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Abstract: Background: Poor cardiorespiratory fitness poses the highest risk of mortality. Long-
COVID-19 survivors exhibit a reduced cardiorespiratory fitness (CRF). While exercise rehabilitation,
such as cardiopulmonary exercise, is used for long-COVID-19 survivors, the effects of exercise on
CREF in this population remain inconclusive. In this study, we aim to systematically summarise
and synthesise whether exercise rehabilitation improves CRF among long-COVID-19 survivors.
Methods: A comprehensive search was performed through PubMed, CINAHL, Embase, Scopus,
and the Cochrane Library (since their inception to November 2023) and study reference lists. Studies
presenting the effects of exercise rehabilitation on CRF (peak oxygen consumption (VOypeax) and
six-minute walk distance (6MWD)) in long-COVID-19 survivors were identified. The standardised
mean difference (SMD), mean difference (MD), and 95% confidence interval (CI) were used for
analyses. The certainty of evidence was measured using a Grading of Recommendation Assessment,
Development and Evaluation approach. Results: Twelve eligible studies (five RCTs and seven
non-RCTs) with 682 participants were analysed. The meta-analysis showed significantly improved
6MWDs (MD 76.47, 95% CI 59.19-93.71, low certainty) and significantly greater 6MWDs (SMD
0.85, 95% CI 0.11-1.59, very low certainty) in the exercise rehabilitation group compared to the
control group. A significantly improved 6MWD was found in subgroups of young to middle-aged
adults and subgroups of patients who undertook aerobic exercise combined with resistance and
respiratory exercise and centre-based training programs. Conclusions: Exercise rehabilitation is
effective for improving CRF, as measured by the 6MWD in long-COVID-19 survivors. Improvements
are likely to be more pronounced in specific subgroups of young to middle-aged adults and patients
undertaking aerobic exercise combined with resistance and respiratory exercise and centre-based
training programs. However, recommendations for clinical practice are limited due to the very low

evidence certainty.

Keywords: exercise rehabilitation; long-COVID-19 survivors; cardiorespiratory fitness; peak oxygen

consumption; six-minute walk test

1. Introduction

Currently, the coronavirus disease 2019 (COVID-19) situation is stable; reductions
in new cases of 77% and new deaths of 88% have been reported since the beginning of
2021 [1]. Despite the huge reduction in its impact, impairment following the recovery stage
is possible. Some COVID-19 survivors exhibit long-term persistent symptoms [2,3]. The
U.S. Centers for Disease Control and Prevention (CDC) has defined the wide range of long-
term health consequences that occur four or more weeks after the onset of COVID-19 as
post-COVID-19 or long-COVID-19 conditions [4]. Breathlessness has been reported as the
most common long-COVID-19 symptom [5,6]. COVID-19 not only attacks the respiratory
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system in the long term but also impairs other systems, such as the cardiovascular and
musculoskeletal systems [7,8].

Cardiorespiratory fitness (CRF) is a marker indicating the combined ability of the
respiratory, cardiovascular, and musculoskeletal systems to transport oxygen to skeletal
muscle mitochondria during physical activity [9]. As a result of multiorgan impairment
following SARS-CoV-2 infection, long-COVID-19 survivors are likely to exhibit a lower
CREF; extensive research has revealed a reduced CRF in long-COVID-19 survivors when
compared to those without COVID-19 [10-14]. Long-COVID-19 survivors of an advanced
age and with severe symptoms are more impacted, as it has been reported that they exhibit
reductions in CRF of 29% and 47%, respectively [13,14]. A low CREF is linked to a poor
quality of life [15] and is the highest risk factor for a reduced life expectancy [16]. Thus,
helping patients survive COVID-19 is not the ultimate goal of public health; identifying
suitable patient management is more challenging and is required to improve the CRF of
long-COVID-19 survivors.

