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ARTICLE INFO ABSTRACT

Keywords: Introduction: Prospective and longitudinal data on pulmonary injury over one year after acute coronavirus disease
SARS-CoV-2 2019 (COVID-19) are sparse. We aim to determine reductions in pulmonary function and respiratory related
COVID-19

quality of life up to 12 months after acute COVID-19.

igzt'zc(;l\t;;;ovm Methods: Patients with acute COVID-19 were enrolled into an ongoing single-centre, prospective observational
Long-COVID study and prospectively examined 6 weeks, 3, 6 and 12 months after onset of COVID-19 symptoms. Chest CT-
Pneumonia scans, pulmonary function and symptoms assessed by St. Georges Respiratory Questionnaire were used to

Pulmonary function
Pulmonary outcome
Pulmonary sequelae
Pulmonary restriction
Quality of life

evaluate respiratory limitations. Patients were stratified according to severity of acute COVID-19.

Results: Median age of all patients was 57 years, 37.8% were female. Higher age, male sex and higher BMI were
associated with acute-COVID-19 severity (p < 0.0001, 0.001 and 0.004 respectively). Also, pulmonary restriction
and reduced carbon monoxide diffusion capacity was associated with disease severity. In patients with restriction
and impaired diffusion capacity, FVC improved over 12 months from 61.32 to 71.82, TLC from 68.92 to 76.95,
Dico from 60.18 to 68.98 and Ko from 81.28 to 87.80 (percent predicted values; p = 0.002, 0.045, 0.0002 and
0.0005). The CT-score of lung involvement in the acute phase was associated with restriction and reduction in
diffusion capacity in follow-up. Respiratory symptoms improved for patients in higher severity groups during
follow-up, but not for patients with initially mild disease.

Conclusion: Severity of respiratory failure during COVID-19 correlates with the degree of pulmonary function
impairment and respiratory quality of life in the year after acute infection.
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1. Introduction

Severe acute respiratory syndrome corona virus 2 (SARS-CoV-2)
causes acute viral respiratory tract infections including pneumonia.
After initial infection with SARS-CoV-2 in the upper respiratory tract,
viral replication continues in lower airways and alveolar epithelial cells
[11, leading to a hyper-inflammatory immune response causing alveolar
damage and vascular leakage [2,3]. Chronic lung injury was observed in
25-63% patients three months post-acute COVID-19 [4,5]. Known
pathomechanisms of chronic lung injury and fibrosis such as a TGF-beta
dominated adaptive immune response [6], fibroblast activation [7],
alveolar epithelial cell death and distortion of the basal lamina leading
to alveolar collapse induration [8] have been observed in COVID-19.
Moreover, viral pneumonia following severe acute respiratory syn-
drome corona virus (SARS), Middle East Respiratory Syndrome Coro-
navirus (MERS) and Influenza-A-Virus HIN1 (H1N1) infections have
been associated with pulmonary restriction and reduced diffusion ca-
pacity and pathological chest CT findings [9-11]. First data of the early
post-acute COVID-19 phase revealed that up to six months post infec-
tion, COVID-19 patients show a pattern of pulmonary restriction and
abnormal carbon monoxide diffusion capacity in lung function testing
[4,5,12-21]. Similar results were seen for month 6 and 12 after symp-
tom onset in a Chinese prospective cohort study [22-24]. Another group
of patients that is not necessarily characterized by its initial disease
severity, but by long-term symptoms are patients suffering from chronic
COVID-19 that is frequently referred to as long COVID [25]. The path-
ophysiology, however, is still poorly understood and treatment options
are very limited [26].

So far, prospective and longitudinal data on pulmonary injury over
one year after acute coronavirus disease 2019 (COVID-19) are sparse,
particularly no data from European patients are available. Further,
disease severity is commonly classified according to WHO groups into
mild/moderate and severe and critical. With this prospective study, we
aim to provide data on pulmonary function, symptom burden, patient
reported outcomes and radiological characteristics of SARS-CoV-2
infection in more detail. Moreover, this study aims to describe
different patterns of pulmonary injury and their relation to subjective
limitations in hospitalized and non-hospitalized patients with COVID-
19.

2. Material and methods
2.1. Patients

This analysis included participants of the Pa-COVID-19 study at
Charité Universitatsmedizin Berlin, an academic tertiary care medical
centre. Pa-COVID-19 is a prospective observational study registered at
the German clinical trials registry (DRKS 00021688) aiming to provide a
platform for clinical characterisation of acute and post-acute COVID-19
[27]. The study was approved by Charité ethical committee
(EA2/066/20). Patients with a positive SARS-CoV-2 PCR test are offered
participation at first contact during hospitalization or follow-up anytime
after disease onset and included after giving informed consent. Exclu-
sion criteria are refusal to participate by the patient or legal represen-
tative, or a patient condition making additional blood sampling
impossible. Medical data is collected prospectively in a purpose-built
database. Due to the explorative design of the Pa-COVID-19 study and
study initiation at the early beginning of the pandemic, no specific
endpoints were defined a priori, and no sample size based on specific
outcomes was calculated.

