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Background: Persistent respiratory symptoms after severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in adults are frequent, and there can be long-term
impairment of pulmonary function. To date, only preliminary evidence is available
on persistent respiratory sequelae of SARS-CoV-2 in children and adolescents. Our
objective was to examine the long-term effects of symptomatic and asymptomatic
SARS-CoV-2 infections on pulmonary function in this age group in a single-center,
controlled, prospective study.

Methods: Participants with serological or polymerase chain reaction-based evidence of
SARS-CoV-2 infection were recruited from a population-based study of seroconversion
rates. Multiple-breath washout (MBW), body plethysmography, and diffusion capacity
testing were performed for children and adolescents. Participants were interviewed
about their symptoms during the acute phase of infection and long-lasting symptoms.
Cases were compared with SARS-CoV-2 seronegative controls from the same
population-based study with and without history of respiratory infection within 6 months
prior to assessment. Primary endpoints were differences in pulmonary function,
including diffusion capacity and MBW, between participants with and without evidence
of SARS-CoV-2 infection. Secondary endpoints included correlation between lung
function and long-lasting symptoms as well as disease severity.

Findings: In total, 73 seropositive children and adolescents (5–18 years) were recruited
after an average of 2.6 months (range 0.4–6.0) following SARS-CoV-2 infection. Among
19 patients (27.1%) who complained of persistent or newly emerged symptoms since
SARS-CoV-2, 8 (11.4%) reported respiratory symptoms. No significant differences were
detected in frequency of abnormal pulmonary function when comparing cases with
45 controls, including 14 (31.1%) with a history of previous infection (SARS-CoV-2:
12, 16.4%; controls: 12, 27.7%; odds ratio 0.54, 95% confidence interval 0.22–1.34).
Only two patients with persistent respiratory symptoms showed abnormal pulmonary
function. Multivariate analysis revealed reduced forced vital capacity (p = 0.012) in
patients with severe SARS-CoV-2 infection.

Interpretation: Pulmonary function is rarely impaired in children and adolescents after
SARS-CoV-2 infection, except from those with severe infection, and did not differ
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between SARS-CoV-2 and other previous infections, suggesting that SARS-CoV-2 is
not more likely to cause pulmonary sequelae than other infections. The discrepancy
between persisting respiratory symptoms and normal pulmonary function suggests a
different underlying pathology such as dysfunctional breathing.

Keywords: COVID-19, SARS-CoV-2, pulmonary function, dyspnea, children, adolescents, LCI

INTRODUCTION

The acute clinical course of children and adolescents with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) infection is typically less severe than that of adults (1).
However, there lies a proportion of adult and pediatric patients
with long-lasting symptoms after symptomatic or asymptomatic
acute infection. Prolonged coronavirus disease 2019 (COVID-19)
consists of all symptoms that persist or newly emerge from 4 to
>12 weeks after acute SARS-CoV-2 infection (2).

In one study, up to 87% of adults hospitalized owing to
COVID-19 reported persistent symptoms (e.g., fatigue, dyspnea,
cough, and gastrointestinal symptoms) approximately 2 months
after SARS-CoV-2 infection (3). In another cohort of inpatients
and outpatients in the same age range, only 4.5% remained
symptomatic, with similar symptoms 8 weeks after COVID-19
(1). There is only preliminary evidence of persistent symptoms
in children. Buonsenso et al. reported that 52.7% of their study
population had at least one persistent symptom ≥ 4 months
after SARS-CoV-2 infection, while 14.7% stated that they had
persistent respiratory issues (4).

Long-lasting deterioration of pulmonary function has
been described in adults (5–7). Lerum et al. reported that
approximately 10% of adults hospitalized with COVID-19 had
reduced forced vital capacity (FVC) and forced expiratory volume
in one second (FEV1), and 24% showed significantly reduced
diffusion capacity at a 3-month follow-up visit (5). However,
there are very few reports in the literature on the frequency and
extent of long-term changes in pulmonary function in children
and adolescents following SARS-CoV-2 infection. Bottino et al.
performed spirometry and diffusion capacity testing in seven
children approximately 2 months after recovery from mild
SARS-CoV-2 infection and did not detect any abnormalities (8).
Lefkin Dobkin et al. came to a similar conclusion in their study,
finding primarily normal results on body plethysmography and
diffusion capacity testing for 15 children with ongoing respiratory
symptoms approximately 3 months after COVID-19 (9). A case
report described ventilation-perfusion inhomogeneities as
possible causes of dyspnea in children and adolescents after
COVID-19 (10). In a cohort of four pediatric patients with
pulmonary hypertension, Morales-Demori et al. observed a mild
decrease in lung function in three patients following SARS-CoV-
2 infection (11). An Italian study examined the cardiopulmonary
function of 115 athletes, most who were adolescents, after mild
or asymptomatic SARS-CoV-2 infection before resuming sports
activities and found slightly better FVC in mildly symptomatic
rather than asymptomatic participants (12).

