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Pulmonary function and chest computed 
tomography abnormalities 6–12 months 
after recovery from COVID‑19: a systematic 
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Abstract 

Background:  Some coronavirus disease 2019 (COVID-19) survivors experience prolonged and varying symptoms, a 
condition termed post-acute COVID-19 syndrome (PACS). However, the prevalence of chronic pulmonary sequelae of 
PACS during long-term follow-up remains unclear. Several studies have examined this issue and reported heterogene‑
ous results.

Methods:  We conducted a systematic review and meta-analysis using a random-effects model to estimate the 
pooled prevalence of the pulmonary sequelae of COVID-19, as demonstrated by pulmonary function testing (PFT) 
and chest computed tomography (CT) performed at least 6 months after initial infection. PubMed, Embase, and 
Cochrane Library databases were searched from January 1, 2020 to December 31, 2021 to identify related studies. We 
investigated whether the prevalence of pulmonary sequelae decreased over time and attempted to identify the fac‑
tors associated with their development by performing multiple subgroup and meta-regression analyses.

Results:  Of the 18,062 studies identified, 30 met our eligibility criteria. Among these studies, 25 and 22 had follow-up 
PFT and chest CT data, respectively. The follow-up durations were approximately 6 and 12 months in 18 and 12 stud‑
ies, respectively. Impaired diffusion capacity was the most common abnormality on PFT (pooled prevalence 35%, 95% 
confidence interval [CI] 30–41%) with a prevalence of 39% (95% CI 34–45%) and 31% (95% CI 21–40%) in the 6-month 
and 12-month follow-up studies, respectively (P = 0.115). Restrictive pulmonary dysfunction evident as reduced 
forced vital capacity was less frequent (pooled prevalence 8%, 95% CI 6–11%); however, its prevalence was lower in 
the 12-month follow-up studies than in the 6-month follow-up studies (5% [95% CI 3–7%] vs. 13% [95% CI 8–19%], 
P = 0.006). On follow-up chest CT, the pooled prevalence of persistent ground-glass opacities and pulmonary fibrosis 
was 34% (95% CI 24–44%) and 32% (95% CI 23–40%), respectively, and the prevalence did not decrease over time. As 
every meta-analysis showed significant between-study heterogeneity, subgroup and meta-regression analyses were 
performed to identify potential effect modifiers; the severity of index infection was associated with the prevalence of 
impaired diffusion capacity and pulmonary fibrosis.
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Background
Since its first detection in Wuhan, China, in December 
2019, coronavirus disease 2019 (COVID-19), which is 
caused by severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), has become a worldwide threat [1]. 
Over recent years, more than 500  million people have 
been diagnosed with COVID-19 worldwide, resulting in 
more than 6 million deaths [2].

The successful development of COVID-19 vaccines and 
the advent and rapid spread of the omicron variant of 
SARS-CoV-2 have provided immunity to a large portion 
of the population either by vaccination or natural infec-
tion [3]. Hence, the fear of pandemic has been fading 
recently; however, COVID-19 may not end and eventu-
ally become an endemic. Currently, the disease severity 
and mortality rate of COVID-19 are decreasing [4], but 
an extremely large number of COVID-19 survivors could 
be a problem in the future. Some COVID-19 survivors 
experience prolonged and varying symptoms, a condi-
tion termed “post-acute COVID-19 syndrome (PACS)” 
or “long COVID” [5, 6].

While the definition of PACS is changing and evolv-
ing, it is usually divided into two categories: subacute 
(symptoms and signs persisting 4–12  weeks after acute 
COVID-19) and chronic (symptoms and signs persist-
ing beyond 12 weeks after acute COVID-19) [5, 6]. The 
most common symptom of PACS is fatigue; however, 
respiratory symptoms such as dyspnea and cough also 
have debilitating effects on survivors [7]. Furthermore, 
there is a concern that pulmonary fibrosis can develop 
as a sequela [8]. Long-term sequelae after viral pneumo-
nia have been documented in patients infected by other 
strains of the coronavirus family, including SARS-CoV-1 
(SARS) and Middle East respiratory syndrome coronavi-
rus (MERS) [9–11].

Some experts recommend serial follow-up with pulmo-
nary function testing (PFT) and chest computed tomog-
raphy (CT) for the investigation of pulmonary sequelae, 
especially until 12  months after acute COVID-19 [12]. 
Several studies have addressed the COVID-19 related 
pulmonary sequelae, with results being reported from 
approximately 1 year after the beginning of the COVID-
19 outbreak; however, most of these studies had follow-
up durations of only 3–6 months [13–17]. These studies 

demonstrated impaired diffusion capacity as the most 
common pulmonary sequelae.

