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ABSTRACT
Background: After the 2002/2003 severe acute respiratory syndrome outbreak, 30% of survivors exhibited
persisting structural pulmonary abnormalities. The long-term pulmonary sequelae of coronavirus disease
2019 (COVID-19) are yet unknown, and comprehensive clinical follow-up data are lacking.
Methods: In this prospective, multicentre, observational study, we systematically evaluated the
cardiopulmonary damage in subjects recovering from COVID-19 at 60 and 100 days after confirmed
diagnosis. We conducted a detailed questionnaire, clinical examination, laboratory testing, lung function
analysis, echocardiography and thoracic low-dose computed tomography (CT).
Results: Data from 145 COVID-19 patients were evaluated, and 41% of all subjects exhibited persistent
symptoms 100 days after COVID-19 onset, with dyspnoea being most frequent (36%). Accordingly, patients
still displayed an impaired lung function, with a reduced diffusing capacity in 21% of the cohort being the most
prominent finding. Cardiac impairment, including a reduced left ventricular function or signs of pulmonary
hypertension, was only present in a minority of subjects. CT scans unveiled persisting lung pathologies in 63%
of patients, mainly consisting of bilateral ground-glass opacities and/or reticulation in the lower lung lobes,
without radiological signs of pulmonary fibrosis. Sequential follow-up evaluations at 60 and 100 days after
COVID-19 onset demonstrated a vast improvement of symptoms and CT abnormalities over time.
Conclusion: A relevant percentage of post-COVID-19 patients presented with persisting symptoms and lung
function impairment along with radiological pulmonary abnormalities >100 days after the diagnosis of COVID-19.
However, our results indicate a significant improvement in symptoms and cardiopulmonary status over time.

Copyright ©ERS 2021. This version is distributed under the terms of the Creative Commons Attribution Non-
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Introduction
Coronavirus disease 2019 (COVID-19) shares clinical and mechanistic characteristics with the severe acute
respiratory syndrome (SARS) outbreak of 2002/2003, including angiotensin-converting enzyme-2-dependent
cellular entry and interleukin (IL)-6-driven hyperinflammation, potentially leading to imbalanced immune
responses and acute respiratory distress syndrome (ARDS) [1–13]. In different studies evaluating SARS
survivors months after infection, fibrotic features, including abnormal scoring of airspace opacity and
reticular shadowing, were observed in up to 36% of the patients [2, 14, 15]. A 1-year follow-up study on 97
recovering SARS patients in Hong Kong showed that 27.8% of survivors presented with decreased lung
function and signs of pulmonary fibrosis compared to a normal population, which was confirmed by another
follow-up study [2, 14, 16]. Moreover, the phylogenetically related Middle East respiratory syndrome (MERS)
coronavirus (CoV) was shown to induce pulmonary fibrosis in up to 33% of patients [17]. As SARS-CoV-2
shares high homology with SARS-CoV-1, and to a lesser extent with MERS-CoV, it is thus conceivable that
survivors of COVID-19 may also develop pulmonary fibrosis [7]. With worldwide >74 million confirmed
cases at the time of writing, and an average 20% of patients with a moderate-to-severe course of infection
often needing hospitalisation, the development of fibrosing lung disease after clearance of infection could
become an enormous health concern [1].

We thus designed a prospective, multicentre, observational study, the Development of Interstitial Lung
Disease (ILD) in Patients with SARS-CoV-2 infection (CovILD) study, aimed at systematically evaluating
the persisting cardiopulmonary damage of COVID-19 patients 60 days and 100 days after COVID-19
onset.