This analysis includes all patients of Pa-COVID-19 who were
followed-up as outpatients between 01.05.2020 and 30.06.2021 and in
whom lung function testing was performed. Patients were examined 6
weeks as well as 3, 6 and 12 months after onset of first symptoms of
SARS-CoV-2 infection. During follow-up, study participants received in
addition to lung function testing a structured patient interview with
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detailed symptom evaluation and standardized patient reported
outcome assessment.

2.2. COVID-19 severity groups

Patients were stratified by acute COVID-19 severity in analogy to the
WHO ordinal scale of clinical improvement [28], into i)
non-hospitalized patients without supplemental oxygen therapy (NOO),
ii) hospitalized patients without supplemental oxygen therapy (NOH),
iii) with supplemental low-flow oxygen therapy (LFO), iv) high-flow
oxygen therapy with or without temporary non-invasive ventilation
(HFO), v) invasive mechanical ventilation (IMV) and vi) extracorporeal
membrane oxygenation (ECMO). Patients were categorized according to
the highest severity of respiratory failure as expressed by the level of
respiratory support which occurred during acute COVID-19. Treatment
allocation with regard to type of respiratory support was not limited by
available medical resources during the study period, but was guided by
current clinical guidelines for patients with need for ECMO.

2.3. Pulmonary function tests

Pulmonary function was examined using Ganshorn PowerCube
Body+ and Diffusion+ (Schiller Group, Niederlauer, Germany) and
performed according to the German, European and American recom-
mendations for pulmonary function testing [29-31]. Reference values
were calculated based on the Global Lung Function Initiative (GLI)
reference equations (GLI-2012) and results are expressed as percent
predicted value (ppv) [32]. Interpretation and grading of diffusing ca-
pacity values was adapted from the ERS/ATS official technical standards
and the subsequent correspondence [33,34]. A Dyco <80% and >60%
and <LLN was defined as mildly reduced, a Do >40% and <60% as
moderately reduced and a Dyco <40% as severely reduced. Pulmonary
restriction or obstruction was defined according to the “ATS/ERS Task
Force: Standardisation of Lung Function Testing” as TLC <5th percentile
of the lower limit of normal (LLN) and FEV1/FVC < LLN [35]. Complex
restriction was defined according to Clay et al. as difference between
ppv TLC and FVC >10% [36]. No further breakdown into severity grades
was performed for categorical analysis.

2.4. Chest computed tomography (CT)

CT-scans were performed during acute COVID-19 on the basis of
clinical guideline recommendations. If available, we analysed the first
CT-scan performed in due course of COVID-19, and defined a maximum
time span of 30 days post symptom onset for the CT-chest to be per-
formed to account for the parenchymal chest pathologies obtained in the
early phase of SARS-CoV-2 infection. Chest-CT scans were reviewed by
two senior thoracic radiologists. All images were reviewed blinded to
the patient’s clinical characteristics and disease severity. Pulmonary
involvement during the acute phase was assessed using a visual score
ranging from 0 (no involvement) to 5 (>75% involvement) for each lung
lobe as described in more detail by Pan et al. [37].

2.5. Symptom assessment and health related quality of life

A standardized list of 43 symptoms was evaluated at each study visit
at baseline and during follow-up in a patient interview (Table S3). To
capture overall impact on health, daily life and wellbeing in patients, the
St. George’s Respiratory Questionnaire (SGRQ) was measured [38]. A
total score of 25 or higher, as suggested by the Global strategy for the
diagnosis, management, and prevention of chronic obstructive pulmo-
nary disease, was used as threshold for limitations in health and
wellbeing.
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2.6. Data analysis

Descriptive statistics were used to calculate median, inter-quartile
range (IQR), mean and standard deviations (SD). Difference in contin-
uous variables between three or more groups were analysed by one-way
ANOVA or Kruskal-Wallis test. Fisher’s exact test (for sample size <5 per
group) or Chi-square test were used for analysis of categorical variables.
The correlation between lung function and patient reported outcomes
from SGRQ was calculated using Pearson correlation coefficients with a
two-sided 95% confidence interval. Linear regression analysis was per-
formed for pulmonary function and initial radiological chest CT-score.
Logistic regression was performed to assess association of clinical vari-
ables, radiological findings and patient reported outcomes with pul-
monary restriction and reduced Dico in post-acute COVID-19. For
univariate and multivariate analysis of risk factors for pulmonary re-
striction and diffusion capacity, patient characteristics and comorbid-
ities recorded at the study inclusion visit were used and for pulmonary
function and SGRQ, the lowest values observed during follow-up was
used. Variables were adjusted for confounders as determined by clinical
evidence (age, BMI) [39] or due to a strong relationship (p < 0.1) in
univariate testing (sex, disease severity). Following the design of the