Evaluating the impact of respiratory sequelae in children is
important since most children worldwide are at risk of infection

with SARS-CoV-2. Also, studies in this field may be informative
regarding the current vaccine guidelines discussion for children
without underlying medical conditions.

We analyzed pulmonary function, including multiple-breath
washout and diffusion capacity testing, in children and
adolescents after COVID-19 and compared their results with
those of a group of controls after excluding cases of SARS-CoV-2
infection. The long-term effects of COVID-19 are compared to
the effects of other infections in children and adolescents.

PATIENTS AND METHODS

Study Design and Population
We conducted a single-center, cross-sectional, prospective study
to assess pulmonary function after COVID-19 in children and
adolescents aged 5–18 years. This study was part of a population-
based study at the University Children’s Hospital of Bochum,
Germany; it assessed the rates of SARS-CoV-2 seroconversion in
children and adolescents in Western Germany (CorKid). In the
CorKid study, children and adolescents were tested for antibodies
against SARS-CoV-2 during their regular check-up visits with
their pediatrician.

We included participants with either polymerase chain
reaction (PCR) and/or antibody-confirmed SARS-CoV-2
infections from August 2020 to March 2021. We recruited
seropositive participants from the CorKid study and PCR-
positive in- and outpatients tested at the University Children’s
Hospital of Bochum or from outpatient care in the region.
Regarding the control group, children aged 5–18 years with
negative antibodies for SARS-CoV-2 and no other evidence of
SARS-CoV-2 infection were recruited from the CorKid study.
Exclusion criteria included inability to undergo lung function
testing and missing written consent.

The participants and/or their guardians answered
questionnaires regarding their medical history, especially
acute and chronic pulmonary diseases, as well as current and
previous medications. Any infections within 6 months prior
to the assessment and their date, duration, and symptoms,
as well as PCR test results for SARS-CoV-2, were recorded.
We also documented persistent symptoms after COVID-19 in
the COVID-19 group.

Based on these data, we subdivided the COVID-19 group
into symptomatic and asymptomatic patients and cases that
showed signs of respiratory tract infections (if cough, rhinitis,
sore throat and/or dyspnea was confirmed) and other types of
cases. The severity of infection was sub-classified as severe or
non-severe. An infection was considered severe if it included
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dyspnea, fever >38.5◦C for ≥ 5 days, bronchitis or pneumonia,
and/or hospitalization for ≥ 1 day. Patients were classified
as having chronic lung disease if they were diagnosed with
pulmonary disease, such as bronchial asthma, or if they had
one of the following: recurrent wheezing, pneumonia in the
year before measurement, previous or current use of inhaled
steroids for at least 4 weeks or long-lasting productive cough
(≥ 8 weeks). We also divided the participants into two groups
(follow-up 0–3 and 4–6 months), depending on the interval
between infection and assessment.

Pulmonary Function Testing
Body plethysmography and diffusing capacity testing for carbon
monoxide (CO) were performed using MasterScreen Body/Diff
(Vyaire, Hoechberg, Germany) based on the American Thoracic
Society/European Respiratory Society guidelines (13, 14). We
measured FEV1, FVC, mean expiratory flow at 75% (MEF75)
and 25% (MEF25), as well as the diffusing capacity of the
lung for carbon monoxide (DLCO) and diffusing capacity
divided by the alveolar volume (DLCO/VA) standardized to
Z-scores using global lung initiative reference values (15, 16).
DLCO and DLCO/VA were adjusted for hemoglobin levels. N2
multiple-breath washout was measured using an Exhalyzer D
(EcoMedics AG, Duernten, Switzerland) based on the current
guidelines (17). We reported lung clearance index of 2.5%
of the starting concentration (LCI2.5%), as recommended. All
pulmonary function tests were perfomed by specially trained staff
and assessed by two pediatric pneumologists blinded to patients’
SARS-CoV-2 status.

Pulmonary function was defined as abnormal if at least
one measured parameter was pathological (LCI2.5% > 7.9,
FVC Z-score, FEV1 Z-score, MEF75 Z-score, MEF25 Z-score,
DLCO Z-score, DLCO/VA Z-score < −1.96) or there was
at least one borderline parameter (LCI2.5% > 7.0, FVC
Z-score, FEV1 Z-score, MEF75 Z-score, MEF25 Z-score, DLCO
Z-score, DLCO/VA Z-score < –1 ≥ –1.96) for two different
pulmonary function tests (N2 multiple-breath washout, body
plethysmography, diffusion capacity).

Imaging of the lungs was performed only when
clinically indicated.

Statistics
The primary endpoints were differences in pulmonary function,
including diffusion capacity and N2 multiple-breath washout
between children and adolescents with and without evidence of
SARS-CoV-2 infection. The secondary endpoints included the
correlation between long-lasting symptoms, disease severity, and
pulmonary function. Outcome variables included lung function
parameters and symptoms at the time of infection and at the time
of measurement. The time between infection and lung function
assessment, severity of infection, underlying medical conditions,
and other infections were considered potential confounders.

