower the detection ratio,
probably due to a lower testing rate and less frequent occurrence
of symptoms.
During the COVID-19 pandemic, the rate of respiratory tract
infections in children decreased25, potentially reﬂecting the effect
of contact-restricting measures. Respiratory tract infections were
reported more often in seropositive children suggesting that other
respiratory infections might have been contained more efﬁciently.
This study is characterised by a multicentre design and a large
sample size. A further strength is information on preceding
SARS-CoV-2 test results in a serologic study population, allowing
estimation of the proportion of unidentiﬁed infections in children
in different phases of the pandemic. As the questionnaire did not
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specify the timing or applied method of the preceding test (i.e.
serologic, PCR or point-of-care/self-administered) and also not
the timing of previous tests, the absolute estimate of the underdetection ratios might be biased. With regard to change over time,
however, bias will only occur if the number of PCR conﬁrmations
per antigen tests changed.
Detectability of ELISA IgG antibodies might not identify all
preceding infections. Waning immunity is controversial and an
issue in seroprevalence studies. Nevertheless, it should be mentioned that in our data only 0.5% of the seronegative children
reported a preceding SARS-2 infection.
Technically, the choice of cut-off values of applied tests are
additional critical issues in seroprevalence studies. Our sensitivity
analyses gauged the estimator’s uncertainty due to different cutoffs, giving a plausible range for seropositivity.
A further potential limitation may pertain to external validity
since this is not a population-based study cohort. Unfortunately,
we could not validate external validity on the level of the
recruiting study sites because we do not have information on the
number of admitted children and comparative data regarding
recruited and non-recruited patients. However, standardisation
for parents’ country of origin, age groups, and study site did not
account for major changes in the seroprevalence estimates. It is
hard to deﬁne the catchment areas of the individual study sites.
Therefore, we could not account for other determinants such as
average socioeconomic status in the catchment area of each
hospital in the analysis.
Since the result of the ELISA was not fed back to the participants, we do not assume a bias caused by different willingness
to participate due to previous testing. Furthermore, there was
no association between the reason for blood sampling or
past medical history and the occurrence of SARS-CoV-2 IgG
antibodies within the study population (Table 1), suggesting
internal validity.
Additionally, we were not able to identify sibling pairs in our
study. Thus, we cannot exclude that household clustering might
have induced an overestimation of our seroprevalence estimates.
However, we would expect this potential effect small and invariant over time, so that this issue should not have affected the
overall trend of seroprevalence considerably.
After almost 2 years of pandemic, antibodies against SARSCoV-2 were not detectable in the majority of children in Germany, which might reﬂect the effect of differing containment
measures. It is currently impossible to determine the individual
effects of the measures or other pandemic-inﬂuencing determinants on seropositivity. The increase in seroprevalence varied
by age group, with a higher prevalence in young children
during June to September 2020 and by migrant background.
The impact of measures to limit virus spread might have been
improved by approaches taking these factors into account. The
number of infections still to be expected in children might
become a critical challenge for paediatric medical care. The still
substantially higher rate of seropositivity despite increasingly
testing in schools and day care compared to previously
known infections points to the importance of serologic testing
to deﬁne the risk of outcomes related to SARS-CoV-2 infections
in children.
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immunosuppression due to chemotherapy or stem cell transplantation, treatment
due to life-threatening emergencies, and children already vaccinated against SARSCoV-2 were excluded from participation. Repeated participation was not possible.
Additionally, an anonymous parental questionnaire was deployed to obtain
demographic and clinical information. The English version of the questionnaire is
presented in the Supplementary Information.
All blood samples were tested at the routine diagnostic department of the
Charité Medical Centre, Berlin.
A unique, anonymous identiﬁer variable was used to link serum samples and
questionnaires.
Detection of antibodies. We used a commercially available anti-SARS-CoV-2
Enzyme-Linked Immunosorbent Assay (ELISA - Euroimmun Medizinische
Diagnostika AG, Lübeck, Germany) to detect IgG speciﬁc for the S1 domain of
SARS-CoV-2 spike protein26. The batches of the ELISA used are listed in
the Supplementary Information. Brieﬂy, serum samples were analysed at a 1:101
dilution using the automated EUROLabWorkstation ELISA platform. The ELISA
yields an optical density (OD) ratio, the quotient of OD in a sample and OD of a
calibrator tested in parallel, providing a semi-quantitative measure for antibodies in
serum sample. We considered samples with an OD ratio above 1.1 as Anti-SARSCoV-2 IgG positive.
We tested for neutralising antibodies by Plaque Reduction Neutralization
Tests (PRNT) on a subsample of 252 sera, selected to cover the whole range of
ELISA OD ratios. PRNTs were performed as previously described27,28. The
lowest tested serum dilution in log2-dilution series was 1:10. Serum dilutions
causing plaque reductions of 90% (PRNT-90) and 50% (PRNT-50) were
recorded as titres, and sera showing PRNT-50 ≥ 1:20 were classiﬁed as positive
for neutralising antibodies.
We evaluated the manufacturer-recommended ELISA threshold by using
Receiver Operating Characteristic (ROC) analyses based on data of the presence of
neutralising antibodies and recalled infection status.
Technical details for the ELISA, PRNT, and the statistical approach for
evaluating the ELISA threshold are summarised in the Supplementary Methods.
Differences in seroprevalence by sample characteristics. We deﬁned three
categories of migrant background according to whether a foreign country of origin
was reported for both, one or none of the parents. If information on only one
parent was provided, the child was assigned according to this information as
having both or no parents from abroad.
Age was classiﬁed as children aged under three, 3–11-year old, and 12 years
or older, assuming that children of different ages are exposed to the virus to
varying degrees.
For each variable of interest, we calculated point estimates for the prevalence of
SARS-CoV-2 IgG antibodies and 95% conﬁdence intervals (95% CI) based on
individual Wald tests. Pearson chi-square tests using Bonferroni correction were
used for the comparison of average seroprevalence by sample characteristics.
Assessment of the temporal course of seroprevalence. To investigate changes
in seroprevalence over time, we ﬁtted a logistic regression model and plotted the
predicted probability of seropositivity depending on time modelled as a nonlinear b-spline function. Additionally, following a variable selection based on a
priori hypotheses and signiﬁcant associations with seropositivity, we adjusted
this model for the potential confounders migrant background and age group and
assessed interactions of these two variables with time of antibody testing. In
order to visualise the temporal trends of seroprevalence by age and migrant
background, we stratiﬁed the logistic regression model according to each of
these two variables and plotted the resulting b-spline curves of seropositivity,
respectively. Further, we assessed the seroprevalence estimates per age group in
three periods of the pandemic: June 2020 to September 2020 with low nationwide numbers of COVID-19 positive patients per day, October 2020 to February
2021 with the highest number of COVID-19 patients and strict restrictive
measures, and March to May 2021.
In order to minimise potential differences with the overall population of
children in Germany, two-month prevalence estimates were standardised for
migrant background (at least one parent with a country of origin outside Germany
compared to none) and age groups, taking the distribution at the respective study
centre into account. We applied the direct method using the micro census data
201929 and age structure population data provided by the German Federal
Statistical Ofﬁce30.

