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Abstract
Coronavirus disease 2019 (COVID-19) often causes radiological and functional pulmo-
nary sequelae. However, evidence on 1-year follow-up of pulmonary sequelae is limited.
We aimed to investigate the characteristics and time-course of pulmonary sequelae after
recovery from COVID-19 through 1-year follow-up. We searched PubMed and EMBASE
databases on 25 February 2022, and included studies with computed tomography
(CT) findings at the 1-year follow-up. The extracted data on CT findings were analysed
using a one-group meta-analysis. We further analysed the data in relation to COVID-19
severity, improvement rate and lung function. Fifteen eligible studies (N = 3134) were
included. One year after COVID-19, 32.6% (95% CI 24.0–42.6, I2 = 92.9%) presented
with residual CT abnormalities. Ground-glass opacity and fibrotic-like changes were
frequently observed in 21.2% (95% CI 15.4–28.4, I2 = 86.7%) and 20.6% (95% CI 11.0–
35.2, I2 = 91.9%), respectively. While the gradual recovery was seen on CT (52.9% [mid-
term] vs. 32.6% [1 year]), the frequency of CT abnormalities was higher in the severe/
critical cases than in the mild/moderate cases (37.7% vs. 20.7%). In particular, fibrotic
changes showed little improvement between 4–7 months and 1 year after COVID-19.
Pulmonary function tests at 1 year also showed the decline in diffusing capacity of the
lung for carbon monoxide, especially in severe/critical cases. Our meta-analysis indicated
that residual CT abnormalities were common in hospitalized COVID-19 patients 1 year
after recovery, especially fibrotic changes in severe/critical cases. As these sequelae may
last long, vigilant observations and longer follow-up periods are warranted.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) has caused a global
pandemic with nearly 400 million confirmed cases and over
5.5 million deaths as of 5 February 2022.1 Although COVID-19
is known to cause multiple organ damage, pneumonia is the
most common manifestation.2,3 The severity of COVID-19
pneumonia ranges from asymptomatic to critical respiratory
failure requiring mechanical ventilatory support.3

Not only can some cases present critical respiratory
failure, but COVID-19 pneumonia is also notorious for its
tendency to persist after recovery.4,5 A previous meta-
analysis investigated lung sequelae of COVID-19 and

demonstrated that more than half of the recovered patients
still had chest computed tomography (CT) abnormalities
90 days after infection.5 In particular, ground-glass opacities
(GGOs), parenchymal bands/fibrous stripes and reticulation
were frequently observed. Furthermore, prospective studies
have shown that patients with severe diseases tend to have
long-term lung abnormalities more frequently, and GGO
and parenchymal bands take longer to resolve than consoli-
dation or crazy-paving patterns.6,7

Although several prospective studies have sought to
examine long-term CT changes in COVID-19, these find-
ings were limited by small cohort sizes.6,8–21 In addition, the
interpretations of each study varied due to the wide range of
severity. During the severe acute respiratory syndrome
(SARS) outbreak in 2003, residual pulmonary fibrosis wasHiroki Kabata and Toshiki Kuno contributed equally to this research study.
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found in 67% of patients 1 month after the infection, and
some of those abnormalities were still observed 7 years
later.22,23 In contrast, the time-course of pulmonary sequelae
in the current COVID-19 pandemic remains unclear.

Therefore, long-term longitudinal follow-up will help in
understanding the overtime CT changes in COVID-19.
Since these radiological sequelae combined with pulmonary
dysfunction can detrimentally affect patients’ quality of life,
elucidating the prevalence and time-course of CT abnormal-
ities in 1-year follow-up will be useful to determine the man-
agement plans for recovered patients. In this study, we
conducted a systematic review and meta-analysis of 1-year
follow-up CT findings to investigate the changes in pulmo-
nary sequelae in COVID-19 patients in this time frame.

METHODS

Eligibility criteria

The included studies met the following criteria: (1) an obser-
vational study that was published in peer-reviewed journals;
(2) the study population included patients with SARS coro-
navirus 2 (SARS-CoV-2) infections confirmed by quantita-
tive real-time PCR; and (3) the study followed up patients
for 1 year and evaluated chest CT findings. Articles that did
not contain original patient data (e.g., guidelines, editorials
and reviews) were excluded.