Descriptive statistics: We calculated the mean, median, range
and standard deviation for continuous variables. Categorical
values are expressed as absolute values and percentages.

Inferential statistics: Odds ratios (ORs) and 95% confidence
intervals (95% CIs) were calculated for categorical values. Normal

distribution was proven for all pulmonary function parameters
using either the Kolmogorov–Smirnov test or the Levene test.
An independent t-test or analysis of variance was used for
between-group comparisons. A post-hoc analysis was performed
using the least significant difference. All statistical analyses were
performed using SPSS version 27 (SPSS for Windows; SPSS
Inc., Chicago, IL, United States). Differences were considered
statistically significant at p ≤ 0.05.

Ethical Approval
The ethics committee of Ruhr-University, Bochum, Germany,
approved the project (register number: 20-6927). All participants
and/or their parents were informed of the study and provided
written informed consent.

RESULTS

We enrolled 73 patients with confirmed SARS-CoV-2 infection,
26 patients (35.6%) were symptomatic during the acute phase.
Among the 45 participants who served as controls, 14 (31.1%)
had any symptomatic infection other than COVID-19 within
6 months before the assessment, probably and mostly mild
viral infections. Excluding six COVID-19 patients without PCR
results, the mean interval between infection and the date of
testing was similar in both groups (COVID-19: 2.59 months
[range 0.4–6.0]; controls: 3.43 months [range 1.03–6.3]). The
epidemiological data were similar in both groups (Table 1).

Disease severity and infection type did not differ significantly
between the two groups. However, only 70.4% (n = 19)
of children and adolescents with symptomatic SARS-CoV-2
infection showed respiratory symptoms, whereas 92.9% (n = 13)
of the infections in the control group involved the respiratory
tract. Rhinitis and cough were more frequent in the control group
than in the COVID-19 group (rhinitis: OR 0.14, 95% CI 0.03–
0.62; cough: OR 0.24, 95% CI 0.06–0.95). The other assessed
symptoms did not show significant differences between the two
groups (Table 2).

Long-Term Complaints
Data on long-term complaints were only available for 70
participants of the COVID-19 group, 25 with symptomatic
and 45 with asymptomatic SARS-CoV-2 infection. Nineteen
(27.1%) children and adolescents of the COVID-19 group
reported persistent or newly emerged symptoms after SARS-
CoV-2 infection at the time of assessment. For 9 (47.3%) of
them, the interval between acute SARS-CoV-2 infection and
assessment was ≥ 12 weeks. The 19 patients were divided into
9 (47.3%) children and adolescents with symptomatic acute
SARS-CoV-2 infection and 10 (52.6%) with an asymptomatic
course of acute infection. 8 (42.1%) patients reported at least one
respiratory symptom, of whom 6 (75.0%) had ongoing breathing
problems and 2 (25%) had persistent cough (Table 3). The
mean age of children and adolescents with long-term respiratory
symptoms was similar to that of all patients with SARS-CoV-
2 infection (all COVID-19: 10.8 ± 3.3, patients with long-term
respiratory symptoms: 11.8 ± 3.9 [mean ± standard deviation in
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TABLE 1 | Epidemiological data.

COVID-19 patients Controls OR (95% CI)
all COVID-19

vs all
Controls2

OR (95% CI)
COVID-19

symptomatic vs
COVID-19

asymptomatic2

OR (95% CI)
COVID-19

symptomatic
vs Controls

with any other
infection 2

All Symptomatic
infection
within the

past 6 months

Asymptomatic
infection
within the

past 6 months

All Any other
infection
within the

past 6 months

No infection
within the

past 6 months

N 73 27* 46 45 14 31

Sex, female 38 (52.0) 14 (51.9) 24 (52.2) 28 (62.2) 11 (78.6) 17 (54.8) 0.66
(0.31–1.41)

0.99 (0.38–2.56) 0.29
(0.07–1.29)

Age, years,
mean ± SD

10.8 (± 3.3) 10.5 (± 3.2) 11.0 (± 3.3) 10 (± 3.5) 9.1 (± 3.4) 10.4 (± 3.5)

Age group,
5–8 years

21 (28.8) 7 (25.9) 14 (30.4) 18 (40) 8 (57.1) 10 (32.3) 0.61
(0.28–1.32)

0.8 (0.28–2.32) 0.26
(0.07–1.03)

Age group,
9–18 years

52 (71.23) 19 (73.08) 33 (70.01) 27 (60.0) 6 (42.86) 21 (67.74) 1.65
(0.75–3.61)

1.25 (0.43–3.63) 3.81
(0.97–14.91)

Premature birth 4 (5.6)1 2 (8)1 2 (4.4) 5 (11.1) 2 (14.3) 3 (9.7) 0.48
(0.12–1.88)

1.76 (0.23–13.27) 0.48
(0.06–3.83)