Methods
Study design. The SARS-CoV-2 KIDS study is a hospital-based, multicentrestudy
including cross-sectional seroprevalence surveys of SARS-CoV-2 Immunoglobulin
G (IgG) in children (aged ≤ 17 years). In 14 paediatric hospitals across Germany,
participants were recruited during their inpatient or outpatient stay, irrespectively
of the medical purpose of the stay. Participation involved parental informed
consent to use blood samples taken for routine clinical procedures for additional
antibody testing against SARS-CoV-2. Children with corrected gestational age less
than 37 completed weeks, severe congenital or acquired immune deﬁciencies,

Associations with previous SARS-CoV-2 testing. We assessed whether participants, who reported to be previously tested differ from participants without being
tested previously by comparing patient characteristics using Pearson chi-square
tests and reported Bonferroni corrected p-values.
In order to identify changes of the detection ratio during the observation period,
we considered a SARS-CoV-2 infection suggested by seropositivity as ‘known’ in
case of a recalled previous positive test on SARS-CoV-2. We estimated the
detection rate, deﬁned as the ratio of children with positive ELISA and ‘known’
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previous infection to all ELISA positive children, by age group and for the three
previously mentioned periods of the pandemic.
The signiﬁcance level was set at 5%. Statistics were calculated using SAS, version
9.4 (SAS Institute Inc., Cary, NC, USA) or R 3.5.1 (R Foundation for Statistical
Computing, Wien, Austria).
Initial ethical approval was obtained from the Ethics Committee of the Medical
Faculty of the Heidelberg University (No. 2020-536N). Ethics committees of the
other study centres subsequently also independently approved the study protocol
(Ethics Committee of the Medical Faculty of the Ludwig-Maximilians-University
Munich No. 20–348, Charité Berlin, Technical University Dresden No. BOEK142042020, Medical Faculty of the HHU Düsseldorf No. 2020-936, Saarland
Medical Association No. 65/20, Hamburg Medical Association No. MC-142/20,
Nordrhein Medical Association No. 2020099, Albert-Ludwigs-University freibug
No. 243/20, Medical Faculty of the RWTH Aachen No. 081/20, Medical Faculty of
the Justus-Liebig University Giessen No. 61/20, MMH Hannover No.
9041_BO_K_2020, Julius-Maximilians University Würzburg No. 92/20_z,
Technical University Munich No. 264/20S). All parents/guardians gave written
informed consent and children assented to the participation when appropriate for
their age.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The raw data shown in the manuscript are subject to controlled access because they are
the subject of ongoing work and will be made available on request to the corresponding
author. Source data are provided with this paper.