Given the potential for the lungs to recover over time 
[18], the pulmonary sequelae of PACS may also improve 
over time. The results from studies with longer follow-up 
durations of up to 1 year have only recently become avail-
able [19, 20]. However, the heterogeneity in study designs 
and settings between different studies makes it difficult to 
draw conclusions. Therefore, we conducted a systematic 
review and meta-analysis to pool the available data from 
studies and estimate the prevalence of the chronic pul-
monary sequelae of PACS persisting 6–12  months after 
acute COVID-19. Particularly, we focused on the preva-
lence of abnormalities demonstrated by objective tools of 
pulmonary assessment, including PFT and chest CT.

Methods
Study protocol and outcomes
This study was conducted in accordance with the Meta-
analysis Of Observational Studies in Epidemiology 
(MOOSE) guidelines [21]. The primary outcome of this 
study was the prevalence of chronic pulmonary sequelae 
of PACS evident on PFT and chest CT 6–12 months after 
acute COVID-19. First, we estimated the prevalence of 
pulmonary abnormalities on PFT and chest CT. Second, 
we examined whether the prevalence of these findings 
had decreased over time. Third, we evaluated potential 
factors that could be associated with the development of 
such chronic sequelae. The study protocol was registered 
in PROSPERO (CRD42021234357).

Eligibility criteria
The inclusion criteria were as follows: (1) studies that 
included patients who had recovered from acute COVID-
19 and had undergone follow-up for at least 6  months 
after index infection; (2) prospective cohort studies; and 
(3) studies that included objective pulmonary assess-
ment results (PFT and/or chest CT). “Index infection” 
was defined as acute infection by SARS-CoV-2, as con-
firmed using real-time RT-PCR. Case reports, small case 
series, and meeting abstracts lacking detailed data were 
excluded. Retrospective studies and studies that included 
only patients with critical COVID-19 were also excluded 
to minimize selection bias.

Conclusions:  A substantial number of COVID-19 survivors displayed pulmonary sequelae as part of PACS. Except for 
restrictive pulmonary dysfunction, the prevalence of these sequelae did not decrease until 1 year after initial infection. 
Considering the association between the severity of acute COVID-19 and risk of pulmonary sequelae, patients who 
recover from severe COVID-19 require close respiratory follow-up.

Systematic review registration number PROSPERO CRD42021234357

Keywords:  COVID-19, Complications, Respiratory Function Tests, Computed tomography, Meta-analysis
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Information source and search strategy
Two experienced investigators (JHL and JP) performed 
the systematic literature search using the PubMed, 
EMBASE, and Cochrane Library databases. Studies pub-
lished between January 1, 2020 and December 31, 2021 
were identified. We also manually checked the reference 
lists of relevant articles. Details of the search strategy are 
presented in Additional file 1: Appendix S1.

Study selection
Study selection was performed according to the Pre-
ferred Reporting Items of Systematic reviews and Meta-
Analyses (PRISMA) flowchart [22]. After removing 
duplicates, two investigators (JHL and JP) independently 
reviewed the titles and abstracts of the identified studies 
to determine whether they should be included for further 
full-text reviews. After a full-text review, studies that met 
our full eligibility criteria were finally selected. Any disa-
greement regarding study selection was resolved by dis-
cussion with a third author (JJY).

Data extraction and data items
Data on the prespecified variables were extracted from 
the selected studies. The extracted data included the 
study design, study region, study period, follow-up inter-
val after acute COVID-19, inclusion criteria of the study, 
demographics of the included patients, sample size, data 
on the severity of acute COVID-19, details of the patient 
assessment tools used (PFT and/or chest CT) during 
follow-up, and results of those assessments. The study 
authors were contacted to obtain additional information 
if needed.

Disease severity was determined according to the cur-
rent global guideline with slight modifications for the 
purpose of our study [23]. Because the included studies 
did not employ the universal disease severity criteria and 
as some did not clearly present data on disease sever-
ity using the predefined criteria, patients who required 
supplemental oxygen therapy were considered as having 
severe COVID-19. Patients who required intensive care 
unit admission and/or mechanical ventilation were con-
sidered as having critical COVID-19.

Regarding PFT data, we extracted the percent pre-
dicted values for the diffusion capacity for carbon mon-
oxide (DLCO), forced vital capacity (FVC), and total lung 
capacity (TLC). Subsequently, we obtained data on the 
prevalence of impairment of these lung function param-
eters using a cutoff of 80% of the predicted values or 
lower limit of normal (LLN), as presented in the searched 
studies.