Exercise, primarily focused on cardiopulmonary exercise, is recommended as a corner-
stone of rehabilitation for individuals suffering from chronic respiratory and cardiovascular
diseases [17,18]. In addition to improving symptoms, such exercise further benefits car-
diorespiratory fitness, morbidity, and mortality [19]. With respect to COVID-19, exercise
rehabilitation has been applied to long-COVID-19 survivors [20-23]. Several systematic
reviews and meta-analyses have attempted to provide synthesised evidence on the bene-
ficial effects of exercise rehabilitation on various health aspects (e.g., anxiety, depression,
dyspnoea, and physical function) in those with COVID [24-28]. However, the shortcomings
of these studies are that they (i) focus on health aspects without considering cardiorespi-
ratory fitness [25,27] and (ii) report evidence from combined acute and long-COVID-19
participants [24-28]. It remains unknown whether exercise rehabilitation provides a posi-
tive effect on cardiorespiratory fitness in post-COVID-19 survivors. Recently, a growing
body of evidence has highlighted the effects of exercise rehabilitation on cardiorespiratory
fitness via the peak oxygen consumption and the six-minute walk distance measured in
long-COVID-19 survivors. Some individual findings revealed the favourable consequences
of such exercises on the CRF among these patients [20,22,23], but some evidence failed to
support the use of exercise rehabilitation to improve the CRF in this patient group [21,29].
To clarify this, we aim to systematically summarise and synthesise whether exercise reha-
bilitation improves the CRF among long-COVID-19 survivors. In the current study, we
expect to provide scientific evidence as a part of guidelines for patient care.

2. Materials and Methods
2.1. Search Strategy

This review followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [30]. We conducted a literature search of five elec-
tronic databases, PubMed (1996-November 2023), CINAHL (1961-November 2023), Scopus
(2004-November 2023), and Embase (1980-November 2023), and the Cochrane Library
(1993-November 2023), as well as their reference lists to identify all relevant articles. Two
search terms were used: COVID (“COVID” OR “coronavirus”) and cardiorespiratory fit-
ness (“cardiorespiratory fitness” OR “physical fitness” OR “cardiopulmonary fitness” OR
“fitness performance” OR “cardiorespiratory performance”) (Supplementary Table S1). The
review protocol was registered in the PROSPERO database (CRD42023393318).

2.2. Study Selection

Eligible articles were selected based on a PICOS approach: (i) participants aged
>18 years old with a long-COVID-19 condition according to the definition of the Centers for
Disease Control and Prevention (CDC) (the wide range of long-term health consequences
which occur four or more weeks after the onset of COVID-19) [4], (ii) interventional
articles determining the effects of any type of exercise rehabilitation, with no restriction on
exercise approaches (i.e., centre-based exercise, home-based exercise, and telerehabilitation),
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(iii) outcomes of interest indicating cardiorespiratory fitness (i.e., peak oxygen consumption
(VOzpeak) and the six-minute walking distance (6MWD)), (iv) experimental research design
encompassing randomised controlled trials (RCTs) and non-RCTs, (v) all languages, and
(vi) both published and unpublished articles. Articles meeting the following criteria were
excluded: studies investigating animal models, studies without an available full text,
and studies containing incomplete data for analyses. The retrieved articles were initially
screened by two independent reviewers (SN and PS) based on the determined inclusion
and exclusion criteria. The same reviewers then performed a full-text screening to record
the final eligible articles. Disagreement after inter-reviewer discussion was resolved by a
third reviewer (BC).

2.3. Risk of Bias Assessment

Two independent reviewers (SN and PS) were responsible for the methodological
quality assessment. The revised Cochrane risk of bias tool for randomised trials (RoB2)
covering the following five domains was used to evaluate RCTs’ risk of bias [31]: (i) risk
of bias arising from the randomisation process, (ii) risk of bias due to deviations from
intended interventions (effect of assignment and adhering to intervention), (iii) risk of
bias due to missing outcome data, (iv) risk of bias in measurement of the outcome, and
(v) risk of bias in the selection of the reported results. Each domain was scored as “low