History of
admission to
neonatal
intensive care
unit

13 (18.3)1 8 (32)1 5 (10.9) 4 (8.9) 2 (14.3) 2 (6.5) 2.3 (0.7–7.55) 3.45 (1–11.96) 2.53
(0.46–13.96)

With oxygen
supple-
mentation

4 (5.6)1 2 (8)1 2 (4.4) 1 (2.2) 0 1 (3.2) 2.63
(0.28–24.29)

1.76 (0.23–13.27) –

Pulmonary
disease,
previous or
current

17 (23.3) 8 (29.6) 9 (19.6) 10 (22.2) 3 (21.4) 7 (22.6) 1.06
(0.44–2.58)

1.73 (0.58–5.21) 1.54
(0.34–7.06)

SD, standard deviation; OR, odds ratio; CI, confidence interval.
Data are expressed as n (%), unless specified otherwise.
*One patient had a PCR-proven but asymptomatic SARS-CoV-2 infection and detectable antibodies against SARS-CoV-2 a few months after another symptomatic
viral infection.
1missing values n = 2; 2all p > 0.05.

years]). In two patients, these respiratory problems emerged after
asymptomatic SARS-CoV-2 infection. The frequency of long-
term respiratory symptoms was significantly higher for children
and adolescents with symptomatic COVID-19 than that with
an asymptomatic course of infection (symptomatic COVID-19:
6, 24%; asymptomatic COVID-19: 2, 4.4%; OR 6.79, 95% CI
1.25–36.76). 10 (52.6%) patients experienced fatigue; 5 (26.3%)
patients had both persistent respiratory symptoms and fatigue
syndrome. Unfortunately, no data were available on the long-
term complaints of children and adolescents from the control
group with an infection within 6 months prior to assessment.

Pulmonary Function Testing
Overall, 16.4% (n = 12) of the children and adolescents had
abnormal pulmonary function after COVID-19 in relation to
the 27.7% (n = 12) without SARS-CoV-2 infection (OR 0.54,
95% CI 0.22–1.34). 5 (41.7%) controls with abnormal pulmonary
function had an infection within 6 months prior to assessment,
and 4 (33.3%) had a preexisting pulmonary disease. In the
COVID-19 group with abnormal pulmonary function, 4 (33.3%)

had a symptomatic course of acute SARS-CoV-2 infection, 2
(16.7%) had a preexisting pulmonary disease. Comparing all
participants with and without abnormal pulmonary function, no
influence of SARS-CoV-2 status, previous or current pulmonary
disease, symptomatic infection, or severity of infection was
observed. Children and adolescents with symptomatic acute
SARS-CoV-2 infection did not show abnormal pulmonary
function testing more often than children and adolescents with
other symptomatic infection within the last 6 months. Most
cases of abnormal pulmonary function occurred in the 5- to
8-years age group (Table 4). This effect was mainly visible
in the measurements of LCI2.5% and FVC. Two of the eight
patients reporting persistent respiratory complaints and three
of the ten patients with fatigue syndrome showed abnormal
pulmonary function.

Comparing the two groups of children and adolescents with
and without SARS-CoV-2 infection, there were no significant
differences in LCI2.5% (absolute) and age-related Z-scores of
FVC, FEV1, MEF75, MEF25, DLCO, and DLCO/VA. The details
are presented in Figure 1 and Table 5.
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TABLE 2 | Infection characteristics.

COVID-19
patients

Controls OR (95% CI) p

Symptomatic
infection within

the past 6
months

Any other
infection within

the past 6
months

N 27* 14

Respiratory tract
infection

19 (70.4) 13 (92.9) 0.18
(0.02–1.64)

0.099

Severe infection 8 (29.6) 2 (14.3) 2.53
(0.46–13.96)

0.278

With dyspnea 3 (11.1) 1 (7.1) 1.63
(0.15–17.24)

0.685

With bronchitis or
pneumonia

1 (3.7) 2 (14.3) 0.23 (0.02–2.8) 0.217

With
fever > 38.5◦C
for > 5 days

3 (11.1) 0 – 0.195

With need for
hospitalization

4 (14.8) 0 – 0.130

Symptoms

Fever > 38.5◦C 14 (51.9) 4 (28.6) 2.69
(0.67–10.74)

0.154

Rhinitis 9 (33.3) 11 (78.6) 0.14
(0.03–0.62)

0.006

Sore throat 12 (44.4) 9 (64.3) 0.44
(0.12–1.68)

0.228

Cough 10 (37) 10 (71.4) 0.24
(0.06–0.95)

0.037

Dyspnea 3 (11.1) 1 (7.1) 1.63
(0.15–17.24)

0.685

Headache 12 (44.4) 5 (35.7) 1.44
(0.38–5.45)

0.591

Limb pain 11 (40.7) 5 (35.7) 1.24
(0.33–4.71)

0.754

Fatigue 23 (85.2) 9 (64.3) 3.19
(0.7–14.66)

0.125

Diarrhea/Vomiting 4 (14.8) 2 (14.3) 1.04
(0.17–6.54)

0.964

Loss of
smell/taste

5 (18.5) 0 – 0.086

OR, odds ratio, CI confidence interval.
Data are expressed as n (%), unless specified otherwise.
*One patient had a PCR-proven but asymptomatic SARS-CoV-2 infection
and detectable antibodies against SARS-CoV-2 a few months after another
symptomatic viral infection.