Methods
Study design
Enrolment of the CovILD study began on April 29, 2020 (supplementary figure S1). The trial site is located
at the Department of Internal Medicine II, Medical University of Innsbruck (Innsbruck, Austria), with two
additional participating medical centres in Zams and Münster (Austria), which are tertiary care centres
(Innsbruck, Zams) and an acute rehabilitation facility (Münster) all located in Tyrol, the first major
COVID-19 hotspot in Austria. Diagnosis of COVID-19 was confirmed if a typical clinical presentation
(according to current World Health Organization guidelines) along with a positive reverse transcriptase PCR
SARS-CoV-2 test obtained from a nasopharyngeal or oropharyngeal swab were present [18]. Eligibility
included the necessity of hospitalisation (either on a normal ward or intensive care unit (ICU)) or outpatient
care with persisting symptoms. A total of 190 patients were screened for study participation and 145
individuals were included in the final study. Reasons for nonparticipation were mainly logistic (e.g. tourists
who left the country, and individuals who lived too far away from the study centre in Innsbruck to attend
regular follow-up; n=27) or rejection of study participation (n=18).

We present a follow-up evaluation performed 60 days (mean±SD 63±23 days; visit 1) and 100 days (103±21
days; visit 2) after diagnosis of COVID-19. Of note, in Tyrol the healthcare system was never overloaded at
the local peak of the pandemic, thus, all patients received supportive care according to the standard of care
at the trial site hospitals and no selection bias due to triage methods was apparent. The trial protocol was
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approved by the institutional review board at Innsbruck Medical University (EK Nr: 1103/2020) and was
registered at ClinicalTrials.gov (registration number NCT04416100). Informed consent was obtained from
each patient.

Procedures
During the follow-up visits, the following examinations were performed: clinical examination; medical
history; a questionnaire about typical COVID-19 symptoms including cardiorespiratory, gastrointestinal
and neurological symptoms during the disease and at follow-up, the modified British Medical Research
Council (mMRC) dyspnoea score, a standardised performance status score, lung function testing including
spirometry, body plethysmography and diffusing capacity of the lung for carbon monoxide (DLCO)
adjusted for haemoglobin, capillary blood gas analysis, transthoracic echocardiography, standard laboratory
examinations and a low-dose computed tomography (CT) scan of the chest.

All serological markers were determined on fully automated random access instruments: C-reactive protein
(CRP), IL-6, procalcitonin (PCT), N-terminal pro-brain natriuretic peptide (NT-proBNP) and serum
ferritin were determined on a Roche Cobas 8000 analyser (Basel, Switzerland) and D-dimer on a Siemens
BCS-XP instrument using the Siemens D-Dimer Innovance reagent (Erlangen, Germany).

CT scans were acquired without ECG gating on a 1280slice multidetector CT with a 128×0.6 mm
collimation and spiral pitch factor of 1.1 (SOMATOM Definition Flash, Siemens Healthineers). Scans were
obtained in the craniocaudal direction without iodine contrast agent and in a low-dose setting (100 kVp
tube potential). If patients had a clinical suspicion for pulmonary embolism (PE), additional contrast CTs
were conducted. Axial reconstructions were performed with a slice thickness of 1 mm. CT images were
evaluated for the presence of ground-glass opacities (GGOs), consolidations, bronchiectasis and
reticulations as defined by the glossary of terms of the Fleischner Society [19]. When present, the
distribution of the findings was graded according to their distribution (unilateral/bilateral, involved lobes).
Overall, pulmonary findings were graded for every lobe using the following CT severity score: 0: none;
1: minimal (subtle GGOs); 2: mild (several GGOs, subtle reticulation); 3: moderate (multiple GGOs,
reticulation, small consolidation); 4: severe (extensive GGOs, consolidation, reticulation with distortion);
and 5: massive (massive findings, parenchymal destructions). The maximum score was 25 (i.e. maximum
score 5 per lobe). This score was used because the British Society of Thoracic Imaging (BSTI) definition of
COVID-19 classifies only the extent of abnormality (<25%, 26–50%, 51–75%, >75%), and the BSTI
post-COVID-19 CT report codes do not discriminate between “improving” (PCVCT1: no significant
fibrosis or concerning features) and “fibrosis” (PCVCT3: fibrosis±inflammatory change present
(inflammation>fibrosis/fibrosis>inflammation/fibrosis without inflammation)). In addition, we did not
have a pre-COVID-19 baseline and an acute phase COVID-19 CT scan in most patients.