For the searched studies with follow-up chest CT data, 
the prevalence of pulmonary fibrosis as a sequela of 

COVID-19 was estimated. Although most studies clearly 
presented the number of patients who developed pulmo-
nary fibrosis, some studies only reported the prevalence 
of various individual CT findings, including ground-glass 
opacity (GGO), reticulation, traction bronchiectasis, 
interstitial thickening, parenchymal band, and consoli-
dation. For studies in which pulmonary fibrosis was not 
clearly defined, one author (JHL, 10 years of experience 
in thoracic radiology) adjudicated the presence of pulmo-
nary fibrosis based on the Fleischner Society’s nomen-
clature and definition [24]. CT findings such as reticular 
opacity, architectural distortion, traction bronchiectasis, 
and honeycombing were considered indicative of pulmo-
nary fibrosis. Conversely, GGO and consolidation were 
considered unrelated to pulmonary fibrosis. In addition 
to pulmonary fibrosis, we estimated the prevalence of 
persistent GGO as it is the most common finding in the 
acute phase [25]. The proportion of patients without any 
residual abnormal findings (complete radiologic resolu-
tion) on follow-up CT was also reviewed.

Risk of bias assessment
We assessed the risk of bias of included studies using a 
tool developed and validated for prevalence studies [26]. 
The detailed items of questions included in this tool are 
described in Additional file 1: Appendix S2. Briefly, four 
and six items were used to evaluate the external and 
internal validity, respectively. Because the studies of 
interest were those reporting the results of objective and 
direct assessments of patients (PFT and/or chest CT), the 
overall risk of bias was mostly determined according to 
the external validity, rather than the internal validity, of 
individual studies. Particularly, we assessed whether the 
included patients could represent the entire target popu-
lation of patients with COVID-19 in the real world.

Statistical analysis
Considering the heterogeneity among the included stud-
ies, the DerSimonian and Laird random-effects model 
was used for our meta-analysis [27]. First, the results 
of PFT were pooled using the “metan” command [28]. 
For studies providing summary statistics as the median 
and interquartile range (IQR), rather than the mean 
and standard deviation (SD), the mean and SD values 
were estimated [29]. Subsequently, our primary study 
outcome, namely the pooled prevalence and 95% confi-
dence interval (CI) of impaired lung function (less than 
80% of predicted values or LLN), was calculated for each 
parameter (DLCO, FVC, and TLC) using the “metaprop” 
command [30]. The pooled prevalence of chest CT 
abnormalities (pulmonary fibrosis and persistent GGO) 
was also analyzed.
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To compare the prevalence of pulmonary seque-
lae according to the follow-up duration, we performed 
subgroup analyses. Additional subgroup analyses were 
performed according to the risk of bias of the included 
studies and proportion of patients with severe acute 
COVID-19. Given the significant between-study hetero-
geneity, meta-regression analyses were also performed 
to identify potential factors associated with the develop-
ment of pulmonary sequelae, using the “metareg” com-
mand [31]. Candidate variables for the meta-regression 
included age, cigarette smoking history, and the severity 
of acute COVID-19.

To assess the association between the development 
of pulmonary sequelae and severity of acute COVID-
19, studies that reported the prevalence of pulmonary 
sequelae according to severity of index infection (severe 
vs. non-severe or critical vs. non-critical) were identi-
fied. Using these studies, odds ratios (ORs) were calcu-
lated by estimating the risk of development of pulmonary 
sequelae according to initial disease severity, and these 
data were subsequently used to calculate the pooled OR. 
For all meta-analyses, the heterogeneity among the stud-
ies was statistically investigated using the Q-test and I2 
index. We visually inspected funnel plots and employed 
Egger’s regression to assess possible publication biases 

[32]. All statistical analyses were performed using the 
STATA software version 14.0 (StataCorp LP, College Sta-
tion, TX, USA).

Results
Search findings and study characteristics
A total of 18,062 studies were identified through the lit-
erature search after removing duplicates. The full texts of 
419 studies were reviewed, and 30 were finally included 
in our meta-analysis (Fig. 1) [19, 20, 33–60]. The details 
of the included studies are presented in Table 1 and Addi-
tional file 1: Table S1. The studies were mainly conducted 
in Asia (16, 53.3%) and Europe (13, 43.3%), and all studies 
were prospective cohort studies. Among the 30 studies, 
25 (83.3%) had follow-up PFT data [19, 20, 33–35, 37, 38, 
40–44, 46–49, 51, 53–60], and 22 (73.3%) had follow-up 
chest CT data [19, 20, 34–36, 38, 39, 42–48, 50–53, 56, 
57, 59, 60]. The eligibility criteria varied between stud-
ies, but most studies included patients with confirmed 
COVID-19 who were successfully treated and discharged 
from the study hospitals. In most studies, PFT and chest 
CT were performed for every included patient as much 
as possible, and the proportion of patients undergoing 
PFT and chest CT was 88.0% and 79.7%, respectively. 
However, in some studies, chest CT was selectively 

Fig. 1  Preferred Reporting Items of Systematic reviews and Meta-Analyses (PRISMA) flowchart for this systematic review and meta-analysis
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performed (e.g., patients with abnormal results on PFT) 
[19, 43, 50, 51, 53].