Table 1
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underlying Pa-COVID study, this analysis is explorative in nature; we did
not adjust for multiple testing and resulting p-values should be inter-
preted descriptively. The level of significance is marked with asterisks; *
for p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001. IBM SPSS
(IBM SPSS Statistics 27.0), JMP (version 14.2.0) and GraphPad PRISM
(Version 9.0.0) were used for statistical analysis and graphical
processing.

3. Results
3.1. Baseline characteristics

180 patients with at least one complete pulmonary function dataset
at 6 weeks, 3-, 6-, and 12 months follow-up were included in this
analysis. Patients were included either at the time of hospital admission
for acute SARS-CoV-2 infection (138; 76.7%) or during follow-up (42;
23.3%). A smaller number of patients presented at 6 week follow-up as
many patients were either still in inpatient treatment or at rehabilitation
at this point of time. At the time of analysis, 73/180 patients (40.5%)
participated at follow-up visits at week 6, 118/180 (65.5%) at month 3,
139/180 (77.2%) at month 6 and 72/180 (40.0%) at month 12 of follow-

Patient characteristics stratified by level of respiratory support during acute phase of COVID-19. P-values of less than 0.05 were obtained for age, BMI, chronic
heart disease, diabetes, pulmonary restriction and Dy co reduction (bold). P-values are based on Chi2, Fischer’s exact test or Kruskal-Wallis-test where applicable.
Abbreviations: NOO - no oxygen, outpatient; NOH — no oxygen hospitalized; LFO - low-flow oxygen supply; HFO — high-flow oxygen (including termporary non-
invasive ventilation); IMV — invasive mechanical ventilation; ECMO - extracorporeal membrane oxygenation; CCI — Charlson Comorbidity Index. *missing values:

Smoking history n = 3; Imnmunosuppression: n = 1.