The follow-up time (0–3 and 4–6 months) between infection
and assessment date did not have any influence on pulmonary
function parameters.

Participants with severe infection within 6 months prior to
the assessment had significantly lower values of FVC (p = 0.045)
and MEF75 (p = 0.002) than those with non-severe infection and
asymptomatic infection (Figure 2). MEF25, DLCO, DLCO/VA,
and LCI2.5% did not show any significant differences in post-
hoc power analysis between children and adolescents with
severe, non-severe or asymptomatic infection 6 months prior

TABLE 3 | Long-term complaints in children and adolescents with symptomatic
and asymptomatic acute SARS-CoV-2 infection.

Symptomatic
acute

SARS-CoV-2
infection

Asymptomatic
acute

SARS-CoV-2
infection

OR (95% CI)1

N 25 45

Any long-term complaints 9 (36) 10 (22.2) 1.97 (0.67–5.78)

Cough 2 (8) 0 –

Breathing problems 4 (16) 2 (4.4) 4.1 (0.69–24.18)

Fatigue 5 (20) 5 (11.1) 2 (0.52–7.72)

Headache 1 (4) 2 (4.4) 0.9 (0.08–10.4)

Loss of smell/taste 4 (16) 3 (6.6) 2.67 (0.55–13.02)

OR, odds ratio, CI confidence interval.
Data are expressed as n (%), unless specified otherwise.
1all p > 0.05.

TABLE 4 | Characteristics of participants with and without abnormal1

pulmonary function.

Abnormal
pulmonary

function

Normal
pulmonary

function

OR (95% CI)

N 24 94

Positive
SARS-CoV-2 status

12 (50) 61 (64.9) 0.54 (0.22–1.34)

Sex, female 10 (41.7) 56 (59.6) 0.48 (0.2–1.2)

Age, years,
mean ± SD

8.6 (± 3.7) 11.0 (± 3.1)

Age group,
5–8 years

17 (70.8) 22 (23.4) 7.95 (2.92–21.63)

Age group,
9–18 years

7 (29.2) 72 (76.6) 0.13 (0.05–0.34)

Premature birth 3 (12.5) 6 (6.4) 2.1 (0.48–9.07)

History of
admission to
neonatal intensive
care unit

3 (12.5) 14 (14.9) 0.82 (0.21–3.11)

With oxygen
supplementation

2 (8.3) 3 (3.2) 2.76 (0.43–17.52)

Pulmonary disease,
previous or current

6 (25) 21 (22.3) 1.16 (0.41–3.29)

Infection within
6 months prior to
assessment

9 (37.5) 32 (34) 1.16 (0.46–2.95)

With severe
infection

4 (16.7) 6 (6.4) 2.93 (0.76–11.37)

With hospitalization 1 (4.2) 3 (3.2) 1.32 (0.13–13.27)

SD, standard deviation; OR, odds ratio; CI, confidence interval.
Data are expressed as n (%), unless specified otherwise.
1Abnormal pulmonary function defined as at least one measured parameter being
pathological (LCI2.5% > 7.9, FVC Z-score, FEV1 Z-score, MEF75 Z-score, MEF25
Z-score, DLCO Z-score, DLCO/VA Z-score < −1.96) or at least one borderline
parameter (LCI2.5% > 7.0, FVC Z-score, FEV1 Z-score, MEF75 Z-score, MEF25
Z-score, DLCO Z-score, DLCO/VA Z-score < −1 ≥ −1.96) in two different
pulmonary function tests (N2 multiple-breath washout, body plethysmography,
diffusion capacity).
LCI2.5%, lung clearance index at 2.5% of the starting concentration; FVC, forced
vital capacity; FEV1, forced expiratory volume in the first second; MEF, mean
expiratory flow at different pulmonary volume levels (75, 25); DLCO, diffusing
capacity of the lungs for carbon monoxide; VA, alveolar volume.
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FIGURE 1 | Depiction of pulmonary function parameters for COVID-19 and
controls: (A) FVC Z-score (B) FEV1 Z-score (C) LCI2.5% (absolute) (D) DLCO
Z-score. Boxplots show medians, quartiles, minimum and maximum values.
The dots represent the individual values of participants. Participants with
severe infection within the last 6 months are marked as red squares.
Differences were considered statistically significant at p ≤ 0.05. LCI2 .5%, Lung
Clearance Index at 2.5% of starting concentration; FVC, Forced Vital
Capacity; FEV1, Forced Expiratory Volume in the first Second; DLCO,
Diffusion Capacity of the lungs for Carbon Monoxide.

to the assessment. Within the COVID-19 group, similar results
could be detected: patients with severe SARS-CoV-2 infection
showed significantly lower values of FVC (p = 0.012), FEV1
(p = 0.014) and MEF75 (p = 0.028) compared to those with a non-
severe symptomatic or asymptomatic infection. The details are
presented in Table 6.