Study population
A total of 6770 patients (mean age, 56 ± 6  years) were 
included, of which 56.1% were men. Smoking history 
data were presented in 23 studies, and approximately 
24 ± 17% of the patients were ever smokers. The sever-
ity of acute COVID-19 was highly variable. The propor-
tions of patients with severe and critical COVID-19 
were 67 ± 28% and 33 ± 22%, respectively. However, 
some studies did not present data on the severity of 
index infection [33, 54]. The included studies could be 

approximately classified into two groups according to 
their follow-up durations: 18 studies with a 6-month 
follow-up [33, 34, 36, 37, 39–45, 47, 49–51, 53, 54, 57] 
and 12 studies with a 12-month follow-up [19, 20, 35, 
38, 46, 48, 52, 55, 56, 58–60] (Table 1).

Deterioration of lung function on follow‑up PFT
The most common abnormality on follow-up PFT 
was impaired diffusion capacity. The mean percent 
predicted DLCO was estimated to be 81.5% (95% CI 
78.0–84.9%, Additional file 1: Figure S1A). The pooled 
estimate of the prevalence of impaired diffusion capac-
ity was 35% (95% CI 30–41%), with considerable 

Table 1  Patient characteristics of the included studies

COVID-19, coronavirus disease 2019; CT, computed tomography; PFT, pulmonary function test

Study Total 
patients 
included (n)

Patients 
with PFT 
(n, %)

Patients with 
chest CT (n, 
%)

Follow-up 
interval ( 
months)

Mean 
age 
(year)

Male sex (%) Ever smoker Severe COVID-19 Critical 
COVID-
19

Aparisi A 70 70 (100%) 0 6 55 36 N.A N.A N.A

Bardakci MI 65 59 (91%) 60 (92%) 6 N.A 75 46% 100% 12%

Bellan M 200 196 (98%) 190 (95%) 12 61 61 45% 72% 33%

Caruso D 118 0 118 (100%) 6 65 47 43% N.A 74%

Cassar MP 46 46 (100%) 0 6 55 63 37% 59% 50%

Chen Y 41 41 (100%) 41 (100%) 12 49 59 10% 39% N.A

Dai S 50 0 45 (90%) 6 48 50 N.A 22% N.A

Dorelli G 28 28 (100%) 0 6 56 79 32% 57% 36%

Faverio P 312 312 (100%) 0 6 61 73 26% 100% 77%

Han X 114 104 (91%) 114 (100%) 6 54 70 14% 100% 25%

Hellemons 
ME

92 43 (47%) 46 (50%) 6 58 63 N.A 92% 66%

Huang C 1733 349 (20%) 353 (20%) 6 56 52 8% 75% 25%

Huang L 1276 244 (19%) 118 (9%) 12 58 53 18% 77% 29%

Li Y 141 0 141 (100%) 6 59 63 11% N.A 7%

Liao T 303 303 (100%) 256 (84%) 12 40 19 3% 63% N.A

Liu M 41 41 (100%) 41 (100%) 6 50 54 N.A 37% 17%

Liu T 594 486 (82%) 486 (82%) 12 61 46 13% 89% 11%

Milanese M 135 135 (100%) 0 6 59 67 21% 100% 36%

Nabahati M 173 0 62 (36%) 6 54 33 N.A 54% N.A

Orzes N 40 40 (100%) 21 (53%) 6 58 78 N.A 67% 35%

Pan F 209 0 209 (100%) 12 49 45 2% 49% 11%

Safont B 313 313 (100%) 226 (72%) 6 61 59 44% 100% 28%

Shah AS 73 73 (100%) 0 6 63 60 32% N.A N.A

Staudt A 101 101 (100%) 0 12 59 58 35% N.A 20%

Vijayaku‑
mar B

32 26 (81%) 32 (100%) 12 62 66 59% 100% 44%

Wu Q 54 53 (98%) 48 (89%) 6 48 59 N.A 43% N.A

Wu X 83 83 (100%) 83 (100%) 12 59 57 0% 100% 55%

Yan X 119 119 (100%) 0 12 53 41 28% 24% N.A

Zhao Y 94 70 (74%) 94 (100%) 12 48 57 7% 46% 2%

Zhou F 120 116 (97%) 97 (81%) 12 52 41 13% 13% N.A
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Fig. 2  Forest plot presenting the pooled estimate of prevalence of the lung function impairment in patients who had recovered from COVID-19. A 
Diffusion capacity for carbon monoxide (DLCO), B Forced vital capacity (FVC), C Total lung capacity (TLC)
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statistical heterogeneity (I2 = 87.7%, P < 0.01, Fig.  2A). 
Although the prevalence seemed numerically lower in 
the 12-month follow-up studies (31%, 95% CI 21–40%) 
than in the 6-month follow-up studies (39%, 95% 
CI 34–45%), it did not reach statistical significance 
(P = 0.115, Table 2).