s

risk of bias”, “some concerns”, or “high risk of bias”. The sum of all domains of the RoB2
was interpreted as “low risk of bias”, “some concerns”, or “high risk of bias”. The risk
of bias in non-randomised studies of interventions (ROBINS-I) was used to appraise the
non-randomised controlled trials’ risk of bias. This tool contains seven domains: (i) bias
due to confounding, (ii) bias in the selection of study participants, (iii) bias in classification
of intervention, (iv) bias due to deviations from intended interventions, (v) bias due to
missing data, (vi) bias in measurement outcomes, and (vii) bias in the selection of the
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reported results [32]. Each domain was judged as “low risk of bias”, “moderate risk of
bias”, “serious risk of bias”, “critical risk of bias”, or “no information”. The risk of bias
for each study was classified into five categories: low risk of bias, moderate risk of bias,
serious risk of bias, critical risk of bias, and no information. In the case of any disagreement

between the reviewers, the decision was made by a third reviewer (BC).

2.4. Certainty of Evidence

The Grading of Recommendation Assessment, Development and Evaluation (GRADE)
approach was used to evaluate the overall certainty for the body of evidence [33]. GRADE
can evaluate results as having a high certainty, moderate certainty, low certainty, and very
low certainty of evidence based on the consideration of the following domains: risk of
bias, inconsistency, indirectness, imprecision, and publication bias [34]. Two independent
reviewers (SN and PS) were assigned to evaluate these evidence certainties. A consensus
was reached between the two reviewers if there was any disagreement.

2.5. Data Extraction

Two reviewers (BC and SK) independently extracted the following article details:
author, publication year, study design, participant characteristics (i.e., age, gender, and
comorbidities), details of COVID-19 (i.e., hospitalisation duration and long-COVID-19
duration), intervention details (i.e., type of exercise, frequency of exercise, duration of
exercise, and exercise approaches), CRF outcome (i.e., VOzpeax and 6MWD), and its result.
For two-arm studies, characteristics of the intervention and control groups were extracted.
For single-arm studies, only the characteristics of the intervention group were recorded.
Incomplete outcome data were obtained by sending an email to the study’s authors. If
there was no response within a week, the relative incomplete article was excluded. There
was a discussion between the two reviewers and a consensus was reached if there was
any disagreement.
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2.6. Data Synthesis

All statistical analyses were conducted using STATA Statistical Software, version 17
(StataCorp LLP, College Station, TX, USA). For RCTs, the standardised mean difference
(SMD) and 95% confidence interval (CI) were calculated using the sample number and
pre and post changes in mean and standard deviation (SD) in the intervention and control
groups. In case there were no pre or post changes in mean and SD, these data were
computed based on the following formulas [35]:

Meanchange = Meanfinal — Meanbaseline (1)

SDchange = square root (SD?baseline + SD*final — (2 x r x SDbaseline x SDfinal)) (2)

r, the pre-post change correlation coefficient, was conservatively estimated as 0.7 [36].
Effect sizes in RCTs were indicated by SMD and were defined as large (0.8), moderate (0.5),
or small (0.2) [37].

For non-RCTs, pooled meta-analyses of single-group studies were performed using
mean £ SD changes pre and post intervention. The DerSimonian-Laird method with the
random-effects model was used as the main method for all meta-analyses. Heterogeneity
was investigated using a p-value of Cochrane’s Q < 0.1, together with the degree of 1.
2 values of <25%, 25-75%, and >75% indicate a low, moderate, and high heterogeneity,
respectively [38]. In the case of heterogeneity, we attempted to identify its possible source.
A subgroup analysis was performed based on the mean-aged population, the type of
exercise, and exercise rehabilitation approaches. A sensitivity analysis was conducted by
removing most studies affecting the influence plot. Publication bias was considered using
a visual funnel plot, a contour-enhanced funnel plot, Begg’s test, and Egger’s test.