Information sources and search

Eligible studies were identified using a two-level strategy.
The PubMed and EMBASE databases were searched on
25 February 2022. Search items included ((SARS-CoV-2)
OR (COVID-19)) AND ((follow-up) OR (long-term)) AND
((1-year) OR (one-year) OR (1 year) OR (one year) OR

(12-month) OR (12 months)) AND ((CT) OR (computed
tomography)). Relevant studies were further identified
through a manual search of secondary sources, including
references to initially identified articles, reviews and com-
mentaries. Two independent authors (A. W. and M. S.)
reviewed the search results separately and selected the stud-
ies based on the inclusion and exclusion criteria. Disagree-
ments were resolved through consensus.

Risk of bias assessment

The risk of bias in individual studies was reviewed using the
assessment of risk of bias in prevalence studies.24 Publica-
tions bias was assessed using Egger’s test.

Data items

Baseline characteristics including age, sex, comorbidities,
severity of COVID-19 and residual symptoms 1 year after
COVID-19 were collected. As for CT findings, follow-up
timing, frequency of overall CT abnormalities and each spe-
cific finding, including GGO, fibrotic-like changes, consoli-
dation, reticulation, interlobular septal thickening and
bronchiectasis, were collected. The definitions of fibrotic-
like changes followed each study. We also collected pulmo-
nary function test (PFT) results, including reduced (<80% of
predicted value) diffusing capacity of the lung for carbon
monoxide (DLCO), reduced forced expiratory volume in the
first second (FEV1), reduced total lung capacity (TLC) and
FEV1/forced vital capacity (FVC) ratio < 0.7. Guidelines
from the National Institute of Health25 and guidance from
China, ‘Pneumonia diagnosis and treatment program for
novel coronavirus infection (trail version 7)’,26 were used to
define the clinical severity of COVID-19 as follows: (1) mild:
no evidence of pneumonia on imaging; (2) moderate: evidence

F I G U R E 1 Flow diagram of study
selection
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of lower respiratory disease during clinical assessment or imag-
ing with oxygen saturation (SpO2) ≥ 93%; (3) severe: either
respiratory distress, respiratory rate > 30/min, SpO2 < 93% at
rest or arterial oxygen tension/fraction of inspired oxygen
(PaO2/FiO2) < 300mmHg; (4) critical: either respiratory failure
requiring ventilation, haemodynamic instability, other organ
damage or intensive care unit admission.

Summary measures and synthesis of results

Comorbidities, residual COVID-19 symptoms and the pro-
portion of severe cases were calculated by dividing the total
number of events by the number of patients in all studies
wherein information was available. To calculate the fre-
quency of residual abnormalities on follow-up chest CT and

PFT and to display the changes over time, we extracted data
regarding the proportion of CT abnormalities both at mid-
term (4–7-month) and long-term (1-year) follow-ups, as
well as each CT and PFT finding. When a patient who had
normal imaging at mid-term did not attend the 1-year
follow-up, we considered that the CT at 1 year was normal.
In addition, we stratified the percentage of residual CT
abnormalities by severity. We pooled the logit of CT and
PFT abnormalities, performed a one-group meta-analysis
using the DerSimonian–Laird with a random-effect model
and back-transformed them into the original scale. Meta-
analyses were conducted using OpenMetaAnalyst version
21.11.14.27 Heterogeneity was assessed using I2, with >50%
being substantial. Meta-regression was performed to detect
the significant differences among the included studies with
covariates of age, sex and follow-up duration.

F I G U R E 2 (A) Forest plots of overall
residual computed tomography
(CT) abnormalities at 1-year follow-up.
(B) Bar graph showing the residual CT
abnormalities at 1-year follow-up
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RESULTS

Study selection and study characteristics

We identified 183 articles that met our inclusion criteria
using PubMed and EMBASE. We then reviewed them
based on the title and abstract, and excluded 168 articles as
they were irrelevant or did not contain original data.
Finally, we reviewed the full text of 15 articles and included
15 observational studies (11 from China, three from Italy
and one from the United Kingdom, N = 3134). Egger’s test
did not suggest a significant publication bias (p = 0.994)

(Figure 1 and Figures S1 and S2 in the Supporting Infor-
mation).6,8–21

Baseline characteristics and residual symptoms
1 year after COVID-19

The baseline characteristics of the included study are shown
in Table 1. The median age of the patients ranged from
39 to 64 years, and the percentage of men ranged from 19%
to 89%. The most common comorbidity was hypertension
(31.2% [859/2754]), followed by diabetes (14.2% [391/2760]),

F I G U R E 3 (A) Forest plots of overall
residual computed tomography
(CT) abnormalities at long-term follow-up in
severe/critical patients. (B) Forest plots of
overall residual CT abnormalities at long-
term follow-up in mild/moderate patients.
(C) Bar graph showing the differences in the
proportion of each chest CT finding between
severe/critical and mild/moderate patients at
long-term follow-up