Restrictive pulmonary dysfunction, as demonstrated 
by reduced FVC and/or TLC, was less frequent than 
impaired diffusion capacity. The mean percent predicted 
values of FVC and TLC were estimated to be 95.2% (95% 
CI 91.8–98.7%, Additional file  1: Figure S1B) and 96.3% 
(95% CI 90.5–102.2%, Additional file  1: Figure S1C), 
respectively. The pooled estimates of the prevalence of 
reduced FVC and TLC were 8% (95% CI 6–11%) and 14% 
(95% CI 9–18%), respectively (Fig.  2B and C), although 
the between-study heterogeneity was significant. For 
both FVC and TLC, the impairment was less prevalent 
at the 12-month follow-up than at the 6-month follow-up 
(5% vs. 13% for FVC [P = 0.006] and 11% vs. 17% for TLC 
[P = 0.046]). The funnel plot of FVC exhibited significant 
asymmetry, suggesting a possible publication bias (Addi-
tional file 1: Figure S2B), while those of DLCO and TLC 
did not (Additional file 1: Figure S2A and C).

Several meta-regression analyses were performed 
to evaluate the factors contributing to between-study 

heterogeneity in the prevalence of impaired diffu-
sion capacity and reduced FVC and TLC. In the meta-
regression, only the proportion of patients with critical 
acute COVID-19 was associated with a higher preva-
lence of impaired diffusion capacity (Fig.  3D). Among 
other variables, age and smoking history showed only 
marginal associations (Fig.  3A and B). Likewise, when 
subgroup analyses were performed by dividing the 
included studies into two groups according to the pro-
portion of patients with severe acute COVID-19 using 
a 50% cutoff value, the prevalence of impaired diffu-
sion capacity was higher in studies that included 50% or 
more patients with severe acute COVID-19 (Table  2). 
For FVC and TLC, no definite effect modifier was iden-
tified in the meta-regression analysis (Additional file 1: 
Figures S3 and S4).

Eleven studies reported the prevalence of impaired dif-
fusion capacity according to the severity of acute COVID-
19 [19, 20, 35, 38, 41, 44, 46, 49, 58–60]. Using these 
studies, the pooled OR for impaired diffusion capac-
ity according to disease severity (severe vs. non-severe 
or critical vs. non-critical) was estimated. Patients with 
severe COVID-19 were more likely to exhibit impaired 
diffusion capacity (pooled OR 1.52, 95% CI 1.01–2.30, 
Fig. 4A). Similarly, patients with critical COVID-19 were 

Table 2  Subgroup analysis to explore heterogeneity in the estimate of the pooled prevalence of pulmonary function abnormalities

COVID-19, coronavirus disease 2019
a Some of the studies included in the overall meta-analysis did not report data on the disease severity of patients and were therefore not included in the subgroup 
analysis

Studies (k) Patients (n) Pooled prevalence (95% 
CI)

I2 (%) P value

Impaired diffusion capacity 19 2573 0.35 (0.30–0.41) 87.72

Follow-up interval after initial presentation (months) 0.115

 6 10 1450 0.39 (0.34–0.45) 74.42

 12 9 1123 0.31 (0.21–0.40) 91.70

Risk of bias of study 0.931

 Low-to-moderate 12 1803 0.35 (0.28–0.43) 91.31

 Moderate-to-high 7 770 0.36 (0.29–0.42) 69.20

Proportion of patients with severe COVID-19 (%)a 0.015

 ≥ 50 13 2105 0.39 (0.35–0.44) 73.90

 < 50 5 398 0.24 (0.12–0.35) 88.62

Reduced forced vital capacity 15 2679 0.08 (0.06–0.11) 85.51

Follow-up interval after initial presentation (months) 0.006

 6 7 1201 0.13 (0.08–0.19) 89.57

 12 8 1478 0.05 (0.03–0.07) 69.29

Risk of bias of study 0.033

 Low-to-moderate 10 2219 0.06 (0.04–0.08) 78.97

 Moderate-to-high 5 550 0.15 (0.07–0.24) 87.16

Proportion of patients with severe COVID-19 (%)a 0.544

 ≥ 50 10 2218 0.08 (0.05–0.10) 86.82

 < 50 3 288 0.06 (0.00–0.11) 75.23
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more likely to exhibit impaired diffusion capacity (pooled 
OR 1.84, 95% CI 0.97–3.50, Fig. 4B). For FVC and TLC, 
few studies described the prevalence of impairment 
based on the severity of acute COVID-19; thus, a meta-
analysis could not be performed.