Only one child with pneumonia underwent pulmonary
imaging during acute SARS-CoV-2 infection. No other child
or adolescent required imaging of the lungs based on the
medical assessment.

DISCUSSION

Main Findings
To the best of our knowledge, our study is the first to compare
pulmonary function in symptomatic and asymptomatic children
and adolescents with and without evidence of SARS-CoV-2
infection; no difference between these two groups was observed.

Respiratory symptoms did not correlate well with pulmonary
function parameters. The only risk factor for any impairment of
lung function was the severity of the acute infection.

Acute Symptoms and Severity
Pulmonary involvement, including severe interstitial pneumonia
and acute respiratory distress syndrome, in SARS-CoV-2
infection is the cause of high mortality and long-lasting morbidity
in adults (7, 18). Severe pulmonary complications in children
and adolescents are rare (19, 20), even in children with chronic
lung diseases, such as cystic fibrosis (21). Several underlying
mechanisms have been discussed to explain the differences
in severity of pulmonary involvement between children and
adults: although viral loads in children and adults during SARS-
CoV-2 infection do not seem to differ a lot (22), invasion
of respiratory cells and inflammatory response in the lower
respiratory tract is more severe in adults. This may be caused
by an increased expression of ACE receptors in respiratory tissue
(23). In addition to this and maybe due to cross immunity after
recent infection with other corona viruses and age dependent
immunological variability, systemic and inflammatory response
is increased in adults causing acute and permanent lung
damage. Severity of SARS-CoV-2 infection is a predictor for
persisting respiratory symptoms and lung function impairment
(24). Therefore, the percentage of children and adolescents with
persisting respiratory symptoms and lung function changes is
much lower than in adults.

Most SARS-CoV-2 infections in our cohort were
asymptomatic during the acute phase. Only 35.6% of the
patients in our COVID-19 group stated that they had any
symptoms during acute infection; respiratory symptoms were
reported by 26%, and 11.1% described dyspnea with acute
COVID-19. In an Italian cohort of children and adolescents
(n = 16), 87% showed symptoms at the time of SARS-CoV-2
diagnosis, and 19% presented with respiratory symptoms (8). In
addition, Funk et al. (20) found that most SARS-CoV-2 infections
were symptomatic in the acute phase (94.7%); however, more
than 70% had respiratory symptoms. The differences in our
study are owing to the use of different cohorts, since our
population also included children and adolescents in whom
SARS-CoV-2 infection was detected incidentally during their
routine check-ups.

Long Term Symptoms
Long-term pulmonary symptoms and signs that persisted or
emerged ≥ 4 weeks after acute infection, such as cough, dyspnea,
or hyperreactive airways, were described by 11.4% of our patients.
This is similar to the findings of an Italian cohort study, in
which 14.7% of children had persistent respiratory problems for
several months after SARS-CoV-2 infection (4). In adults, the
frequency of persistent dyspnea 3 months after discharge from
the hospital varies from 9 (25) to 54% (5). Persistent pulmonary
issues after viral infections are a well-known phenomenon in
children. For example, children with respiratory syncytial virus
(RSV)-related bronchiolitis experience more wheezing episodes
in the following 12 months (26), which can persist until the age of
6 years. Also, children with lower respiratory tract RSV infection
in early childhood experience more frequent wheezing episodes
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TABLE 5 | Pulmonary function parameters.

COVID-19 patients Controls

All Symptomatic
infection within

the past 6 months

Asymptomatic
infection within

the past 6 months

All Any other
infection within

the past 6 months

No infection
within the past

6 months

Pulmonary function testing
N 73 27 46 45 14 31
Abnormal pulmonary function* 12 (16.44) 4 (14.81) 8 (17.39) 12 (26.67) 5 (35.71) 7 (22.58)

N2 Multiple-breath washout
N 68 27 41 40 11 29
LCI2.5, absolute 6.75 ± 0.73 6.79 ± 0.62 6.72 ± 0.81 6.88 ± 0.61 6.79 ± 0.47 6.91 ± 0.66

Abnormal values 3 (4.4) 1 (3.7) 2 (4.9) 3 (7.5) 0 3 (10.3)

Body plethysmography

N 71 26 45 45 14 31

FVC, Z-score −0.21 ± 1.06 −0.26 ± 1.04 −0.19 ± 1.08 −0.21 ± 1.22 −0.25 ± 1.53 −0.19 ± 1.08

Abnormal values 5 (7) 1 (3.9) 4 (8.9) 5 (11.1) 2 (14.3) 3 (9.7)

FEV1, Z-score 0.3 ± 1.04 0.34 ± 1.04 0.28 ± 1.05 0.27 ± 1.19 0.2 ± 1.34 0.3 ± 1.13