Code availability
The code used to generate the presented results is available online under https://osf.io/
am2ck/ https://doi.org/10.17605/OSF.IO/AM2CK).31

Received: 10 December 2021; Accepted: 28 April 2022;

References
1.

Jones, T. C. et al. Estimating infectiousness throughout SARS-CoV-2 infection
course. Science 373, https://doi.org/10.1126/science.abi5273 (2021).
2. Armann, J. et al. Risk factors for hospitalization, disease severity and mortality
in children and adolescents with COVID-19: Results from a nationwide
German registry. Preprint at https://www.medrxiv.org/content/early/2021/06/
13/2021.06.07.21258488 (2021).
3. Viner, R. M. et al. Systematic review of reviews of symptoms and signs of
COVID-19 in children and adolescents. Arch Dis Child, https://doi.org/10.
1136/archdischild-2020-320972 (2020).
4. Stein-Zamir, C. et al. A large COVID-19 outbreak in a high school 10 days
after schools’ reopening, Israel, May 2020. Euro Surveill 25, https://doi.org/10.
2807/1560-7917.ES.2020.25.29.2001352 (2020).
5. Hippich, M. et al. A public health antibody screening indicates a 6-fold higher
SARS-CoV-2 exposure rate than reported cases in children. Med (N. Y) 2,
149–163.e4 (2021).
6. Tönshoff, B. et al. Prevalence of SARS-CoV-2 infection in children and their
parents in Southwest Germany. JAMA Pediatr. 175, 586–593 (2021).
7. Hippich, M. et al. A public health antibody screening indicates a marked
increase of SARS-CoV-2 exposure rate in children during the second wave.
Med (N. Y) 2, 571–572 (2021).
8. Hobbs, C. V. et al. Estimated SARS-CoV-2 seroprevalence in children and
adolescents in Mississippi, May through September 2020. MMWR Morb
Mortal Wkly Rep. 70, 312–315 (2021).
9. Saatci, D. et al. Association between race and COVID-19 outcomes among 2.6
million children in England. JAMA Pediatr. 175, 928–938 (2021).
10. Figueroa, J. F., Wadhera, R. K., Lee, D., Yeh, R. W. & Sommers, B. D.
Community-level factors associated with racial and ethnic disparities In
COVID-19 rates In Massachusetts. Health Aff. (Millwood) 39, 1984–1992
(2020).
11. Comar, M. et al. Prevalence of SARS-CoV-2 infection in Italian pediatric
population: a regional seroepidemiological study. Ital. J. Pediatr. 47, 131
(2021).
12. Dingens, A. S. et al. Serological identiﬁcation of SARS-CoV-2 infections
among children visiting a hospital during the initial Seattle outbreak. Nat.
Commun. 11, 4378 (2020).
8