Radiologic sequelae on follow‑up CT
Of the 22 studies reporting the results of follow-up chest 
CT, we were able to pool the prevalence of pulmonary 
fibrosis from 18 studies [19, 20, 34, 36, 39, 42–48, 50, 52, 
53, 57, 59, 60]. Of these studies, the prevalence of pulmo-
nary fibrosis was clearly described in 10 studies accord-
ing to CT interpretations by the study authors [36, 42, 43, 
46–48, 50, 53, 59, 60], whereas we estimated the preva-
lence based on individual CT findings in the remaining 8 
studies, as described above [19, 20, 34, 39, 44, 45, 52, 57].

The pooled prevalence of pulmonary fibrosis was 
32% (95% CI 23–40%, Fig.  5A). However, consider-
able statistical heterogeneity was observed (I2 = 96.6%, 
P < 0.01). The follow-up duration did not have an 

impact on the prevalence of pulmonary fibrosis (36% at 
the 6-month follow-up vs. 26% at the 12-month follow-
up, P = 0.290). In another subgroup analysis, studies 
that included 50% or more patients with severe acute 
COVID-19 showed a higher pooled prevalence of pul-
monary fibrosis (36% vs. 18%, P = 0.014, Table  3). In 
addition, meta-regression analyses showed that old age 
and a history of cigarette smoking were associated with 
a higher prevalence of pulmonary fibrosis (Fig. 6A and 
B).

Persistent GGO was also a common abnormality on 
follow-up CT, with a pooled prevalence of 34% (95% CI 
24–44%, Fig. 5B). The prevalence of persistent GGO was 
not lower at the 12-month follow-up than at the 6-month 
follow-up (27% vs. 39%, P = 0.185). The proportion of 
patients with no residual abnormalities on follow-up CT, 
which indicates complete radiologic resolution, was also 
estimated. Overall, 43% of the patients (95% CI 30–56%) 
displayed no residual chest CT abnormalities (Fig.  5C). 
This proportion seemed to be higher at the 12-month 

Fig. 3  Meta-regression plots presenting the effect of patient characteristics on the prevalence of impaired diffusion capacity. A Age, B Smoking 
history, C Proportion of patients with severe COVID-19, D Proportion of patients with critical COVID-19
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follow-up than at the 6-month follow-up (55% vs. 36%, 
P = 0.057), although the difference was statistically mar-
ginal. Funnel plots did not display asymmetry in the 
meta-analysis of CT findings (Additional file  1: Figure 
S5).

Risk of bias assessment
The assessment of the risk of bias of the included stud-
ies is summarized in Additional file 1: Table S2. Among 
the 30 included studies, 17 studies were regarded as 
having a low-to-moderate risk of bias and 13 stud-
ies were regarded as having a moderate-to-high risk 
of bias. However, the risk of bias of individual stud-
ies was not associated with the estimated prevalence 
of impaired diffusion capacity and pulmonary fibrosis 

Fig. 4  Forest plot presenting the association between the severity of index COVID-19 and the impairment of diffusion capacity. A Severe vs. 
Non-severe, B Critical vs. Non-critical
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Fig. 5  Forest plot presenting the pooled estimate of the prevalence of chest CT findings in patients who had recovered from COVID-19. A 
Pulmonary fibrosis, B Ground-glass opacity, C Normal (complete resolution)
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Table 3  Subgroup analysis to explore heterogeneity in the estimate of the pooled prevalence of pulmonary fibrosis

COVID-19, coronavirus disease 2019
a Some studies included in the overall meta-analysis did not report data on the disease severity of patients and were therefore not included in the subgroup analysis

Studies (k) Patients (n) Pooled prevalence 
(95% CI)

I2 (%) P value

Overall 18 2597 0.32 (0.23–0.40) 96.59

Follow-up interval after initial presentation (months) 0.290

 6 11 1254 0.36 (0.24–0.47) 95.10

 12 7 1343 0.26 (0.11–0.40) 97.74

Risk of bias of study 0.966

 Low-to-intermediate 9 1880 0.31 (0.18–0.44) 97.80

 Intermediate-to-high 9 717 0.32 (0.19–0.44) 94.05

Proportion of patients with severe COVID-19 (%)a 0.014

 ≥ 50 10 1804 0.36 (0.23–0.50) 73.90

 < 50 6 534 0.18 (0.12–0.24) 88.62

Pulmonary fibrosis definition 0.102

 Defined clearly in the original article 10 1540 0.38 (0.23–0.52) 97.63

 Estimated by the authors 8 1057 0.24 (0.15–0.33) 91.59

Fig. 6  Meta-regression plots presenting the effects of patient characteristics on the prevalence of pulmonary fibrosis. A Age, B Smoking history, C 
Proportion of patients with severe COVID-19, D Proportion of patients with critical COVID-19
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on chest CT (Tables 2 and 3). However, for FVC, stud-
ies with a moderate-to-high risk of bias demonstrated 
a higher prevalence of reduced FVC than those with a 
low-to-moderate risks of bias (15% vs. 6%, P = 0.033).