The Syngo.via CT Pneumonia Analysis (Siemens Healthineers) research prototype for the detection and
quantification of abnormalities consistent with pneumonia was used to calculate the percentage of opacity
and percentage of high opacity, indicating percentages of GGOs and consolidation, respectively.

Statistical analysis
Statistical analyses were performed using statistical analysis software package (IBM SPSS Statistics version
24.0; IBM, Armonk, NY, USA). According to descriptive statistical analysis including tests for
homoscedasticity and data distribution (Levene test, Kolmogorov–Smirnov test, Shapiro–Wilk test and density
blot/histogram analysis) two-sided parametric or nonparametric tests were applied as appropriate. For group
comparisons of continuous data, the Mann–Whitney U-test, Kruskal–Wallis or Wilcoxon signed-rank test
were applied. Binary and categorical data were analysed with Fisher’s exact test, Chi-squared test or McNemar
test. Multiple testing was adjusted by the Sidak formula. Correlations were assessed with Spearman rank
(nonparametric data) or Pearson’s (parametric data) test. To identify demographic and clinical factors
impacting on the persistence of symptoms and radiological lung findings at follow-up, a series of fixed-effect
ordinary and generalised linear models were created using R programming suite version 3.6.3 (www.r-project.
org). Details of the statistical analysis and the software packages used are reported in the supplementary
methods. Independently of the testing technique, effects were termed significant for p<0.05.

Results
Characteristics of the cohort
In total, 145 patients with a confirmed diagnosis of COVID-19 participated in the CovILD study, and 133
subjects were also available for the second follow-up. The mean±SD time from the diagnosis of COVID-19,
as defined by positive SARS-CoV-2 PCR testing, to follow-up was 63±23 days for visit 1 and 103±21 days
for visit 2. The study cohort consisted of 55% male individuals, aged 19–87 years (table 1). 61% of
COVID-19 patients were overweight or obese (body mass index >25 kg·m−2 or >30 kg·m−2, respectively).
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Most individuals had pre-existing comorbidities (77%) with cardiovascular and metabolic diseases being
the most frequent (table 1). The majority of study participants (75%) were hospitalised during the acute
phase of COVID-19, half of the hospitalised patients required oxygen supply, and 22% of all subjects were
admitted to the ICU due to the necessity of noninvasive or invasive mechanical ventilation as determined
by the treating physicians. Patients who were admitted to the ICU had more comorbidities such as
cardiovascular disease, arterial hypertension, diabetes mellitus, hypercholesterolaemia, chronic kidney
disease or immune deficiency as compared to subjects without the necessity of ICU treatment
(supplementary table S1). Additionally, higher age and male sex were related to a more severe course of
acute COVID-19.

Clinical evaluation at follow-up
At the second follow-up visit, a relevant number of patients still reported an impaired performance status
and persisting symptoms including dyspnoea (36%), night sweats (24%), sleep disorders (22%) or
hyposmia/anosmia (19%), but with decreasing frequency compared to the acute phase of COVID-19 and
the first follow-up visit (figure 1). Notably, severe symptoms, such as a severely impaired performance
status (as assessed by a standardised questionnaire) or severe dyspnoea (mMRC score 3–4) were only
found in 2% and 4%, respectively, of all study participants at second follow-up. Overall, a marked and
continuous improvement of all assessed symptoms (namely impairment of performance status, dyspnoea,
cough, fever, diarrhoea or vomiting, night sweats, hyposmia/anosmia and sleep disorders) from disease
onset to follow-up at visits 1 and 2 was observed (figure 1).

