EUROPEAN RESPIRATORY REVIEW
REVIEW
E. GUINTO ET AL.

Post-COVID-19 dyspnoea and pulmonary imaging: a systematic
review and meta-analysis

Elizabeth Guinto ®, Firoozeh V. Gerayeli’, Rachel L. Eddy™?, Hyun Lee'3, Stephen Milne ®%** and
Don D. Sin'?

!Centre for Heart Lung Innovation, St Paul’s Hospital, The University of British Columbia, Vancouver, BC, Canada. Division of
Respiratory Medicine, The University of British Columbia, Vancouver, BC, Canada. ®Division of Pulmonary Medicine and Allergy,
Hanyang University College of Medicine, Seoul, South Korea. *Sydney Medical School, The University of Sydney, Camperdown,
Australia.

Corresponding author: Don D. Sin (Don.Sin@hli.ubc.ca)

Shareable abstract (@ERSpublications)

'.) This systematic review found chest imaging abnormalities persist in patients >3 months after
hook for COVID-19. The prevalence of imaging abnormalities is significantly related to the proportion of
Updates patients with dyspnoea, despite normal lung function measurements. https://bit.ly/3MVrkgl

Cite this article as: Guinto E, Gerayeli FV, Eddy RL, et al. Post-COVID-19 dyspnoea and pulmonary
imaging: a systematic review and meta-analysis. Eur Respir Rev 2023; 32: 220253 [DOI: 10.1183/
16000617.0253-2022].

Abstract
Copyright ©The authors 2023 Background A proportion of coronavirus disease 2019 (COVID-19) survivors experience persistent
dyspnoea without measurable impairments in lung function. We performed a systematic review and
meta-analysis to determine relationships between dyspnoea and imaging abnormalities over time in
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Demographic, chest imaging, spirometric and post-COVID-19 symptom data were extracted. The
Received: 19 Dec 2022 relationships between imaging abnormalities and dyspnoea, sex and age were determined using a random
Accepted: 31 May 2023 effects model and meta-regression.

Results 47 studies were included in the meta-analysis (n=3557). The most prevalent computed
tomography (CT) imaging abnormality was ground-glass opacities (GGOs) (44.9% (95% CI 37.0-52.9%)
at any follow-up time-point). Occurrence of reticulations significantly decreased between early and late
follow-up (p=0.01). The prevalence of imaging abnormalities was related to the proportion of patients with
dyspnoea (p=0.012). The proportion of females was negatively correlated with the presence of reticulations
(p=0.001), bronchiectasis (p=0.001) and consolidations (p=0.025). Age was positively correlated with
imaging abnormalities across all modalities (p=0.002) and imaging abnormalities present only on CT
(p=0.001) (GGOs (p=0.004) and reticulations (p=0.001)). Spirometric values improved during follow-up
but remained within the normal range at all time-points.

Conclusions Imaging abnormalities were common 3 months after COVID-19 and their occurrence was
significantly related to the presence of dyspnoea. This suggests that CT imaging is a sensitive tool for
detecting pulmonary abnormalities in patients with dyspnoea, even in the presence of normal spirometric
measurements.

Introduction
Over 500 million people worldwide have been infected with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) [1]. Among survivors, at least 10-20% exhibit “post-acute sequelae of SARS-CoV-2
infection” (PASC) [2, 3]. This often consists of symptoms such as dyspnoea or “brain fog” that persist
(>12 weeks) following an acute bout of coronavirus disease 2019 (COVID-19) [4-7]. For many patients,
a symptoms may last over 1year [4, 6, 8, 9]. A recent meta-analysis showed that more than half of
5r_nC hospitalised individuals and about one-third of non-hospitalised patients report persistent symptoms
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post-COVID-19 [10]. As the most common cause of hospitalisation and emergency room visits is
COVID-19 pneumonia, respiratory symptoms such as cough, chest pain or dyspnoea are frequent among
patients with PASC [6, 9, 11]. However, in many cases, pulmonary function tests (PFTs) may be
completely normal, suggesting that these measurements lack sufficient sensitivity in detecting relevant
physiological changes in the lung of patients with PASC [12].