Discussion
Given the large number of patients affected by COVID-
19 during the pandemic, the long-term consequences of 
COVID-19 are receiving increasing attention. The per-
sistence of symptoms and signs that continue or develop 
12 weeks after acute COVID-19 is described as PACS if 
they cannot be explained by an alternative diagnosis [5, 
61]. PACS can manifest with a broad spectrum of symp-
toms and signs and involve almost every system, includ-
ing the pulmonary, hematologic, cardiovascular, and 
neuropsychiatric systems. The most common symptoms 
are fatigue, dyspnea, and sleep disturbance; however, the 
prevalence of these symptoms is highly variable among 
studies [7, 62].

Although it can be assumed that the sequelae of acute 
infection may improve over time, many patients are 
reported to experience subjective symptoms, including 
fatigue and dyspnea, even 1 year after index infection. In 
particular, a recent meta-analysis showed that the preva-
lence of persistent dyspnea did not significantly decrease 
until 1 year after acute COVID-19 [62]. However, dysp-
nea is a complex subjective symptom that can result from 
various pathological mechanisms [63]. Thus, it cannot 
always be explained by the extent of pulmonary paren-
chymal abnormalities. For example, some studies using 
cardiopulmonary exercise tests have demonstrated that 
persistent dyspnea after COVID-19 was mostly due to 
deconditioning or dysfunctional breathing such as hyper-
ventilation [64, 65]. Because all COVID-19 survivors with 
persistent dyspnea cannot undergo resource-consuming 
examinations such as PFT and chest imaging, it is imper-
ative to assess the real prevalence of abnormities demon-
strated by such objective tools to comprehend the clinical 
impact of PACS more accurately and tailor the patients’ 
follow-up plans more appropriately.

Several attempts have been made to evaluate COVID-
19 survivors via follow-up PFT and/or chest CT. The 
results of these studies have been published since the end 
of 2020, revealing impaired diffusion capacity as the most 
common abnormality [13, 15, 66, 67]. Two meta-analyses 
were performed to pool the data regarding follow-up 
PFT and chest CT of COVID-19 survivors [68, 69]. How-
ever, the included studies mostly had limited follow-up 
durations of 6 months or less. To clarify the longer-term 
sequelae of COVID-19, relevant studies with longer fol-
low-up durations of 6–12 months have been increasingly 
conducted. In this study, we pooled only such longer fol-
low-up studies. Thus, we were able to address the chronic 

pulmonary sequelae of PACS more clearly and investigate 
whether their prevalence decreased over time by com-
paring the 6-month and 12-month follow-up studies.

Overall, abnormal diffusion, as indicated by impaired 
diffusion capacity, was the most common abnormality 
with a pooled prevalence of 35%. Although the 12-month 
follow-up studies seemed to show a lower prevalence of 
impaired diffusion capacity than the 6-month follow-up 
studies, the difference was not statistically significant. 
Similarly, previous studies on SARS and MERS demon-
strated that a considerable proportion of survivors had 
persistent impairment in diffusion capacity 1  year after 
infection [70, 71].

In our study, several subgroup and meta-regression 
analyses suggested an association between the initial 
severity of acute COVID-19 and prevalence of impaired 
diffusion capacity at long-term follow-up. This asso-
ciation has also been reported in previous studies with 
shorter follow-up durations of less than 6  months [13, 
14]. Therefore, although the persistent presence of sub-
jective dyspnea or cough does not always correlate with 
the severity of index infection [19, 72], patients who 
recovered from severe COVID-19 should be more closely 
followed-up with PFT.

The prevalence of restrictive pulmonary dysfunc-
tion was lower than that of impaired diffusion capacity. 
Reduced FVC and TLC were noted in 8% and 14% of the 
COVID-19 survivors, respectively. Interestingly, unlike 
DLCO, the prevalence of reduced FVC and TLC was 
lower at the 12-month follow-up than at the 6-month 
follow-up. FVC and DLCO are widely used parameters 
in the assessment of the severity of interstitial lung dis-
ease, and discrepancies between these two parameters 
have already been reported [73]. Theoretically, it can 
be assumed that whereas restrictive dysfunction due to 
lung parenchymal abnormalities may improve over time, 
sequelae related to vasculopathy may not, thereby result-
ing in impaired DLCO with relatively preserved FVC. 
The effects of COVID-19 associated vasculopathy may 
be important not only in the acute phase of infection but 
also long after recovery [74].