Cardiopulmonary evaluation at follow-up
At follow-up visit 1 and visit 2, trans-thoracic echocardiography unveiled a high rate of diastolic
dysfunction (60% and 55% of all subjects, respectively). Signs of pulmonary hypertension as well as a
pericardial effusion were detected only in a smaller portion of the cohort (supplementary table S2). Only

TABLE 1 Demographics and clinical characteristics of patients enrolled in the Development of
Interstitial Lung Disease (ILD) in Patients with SARS-CoV-2 infection (CovILD) study

Subjects 145
Age years 57±14
Female 63 (43)
BMI kg·m−2 26±5
Smoking history 57 (39)
Current smokers 4 (3)
Pack-years 8±16

Comorbidities
None 33 (23)
Cardiovascular disease 58 (40)
Hypertension 44 (30)
Pulmonary disease 27 (19)
COPD 8 (6)
Asthma 10 (7)
ILD# 1 (1)

Metabolic disease 63 (43)
Hypercholesterolaemia 27 (19)
Diabetes mellitus, type 2 24 (17)

Chronic kidney disease 10 (7)
Chronic liver disease 8 (6)
Malignancy 17 (12)
Immunodeficiency¶ 9 (6)

Hospitalised 109 (75)
In-hospital treatment+

Oxygen supply 72 (66)
Noninvasive ventilation 3 (3)
Invasive ventilation 29 (27)

Data are presented as n, mean±SD or n (%). BMI: body mass index. #: n=1 with a history of
radiation-induced pneumonitis; ¶: due to disease or ongoing immunosuppressive treatment: renal
transplantation (n=1), psoriasis vulgaris (n=1), morbus Hashimoto (n=1), leukaemia (n=1), lymphoma (n=1),
gout (n=1), polyarthritis (n=1). +: all patients needing noninvasive or invasive ventilation were supplied with
oxygen before intensive care unit admission; relative numbers depict the treatment of in-hospital patients.
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four participants presented with a reduced left ventricular ejection fraction (LVEF). Whereas the frequency
of diastolic dysfunction, signs of pulmonary hypertension and LVEF impairment did not significantly
change from follow-up visit 1 to visit 2, the number of patients with pericardial effusion diminished over
time (p=0.039).

An impaired lung function, reflected by reduced static and/or dynamic lung volumes, or impaired DLCO,
was present in 42% and 36% of individuals at visit 1 and visit 2, respectively (table 2). In detail, 100 days
after diagnosis of COVID-19, a reduction in forced vital capacity (FVC) and/or forced expiratory volume
in 1 s (FEV1) was found in 22%, a reduced TLC in 11% and an impaired DLCO in 21% of all individuals.
Additionally, hypoxia, as reflected by a reduced oxygen tension (PO2

) assessed with capillary blood gas
analysis (PO2

<75 mmHg), was still present in 37% of all subjects, and these patients demonstrated mild
(80%, PO2

<75–65 mmHg) or moderate (20%, PO2
<65–55 mmHg) hypoxia at rest. Notably, dynamic lung

volumes and DLCO significantly increased over time. As compared to follow-up visit 1 there was a
moderate but significant improvement of most of these parameters over time (table 2).

Serological markers
At visit 2, mild elevations in inflammatory markers such as CRP (12%), IL-6 (6%) or PCT (9%) were still
present in a smaller portion of the cohort (supplementary table S3). Accordingly, biomarkers associated
with COVID-19 disease severity, such as D-dimer, NT-proBNP and serum ferritin were still elevated in
27%, 23% and 17% of COVID-19 patients, respectively, at second follow-up.

Pulmonary imaging
CT imaging revealed radiological lung abnormalities typical for COVID-19 in 77% of patients at visit 1
and in 63% of individuals at visit 2 (figure 2a). The main findings were GGOs, consolidation and
reticulation. Bronchial dilation was found in a small portion of the cohort (representative CT scans are
depicted in figure 3). In 75% of patients, pulmonary involvement was found bilaterally, with the lower
lobes most prominently affected (supplementary table S4). Notably, by the time of visit 2, consolidations
and bronchial dilations almost completely resolved, and the mean extent of GGOs significantly decreased.