3. Results
3.1. Search Results

A PRISMA diagram showing the summarised review process is illustrated in Figure 1.
A total of 1893 studies were initially identified and retrieved from five electronic databases.
After excluding duplicate studies, the titles and abstracts of 1404 studies were screened. Of
these, 54 studies were eligible for full-text assessment. Forty-eight studies were excluded
from this review due to using other research designs (1 = 39), performing other interventions
(n = 2), investigating other populations (n = 2), having no available outcomes relevant
to cardiorespiratory fitness (n = 2), not providing key numerical data for meta-analysis
(n = 2), and having no full text available (n = 1). Only six studies remained that were
eligible for meta-analysis. Six studies from reference lists were additionally included in this
review. Finally, 12 studies with 14 reports were included for meta-analysis (i.e., 5 reports
documenting VOppeax and 9 reports documenting 6MWD) (Supplementary Table S2).

3.2. Characteristics of Included Studies

The characteristics of the included studies are detailed in Table 1. The eligible studies
consisted of five RCTs [21,29,39-41] and seven non-RCTs [20,22,23,42-45]. All non-RCTs
had a single-group study design which contained pre- and post-intervention data. All
studies involved a total of 682 participants, with a mean age of 46.3 years old, and a
higher number of males (53.7% male, 46.3% female). Three comorbidities, hypertension,
diabetes, and dyslipidaemia, were extracted. Nine out of twelve studies reported these
comorbidities [21-23,39-41,43-45]. Among these studies, hypertension was the major
comorbidity (38%), followed by dyslipidaemia (30.8%) and diabetes (18.3%). Eight studies
reported the hospitalisation duration, widely ranging from 6 to 38.3 days [20-22,40,42,43,45].
All included studies documented the long-COVID-19 condition duration, which ranged
from 5 to 44.3 weeks. Most studies were conducted in Europe [22,23,29,42,44,45], followed
by Asia [20,40,43] and South America [21,39,41].
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Table 1. Characteristics of included studies.

2{:::;) ! Design Participants COVID-19 Characteristics Region IG Program CG Program Iyo?;;?igoid g;‘stfl(l):: eand
Ahmed non-rct 1G: Hospitalisation duration Asia Aerobic: 50-70% of HRyax Or - Young-aged 1 6MWD after
(2022) [20] n =20 (65% M) IG: 16 days RPE 4-6 of 10 scales adults completing training
age=39.6 24y No control group Resistance: -
Comorbidities (N/A) Long-COVID-19 duration Respiratory: breathing
No control group IG: 5 wk Others: -
No control group (20-60 min, 3 days,
5 wk)
Centre-based training
Amaral rct 1G: Hospitalisation duration South America Aerobic: 11-13RPE No intervention Middle-aged < 6MWD compared
(2022) [21] n =12 (58% M)20 IG: 6 days Resistance: intensity not reported adults to CG
age=519+102y CG: 7 days Respiratory: -
Comorbidities (42% HT, 33%  Long-COVID-19 duration Others: -
DM, 8%DLP) 1G: 5.1 wk (30 min of aerobic exercise,
CG: CG: 5.1 wk 2-5 days, 12 wk)
n = (40% M) Telerehabilitation
age=533+ 116y
Comorbidities (55% HT, 5%
DM, 10%DLP)
Calvo- non-rct IG: Hospitalisation duration Europe Aerobic: no intensity - Middle-aged T 6MWD after
Paniagua n =68 (38% M) 1G: 7.7 days Resistance: intensity not reported adults completing training
(2022) [22] age=485+97y No control group Respiratory: intensity not
Comorbidities (1.5% HT, Long-COVID-19 duration reported
8.8% DM) IG: 12 wk Others: -
No control group No control group (40 min, 3 days, 7 wk)
Telerehabilitation
Compagno non-rct IG: Hospitalisation duration Europe Aerobic: 60-80% VOypeak - Middle-aged T VOypeak after
(2022) [23] n =30 (65% M) IG:N/A Resistance: 30-50% of the 1-RM adults completing training
age=584+t 116y No control group Respiratory: -
Comorbidities (33.3% HT, Long-COVID-19 duration Others: -
10% DM, 30%DLP) 1G: 12 wk (90 min, 3 days, 4 wk)
No control group No control group Centre-based training
Everaerts non-rct 1G: Hospitalisation duration Europe Aerobic: 60-75% individuals - Middle-aged 1 6MWD and