The most common radiographic sequela on follow-
up chest CT was persistent GGO (34%) followed by 
fibrotic changes (32%). The prevalence of these radio-
graphic sequelae did not differ between the 6-month and 
12-month follow-up studies. However, our study was 
only able to assess the presence of these radiographic 
sequelae. The extent and severity of the radiographic 
changes could not be evaluated in detail. A recent study 
reported that although long-term CT abnormalities were 
common 1 year after acute COVID-19, the extent of CT 
lesions slowly improved on serial follow-up chest CT 
scans [75]. Future studies should address whether subtle 
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residual fibrotic sequelae have long-term clinical and 
functional significance.

Given its expense and radiation risk, chest CT cannot 
be performed for every symptomatic COVID-19 sur-
vivor. In our study, in addition to the severity of acute 
COVID-19, patients’ demographic factors, including 
age and smoking status, were associated with the preva-
lence of pulmonary fibrosis, thus suggesting that these 
demographic factors should be considered when decid-
ing whether chest CT should be performed in certain 
patients with PACS. A recent study also revealed that 
ages greater than 60  years were associated with persis-
tent CT abnormalities at 1-year follow up [75]. However, 
this finding might have been confounded by the fact that 
older age is usually associated with more severe COVID-
19 manifestations [76]. It is also difficult to interpret the 
effect of smoking, as it is possible for fibrotic interstitial 
lung abnormalities in smokers to be detected incidentally 
after COVID-19 [77]. Moreover, the effect of smoking 
on pulmonary fibrosis might have been mediated by its 
effect on the risk of severe COVID-19 [78].

Although we could not perform a meta-analysis due to 
insufficient data, a few studies have reported the associa-
tion between impaired diffusion capacity and the pres-
ence of fibrotic sequelae on chest CT [79, 80]. Taking 
these findings together, when planning follow-ups for 
COVID-19 survivors, patients with persistent symptoms 
after recovering from more severe forms of COVID-19 
may be recommended for more careful follow-ups with 
regular PFT, particularly with DLCO measurements. 
Chest CT should be considered for more selective 
patients, especially the elderly or those who show abnor-
malities on PFT.

This study has limitations. First, most meta-analyses 
have shown considerable statistical heterogeneity. This 
problem is believed to arise from the heterogeneity of 
the study design and patient characteristics among the 
included studies. Furthermore, most included stud-
ies were single-center analyses with small sample sizes. 
We attempted to assess the source of this heterogene-
ity via meta-regression and subgroup analyses. Second, 
although spirometry can be more easily standardized in 
most laboratory units, DLCO measurements are more 
prone to variability across different laboratory units [81]. 
Similarly, the presence of pulmonary fibrosis was deter-
mined by the investigators of each study; however, this 
could not be adjudicated in this study, which might have 
also contributed to the heterogeneity between the stud-
ies. Although most studies followed the Fleischner Soci-
ety’s nomenclature and definition [24], between-study 
heterogeneity could have occurred in defining the pulmo-
nary fibrosis. For example, some studies simply presented 
the proportion of patients with pulmonary fibrosis, but 

specific CT findings such as traction bronchiectasis or 
reticular opacity were not mentioned. Third, most studies 
did not report data on the baseline lung function of the 
study patients before the index infection. Therefore, some 
patients with underlying lung disease and impaired lung 
function might have been counted as exhibiting pulmo-
nary sequelae. Additionally, most studies included hospi-
talized patients, and a substantial proportion of patients 
had severe COVID-19. Therefore, the pooled prevalence 
of pulmonary sequelae in our meta-analysis might have 
been overestimated. Fourth, there were no available 
studies with a follow-up duration of more than 1  year. 
Although a considerable number of patients demon-
strated abnormalities on PFT and chest CT at their 1-year 
follow-up, we cannot conclude whether these pulmonary 
sequelae would persist or improve over longer periods. 
Therefore, further follow-up studies are required. Finally, 
most of the included studies enrolled patients in 2020 or 
early 2021 before the advent of the omicron variant. The 
number of enrolled patients with the delta variant was 
also likely very small. As the SARS-CoV-2 variant types 
can affect the risk of PACS, more studies should be con-
ducted to compare the severity and risk of PACS among 
different variants.

Conclusions
In conclusion, a substantial number of COVID-19 sur-
vivors exhibited chronic pulmonary sequelae as demon-
strated by PFT and chest CT. Impaired diffusion capacity 
was the most common abnormality on PFT, and its prev-
alence was not negligible even 12  months after index 
infection; however, restrictive pulmonary dysfunction 
was less frequent, and its prevalence was lower at the 
12-month follow-up than at the 6-month follow-up. Per-
sistent GGO and pulmonary fibrosis were also common 
on follow-up chest CT 12 months after index infection. 
The severity of acute COVID-19 was associated with the 
risk of impaired diffusion capacity and pulmonary fibro-
sis. Given this association, careful respiratory follow-up 
is warranted, especially in patients who recover from 
severe COVID-19.
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