Thoracic imaging tools, such as chest radiography, computed tomography (CT), ultrasound or magnetic
resonance imaging (MRI), can be used to non-invasively assess the impact of SARS-CoV-2 infection on
the lungs. A number of post-COVID-19 cohort studies have performed pulmonary imaging using a
range of modalities, yet there is mixed evidence regarding the frequency and type of imaging
abnormalities in post-COVID-19 patients [6, 10]. The primary purpose of this systematic review and
meta-analysis was to determine the prevalence of chest imaging abnormalities in COVID-19 patients at
follow-up. Specifically, we addressed the following research questions: 1) What is the prevalence of
chest imaging abnormalities among COVID-19 survivors 3 months post-infection and beyond? 2) Which
specific abnormalities are most common? 3) Does the occurrence of imaging abnormalities relate to
patient symptoms such as dyspnoea?

Methods

Search strategy and study selection

This review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines and was prospectively registered in the Prospective Register of Systematic Reviews (PROSPERO;
CRD42021291415) [13, 14]. The study inclusion criteria were: adult population (>18 years of age); lung
imaging performed at least 3 months (mean or median follow-up of >85 days with first quartile or minus
one standard deviation of >75 days) post-acute COVID-19; cohort studies, case series or case—control
studies; and published in a peer-reviewed journal. The exclusion criteria were: paediatric/adolescent
populations; studies with uncertain follow-up times; post-mortem or autopsy studies; studies that did not
specifically report lung imaging findings; studies that were not available in English; preprints/unpublished
studies; and studies that included patients with a secondary pulmonary infection (e.g. fungal infections).

We searched PubMed, Google Scholar and LitCOVID using the terms ((“Post COVID” OR “Long
COVID”) AND (“Pulmonary imaging” OR “CT” OR “HRCT” OR “MRI” OR “scintigraphy” OR
“ultrasound” OR “radiograph”)). The initial search was performed on 31 October 2021 and was updated
on 15 September 2022. Additional records were found by searching the bibliographies of included studies
and previously published systematic reviews. All records were managed through Covidence review
software [15].

Title/abstract screening, full-text review and data extraction were performed independently and in parallel
by two reviewers (E.G. and F.V.G.). Predetermined variables for data extraction included the imaging
modality, number of participants imaged, time from COVID-19 diagnosis or hospital discharge, number of
participants with imaging abnormalities, types of imaging abnormalities, symptoms and PFT results. We
identified potentially overlapping populations based on the study location and recruitment period. In these
instances, we included only the study with the most comprehensive imaging data (i.e. both overall and
specific imaging abnormalities reported). If both papers were equally comprehensive in their reporting of
imaging data, the study with the more comprehensive patient characteristics (e.g. disease severity or lung
function) was selected. Conflicts and data discrepancies were resolved by consensus or by referees (R.L.E.
and H.L.) when a consensus could not be reached.

The risk of bias in the included studies was assessed using the Clinical Advances through Research and
Information Translation (CLARITY) group tool by the authors (E.G. and F.V.G.) [16]. For the purpose of
implementing this tool, we considered COVID-19 to be the “exposure” and imaging abnormalities to be
the “outcome”. Publication bias was assessed using funnel plots and an Egger’s test was used to evaluate
funnel plot symmetry [17].

Meta-analysis

We extracted the proportion of study participants with imaging abnormalities at various time-points during
follow-up: 1) overall (i.e. at any time-point), 2) early (i.e. 3 months) and 3) late (i.e. a composite of all
time-points beyond 3 months of follow-up). In instances where multiple time-points were reported in a
study, only the latest time-point was used. In some cases, only participants with an imaging abnormality at
an early time-point were re-imaged at a later time-point; since this would bias the prevalence estimates,
only the early time-point was included. We used the 3-month time-point as the cut-off based on the
World Health Organization (WHO)’s definition of post-COVID-19 condition, which “occurs in individuals

https://doi.org/10.1183/16000617.0253-2022 2



EUROPEAN RESPIRATORY REVIEW

COVID-19 | E. GUINTO ET AL.

with a history of probable or confirmed SARS-CoV-2 infection, usually 3 months from the onset
[of COVID-19]” [4].