610 WATANABE ET AL.



coronary heart disease (7.5% [161/2139]), chronic kidney
disease (3.8% [68/1788]) and chronic obstructive pulmonary
disease (3.4% [67/1975]). The severity of COVID-19 in the
pooled cohort (Table S1 in the Supporting Information) was as
follows: severe/critical, 66.0% (2070/3134); mild/moderate,
30.6% (959/3134); and unknown severity, 3.4% (105/3134).
Residual symptoms at 1-year follow-up included dyspnoea
(either exertional or at rest), 32.8% (417/1273); fatigue, 22.0%
(422/1915); insomnia, 21.1% (338/1604); musculoskeletal pain,
18.2% (359/1972); hair loss, 14.1% (219/1556); palpitations,
9.1% (140/1544); and smell or taste disorder, 5.9% (109/1850).

The frequency of abnormal CT findings 1 year
after COVID-19

Of the 3134 pooled subjects, 923 and 272 patients did not
undergo CT because of random sampling and unspecified
reasons, respectively.11 Between the mid-term and 1-year
follow-up, 138 patients were lost to follow-up; therefore, 1801

patients were evaluated for CT at 1 year (Figure S3 and
Table S2 in the Supporting Information). Three studies did
not report the proportion of overall residual CT abnormalities
but reported other specific findings.12,16,21 The proportion
of patients with any residual CT abnormalities in 12 studies
was estimated to be 32.6% (512/1629, 95% CI 24.0–42.6,
I2 = 92.9%; Figure 2A). The most prevalent residual CT find-
ing was GGO (21.2% [290/1354], 95% CI 15.4–28.4,
I2 = 86.7%), followed by fibrotic-like changes (definition:
Table S3 in the Supporting Information) (20.6% [134/724],
95% CI 11.0–35.2, I 2 = 91.9%), bronchiectasis (9.6%
[91/975], 95% CI 5.1–17.4, I 2 = 87.6%), interlobular septal
thickening (8.4% [95/1121], 95% CI 4.6–14.9, I 2 = 87.6%),
reticular opacity (5.5% [80/1121], 95% CI 2.1–13.3,
I 2 = 92.3%) and consolidation (2.6% [23/1075], 95% CI
1.3–5.1, I 2 = 56.0%) (Figure 2B and Figure S4 in the
Supporting Information). We performed a sensitivity analysis
where CTs of the lost patients were added to the denominator
to avoid overestimation, and the estimations were similar to
the main analyses (Figure S5 in the Supporting Information).

F I G U R E 4 (A) Forest plots of overall
residual computed tomography
(CT) abnormalities at mid-term follow-up.
(B) Bar graph showing the residual CT
abnormalities at mid-term follow-up

FOLLOW-UP CT FINDINGS IN COVID-19 611



F I G U R E 5 Forest plots of pulmonary function test (PFT)
abnormalities at long-term follow-up (A: diffusing capacity of
the lung for carbon monoxide [DLCO], B: forced expiratory
volume in the first second [FEV1], C: FEV1/forced vital capacity
[FVC], D: total lung capacity [TLC]). (E) Bar graph showing the
differences in PFT abnormalities between severe/critical and
mild/moderate patients at long-term follow-up
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Given the substantial heterogeneity, we performed a meta-
regression to detect significant differences in baseline, but a
significant relationship was not seen between the covariates
and the proportion of overall residual CT abnormalities
(Table S4 in the Supporting Information).

Association between abnormal CT findings and
the severity of COVID-19

Next, 12 studies reported the proportion of abnormal CT find-
ings at the 1-year follow-up according to the COVID-19 sever-
ity.6,8–11,13–16,18,20,21 Apart from the random sampling, 85.4%
(950/1112) of severe/critical and 87.4% (560/641) of mild/
moderate patients were included in our analyses. The proportion
of residual CT abnormalities at 1-year follow-up was 37.7%
(278/816, 95% CI 29.0–47.2, I2 = 83.3%) in severe/critical
patients and 20.7% (91/378, 95% CI 7.0–47.3, I2 = 93.6%) in
mild/moderate patients (Figure 3A,B). GGO was the major CT
finding in patients with mild/moderate COVID-19. In contrast,
in patients with severe/critical COVID-19, fibrotic-like changes,
bronchiectasis and interlobular septal thickening were observed
in addition to GGO (Figure 3C and Figures S6 and S7 in the
Supporting Information).