All Level of respiratory support
(n =180) NOO (n = 42) NOH (n = 29) LFO (n = 43) HFO (n = 24) IMV (n = 26) ECMO(n=16) p
Age (median (IQR)) 56.50 44.00 62.00 56.00 60.00 60.50 56.00 <0.0001
(43.25-65.75) (35.00-60.00) (40.00-70.00) (48.00-65.00) (52.00-65.50) (52.00-71.00) (49.00-63.50)
Sex female (n/%) 68 (37.78%) 26 (61.90%) 15 (51.72%) 10 (23.26%) 5 (20.83%) 7 (26.92%) 5 (31.25%) 0.001
Sex male (n/%) 112 (62.22%) 16 (38.10%) 14 (48.28%) 33 (76.74%) 19 (79.17%) 19 (65.52%) 11 (68.75%) 0.001
BMI (median (IQR)) 26.72 24.02 25.1 27.76 29.52 29.39 29.35 0.004
(23.88-31.30) (22.45-26.47) (23.46-27.34) (24.33-32.72) (25.95-33.36) (26.12-32.14) (27.56-35.51)
Smoking
Smoking history* (n/%) 62 (34.44%) 12 (29.27%) 8 (27.59%) 16 (37.21%) 8 (33.33%) 14 (56.00%) 4 (26.67%) 0.246
Comorbidities
CCI 0 (n/%) 51 (28.33%) 21 (50.00%) 8 (27.59%) 10 (23.26%) 5 (20.83%) 3 (11.54%) 4 (25.00%) 0.016
CCI 1-2 (n/%) 65 (36.11%) 13 (30.95%) 7 (24.14%) 20 (46.51%) 9 (37.50%) 10 (38.46%) 6 (37.50%) 0.502
CCI 3-4 (n/%) 46 (25.56%) 8 (19.05%) 14 (48.28%) 8 (18.60%) 4 (16.67%) 8 (30.77%) 4 (25.00%) 0.063
CCI >5 (n/%) 18 (10.00%) 0 0 5(11.63%) 6 (25.00%) 5 (19.23%) 2 (12.50%) 0.001
Chronic lung disease (n/ 26 (14.44%) 6 (14.29%) 4 (13.79%) 2 (4.65%) 5 (20.83%) 6 (23.08%) 3 (18.75%) 0.224
%)
Asthma (n/%) 13 (7.22%) 5 (11.90%) 1 (3.45%) 1 (2.33%) 2 (8.33%) 4 (15.38%) 0 0.205
COPD (n/%) 11 (6.11%) 0 2 (6.90%) 2 (4.65%) 2 (8.33%) 3 (11.54%) 2 (12.50%) 0.166
Chronic heart disease 78 (43.33%) 9 (21.43%) 10 (34.48%) 19 (44.19%) 14 (58.33%) 15 (57.69%) 11 (68.75%) 0.003
(n/%)
Chronic kidney disease 21 (11.67%) 2 (4.76%) 6 (20.69%) 6 (13.95%) 2 (8.33%) 3 (11.54%) 2 (12.50%) 0.429
(n/%)
Diabetes (n/%) 30 (16.67%) 4 (9.52%) 1 (3.45%) 6 (13.95%) 7 (29.17%) 5 (19.23%) 7 (43.75%) 0.006
Chronic liver disease (n/ 9 (5.00%) 1 (2.38%) 2 (6.90%) 2 (4.65%) 2 (8.33%) 2 (7.69%) 0 0.777
%)
Chronic immunological 4 (2.22%) 2 (4.76%) 4 (13.79%) 2 (4.65%) 2 (8.33%) 0 3 (18.75%) 0.139
disease (n/%)
Chronic neurological 23 (12.22%) 4 (9.52%) 3 (10.34%) 8 (18.60%) 5 (20.83%) 1 (3.85%) 2 (12.50%) 0.405
disease (n/%)
Psychiatric disease (n/%) 12 (6.67%) 3 (7.14%) 1 (3.45%) 3 (6.98%) 2 (8.33%) 0 3(18.75) 0.290
Active cancer (n/%) 5 (2.78%) 2 (4.76%) 1 (3.45%) 0 0 0 0 0.756
Chronic haematological 4 (2.22%) 1 (2.38%) 2 (7.14%) 3 (6.98%) 4 (16.67%) 0 1 (6.25%) 0.188
disease (n/%)
Immunosuppression* (3 11 (6.11%) 1 (2.38%) 2 (7.14%) 3 (6.98%) 4 (16.67%) 0 1 (6.25%) 0.188
M pre-COVID) (n/%)
Organ transplanted (n/%) 5 (2.78%) 1 (2.38%) 2 (6.90%) 1 (2.33%) 1 (4.17%) 0 0 0.779
Pulmonary function
Simple Restriction (n/ 59 (32.8%) 5 (11.90%) 5 (17.24%) 13 (30.95%) 11 (45.83%) 16 (61.54%) 9 (56.25%) <0.0001
%)
Complex Restriction (n/ 92 (51.10%) 25 (59.52%) 19 (65.52%) 19 (45.24%) 12 (50.00%) 10 (38.46%) 7 (43.75%) 0.337
%)
Obstruction (n/%) 8 (4.40%) 0 1 (3.45%) 2 (4.76%) 2 (8.33%) 3 (11.53%) 0 0.185
Do reduced (n/%) 109 (60.60%) 18 (42.86%) 15 (51.72%) 26 (61.90%) 26 (61.90%) 17 (65.38%) 19 (76.00%) 0.010
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up. 13/180 patients (7.2%) were lost to follow-up.

138/180 (76.6%) patients were initially hospitalized. 42/180
(23.3%) were never hospitalized (NOO), 29/180 (16.1%) were treated
on a normal ward without need for oxygen (NOH), 43/180 (23.9%)
received low-flow oxygen treatment via nasal cannula (LFO), 24/180
(13.3%) received high-flow oxygen treatment (HFO) including 3 pa-
tients with temporary non-invasive ventilation, 26/180 (14.4%) pa-
tients required invasive mechanical ventilation (IMV) and 16/180
(8.8%) patients were treated with ECMO (determined by the highest
level of respiratory support, Table 1).

Median age of all patients was 56.5 years (IQR 43.25-65.75). Median
age of patients increased continuously with the level of respiratory
support from 44 years (35-60) in the NOO group to 61 years (52-71) in
the MV group, median age in the ECMO group was 56 years (49-64)
(Table 1). Median (IQR) body-mass index (BMI) of study participants
increased with level of respiratory support. Overall, 68/180 (37.8%) of
all study participants were female, and the proportion of female patients
was reduced with increasing level of care. Of all patients, 62/180
(34.4%) were former or current smokers. COVID-19 severity correlated
particularly with chronic heart disease and diabetes (Table 1).