(2020) [42]

n =22 (68% M)
age=542+104y
Comorbidities (N/A)
No control group

IG: 26.7 days

No control group
Long-COVID-19 duration
IG: 10 wk

No control group

exhibited maximum capacity
Resistance: intensity not reported
Respiratory: -

Others: -

(90 min, 3 days, 12 wk)
Centre-based

adults

VO2peak after
completing training
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Table 1. Cont.
é{l;g;;) r Design Participants COVID-19 Characteristics Region IG Program CG Program II\,/IOe;;:?i%end ggst;(l):: eand
Furtado rct IG: Hospitalisation duration South America Aerobic: 6-8 Borg scale of No physical Middle-aged 1 6MWD compared
(2023) [39] n =16 (50% M) IG:N/A 10 scales training adults to CG
age=475+12y CG:N/A Resistance: 6-8 Borg scale of program
Comorbidities (43.8% HT, Long-COVID-19 duration 10 scales
12.5% DM, 37.5%DLP) IG: 5wk Respiratory: -
CG: CG: 5wk Others: neuromuscular exercise
n =16 (37.5% M) (45-60 min, 3 days, 8 wk)
age=492+ 13y Telerehabilitation
Comorbidities (12.5% HT,
18.8% DM, 31.2%DLP)
Gloeckl non-rct IG: Hospitalisation duration Asia Aerobic: 60-70% of peak power - Middle-aged 1T 6MWD after
(2021) [43] n =50 (44% M) IG: 38.3 days Resistance: intensity not reported adults completing training
age=587+75y No control group Respiratory: breathing
Comorbidities (42%HT, Long-COVID-19 duration Others: -
14%DM, 26%DLP) 1G: 8.5 wk (20 min for aerobic exercise,
No control group No control group 30 min for resistance exercise,
30 min for respiratory exercise,
5 days,
3 wk)
Centre-based training
Jimeno- rct IG: Hospitalisation duration Europe Aerobic: 70-80%HRR or 16 Borg Self- Middle-aged <> VOnpeak
Almazan n =60 (68.3% M) IG:N/A scale, 3-5 min/55-65%HRR, management adults compared to CG

(2023) [29]

age=438+81y
Comorbidities (N/A)
CG:

n =20 (70% M)
age=478+x7.6y
Comorbidities (N/A)

CG:N/A
Long-COVID-19 duration
1G: 44.3 wk

CG: 394

2-3 min

Resistance: 50%RM

Respiratory: inspiratory muscle
training

Others: -

(Varied session:

3 days of aerobic resistance and

inspiratory muscle training every

day, 8 wk)
Centre-based training
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Table 1. Cont.
é{l;g;;) r Design Participants COVID-19 Characteristics Region IG Program CG Program II\,/IOe;;:?igoend g::z?:: eand
Li(2021) [40]  rct IG: Hospitalisation duration Asia Aerobic: 30-40% HRR to 40-60% Education Middle-aged 1T 6MWD compared
n =59 (45.8% M) IG: 28.7 days HRR adults to CG
age=492+108y CG: 23.7 days Resistance: intensity not reported
Comorbidities (13.6% HT, Long-COVID-19 duration Respiratory: breathing exercise
13.6% DM) 1G: 11 wk Others: -
CG: CG: 112wk (40-60 min, 3-4 days, 6 wk)
n =60 (43.3% M) Telerehabilitation
age=520x111y
Comorbidities (30% HT, 15%
DM)
Longobardi rct IG: Hospitalisation duration South America Aerobic: Borg scale (9-11) and General active Older-aged > VOypeak
(2023) [41] n =25 (48% M) IG: 18 days Borg scale (15-17) lifestyle adults compared to CG
age=608+t71y CG: 19 days Resistance: Borg scale (9-11) and
Comorbidities (60% HT, 32%  Long-COVID-19 duration Borg scale (15-17)
DM, 52%DLP) IG: 25.4 wk Respiratory: -
CG: CG: 25.1 wk Others: -
n =25 (52% M) (60-80 min, 3 days, 16 wk)
age=612+77y Home-based training
Comorbidities (52% HT, 40%
DM, 56%DLP)
Ostrowska non-rct IG: Hospitalisation duration Europe Aerobic: intensity not reported - Older-aged 1T 6MWD after
(2023) [44] n =97 (45% M) IG:N/A Resistance: intensity not reported adults completing training
age=593+133y Long-COVID-19 duration Respiratory: - <> VOypeak after
Comorbidities (46.4% HT, IG: 12 wk Others: - completing training
27.7%DLP) (90 min, 3 days, 6 wk)
No control group Centre-based training
Stavrou non-rct IG: Hospitalisation duration Europe Aerobic: 75-110%HRpeax - Older-aged 1 6MWD after
(2021) [45] n =20 (75% M) IG: 15.1 days Resistance: intensity not reported adults completing training