Time-course of abnormal CT findings

Among the 15 studies, seven studies (N = 1014 patients)
provided CT evaluation at 4–7-month (ranging from 105 to
189 days) follow-up6,8–11,19,20 (Table S5 in the Supporting
Information). One study did not report the proportion of over-
all CT abnormalities but reported specific findings.10 The fre-
quency of CT abnormalities 4–7 months after COVID-19 was
52.9% (489/968, 95% CI 39.5–65.9, I2 = 93.5%) (Figure 4A),
which was higher than that at 1 year (32.6%). Notably, the fre-
quency of GGO findings decreased from the 4–7-month to
1-year follow-up (33.3% [337/968] vs. 21.2% [290/1354]), but
there was little change in the frequency of fibrotic-like changes
(24.2% [51/187] vs. 20.6% [134/724]) and interlobular septal
thickening (8.9% [70/757] vs. 8.4% [95/1121]) (Figure 4B and
Figure S8 in the Supporting Information). Furthermore, the
resolution rate of overall CT abnormalities was higher among
mild/moderate patients at 0.60 (mid-term: 51.6%, long-term:
20.7%) than that of severe/critical patients at 0.37 (mid-term:
59.7%, long-term: 37.7%) (Figure S9 in the Supporting Infor-
mation). While the proportion of patients with residual CT
abnormalities decreased over time, severe/critical patients took
longer to recover, especially patients with fibrotic-like changes.

Follow-up PFT

Finally, we evaluated the PFT results at 1-year follow-up from
12 studies8–18,20 (Table S6 in the Supporting Information).
Reduced DLCO (<80% of predicted value), FEV1, FEV1/
FVC < 0.7 and reduced TLC were observed in 30.5%

(441/1052, 95% CI 24.5–37.2, I2 = 81.1%), 9.1% (83/986,
95% CI 6.0–13.4, I2 = 67.6%), 5.1% (50/986, 95% CI 3.1–8.2,
I2 = 53.1%) and 8.6% (85/994, 95% CI 6.1–12.0, I2 = 54.2%),
respectively (Figure 5A–D). Decreased DLCO was the major
abnormal PFT finding 1 year after COVID-19 and was more
frequent in severe/critical cases than in mild/moderate cases
(Figure 5E and Table S7 in the Supporting Information).
Patients who recovered from severe COVID-19 presented
remaining CT abnormalities and prolonged functional abnor-
malities at 1-year follow-up.

DISCUSSION

This meta-analysis evaluated 1-year follow-up and overtime
changes in CT abnormalities in recovered patients from
COVID-19. We elucidated that the frequency of CT abnor-
malities remained high 1 year after infection, especially
among severe/critical patients for fibrotic changes. Further-
more, reflecting the fibrotic changes, the decline in DLCO
persisted even after 1 year of COVID-19.

Several prospective studies have investigated pulmonary
sequelae 1 year after COVID-19,12–14,21 following a meta-
analysis on 90-day follow-up.5 However, assessing the time-
course of CT abnormalities has been challenging due to a lack
of multiple follow-ups and a wide range of severity, with some
studies including asymptomatic patients and others including
only patients who required mechanical ventilation. The present
study not only combined published data of multiple follow-
ups, but also enabled quantification in homogenous subgroups
by sorting patients according to severity. In our study, while
the gradual recovery was observed over time, residual CT
abnormalities persisted in many patients at 1-year follow-up.
The extent of CT findings also appeared to be related to sever-
ity.10,16 Our results were similar to SARS-CoV-1 in 2003,
where 30%–40% of survivors presented radiological abnormali-
ties at 6 months to 1 year after recovery. At that time, patients
with residual CT abnormalities at 1-year follow-up still had
similar findings at the 15-year follow-up.28,29 Provided this
time course can be applied to COVID-19, the tremendous
number of the affected population is concerning.

In line with previous studies, fibrotic-like changes, inter-
stitial septal thickening and bronchiectasis were frequently
observed in our study, possibly indicating evolving pulmo-
nary fibrosis after COVID-19.6,9,10,30–33 A SARS-CoV-1 study
showed that abnormal chest radiographs were present in 30%
of survivors at the 6-month follow-up.29 The high prevalence
(62% [15/24]) of pulmonary fibrosis in another study was also
noteworthy.33 A Middle East respiratory syndrome (MERS)
follow-up study reported that pulmonary fibrosis (reticulation
and linear opacities forming a mesh-like pattern) was evident
in 33% (12/36) of severe patients.34 Not surprisingly, those
findings that potentially indicate secondary pulmonary fibro-
sis were more common among severe patients in our study as
well. In addition to severity, SARS and MERS studies identi-
fied older age as a potential risk factor for subsequent pulmo-
nary fibrosis.33,34 For COVID-19, elderly, diabetes, obesity,
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lymphopenia, elevated D-dimer, C-reactive protein and lactate
dehydrogenase have been suggested as possible risk factors
for fibrotic changes as well as the severity.6,12,13,15,19,35 These
fibrotic findings may represent permanent lung damage, and
the number of patients affected by COVID-19 is substantial.31,33