3.2. Body plethysmography, carbon monoxide diffusion capacity and
respiratory muscle strength

55/180 (32%) study participants showed pulmonary restriction and
104/180 (61%) showed reduced carbon monoxide diffusion capacity
(Drco) (lowest value at any point of time during follow-up). Pulmonary
restriction and impairment of Dyco was associated with increasing
severity of lung failure expressed as the level of respiratory support
during the acute phase of SARS-CoV-2 infection (p < 0.0001 and 0.01
respectively; Table 1). In contrast, complex restriction, as defined by
Clay et al. [36], was not associated with severity of respiratory failure
during acute SARS-CoV-2 infection, but was slightly more common
among patients with mild disease.

Pronounced differences in restrictive ventilation patterns were seen
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between groups of different disease severity during acute COVID-19.
(Fig. 1, Table s1). Median (IQR) of TLC and FVC was lower in patients
with higher level of respiratory support during acute COVID-19. This
difference persisted until 12-months after acute COVID-19 (Table s1).

Likewise, impaired Dico was associated with disease severity. A
strong association was seen in patients stratified by level of respiratory
support as a proxy of acute COVID-19 severity and Do (Fig. 1) for all
time points during follow-up. With regard to Kco (Drco/Va, Krogh-
Index), that represents diffusion capacity per unit of ventilated alve-
olar volume, differences between severity groups were less pronounced
(Fig. 1).

There was no association between pulmonary obstruction and dis-
ease severity after acute COVID-19 (Table 1). Reduced FEV1 was
attributable to concurrent reduced FVC (Figure sla). There were indi-
vidual cases with reduced airway occlusion pressure (P0.1) and inspi-
ratory muscle strength (Pimax), no association with regard to disease
severity was observed (Figure s1b).

3.2.1. Pulmonary function during follow-up

Patients with pathological pulmonary function in the early post-
acute phase (defined as TLC/FVC/Dyco < Lower Limit of Normal
(LLN) at first follow-up) showed improvement up to month 12 for pul-
monary restriction or reduced Dico (Fig. 2). When all patients were
analysed over time, median TLC, FVC, Dico and K¢o increased up to
month 6, with no further improvement seen between month 6 and 12
(Figure s2, Table s1).

3.3. Chest CT

Chest-CT was performed in 88 (51.2%) patients during acute-COVID-
19 infection. Median time of first chest CT was 9 days (IQR 6-14) post
symptom onset. The CT score assessing lung involvement as suggested
by Pan et al. increased with acute COVID-19 severity (p < 0.0001)
(Fig. 3). Impaired pulmonary function after acute COVID-19 (TLC, FVC,
Dy o) correlated well with initial pulmonary involvement during acute
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Fig. 1. Pulmonary restriction increased with disease severity. Bodyplethysmography 6 weeks, 3, 6 and 12 months post SARS-CoV-2 infection showed marked
differences for FVC and TLV for all time points. Diffusion capacity is reduced in the early reconvalescent phase post COVID-19. DLCO strongly correlates with disease
severity in the follow-up phase for all time points, whereas this trend is less remarkably seen for KCO after acute COVID-19. (Abbreviations: ppv — percent predicted
value; NOO - no oxygen outpatient; NOH — no oxygen hospitalized, LFO — low-flow oxygen; HFO - high-flow oxygen; IMV - invasive mechanical ventilation; ECMO —
extracorporeal membrane oxygenation; ns = P > 0.05; * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** < P < 0.0001).
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Fig. 2. Pulmonary restriction and impaired diffusion capacity improves over time. FVC, TLC, DLCO and KCO during follow up showed improvements in patients with
initially reduced pulmonary function test results. Changes in relevant pulmonary function parameters are shown between first follow-up and month 12 follow up for
every single individual, represented by a connecting line. (Abbreviations: FFU — first follow-up, M12 — month 12 follow-up).

phase (p < 0.0001; 0.005; 0.006 respectively) (Fig. 4). Linear regression
analysis showed a 15 %-points decrease in TLC and 10 %-points decrease
in FVC and Dyco (ppv) for every 10 point increase in CT-chest score
during acute SARS-CoV-2 infection.

3.4. Symptom assessment and health related quality of life

The five most common reported symptoms during follow up were
fatigue, dyspnea, cough, cognitive impairment and joint pain for all
time-points. Symptom load was still high at month 12, with 60.87% of
all patients reporting fatigue, 43.48% reporting shortness of breath and
23.19% claiming persistent cognitive impairment (Fig. 5b).

Standardized assessment of respiratory symptoms by SGRQ showed
an improvement over 12 months post symptom onset in patients with
higher disease severity in the acute phase (ECMO, IMV, HFO), whereas
SGRQ scores in patients in lower severity categories (LFO, NOH and
NOO) remained almost constant during 12 months of follow-up.
(Fig. 5a).