Abnormal values 0 0 0 1 (2.2) 1 (7.1) 0

MEF75, Z-score 0.28 ± 1.1 −0.03 ± 1.13 0.46 ± 1.05 0.12 ± 1.09 −0.35 ± 1.38 0.34 ± 0.87

Abnormal values 3 (4.2) 2 (7.7) 1 (2.2) 1 (2.2) 1 (7.1) 0

MEF25, Z-score 0.86 ± 0.94 0.91 ± 0.68 0.83 ± 1.07 1.19 ± 1 1.04 ± 0.88 1.26 ± 1.06

Abnormal values 0 0 0 0 0 0

Diffusion capacity

N 38 10 28 27 4 23

DLCO, Z-score 2.03 ± 2.35 2.56 ± 2.27 1.84 ± 2.39 1.55 ± 1.91 2.74 ± 2.7 1.35 ± 1.74

Abnormal values 2 (5.3) 0 2 (7.1) 1 (3.7) 0 1 (4.4)

DLCO/VA, Z-score 0.02 ± 0.76 −0.11 ± 1.09 0.07 ± 0.62 −0.21 ± 0.94 0.05 ± 1.39 −0.25 ± 0.88

Abnormal values 0 0 0 0 0 0

LCI2.5%, lung clearance index at 2.5% of starting concentration; FVC, forced vital capacity; FEV1, forced expiratory volume in the first second; MEF, mean expiratory flow
at different pulmonary volume levels (75, 25); DLCO, diffusing capacity of the lungs for carbon monoxide; VA, alveolar volume.
All pulmonary function parameters are presented as the mean ± standard deviation. Abnormal values were presented as n (%).
*Abnormal pulmonary function defined as at least one measured parameter being pathological (LCI2.5% > 7.9, FVC Z-score, FEV1 Z-score, MEF75 Z-score, MEF25
Z-score, DLCO Z-score, DLCO/VA Z-score < −1.96) or at least one borderline parameter (LCI2.5% > 7.0, FVC Z-score, FEV1 Z-score, MEF75 Z-score, MEF25 Z-score,
DLCO Z-score, DLCO/VA Z-score < −1 ≥ −1.96) in two different pulmonary function tests (N2 multiple-breath washout, body plethysmography, diffusion capacity).

(up to 4.3 times) than children without lower respiratory tract
infections (27).

Pulmonary Function in Adults
Pulmonary function in hospitalized adults is frequently impaired
upon discharge. Mo et al. described that 47% of their patients
had reduced DLCO, 25% had decreased total lung capacity
(TLC), 9.1% had impaired FVC, and 13.6% showed reduced
FEV1 (6). However, even 3–4 months after discharge, pulmonary
function remains impaired in adults (5, 7, 28, 29). In a Norwegian
cohort, FVC and FEV1 were reduced in approximately 10% and
diffusion capacity in 24% of hospitalized adults 3 months after
discharge (5). Qin et al. detected significant differences in DLCO
levels between discharged patients with severe and non-severe
COVID-19 at the 3-month follow-up (25). Lower DLCO and
TLC were detected in patients with critical disease even after
6 months (28). A Mexican study investigating the correlation
between persistent dyspnea and pulmonary function reported
that patients with persistent dyspnea had significantly lower
FVC, FEV1, and DLCO values than those without persistent
dyspnea (30).

Pulmonary Function in Children
As shown in our cohort, pulmonary function impairment
in children after SARS-CoV-2 infection is rare. LCI2.5% was
abnormal in 4.4% of children and adolescents with COVID-19,
7% had reduced FVC, and 5.3% showed impaired DLCO. None
of the patients had pathological FEV1 values after the SARS-CoV-
2 infection. Some children in the control group (8/46) or after
asymptomatic SARS-CoV-2 infection (7/31) showed reduced
values in LCI2.5% or FVC values. The majority of them (6/8
and 4/7) were young and performed their first lung function,
so technical issues are probable, although the measurements
were technically acceptable referring to international standards
(13, 14, 17). Two children with reduced diffusion capacity
were exposed to cigarette smoke. Therefore, we would not
interpret these findings as results of SARS-CoV-2 infection. In
total, no differences in the frequency of abnormal pulmonary
function were observed between children and adolescents with
symptomatic SARS-CoV-2 infection and other symptomatic
infections. This supports the preliminary findings of the study
by Bottino et al., in which seven children did not show
any abnormalities in spirometry and diffusion capacity testing
approximately 2 months after their mild SARS-CoV-2 infection
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FIGURE 2 | Depiction of (A) FVC Z-score and (B) MEF75 Z-score of all
participants (COVID-19 and controls) divided into severe, non-severe and
asymptomatic infection, respectively no infection in the control group.
Boxplots show medians, quartiles, minimum and maximum values. The dots
represent the individual values of participants. Differences were considered
statistically significant at p ≤ 0.05. FVC, Forced Vital Capacity; MEF75, Mean
Expiratory Flow at 75%.