Acutea)

b)

Impairment of performance status

Persisting symptoms

V1

V2

V1

V2

91%

57%

50%

69%

41%

Subjects %

Second follow-up after COVID-19Acute COVID-19

200 40 60 80 100

70%

68%

73%

41%

63%

54%

43%

39%
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0%

9%

24%
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19%
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Cough
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Pain
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Sleep disorders

Subjects %
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FIGURE 1 Symptom burden in the Development of Interstitial Lung Disease (ILD) in Patients with SARS-CoV-2 infection (CovILD) study cohort
during acute coronavirus disease 2019 (COVID-19) and at follow-up. a) Using a standardised questionnaire, performance status and overall burden
of symptoms were assessed for the time-point of disease onset, 60 days (V1), and 100 days (V2) after diagnosis of COVID-19. b) Symptom burden
was assessed using a standardised questionnaire at COVID-19 onset and at 100 days post-COVID-19 diagnosis. All symptoms significantly
improved over time (p<0.001 for all read-outs). nacute=145, nfollow-up=135.
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In contrast, reticulations only gradually improved from visit 1 to visit 2 (figure 2a). In eight patients, who
presented with a clinical suspicion of an incidental PE (e.g. deteriorating dyspnoea despite resolution of
radiological lung findings, tachycardia, significant hypoxia or lack of D-dimer decrease/D-dimer increase),
additional contrast agent CT was performed, and one incidental PE was detected.

Radiological assessment of the severity of COVID-19-related lung pathologies was performed on CT scans
using both an automated software-based analysis with Syngo.via CT Pneumonia Analysis Software as well
as an evaluation by three independent radiologists. Importantly, the software-based pneumonia
quantification and the severity scoring by radiologists demonstrated a high correlation (correlation
coefficient ρ=0.893, p<0.001). The pulmonary CT severity score unveiled a moderate structural
involvement in most patients at the first follow-up, which significantly improved over time (figures 2b, c
and 4). The majority of participants (81%) demonstrated an improvement in the CT severity score.
Interestingly, we found only weak-to-moderate correlations of FVC (ρ=0.322, p<0.001) and FEV1 (ρ=0.237,
p<0.001) measurements and moderate correlations of TLC (ρ=0.455, p<0.001) and DLCO (ρ=0.543, p<0.001)
assessment with the CT severity score. The CT severity score (ρ=0.200, p<0.001) and lung function
parameters including FVC (ρ=0.206, p<0.001), FEV1 (ρ=0.212, p<0.001), TLC (ρ=0.145, p<0.05) and DLCO

(ρ=0.204, p<0.001) demonstrated a weak correlation to the severity of dyspnoea.

Finally, we analysed the impact of demographic and clinical factors on the persistence of symptoms,
patient performance status and CT findings at follow-up with a series of fixed-effect ordinary and
generalised linear models (supplementary figures S2, S3 and S4). These analyses revealed that the severity
of acute COVID-19 (as reflected by the need for medical treatment), age, sex and pre-existing diseases
such as cardiovascular diseases, pulmonary diseases, diabetes mellitus type 2 and malignancy were related
to patient recovery. Despite that, a striking improvement of the CT severity score was found in patients of
all COVID-19 severity groups, including subjects who needed mechanical ventilation at an ICU (figure 5).

Discussion
The ongoing pandemic considerably increases the demand for healthcare and raises concerns on
physiological and radiological disease outcome in COVID-19 patients needing hospitalisation or even
treatment in the ICU [20]. Accordingly, early lung function analysis of patients with COVID-19 at the
time of discharge from hospital revealed a high rate of abnormalities indicative of potential interstitial lung
disease. Moreover, a retrospective study 30 days after discharge had shown a reduced diffusing capacity as
the central finding in 26% of post-acute COVID-19 patients [21, 22]. To our knowledge, this prospective
study represents the first 3-month cardiopulmonary follow-up analysis of patients with confirmed
COVID-19 including critical cases. The majority of patients enrolled in the CovILD study were previously
hospitalised, male and displayed comorbidities, which have been identified as risk factors for a severe

TABLE 2 Pulmonary function of coronavirus disease 2019 (COVID-19) patients at follow-up