age=641+99y
Comorbidities (65% HT,
20%DM)

No control group

Long-COVID-19 duration
1G: 8 wk

Respiratory: Yoga breathing
Others: -

(100 min, 3 days, 8 wk)
Home-based training

Age is presented as mean = standard deviation. CG, control group; DLP, dyslipidaemia; DM, diabetes; HRnax, maximum heart rate; HRR, heart rate reserve; HT, hypertension; IG,
intervention group; M, male; min, minute; N/A, not applicable; 1, number; non-rct, non-randomised controlled trial; rct, randomised controlled trial; RPE, rating perceived exertion;
VOZpeakr peak oxygen consumption; wk, week; 1-RM, one repetition maximum; 6MWD, six-minute walk distance; y, year; 1, represents an improvement in outcomes; <+, represents a

comparable result.
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Identification

Screening

Included

Records identified from:
PubMed (n = 509)
CINAHL (n = 122)
Scopus (n = 652)

Records removed before

screening: Records identifies

Duplicate records removed from:Reference lists (n = 6)

Embase (n = 463) (n=489)
Cochrane Library (n = 147)
Records screened Records excluded
(n =1404) (n=1350)

Reports sought for retrieval
(n=54)

Reports not retrieved
(n=0)

Reports sought for retrieval
(n=6)

Reports not retrieved
(n=0)

Records excluded (n = 48):
Protocol (n = 10)

Reports assessed for eligibility

(n=54)

Reports excluded:
(n=0)

Observational study (n = Reports assessed for eligibility

28) (n=6)

Review (n=1)

Other intervention (n = 2)
Individuals without long-

COVID-19 (n=2)

No CRF outcome (n = 2)

Studies included in review
(n=12)
Reports of included studies
(n=14)

VOspeax (N =5)

6MWD (n=9)

No numerical data (n = 2)
No full text (n = 1)

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 diagram.

The following section details the exercise rehabilitation programs. All eligible studies
studied combined exercises. Of these, six studies used an aerobic exercise plus resistance
exercise program [21,23,39,41,42,44], five studies used aerobic exercise combined with
resistance and respiratory exercise programs [22,29,40,43,45], and only one study utilised
an aerobic exercise plus respiratory exercise program [20]. The duration of exercise sessions
varied from 20 to 100 min, with the most common exercise frequency as 3 to 5 days a
week and wide ranges of exercise program durations (3 to 16 weeks). Regarding exercise
rehabilitation approaches, most studies were designed to deliver exercise rehabilitation in
centre-based training [20,23,29,42-44], while the remaining studies used telerehabilitation
training [21,22,39,40] and home-based training [41,45].

For the outcome of cardiorespiratory fitness, five studies reported VOppeax
values [23,29,41,42,44] as a CRF outcome, whereas the other nine studies reported 6MWD
values [20-22,39,40,42-45].

3.3. Effect of Exercise Rehabilitation on Cardiorespiratory Fitness

VOspeak and 6MWD values were reported as outcomes representing cardiorespiratory
fitness. There were four main analyses: RCTs for VOpeax and 6MWD, and non-RCTs for
VOspeak and 6MWD. Pooled effect estimates showed that exercise rehabilitation had a
comparable effect on VOppeak compared to the control program (SMD 0.26, 95% CI —0.11 to
0.64, 12 0%, two studies) (Figure 2a). There was no effect of pre-post intervention changes
on VOypeax (mean difference 1.72, 95% CI —2.21 to 5.66, 12 0%, three studies) (Figure 2b).