In general, total SGRQ score was strongly associated with FVC (p <
0.0001), DLCO (p < 0.0001) and KCO (p < 0.0001), but less pronounced
for TLC (p = 0.091) (Table 2, Figure s5). The contribution of SGRQ sub-
scores for symptoms, activity and impact are shown in Table 2.

3.5. Risk factors for pulmonary restriction and reduced diffusion capacity

Univariate logistic regression showed an association of pulmonary
restriction and reduced Dico with initial disease severity, sex, SGRQ
outcome (score>25), Charlson Comorbidity Index and cardiovascular
disease (Table 3). The odds of restriction and reduced Dico increased
with acute COVID-19 disease severity (Table 3). When adjusted for age,
sex and BMI, the odds of adverse pulmonary outcome was still
remarkably higher in patients with HFO, IMV and ECMO compared to
NOO. For reduced Do, logistic regression showed no association with
initial pulmonary involvement as determined by CT-score (p = 0.11). All
other effect sizes were also adjusted for age, sex, BMI and disease
severity (Table 3).

4. Discussion

In this study of COVID-19 survivors, we longitudinally analysed
pulmonary function, respiratory symptoms and health related quality of
life and studied CT chest morphology at acute phase of 180 patients
during 12 months after SARS-CoV-2 infection. We identified de-
mographic characteristics, clinical indicators and comorbidities that
increase the risk and severity of pulmonary injury. The detailed data on
pulmonary function presented gives first insight into different patterns
of pulmonary impairment according to clinical severity in the acute



F. Steinbeis et al.

Score Chest CT

30+ * ok ok ok

total CT-score

phase and its sequelae up to 12 months post SARS-CoV-2 infection.

Reduced FVC, TLC and D;co were associated with severe and critical
COVID-19 in the literature, representing patients with LFO, HFO, IMV
and ECMO in our cohort [22,23,39]. This study demonstrates that the
degree of pulmonary functional impairment correlates with clinical
severity during acute COVID-19 and that these differences in pulmonary
function were still apparent after 12 months of follow-up.

Pulmonary restriction was associated with the degree of lung
parenchymal involvement seen on CT scans during acute COVID-19,
reflecting inflammation and fibrotic transformation following SARS-
CoV-2 infection. Increasing evidence suggests a profibrotic phenotype
following SARS-CoV-2 infection [6-8,40], in line with other viral causes
of pneumonia such as SARS, MERS and influenza infections [9-11]. Post
mortem analysis of lung tissue in lethal COVID-19 were reported to show
ultrastructural alteration including alveolar collapse and fibrosis [8,40].
Also, similarities in gene expression between idiopathic pulmonary
fibrosis and COVID-19 in explanted lungs of patients undergoing lung
transplantations or post mortem analysis were found using single-cell
RNA sequencing, including Keratin-17 expressing epithelial cells,
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Fig. 3. a) CT-score as suggested by Pan et al. at time
of hospital admission (median 9 days post symptom
onset) showed a increase in pulmonary involvement
with higher disease severity determined be level of
respiratory support. b) Representative CT-chest scans
assessed using the 6-point scale of Pan et al. This
figure shows left lower lobe involvement of 0% (score
0), <5% (score 1), 5-25% (score 2), 26-50% (score
3), 51-75% (score 4), and >75% (score 5) on axial,
coronal, and sagittal CT sections.

profibrotic macrophages and myofibroblasts [40,41]. Thus, analysis of
CT scans during the acute phase may have prognostic relevance for
patients.

It could be argued that pulmonary restriction after acute COVID-19 is
caused by ventilator-induced lung injury (VILI), a common observation
in ARDS patients [42,43] including subsequent pulmonary restriction
and reduced Dy o [44,45]. In this study however, there was no obvious
difference in FVC, TLC and Do at all follow-up visits between patients
who needed mechanical ventilation and those who received high-flow
oxygen therapy. Although more data is needed to confirm this hypoth-
esis, our data indicate that post COVID-19 pulmonary restriction is
probably not caused by VILI, but rather by consequences of viral
infection.

Two different types of restriction were discernible in this study
population: the pattern of simple pulmonary restriction was more
frequently observed in patients with higher initial disease severity,
whereas complex pulmonary restriction was seen predominantly in
patients with less severe COVID-19. Complex restriction, according to
the definition by Clay et al. [36], describes a restriction pattern where
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Fig. 4. The proportion of pulmonary involvement during acute phase negatively correlates with first pulmonary function test post-acute COVID-19 for TLC, FVC and
DLCO. Linear regression analysis reveals for every 10 points increase in CT-score an estimated decrease of 15 %-points TLC and 10 %-points FVC and DLCO post-acute

COVID-19.