13. Smith, B. K. et al. Seroprevalence of SARS-CoV-2 antibodies in children and
adults in St. Louis, Missouri, USA. mSphere 6, https://doi.org/10.1128/
mSphere.01207-20 (2021).
14. Madewell, Z. J., Yang, Y., Longini, I. M., Halloran, M. E. & Dean, N. E.
Household transmission of SARS-CoV-2: a systematic review and metaanalysis. JAMA Netw. Open 3, e2031756 (2020).
15. Boehme, K. W. et al. Pediatric SARS-CoV-2 seroprevalence in Arkansas over
the ﬁrst year of the COVID-19 pandemic. J. Pediatric Infect. Dis. Soc., https://
doi.org/10.1093/jpids/piac010 (2022).
16. Vilibic-Cavlek, T. et al. SARS-CoV-2 Seroprevalence and neutralizing
antibody response after the ﬁrst and second COVID-19 pandemic wave in
Croatia. Pathogens 10; https://doi.org/10.3390/pathogens10060774 (2021).
17. Brotons, P. et al. Susceptibility to severe acute respiratory syndrome
coronavirus 2 infection among children and adults: a seroprevalence study of
family households in the Barcelona Metropolitan Region, Spain. Clin. Infect.
Dis. 72, e970–e977 (2021).
18. He, Z. et al. Seroprevalence and humoral immune durability of anti-SARSCoV-2 antibodies in Wuhan, China: a longitudinal, population-level, crosssectional study. Lancet 397, 1075–1084 (2021).
19. Mutevedzi, P. C. et al. Population based SARS-CoV-2 sero-epidemiological
survey and estimated infection incidence and fatality risk in gauteng province,
South Africa. Preprint at https://papers.ssrn.com/sol3/papers.cfm?abstract_
id=3855442 (2021).
20. Zhang, J. et al. Changes in contact patterns shape the dynamics of the
COVID-19 outbreak in China. Science 368, 1481–1486 (2020).
21. Bobrovitz, N. et al. Global seroprevalence of SARS-CoV-2 antibodies: A
systematic review and meta-analysis. PloS one 16, e0252617 (2021).
22. Mathur, R. et al. Ethnic differences in SARS-CoV-2 infection and COVID-19related hospitalisation, intensive care unit admission, and death in 17 million
adults in England: an observational cohort study using the OpenSAFELY
platform. Lancet 397, 1711–1724 (2021).
23. Robert Koch Institute (RKI). RKI - Coronavirus SARS-CoV-2 - Serologische
Untersuchungen von Blutspenden auf Antikörper gegen SARS-CoV-2
(SeBluCo-Studie). Zusammenfassung der Zwischenauswertung mit
Datenstand 03.06.2021. Available at https://www.rki.de/DE/Content/InfAZ/
N/Neuartiges_Coronavirus/Projekte_RKI/SeBluCo_Zwischenbericht.html
(2021).
24. Wild, P. & Universitätsmedizin der Johannes Gutenberg-Universität Mainz,
ed. Die Gutenberg COVID-19 Studie der Universitätsmedizin Mainz. GCS
Dashboard. Available at https://www.unimedizin-mainz.de/GCS/dashboard/#/
app/pages/AktuelleErgebnisse/ergebnisse (2021).
25. Oh, D.-Y. et al. Trends in respiratory virus circulation following COVID-19targeted nonpharmaceutical interventions in Germany, January—September
2020: Analysis of national surveillance data. Lancet Reg. Health Eur. 6, 100112
(2021).
26. Jahrsdörfer, B. et al. Independent side-by-side validation and comparison of
4 serological platforms for SARS-CoV-2 antibody testing. J. Infect. Dis. 223,
796–801 (2021).
27. Wölfel, R. et al. Virological assessment of hospitalized patients with COVID2019. Nature 581, 465–469 (2020).
28. Kreye, J. et al. A therapeutic non-self-reactive SARS-CoV-2 antibody protects
from lung pathology in a COVID-19 Hamster model. Cell 183, 1058–1069.e19
(2020).
29. Petschel, A. 1.2 Bevölkerung mit Migrationshintergrund. 1.2.8 Kinder mit
Migrationshintergrund. In Datenreport 2021—Bevölkerung und Demograﬁe, edited
by Statistisches Bundesamt (Destatis), Wissenschaftszentrum Berlin für
Sozialforschung (WZB) & Bundesinstitut für Bevölkerungsforschung, (BfB), p. 41.
30. German Federal Statistical Ofﬁce. GENESIS-Online: Ergebnis 12411-0006.
Bevölkerung: Deutschland, Stichtag, Altersjahre, Nationalität/Geschlecht/
Familienstand—date 31.12.2020. Available at https://www-genesis.destatis.de/
genesis/online?operation=ﬁnd&suchanweisung_language=de&query=
12411-0006#abreadcrumb (2021).
31. Anna-Lisa Sorg. SARS-CoV-2 KIDS Study. Available at https://osf.io/am2ck/
(2022).

Acknowledgements
The work was supported by funding from the German Federal Ministry of Education and
Research, BMBF (FKZ: 01KI20131A). The sponsor was not involved in the design and
conduct of the study; collection, management, analysis, and interpretation of the data;
preparation, review, or approval of the manuscript; and not in the decision to submit the
manuscript for publication. We thank all parents and patients for participation in the
study. Institute of Social Paediatrics and Adolescent Medicine, Division of Paediatric
Epidemiology, Ludwig-Maximilians-University Munich, Germany: Selina Becht, Veronika Kaiser, Tamara Weindl (Digitisation and validation of questionnaires, support of
study coordination, and communication). Paediatric Infectious Diseases, Department of
Paediatrics, Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany:
Dr. Michael Eichinger (reading the manuscript, constructive suggestions); Giselle Decker