To estimate the prevalence of imaging abnormalities among post-COVID-19 patients, we first transformed
the individual proportions to better approximate a normal distribution, with normalised and stable variance,
using the Freeman-Tukey (double arcsine) transformation [18]. Next, we performed a meta-analysis of
proportions using the R package metafor [19]. This type of meta-analysis allows estimation of the
prevalence of events while accounting for differences in study sample size and is thus a robust way of
determining the overall prevalence of an event [20]. We quantified interstudy heterogeneity with the 12
metric and residual heterogeneity between studies with a Cochran’s Q-test [21]. No threshold for I* was
selected as meta-analyses of proportions generally exhibit high heterogeneity owing to differences across
studies in design, follow-up time, severity of the acute episode, treatment effects, patient case mix, access
to the healthcare system and many other factors [20]. Notwithstanding, to determine the impact of study
heterogeneity on the findings, we performed a sensitivity analysis by removing studies in a stepwise
fashion until heterogeneity (measured by Cochran’s Q-test) was no longer statistically significant. These
results are detailed in the supplementary material.

The primary end-point was the prevalence of imaging abnormality during follow-up (overall, early and
late). Secondary end-points included the prevalence of specific imaging abnormalities and the change in
the prevalence of the imaging abnormality from early to late follow-up, as determined using a restricted
maximum likelihood (REML) random effects model in metafor, with the heterogeneity attributed to
follow-up time quantified as the model R? [19]. We also performed subgroup analyses wherein only CT
imaging data were included. Meta-regressions were performed to further evaluate the relationship between
the occurrence of imaging abnormalities and the proportion of patients with dyspnoea, the proportion of
female participants and the average cohort age. If the average cohort age was reported as a median with an
interquartile range, this was converted to mean and standard deviation using methods provided by Wan
et al. [22]. This approach was also used to convert PFT values, as needed.

We also performed meta-regression to ascertain the impact of follow-up time on the percentage predicted
forced expiratory volume in 1s (FEV,)/forced vital capacity (FVC) ratio, FEV;, FVC and diffusing
capacity of the lung for carbon monoxide (Dyco), using the same definitions of early and late follow-up.
These results are presented in the supplementary material (supplementary table S3).

Results

Search

Our search yielded 6538 studies (figure 1). The full text was assessed in 349 studies and 72 were selected
for data extraction. After reviewing these papers, 50 were deemed eligible for qualitative assessment
[8, 23-71] and 47 were included in the meta-analysis [8, 23, 24, 26-57, 59-63, 65-71]. 11 studies which
had potentially overlapping patient populations [72—-83] were removed. A summary of the included studies
is shown in supplementary table S1.

Characteristics of the included studies

Most of the included studies were from Europe (n=28) or Asia (n=17). Generally, studies had more male
(56%) participants than females (44%). All studies included hospitalised patients and four studies included
non-hospitalised individuals [37, 41, 57, 66]. If severity of the acute infection was reported, it was

typically done using qualitative classifiers: “moderate”, “severe” and “critical”, although the definitions
varied between studies [37, 39, 45, 62, 65, 66].

23 studies imaged patients in early (3 months) follow-up and 24 studies imaged patients at late
(>3 months) follow-up. Only four studies used non-CT-based technology (ultrasound, MRI, plain
radiography or scintigraphy) [30, 36, 53, 71]. The study that employed scintigraphy also performed CT in
the same patients [53]. The studies used various definitions for imaging abnormalities, but many used the
Fleischner Society guidelines and associated terminology for CT abnormalities [84]. PFT data were
available in 26 studies; however, only seven studies reported the relationship between PFT measurements
and imaging abnormalities [23, 31, 46, 48, 63, 65, 72].