FVC is disproportionally reduced compared to the reduction of TLC,
combined with an increased RV and RV/TLC ratio, and usually without
evidence of obstruction. Complex restriction occurs in obesity or may
indicate occult obstruction, but also typically can be observed in
neuromuscular diseases. Whether particularly the latter condition is
related to the complex restriction pattern after acute COVID-19 in this
study population warrants further investigation. The simple restriction
pattern observed in severely ill patients may reflect fibrotic changes in
the lung interstitium typically associated with ARDS.

In line with previous observations of impaired carbon monoxide
diffusion capacity post-acute COVID-19 at time of hospital discharge
[13,17,46], Drco was reduced with increasing acute COVID-19 severity
whereas K¢o (Drco/Va) was not reduced except for those patients with
most severe pulmonary injury. In the latter patient group however,
patients had both reduced D;¢o as well as reduced K¢o 3, 6 and 12
months post infection. This indicates that in patients with the highest
pulmonary injury during the acute phase, diffusion impairment is pre-
dominant whereas in milder disease loss of ventilated area is the pre-
dominant mechanism of pulmonary function impairment.

Analysis of pulmonary function over time revealed three groups: (i)
those less severely affected during acute COVID-19 who did not show
alterations in pulmonary function during follow-up, (ii) those with
compromised pulmonary function at first follow-up who showed
improvement over time and (iii) those with severely compromised
pulmonary function at first follow-up who did not show relevant
improvement over time. In particular, many patients with the most se-
vere respiratory failure who needed ECMO treatment still have pulmo-
nary impairment one year after the acute disease.

The symptom cluster including fatigue, dyspnoea and cognitive
deficits as described for the early convalescent phase [26] persisted over
12 months of follow-up in our study population. Respiratory health

related quality of life as captured by total SGRQ improved over time, but
with a relevant proportion of patients remaining above the threshold
value of 25 one year after acute COVID-19. TLC however did not
correlate with SGRQ score, likely due to the high proportion of patients
with complex restriction and preserved TLC.

Limitations of this study were the availability of data from a single
centre at this point of time, and the reduced number of patients available
in the first and the last 12 month follow-up visit, particularly in the
group of patients after invasive mechanical ventilation and ECMO
treatment. As we present pulmonary function data as ppv, age and sex
might not act as a confounder in this case, however, this might be the
case for patient reported outcome. With respect to the SGRQ outcome,
studies show that no relevant differences were found between patients of
similar disease severity with respect to age and sex [47,48]. Further, as
more evidence on cardiovascular events during acute and post-acute
COVID-19 becomes available, the occurrence of pulmonary embolism
or cardiac involvement might affect the outcome of patient reported
outcome. Chest CT-scans were only performed on the basis of clinical
indication. This may lead to a selection bias towards cases of more se-
vere COVID-19. Patients who initially were not hospitalized (NOO
group) presented to our outpatient department due to specific respira-
tory symptoms and may not be representative for all non-hospitalized
COVID-19 patients.

By summarizing the results from pulmonary function tests with
assessment of respiratory symptoms and the evolution of findings over
time, we hypothesize that two main patterns of pulmonary involvement
are discernible after COVID-19: in patients with severe disease and
particularly those with respiratory failure requiring ECMO treatment, a
pattern of interstitial lung involvement characterized by simple re-
striction and reduction of diffusion capacity predominates. This pattern
has potential for functional and subjective improvement over time
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Fig. 5. Symptom load and patient reported health
outcome 6 weeks, 3, 6, and 12 months post-acute
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Table 2

Patient reported outcome post-acute COVID-19 correlates with pulmonary function outcome. SGRQ results of all time-points were matched with respective pulmonary
function tests. Total and SGRQ sub-scores negatively correlate with Dyco, Kco and FVC.

SGRQ

Total Symptoms Activity Impact
PFT R? P R? P R? P R? p
Dico 0.22 <0,0001 0.14 <0.0001 0.24 <0.0001 0.14 <0.0001
Keco 0.12 <0,0001 0.08 0.0002 0.11 <0.0001 0.12 <0.0001
FvC 0.17 <0,0001 0.06 0.0011 0.13 <0.0001 0.12 <0.0001
TLC 0.02 0.0911 0.01 0.3694 0.02 0.0519 0.01 0.2130

during the first year of follow-up. In patients with mild to moderate
initial disease however, a disease pattern characterized by a loss of
ventilated area and symptom persistence over one year after follow-up
predominates. Particularly for the latter pattern, potential underlying
mechanisms are unknown, and these patterns of pulmonary injury will
need to be confirmed and further characterized in larger and multi-
centric studies.