First follow-up# Second follow-up¶ p-value time change

Subjects 126 133
Lung function impaired+ 53 (42) 48 (36) 0.388
FVC L 3.6±1.0 3.7±0.9 <0.001
FVC <80% predicted 34 (27) 29 (22) 0.049
FEV1 L 2.9±0.8 3.0±0.8 0.001
FEV1 <80% predicted 28 (22) 30 (22) 1.000
FEV1/FVC % 84±11 80±11 <0.001
FEV1/FVC <70% 5 (4) 11 (8) 0.063
TLC L 6.2±1.3 6.2±1.3 0.881
TLC <80% predicted 14 (11) 15 (11) 0.791
DLCO mmol·min−1·kPa−1 7.7±2.4 7.9±2.3 <0.001
DLCO <80% predicted 39 (31) 28 (21) 0.022
PO2

mmHg 79±10 78±9 0.864
PO2

<75 mmHg 40 (32) 45 (37) 0.871

Data are presented as n, n (%) or mean±SD, unless otherwise stated. Bold type represents statistical
significance. Wilcoxon signed-rank test and McNemar test were used to assess time-related differences.
FVC: forced vital capacity; FEV1: forced expiratory volume in 1 s; TLC: total lung capacity; DLCO: diffusing
capacity of the lung for carbon monoxide; PO2

: partial pressure of oxygen assessed with blood gas analysis
(without oxygen supplementation). #: 60 days after COVID-19 diagnosis; ¶: 100 days after COVID-19
diagnosis; +: lung function was considered impaired if FVC, FEV1, FEV1/FVC ratio, TLC or DLCO were below
the predicted normal.
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course of COVID-19 [23–26]. Importantly, 21% of patients were admitted to the ICU, comparable to the
ICU admission rates of 26–33% previously published for COVID-19 patients [1, 25].

During post-acute care, patients reported a high rate of persisting dyspnoea, and one-third of COVID-19
patients displayed an impaired lung function, with a reduced diffusing capacity being the most prominent
finding even >100 days after COVID-19 diagnosis. This is in accordance with observations in 110 SARS
survivors 3 and 6 months after infection [14]. Long-term SARS studies revealed disturbed gas exchange as
the most relevant residual finding, ranging from 15.5% to 57.2% of patients [2, 14, 27]. Furthermore,
several studies on ARDS survivors have shown that their pulmonary function generally returns to normal
or near to normal within 6–12 months, and predominantly DLCO may remain abnormal in patients 1 year
after recovery [28, 29]. Although a relevant portion of our cohort presented with persisting
cardiopulmonary impairment at follow-up, as evidenced by echocardiography or lung function testing, we
observed a gradual improvement over time.

The major CT findings of patients affected by COVID-19 were previously shown to include GGO and
consolidation with bilateral involvement and peripheral and diffuse distribution [30]. Importantly, this
study reveals that >100 days after disease onset, two-thirds of patients had residual radiological changes,
predominantly including residual GGO combined with reticulation. Since most patients had no CT scan
before or during hospitalisation, pre-existing lung injury cannot be completely ruled out for the subgroup
of patients with moderate-to-severe findings present at follow-up.

In line with our findings, CT abnormalities with low mean severity were detected in 75.4% of SARS
survivors 6 months after admission to the hospital [15]. From a clinical perspective, it is important to note
that the high prevalence of persisting radiological abnormalities in our cohort was not well reflected by
pulmonary function testing. Data on the inferiority of pulmonary function testing in the screening for ILD
in a population at high risk for progressive disease support these findings [31]. To date, it remains unclear
whether such subclinical structural changes justify the routine repetitive use of CT imaging in follow-up
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FIGURE 2 Chest computed tomography (CT) lung analysis at coronavirus disease 2019 (COVID-19) onset and
follow-up. a) The pattern of pathological findings assessed with CT at 60 (V1) and 100 days (V2) after diagnosis
of COVID-19. b) Automated analysis of lung opacities assessed on CT scans from the acute disease phase,
60 days and 100 days after COVID-19 diagnosis employing Syngo.via CT Pneumonia Analysis software
(Siemens Healthineers, Erlangen, Germany). c) CT severity scoring by radiologists at COVID-19 onset, 60 days
and 100 days after COVID-19 diagnosis. The severity score was calculated via CT evaluation by three
independent radiologists who qualitatively graded lung impairment for each lobe separately (grade 0–5, with 0
for no involvement and 5 for massive involvement). A total score was achieved by summation of grades for all
five lobes (maximum 25 points). Data are presented as mean±SE. nacute=23, nV1=145, nV2=135.
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care after COVID-19 pneumonia. For example, follow up-studies in ARDS survivors including chest CT
have shown that persistent radiographic abnormalities were of little clinical relevance [32]. In addition, a
15-years follow-up study of 71 patients with moderate-to-severe SARS showed that the rate of interstitial
abnormalities declined remarkably within the first 2 years of recovery to only 4.6% residual lung injury
[27]. In line with this, our imaging findings demonstrate high reversibility of COVID-19-associated
cardiopulmonary damage, and no clear signs of progressive ILD have been identified so far.