(8). Our findings suggest that SARS-CoV-2 is not more likely
than other infections to cause long-term sequelae in children
and adolescents. Pulmonary function was normal in 75% of our
participants, including children and adolescents with persistent
respiratory symptoms. This finding is in line with the results
of Lefkin Dobkin et al., who found primarily normal results on

body plethysmography and diffusion capacity for 15 children
with ongoing respiratory symptoms (9). In our cohort, LCI2.5%,
FEV1, DLCO, and DLCO/VA had no significant differences
between patients and controls. Minimal changes persisted for
up to 6 months only in children and adolescents with more
severe infections (SARS-CoV-2 or other infections). Similarly,
other studies on children with viral infections, such as RSV
or rhinovirus, detected acute and long-term loss of pulmonary
function (26, 31, 32). Other known risk factors for reduced
pulmonary capacity, such as preterm birth (33) or underlying
pulmonary disease had no effect on our cohort.

Strengths of the Study
The major strengths of our study are the prospective
physiological multi-domain approach, which included body
plethysmography, multiple-breath washout, and diffusion
capacity testing as well as the inclusion of a control group.

Limitations
Limitations of this single-center design with a rather small sample
size include the heterogeneous population, patient-reported
symptoms, and lack of information on pulmonary function
before SARS-CoV-2 infection as well as long-term outcome of
symptoms in controls. In addition, there was no information
on specific pathogens of the infections within the control group
owing to lack of testing in outpatient clinics. Moreover, age-
dependent inconsistencies in pulmonary function performance
within the youngest participants led to marginally pathologic
values within the COVID-19 and control group. Furthermore,
our cohort did not include children or adolescents with critical
respiratory involvement during the acute COVID-19 pandemic.

TABLE 6 | p-values for analysis of variance.

All participants (COVID-19 + Controls) COVID-19

Lung function parameter Severe infection Non-severe
infection

Asymptomatic/no
infection

Severe infection Non-severe
infection

Asymptomatic
infection

FVC, Z-score −0.92 ± 1.08 −0.06 ± 1.19 −0.19 ± 1.07 −1.08 ± 0.84 0.04 ± 0.95 −0.19 ± 1.08

p = 0.045 p = 0.012

FEV1, Z-score −0.36 ± 0.93 0.48 ± 1.14 0.29 ± 1.08 −0.46 ± 0.67 0.63 ± 1.01 −0.36 ± 0.93

p = 0.051 p = 0.014

MEF75, Z-score −0.88 ± 1.45 0.08 ± 1.07 0.41 ± 0.98 −0.66 ± 1.59 0.21 ± 0.84 −0.88 ± 1.45

p = 0.002 p = 0.028

MEF25, Z-score 0.78 ± 0.65 1.01 ± 0.78 1.01 ± 1.08 0.92 ± 0.67 0.91 ± 0.7 0.78 ± 0.65

p = 0.752 p = 0.941

DLCO, Z-score 2.31 ± 2.71 2.7 ± 2.31 1.62 ± 2.12 0.92 ± 1.77 2.98 ± 2.29 1.84 ± 2.39

p = 0.311 p = 0.394

DLCO/VA, Z-score 0.41 ± 0.57 −0.2 ± 1.22 −0.08 ± 0.76 0.11 ± 0.32 −0.17 ± 1.22 0.07 ± 0.62

p = 0.553 p = 0.748

LCI2.5, absolute 6.76 ± 0.44 6.8 ± 0.61 6.8 ± 0.75 6.73 ± 0.42 6.81 ± 0.68 6.72 ± 0.81

p = 0.977 p = 0.705

LCI2.5%, lung clearance index at 2.5% of starting concentration; FVC, forced vital capacity; FEV1, forced expiratory volume in the first second; MEF, mean expiratory flow
at different pulmonary volume levels (75, 25); DLCO, diffusing capacity of the lungs for carbon monoxide; VA, alveolar volume.
All pulmonary function parameters are presented as the mean ± standard deviation.
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CONCLUSION

The proportion of children and adolescents with lung function
impairment after symptomatic or asymptomatic SARS-CoV-2
infection was not significantly higher than that in children and
adolescents without a recent history of any kind of infection or
those with a non-SARS-CoV-2 infection in the past 6 months.
Most patients with persistent respiratory symptoms do not have
impaired lung capacity. The severity of infection was the only
predictor of mild pulmonary function changes. In conclusion,
our findings suggest that after SARS-CoV-2 infection, children
and adolescents do not experience persistent deterioration of
respiratory function, including body plethysmography, multiple-
breath washout, and diffusion capacity testing.

Outlook
Further studies with a larger, more representative cohort
(including patients with critical respiratory involvement)
performed over a prolonged period are needed to clarify long-
term respiratory impairment after SARS-CoV-2 infection in
children and adolescents. The discrepancy between subjective
persistent respiratory complaints and normal pulmonary
function may be caused by functional respiratory disorders, such
as hyperventilation, as already described in adults (34, 35). Thus,
further studies, including treadmill testing, would be useful and
have already been initiated in our cohort.
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