In conclusion, this study demonstrated the relevance of initial dis-
ease severity and results of thoracic CT for pulmonary functional
impairment and respiratory symptoms in the first year after SARS-CoV-2
infection in hospitalized patients.
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Association of demographic characteristics, clinical indicators and comorbidities with pulmonary restriction and impaired D;co post-acute COVID-19. Univariate
analysis revealed male sex, disease severity, SGRQ score >25, Charlson Comorbidity Index and cardiovascular disease to be associated with pulmonary restriction and
reduced Dy co. A relationship between CT-chest score was only seen for patients developing restriction. In multivariable analysis, adjustment for age, BMI, sex was
performed for disease severity and age, BMI, sex and disease severity for all other variables. SGRQ outcome over the threshold of 25 showed to be associated with both
pulmonary restriction and impaired Dy co. Patient characteristics and comorbidities were collected at study inclusion. Worst SGRQ outcome independent of follow-up

was used for univariate and multivariate analysis.

Pulmonary restriction

Impaired Dyco

OR (95% CI) P aOR (95% CI) P OR (95% CI) p aOR (95% CI) P
Age 1.02 (0.99-1.04) 0.081 1.01 (0.99-1.03) 0.213
BMI>30 1.55 (0.79-3.04) 0.201 0.73 (0.38-1.49) 0.337
Sex (male) 4.52 (2.11-9.68) <0.0001 2.14 (1.15-3.96) 0.016
Disease severity NOO Reference group Reference Group
NOH 1.15 (0.39-5.75) 0.554 1.36 (0.34-5.56) 0.662 1.43 (0.55-3.70) 0.462 1.63 (0.60-4.40) 0.336
LFO 3.23 (1.03-10.11) 0.044 2.26 (0.66-7.71) 0.194 2.17 (0.91-5.19) 0.082 2.45 (0.93-6.47) 0.071
HFO 6.09 (1.77-20.90) 0.004 4.23 (1.09-16.40) 0.037 3.24 (1.11-9.46) 0.032 4.23 (1.25-14.32) 0.020
MV 12.80 (3.70-44.31) <0.0001 10.46 (2.68-40.83) 0.001 4.22 (1.40-12.72) 0.010 5.35 (1.56-18.40) 0.008
ECMO 9.26 (2.38-36.08) 0.001 7.77 (1.81-33.46) 0.006 9.33 (1.88-46.35) 0.006 12.10 (2.24-65.33) 0.002
CT-chest (scale) 1.80 (1.19-2.74) 0.006 1.42 (0.85-2.36) 0.176 1.42 (0.92-2.19) 0.111 0.91 (0.50-1.64) 0.743
SGRQ>25 2.63 (1.22-5.67) 0.021 2.80 (1.14-6.91) 0.025 4.91 (2.28-10.58) <0.0001 5.99 (2.47-14.53) <0.0001
CCI 1.48 (1.06-2.07) 0.023 1.25 (0.71-2.18) 0.437 1.54 (1.10-2.15) 0.013 2.07 (1.11-3.85) 0.021
Cardiovascular dis.. 2.06 (1.09-3.88) 0.026 1.21 (0.55-2.67) 0.644 1.51 (0.82-2.79) 0.190 1.14 (0.53-2.46) 0.736
Pulmonary dis.. 1.40 (0.58-3.43) 0.447 1.25 (0.45-3.46) 0.663 0.70 (0.20-1.62) 0.700 0.62 (0.24-1.58) 0.312
Renal dis.. 1.75 (0.68-4.50) 0.244 1.38 (0.47-4.02) 0.561 2.03 (0.71-5.90) 0.187 1.85 (0.59-5.77) 0.293
Diabetes 1.80 (0.85-3.78) 0.121 0.90 (0.39-2.07) 0.798 1.78 (0.78-4.07) 0.172 1.29 (0.53-3.17) 0.578
Liver dis.. 0.83 (0.42-1.64) 0.584 0.74 (0.68-1.95) 0.536 1.17 (0.68-2.01) 0.578 1.01 (0.80-1.28) 0.907
Organ transplant 0.06 (0.07-6.49) 0.722 0.67 (0.06-7.68) 0.745 1.93 (0.20-18.88) 0.574 1.90 (0.19-19.27) 0.588
Autoimmune dis.. 0.89 (0.53-1.48) 0.639 0.86 (0.44-1.71) 0.676 1.40 (0.55-3.57) 0.485 1.29 (0.57-2.80) 0.574
Immunosuppression 3.20 (.086-11.81) 0.081 2.59 (0.64-10.48) 0.182 1.49 (0.37-5.96) 0.575 1.05 (0.25-4.40) 0.945
Smoking 1.63 (0.85-3.15) 0.142 1.31 (0.62-2.77) 0.480 0.99 (0.52-1.89) 0.981 0.74 (0.36-1.53) 0.981
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