Regarding 6BMWD, meta-analysis showed that participants in the exercise rehabilita-
tion group had a significantly longer 6MWD than those in the control group (SMD 0.85,
95% CI 0.11 to 1.59, I? 76.4%, three studies) (Figure 3a), and they exhibited a significant
improvement in the 6MWD of 76.46 m after completing exercise rehabilitation (mean
difference 76.46, 95% CI 59.19 to 93.71, I? 0%, six studies) (Figure 3b).
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a
Treatment Control %
Author N Mean (SD) N Mean (SD) SMD (95% ClI) Weight
Jimeno-Almazan_2023 60 1.80 (7.11) 20 0.00 (6.20) ? 0.26 (-0.25,0.77) 54.61
Longobardi_2023 25 1.70 (2.80) 25 0.70 (4.60) ? 0.26 (-0.29, 0.82) 45.39
Overall, DL 85 as -<<> 0.26 (-0.11,0.64)  100.00
(¥ = 0.0%, p = 0.996)
0
Control better Exercise better
NOTE: Weights are from random-effects model
b Effect %
Author (95% CI) Weight
Compagno_2022 = 2.50 (-3.18, 8.18) 47.93
Everaerts_2020 o 5.70 (-13.64, 25.04) 4.14
Ostrowska_2023 — 0.60 (-5.08, 6.28) 47.93
Overall, DL (I = 0.0%, p = 0.825) <> 1.72 (-2.21, 5.66) 100.00
T T
-50 0 50
Worsen exercise Improve exercise
NOTE: Weights are from random-effects model
Figure 2. SMD and mean difference are calculated from the random-effects model. (a) Meta-analysis
of randomised controlled trials for VO,c.x between exercise rehabilitation group and control group.
(b) Meta-analysis of non-randomised controlled trials for VO,e, between exercise rehabilitation
group and control group. CI, confidence interval; Effect, mean difference between pre and post
intervention; N, number of participants; SD, standard deviation; SMD, standardised mean difference;
VOZpeakr peak oxygen consumption [23,29,41,42,44].
a
Treatment Control %
Author N Mean (SD) N Mean (SD) SMD (95% ClI) Weight
Amaral_2022 12 21.00 (92.98) 20 18.00 (43.98) : 0.05 (-0.67, 0.76) 31.29
1
Furtado_2023 16 122.00 (64.00) 16 8.00 (76.00) &~ 1.62(0.82,2.43) 29.03
1
Li_2021 59 80.20 (74.70) 60 17.10 (63.90) —_——— 0.91 (0.583, 1.29) 39.67
Overal, DL 87 96 -<> 0.85 (0.11,1.59)  100.00
(I"=76.4%, p=0.014)
1
0
Control better Exercise better
NOTE: Weights are from random-effects model
b
Effect Y%
Author (95% Cl) Weight
Ahmed_2021 -+ 75.00 (57.09, 92.91) 92.90
Calvo-Paniagua ' 78.00 (-63.44, 219.44) 1.49
Everaerts_2020 : 144 .40 (-7.62, 296.42) 1.29
Gloeckl_2021 ; 90.00 (-17.41, 197.41) 2.58
Ostrowska_2023 : 53.00 (-372.42, 478.42) 0.16
Stavrou_2021 : 85.40 (-52.12, 222.92) 1.58
Overall, DL (I° = 0.0%, p = 0.971) @ 76.45 (59.19, 93.71) 100.00

T
-500

Worsen exercise

NOTE: Weights are from random-effects model

Improve exercise

500

Figure 3. SMD and mean difference are calculated from the random-effects model. (a) Meta-analysis

of randomised controlled trials for 6SMWD between exercise rehabilitation group and control group.