Prevalence of imaging abnormalities at follow-up

38 studies reported the total number of patients with any abnormal imaging findings (supplementary table S1).
The prevalence of imaging abnormalities was: 63.9% (95% CI 56.9-70.6%) overall (i.e. at any time-point),
67.2% (95% CI 56.8-76.8%) in early follow-up and 60.8% (95% CI 51.3-70.0%) in late follow-up
(table 1). The early follow-up time-point had a significant Egger’s test (p=0.047), raising the possibility of
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FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart. CT:
computed tomography.

publication bias. There was significant interstudy heterogeneity for all three analyses (1>=93.43%, 93.11%
and 93.55%, respectively; Cochrane’s Q-test p<0.001) (supplementary figure S2). Although the prevalence
estimates decreased between early and late follow-up, this was not significant in the REML model
(p=0.37) and 0.0% of the heterogeneity was attributable to the follow-up time (table 1).

In subgroup analyses with only CT imaging data [8, 23, 24, 26-29, 34, 35, 38-42, 45-51, 53, 55-57, 59—
63, 65, 66, 68, 70], the prevalence of any imaging abnormalities was: 62.8% (95% CI 55.9-69.4%)
overall, 68.1% (95% CI 58.4-77.1%) in early follow-up and 57.9% (95% CI 48.5-67.0%) in late
follow-up (table 1). There was significant heterogeneity between the studies (1°=91.97%, 90.23% and
93.05%, respectively; Cochran’s Q-test p<0.001 for each) (supplementary figure S5). There was no
significant decrease in the prevalence of CT imaging abnormalities from early to late follow-up (p=0.13)
and 3.2% of the heterogeneity in the findings was attributable to the follow-up time (table 1).

Prevalence of specific imaging abnormalities at follow-up

The most commonly reported imaging abnormalities were ground-glass opacities (GGOs) (37 studies),
reticulations (22 studies), consolidations (22 studies), fibrosis (21 studies) and bronchiectasis (19 studies)
(supplementary table S1).
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TABLE 1 Total and specific chest imaging abnormalities during follow-up

Abnormality Patients evaluated at Prevalence of imaging abnormalities, Change from Heterogeneity
each time-point, n % (95% Cl) early to late attributable to
Overall Early Late follow-ue, f(?“mgl_lojp
follow-up* follow-up” Prellic Llipi

Any abnormality 3160 (total) 63.9 67.2 60.8 0.37 0.0
1867 (early follow-up) (56.9-70.6) (56.8-76.8) (51.3-70.0)
1295 (late follow-up)

Any abnormality (CT 2817 (total) 62.8 68.1 57.9 0.13 3.2

imaging subgroup) 1036 (early follow-up) (55.9-69.4) (58.4-77.1) (48.5-67.0)

1781 (late follow-up)

Ground-glass 2659 (total) 44.9 52.8 375 0.049 8.5

opacities 938 (early follow-up) (37.0-52.9) (38.8-66.5) (30.7-44.6)

1721 (late follow-up)

Reticulations 1897 (total) 21.2 38.2 14.3 0.01 22
394 (early follow-up) (12.9-30.9) (24.4-53.0) (6.63-24.2)
1503 (late follow-up)

Bronchiectasis 1732 (total) 16.8 27.0 11.6 0.09 9.8
602 (early follow-up) (9.10-26.1) (9.78-48.7) (5.29-19.7)
1070 (late follow-up)

Consolidations 1752 (total) 6.50 7.57 5.70 0.48 0.0
574 (early follow-up) (3.76-9.83) (3.61-12.6) (2.23-10.4)
1178 (late follow-up)

Fibrosis 2091 (total) 27.8 229 33.6 0.33 0.01
1016 (early follow-up) (17.9-39.0) (10.9-37.6) (18.3-50.8)

1075 (late follow-up)

CT: computed tomography. *: 3 months since acute infection; ¥: >3 months since acute infection; *: p-value from random effects model; %: R? from
random effects model.