a)

b)

c)

FIGURE 3 Representative computed tomography scans of coronavirus disease 2019 patients with a) minimal,
b) moderate and c) severe radiological findings at first follow-up. Percentage of opacity/high opacity a) 0.07/
0.00; b) 10.29/0.69; c) 56.87/5.92.
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Finally, we have to acknowledge limitations of the study presented. First, the CovILD trial was initiated
during the onset of the COVID-19 epidemic in Austria; thus, pre-existing comorbidities were assessed
retrospectively, and cardiopulmonary evaluation prior to COVID-19 was only available in a small portion
of the cohort. Thus, we cannot fully evaluate the impact of potentially pre-existing cardiopulmonary
impairment on the findings presented herein. Secondly, according to the ethics approval we used low-dose
CT without contrast agent to assess radiological pulmonary impairment. Whereas this strategy reduces the
cumulative radiation dose and precludes contrast agent related complications, it is also associated with
limitations. Although the image quality of low-dose CT was found to be sufficient, some very subtle
fibrotic changes may be recognised as (nonfibrotic) reticulations due to the lower image quality. However,
even in regular-dose CT, clear discrimination between residual inflammation and early fibrosis is
extremely difficult, especially in patients with a clear overall improvement. Additionally, as we did not
routinely use contrast agent, we did not screen the cohort for occult PE, and additional contrast CTs were
only indicated in case of clinical suspicion of PE.
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FIGURE 5 Changes in pulmonary impairment according to computed tomography (CT) analysis in patients of
different acute coronavirus disease 2019 (COVID-19) disease severities. Time-dependent changes of CT
severity score in patients with mild to critical COVID-19. Disease severity was graded by the need for acute
medical treatment, as follows. Mild: outpatient care; moderate: hospitalisation without respiratory support;
severe: hospitalisation with the need for oxygen supply; critical: patients treated at the intensive care unit with
the need for noninvasive or invasive ventilation. Except for patients with mild COVID-19, who demonstrated
only minor pulmonary CT abnormalities, all other patient groups demonstrated a significant improvement of
lung abnormalities in CT scans (p=0.042 to p<0.001 for time-dependent changes). CT severity scoring ranges
from 0 to 25 and was applied as detailed in the methods section. Visit 1 (V1) and visit 2 (V2) were performed
60 and 100 days after the diagnosis of COVID-19, respectively. Data are presented as mean±SE.

a) b) c)

FIGURE 4 Representative sequential computed tomography (CT) scans of a 56-year-old male coronavirus disease 2019 (COVID-19) patient during
acute disease and follow-up. Pulmonary three-dimensional modelling assessed with CT is shown a) during acute COVID-19, b) at 60 days
follow-up and c) at 100 days follow-up. Pulmonary opacities, mainly reflecting ground-glass opacities and/or consolidation, were quantified with
Syngo.via CT Pneumonia Analysis software (Siemens Healthineers, Erlangen, Germany). Areas with increased opacity are marked in red, whereas
normal lung areas are indicated in green.
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Conclusion
In summary, we describe significant residual clinical, functional and CT-morphological changes in the
majority of COVID-19 patients, which dramatically improved within the observation period of 3 months.
We conclude that follow-up care should be considered for patients with persisting clinical symptoms
after COVID-19, which may include serial measures of lung function, echocardiography and CT scans of
the chest.
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