Hence, despite the argument that mechanical ventilation may
cause barotrauma, resulting in iatrogenic fibrosis after acute
respiratory distress syndrome,20,36 the fibrotic signs on CT are
not negligible. Understanding the impact and risk factors of
pulmonary fibrosis after COVID-19 pneumonia is vital because
it will potentially enable us to take preventative measures
(e.g., antifibrotic therapy) in appropriately selected patients and
reduce the global burden of the consequences of COVID-19.37

We also extracted PFT data from the same cohorts and
demonstrated consistently impaired diffusion capacity. Con-
sistent with our findings, a longitudinal prospective study
indicated that the proportion of reduced DLCO could
remain unchanged from mid-term to long-term follow-up,
although the absolute value depended on the severity.11 On
the contrary, another study has shown the gradual func-
tional recovery after COVID-19.8 According to their analy-
sis, however, median DLCO was significantly lower among
those with residual CT abnormalities at 1-year follow-up.
Therefore, the disease severity and residual CT findings can
be speculated to be interlinked with impaired diffusion
capacity. Previous studies demonstrated a higher proportion
of reduced DLCO after COVID-19, regardless of restrictive
or obstructive lung dysfunction, and indicated the possibility
of underlying microthrombus formation as a cause of
reduced DLCO.5,38–40 Autopsy studies have also shown dif-
fuse alveolar damages and focal pulmonary microthrombi in
fatal COVID-19.40,41 Moreover, looking back at the previous
outbreak, a SARS-CoV-1 follow-up study indicated the rela-
tionship between the structural abnormality during the late
recovery phase and lung diffusion impairment.42 Consider-
ing the development of fibrotic-like changes and hyper-
coagulable state in severe COVID-19,43 it is plausible that
severe/critical patients present reduced DLCO frequently.
Since extensive data on follow-up longer than 1 year have
not been obtained, the actual duration of lung dysfunction
remains unclear; future investigations are awaited.

This study had several limitations. First, follow-up regu-
lations varied from study to study. Seven studies followed
up patients twice or more, and four of them only invited the
patients with mid-term residual CT abnormalities to the
1-year follow-up. Nonetheless, some of the patients were lost
to follow-up. However, our sensitivity analyses, which coun-
ted the lost patients as complete recovery at 1 year, did not
substantially differ from the main analyses, indicating that
at least 30% of hospitalized patients due to COVID-19 still
had abnormal CT findings 1 year after infection. Second, the
included studies were substantially heterogeneous. Although
we have strived to modify the heterogeneity by classifying
patient severity, sufficient changes in I2 were not observed.
Notwithstanding, our meta regression did not provide a sta-
tistically significant relationship between the covariates and
the primary outcome and did not imply obvious confounding

factors. Third, the CT evaluation method was not standard-
ized. As speculations about fibrotic-like changes rely primar-
ily on CT findings, vague terminology and a lack of solid
definition might have led to overstatements on ‘COVID-
related fibrosis’.20 In addition, the extent of CT findings was
not provided across the included studies. As this perspective
is highly relevant to clinical practice, future studies focusing
on this matter are warranted. Lastly, because the included
patients were treated during the first wave, the treatment
regimen and vaccination status are different from the current
situation. Therefore, the percentage of the remaining CT and
PFT abnormalities can change later in the pandemic. How-
ever, although treatment advancement can manage the acute
phase more effectively, patients who progressed to severe
conditions may still have a high proportion of pulmonary
sequelae. Meticulous observations should be continued after a
1-year follow-up.

In conclusion, our meta-analysis demonstrated a high fre-
quency of residual CT abnormalities 1 year after COVID-19.
Severe and critical COVID-19 cases may cause long-term lung
damage. Thus, physicians should remain vigilant regarding the
sequelae of severe and critical COVID-19 pneumonia. Further
investigations with longer follow-up periods will help under-
stand the underlying mechanism of COVID-19 sequelae and
manage patients with these conditions.
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