The specific imaging abnormality with the highest prevalence was GGOs. The overall prevalence was
44.9% (95% CI 37.0-52.9%), the prevalence at early follow-up was 52.8% (95% CI 38.8-66.5%) and the
prevalence at late follow-up was 37.5% (95% CI 30.7-44.6%) (table 1), with significant interstudy
heterogeneity (17=94.22%, 95.954% and 88.11%, respectively; Cochran’s Q-test p<0.01 for each)
(supplementary figure S3). The change in prevalence over time was significant (p=0.049) and the
heterogeneity attributed to follow-up time was 8.5% (table 1).

The specific imaging abnormality with the greatest change from early to late follow-up was reticulation.
The overall prevalence was relatively low (21.2% (95% CI 12.9-30.9%)) (table 1). However, there was a
relatively high prevalence at early follow-up of 38.2% (95% CI 24.4-53.0%), which decreased by more
than half at late follow-up to 14.3% (95% CI 6.63-24.2%) (table 1): the REML model was significant
(p=0.01) and follow-up time accounted for 22% of the heterogeneity (supplementary figure S4). However,
there was significant interstudy heterogeneity in each of the analyses (1°=95.15%, 93.05% and 95.75%,
respectively; Cochran’s Q-test p<0.001 for each) (supplementary figure S4).

In contrast to reticulations, the occurrence of fibrosis did not significantly change over time: overall
prevalence 27.8% (95% CI 17.9-39.0%), early follow-up prevalence 22.9% (95% CI 10.9-37.6%) and late
follow-up prevalence 33.6% (95% CI 18.3-50.8%); REML model p=0.33 and 0.01% of the heterogeneity
was attributable to the follow-up time (table 1). Both the 3-month follow-up and the total proportion of
patients with fibrosis had significant Egger’s test values (p=0.0068 and 0.0047, respectively), which may
indicate considerable publication bias. Heterogeneity was significant by Cochrane’s Q-test (p<0.01) and
1>=96.52%, 96.14% and 96.87%, respectively (supplementary figure S7). The changes in prevalence for
bronchiectasis and consolidations were not significant, and their changes in proportion, I> and R? are
reported in table 1 and supplementary figures S4 and S5. Consolidations had significant publication bias
(Egger’s test p=0.0342) at the 3-month follow-up, which may result in an inflated proportion.

Relationship between the prevalence of imaging abnormalities and dyspnoea

16 studies reported dyspnoea [23, 26, 27, 30, 32, 35, 36, 51, 53, 57, 61-63, 67, 68, 70]. Of these, 14 also
reported patients with any imaging abnormalities, across all modalities (supplementary table S1). The mixed
effects model of these studies demonstrated 1°=92.15%; 28% of the heterogeneity in the proportion of
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patients with imaging abnormalities was attributable to the occurrence of dyspnoea, and this relationship was
significant and positive (p=0.012) (figure 2). Furthermore, 14 studies that included dyspnoea also reported
the occurrence of GGOs [23, 26, 27, 32, 35, 51, 53, 57, 61-63, 67, 68, 70] (supplementary table S1). The
residual heterogeneity was 1°=93.97% with R®=0.0% (supplementary table S2). This relationship was not
significant (p=0.47). Fewer than 10 papers reported on the presence of bronchiectasis, consolidations,
reticulations and fibrosis alongside dyspnoea, thus we did not run the model for these abnormalities.

Spirometric values remained within the normal range at all time-points (supplementary material and
supplementary table S3). Moreover, neither FEV; nor D;co significantly correlated with dyspnoea
(supplementary material).

Relationship between the prevalence of imaging abnormalities and sex

All studies reported the number of female participants in their cohort. The proportion of female participants
was not significantly related to the occurrence of any abnormalities or CT-specific abnormalities such as
GGOs and fibrosis (supplementary table S2). However, the occurrence of reticulations, bronchiectasis and
consolidations was negatively correlated with the percentage of female participants in a cohort (figure 3a—c).
The interstudy heterogeneity was high, with I? ranging between 80% and 97%.