NATURE COMMUNICATIONS | (2022)13:3128 | https://doi.org/10.1038/s41467-022-30482-6 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30482-6

(sera sample collection); Andrea Hilpert (sera sample collection); Claudia FahandezhSaadi (technical assistance). Department of Paediatric Respiratory Medicine, Immunology, and Critical Care Medicine, Charité Universitätsmedizin Berlin, Berlin, Germany:
Joseﬁne Dobbertin-Welsch, Jonathan Groß, Sveva Castelli, Inga Tometten, Mehrak
Yoseﬁ, Songül Yürek (sera sample collection). Department of Paediatrics, University
Hospital, and Medical Faculty Carl Gustav Carus, Technische Universität (TU) Dresden,
Dresden, Germany: Christiane Walther and Caty Ullmann (sera sample collection).
Universities of Giessen and Marburg Lung Centre, German Centre of Lung Research,
Department of Paediatrics, Justus-Liebig-University Giessen, Giessen, Germany: Prof.
Dr. Klaus-Peter Zimmer for his support of the study and all colleagues of the Department
of Paediatrics, especially Platonas Karatsiolis, Oezlem Satirer and Andrea Kessel for sera
sample collection; Mathilda Dana Bach, Janine Lea Glaser and Luisa Gersmann for the
assistance of the study.University Children’s Hospital, University Medical Centre
Hamburg- Eppendorf, Hamburg, Germany: Jan-Philipp Heinrich, Marcus Kania, Yella
Woo. Department of General Paediatrics, Neonatology, Children’s Hospital Medical
Centre, Saarland University Hospital, Homburg/Saar, Germany: Prof. Dr. Michael Zemlin
and Prof. Dr. Arne Simon for their support of the study; Tabea Reinhardt and Tilman
Rohrer for the assistance of the study. Helios Klinikum Krefeld, Krefeld, Germany:
Dr. Andreas Christaras. Dr von Hauner Children’s Hospital, University Hospital, LudwigMaximilians-University, Munich, Germany: Laura Kolberg (study coordination).

ARTICLE

diagnosis of SARS-CoV-2 infection (Pub number 20210190797) of Charité and Euroimmun GmbH.H.v.B. reported receiving honoraria for ongoing reports on the safety
proﬁle of an IgG-product from Octapharma GmBH, honoraria for lectures from CSL
Behring, honoraria for advisory boards from Takeda and Swedish Orphan Biovitrum AB
(publ) (SobiTM) and the ‘treatment guideline for Primary ‘immunodeﬁciencies’ is under
his unpaid leadership. L.N. reported institutional fees for study participation by the
German Centre for Lung Research, Vertex Pharmaceuticals and Boehringer Ingelheim.
He participates on Trial Steering Committee for CF STORM and is the medical leader of
the German CF-registry, and the pharmacovigilance study manager of the ECFSPR.G.H.
reported receiving consulting fees from Sanoﬁ GmbH and honoraria for lectures from
MedUpdate and Abbvie.No other disclosures were reported.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30482-6.
Correspondence and requests for materials should be addressed to Ruediger Von Kries.
Peer review information Nature Communications thanks N. Ahmad Aziz, Heiko Becher
and Ralf Dürrwald for their contribution to the peer review of this work. Peer reviewer
reports are available.

Author contributions
A.-L.S. had full access to all the data in the study and takes responsibility for the integrity
of the data and the accuracy of the data analysis. R.v.K., H.S., A.-L.S: conceptualisation,
study design, funding acquisition, data collection, data analysis, data interpretation,
visualising, writing. C.D., V.C., L.B.: funding acquisition, data collection, data analysis,
data interpretation, writing. I.S.: funding acquisition, project administration. M.J; A.G.;
C.S.: literature search, study design, data collection, study management at the respective
study sites, patient recruitment, data acquisition, writing—review & editing. A.B.: data
analysis, methodology, writing—review & editing. E.V.; N.W.; H.v.B.; F.L.; K.W.; M.H.;
U.S.; C.-M.C.; L.N.; A.C.M.; U.S.-S.; G.H.; M.W.; A.M.J.; T.N.; S.F.-O.; U.v.B.; J.H.; U.B.;
J.G.L.: study management at the respective study sites, patient recruitment, data acquisition, interpreting of data, writing—review & editing

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The study centres received academic research funding from the Federal Ministry of
Education and Research (BMBF) for study planning, study management and reimbursement for the assay of this study. V.C. reported a patent on methods and reagents for

Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2022

NATURE COMMUNICATIONS | (2022)13:3128 | https://doi.org/10.1038/s41467-022-30482-6 | www.nature.com/naturecommunications

9