Relationship between the prevalence of imaging abnormalities and age

While all studies reported age, only a subset (41 studies) reported the age of the entire cohort. Of these 41
studies, 34 reported the proportion of patients with any abnormality. The interstudy heterogeneity was
1°=92.36% and R®=24% (supplementary table S2). The relationship between age and any abnormalities
across all modalities was significant (p=0.002) (figure 4a). This was also observed when we restricted the
analysis to the 30 studies that used CT imaging (figure 4b). The interstudy heterogeneity was 1°=93.56%
and R?=30% (supplementary table S2). The relationship was significant and positive (p=0.001).

For specific abnormalities, 33 studies reported mean age along with GGOs, 19 with reticulations, 20 with
consolidations, 19 with fibrosis and 15 with bronchiectasis. The interstudy heterogeneity (I*) ranged
between 80% and 97%. Both GGOs and reticulations were significantly correlated with mean age of the
study, with a respective R? of 21% and 38% (p=0.004 and 0.001, respectively) (supplementary table S2,
and figure 4c and d). The other abnormalities were not significantly correlated with mean cohort age.

Bias assessment

Using the CLARITY bias assessment tool, most studies were found to be at a moderate risk of bias
(supplementary figure S1). To confirm the diagnosis of COVID-19 (i.e. the exposure), many studies relied on
the widely used real-time PCR. When assessing the outcome of interest (imaging abnormalities), only a few
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studies excluded patients with pre-existing pulmonary disease (such as asthma or COPD) [23, 31, 43, 45, 50,
55, 62, 63]. This is a potential source of bias since the outcome of interest may have been present before the
exposure (i.e. imaging abnormalities may be related to comorbid pulmonary disease, not COVID-19).
Additionally, treatments (co-interventions) and comorbidities were not always reported and often varied
across patients. Most of this information was obtained from electronic medical records. Images were typically
interpreted by two or more experts, usually radiologists, often blinded to the clinical data [8, 23, 26-28, 31,
32, 34, 40, 43, 4649, 52, 54, 55, 60-63, 66]; 14 studies used computer software for interpretation in
addition to human expertise [23, 27, 32, 35, 37, 3941, 44, 46, 47, 55, 66, 70]. Most of the abnormalities
did not exhibit significant publication bias. Funnel plots are presented in supplementary figure S9.

Discussion

Even as vaccination rates increase, the risk of symptoms continuing well past the clearance of the acute
SARS-CoV-2 infection remains to be evaluated [1]. Post-COVID-19 condition affects 10-20% of
individuals depending on the population studied and the definition used, with ~12% of these patients not
being able to return to work after a SARS-CoV-2 infection [2, 3, 40]. Our systematic review demonstrates
that imaging abnormalities are common among those previously infected with SARS-CoV-2. Additionally,
we found that while some abnormalities resolved with time, others did not. The persistence of these
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imaging abnormalities (especially GGOs) was significantly related to the presence of post-COVID-19
pulmonary symptoms such as dyspnoea over time. Notably, we found that FEV; and Do improved
significantly over time following a SARS-CoV-2 infection and were often within the normal range in
post-COVID-19 patients, which reduces their clinical or diagnostic utility.

Our analysis included any imaging modality at up to two time-points across over 40 studies. In contrast,
previous systematic reviews on this topic have focused only on thoracic CT findings [85, 86]. Our findings
are in keeping with a recent systematic review by Faseri et al. [86], which found that combined
“inflammatory” imaging abnormalities (defined as GGOs or consolidations) decreased in prevalence over
time, while combined “fibrotic” imaging abnormalities (defined as reticulations, lung architectural
distortion, interlobular septal thickening, traction bronchiectasis or honeycombing) did not. We extend
these findings by showing that reticulations, which were grouped as part of “fibrotic” changes in FaBsri
et al. [86], showed the greatest reduction in prevalence over time, suggesting that “reticulations” are not
precursors to fibrosis or part of its spectrum in the context of post-acute COVID-19. Moreover, unlike the
previous review by FaBBri et al. [86], our study included both hospitalised and non-hospitalised patients,

https://doi.org/10.1183/16000617.0253-2022 8



EUROPEAN RESPIRATORY REVIEW

COVID-19 | E. GUINTO ET AL.

which better reflects the broad spectrum of disease severity in the community. We also extend the findings
of the previous reviews by demonstrating a significant link between the occurrence of CT changes
(especially GGOs) and the prevalence of dyspnoea across studies. These data raise the possibility that these
CT changes may be a biomarker for post-COVID-19 disease, especially among those who have persistent
dyspnoea. Interestingly, female sex, which is considered a risk factor for post-COVID-19 disease, was
negatively associated with certain specific imaging abnormalities, notably reticulations, bronchiectasis and
consolidations [6, 74]. In contrast, older age was significantly correlated with imaging abnormalities. Both
of these features (male sex and older age) are associated with increased disease severity [87]. We therefore
posit that increased disease severity may be a factor in certain imaging abnormalities. It also indicates that
older males with dyspnoea may be prioritised for CT imaging after COVID-19. However, it should be
noted that CT exposes patients to ionising radiation, thus a cost-benefit assessment for each individual
should be performed before use [88]. Further studies will be required to elucidate the molecular and
histological features of these imaging abnormalities and their importance in the pathogenesis of
post-COVID-19 disease.

Our study had several limitations. First, our search terms were very specific and may have unintentionally
excluded studies which did not use this exact terminology. Second, we included studies even if they had
included patients with pre-existing pulmonary diseases even though they were often unaccounted for in the
determination of the prevalence of imaging abnormalities. Additionally, many studies included both long
COVID (symptomatic) and non-long COVID patients and did not stratify imaging findings based on
symptoms. Therefore, we could not assess imaging in long COVID patients exclusively and could only use
the post-COVID-19 designation. There was also a scarcity of non-hospitalised patients in our cohort due to
data availability and our overall prevalence estimates are thus more driven predominantly by the
hospitalised population. Of the four studies that reported on mild patients, only one provided data on
dyspnoea symptoms as well; thus, we could not evaluate the relationship between dyspnoea and disease
severity [57]. Moreover, the distribution of time-points was heavily skewed towards the earlier time-point
(3 months). For this reason, we did not perform a meta-regression based on follow-up time and chose to
split our data as early (3 months) and late (>3 months). While our study looked at all imaging modalities,
there was under-representation of less common imaging methods, such as lung ultrasound and
scintigraphy. Thus, we were unable to assess changes in time or risk factors associated with abnormalities
for those specific modalities. Finally, interstudy heterogeneity (I*) was high at all time-points, as expected.
The heterogeneity likely comes from the fact that the data were collected by different study centres, many
with different protocols, and which experienced different outcomes of the COVID-19 pandemic. The
impact of heterogeneity on the overall findings was mitigated by using a random effects model. Moreover,
we performed a sensitivity analysis by removing in a stepwise fashion studies that contributed significantly
to the heterogeneity and found that our findings did not materially change [20].

In summary, we show here that: 1) imaging abnormalities are relatively common in post-COVID-19
patients; 2) some imaging abnormalities may resolve with time while others may persist; 3) the prevalence
of imaging abnormalities is significantly linked to the proportion of patients with dyspnoea; 4) older age
and male sex are significant risk factors for persistent imaging abnormalities after COVID-19; and 5) while
spirometric values generally improve during follow-up, they are typically within the normal range at all
time-points, which reduces their clinical or diagnostic utility. These findings indicate that persistent
pulmonary symptoms post-acute COVID-19 may be related to GGOs and other changes in thoracic
imaging. Future work is needed to understand the pathophysiology and clinical relevance of these imaging
changes on chest imaging. Moreover, with the growing number of patients with PASC in the community,
there is a pressing need to understand the mechanisms of dyspnoea in the post-COVID-19 setting and the
impact of both acute and chronic treatments on patient symptoms and their imaging abnormalities.
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