(b) Meta-analysis of non-randomised controlled trials for 6t MWD between exercise rehabilitation

group and control group. CI, confidence interval; Effect, mean difference between pre and post

intervention; N, number of participants; SD, standard deviation; SMD, standardised mean difference;
6MWD, six-minute walk distance [20-22,39,40,42-45].
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Subgroup analyses of cardiorespiratory outcomes (i.e., VOapeax and 6MWD) were per-
formed based on three possible sources: (i) mean age of the population (middle-aged adults
versus older-aged adults), (ii) type of exercise (aerobic plus breathing exercise, aerobic
plus resistance exercise, aerobic exercise combined with resistance and respiratory exer-
cise), and (iii) exercise rehabilitation approaches (centre-based training, telerehabilitation,
home-based training).

Subgroup analyses of non-RCTs for VOypeax showed that no effects of pre-post inter-
vention on the subgroups of middle-aged (mean difference 2.75, 95% CI —2.70 to 8.21, I
0%, 2 studies) and older-aged adults (mean difference 0.60, 95% CI —5.08 to 6.28, 1 study)
were observed (Supplementary Figure S1).

Regarding subgroup analyses of RCTs for 6 MWD, the results showed that the subgroup
of patients undergoing aerobic exercise combined with resistance and respiratory exercise
had a significantly greater 6 MWD than those in the control program (SMD 0.91, 95% CI
0.53 to 1.29, one study), while there was a similar effect on 6MWD between the subgroup
of patients undergoing aerobic plus resistance exercise and those undergoing a control
program (SMD 0.82, 95% CI —0.72 to 2.37, I> 0%, two studies) (Supplementary Figure S2a).

In subgroup analyses of non-RCTs for 6MWD, pooled effect estimates showed signifi-
cant improvements in 6 MWD among subgroups of young (mean difference 75.0, 95% CI
57.09 to 92.91, one study) and middle-aged adults (mean difference 99.75, 95% CI 25.20 to
174.30, I? 0%, three studies), but not in the older-aged population (mean difference 75.0,
95% CI 57.09 to 92.91, one study) (Supplementary Figure S2b). In the subgroup analysis
by exercise type, the 6SMWD was significantly improved in subgroups performing aerobic
exercise plus respiratory exercise (mean difference 75.0, 95% CI 57.09 to 92.91, one study)
and aerobic exercise combined with resistance and respiratory exercise (mean difference
84.63, 95% CI 13.03 to 156.23, I> 0%, four studies), but not in the subgroup performing
aerobic plus resistance exercise (mean difference 144.4, 95% CI —7.62 to 296.42, one study)
(Supplementary Figure S2c¢). For the subgroup analysis by exercise setting, pooled effect
estimates illustrated that the 6MWD was significantly longer in a subgroup who underwent
centre-based training (mean difference 76.29, 95% CI 58.75 to 93.82, 12 0%, four studies),
but not in those who performed telerehabilitation (mean difference 78.0, 95% CI —63.44 to
219.44, one study) and home-based training (mean difference 85.4, 95% CI —52.12 to 222.92,
one study), when compared to the baseline (Supplementary Figure S2d).

In the sensitivity analyses, we removed studies affecting the influence plot. For the
sensitivity analysis of non-RCTs for VOppeak, after removing the study by Ostrowska
et al., 2023, the effect estimate was unchanged when compared to the main analysis
(Supplementary Figure S3). For the sensitivity analysis of RCTs (after omitting the study by
Amaral et al., 2022 [21]) and non-RCTs (after removing the study by Ahmed et al., 2021 [20]),
for 6MWDs, the effect estimates were not changed when compared to the main analyses
(Supplementary Figure S4a,b).

3.4. Publication Bias Assessment

The publication bias of the included studies of RCTs and non-RCTs for VO;peak and
6MWD was assessed. No evidence of publication bias, based on a funnel plot, contour-
enhanced funnel plot, and Begg’s and Egger’s tests of RCTs for VO,peax and 6MWD, was
found (Supplementary Figures S5 and S7). A possible publication bias of non-RCTs for
VOopeak and 6MWD was demonstrated by the asymmetry of a funnel plot falling in a low
statistically significant area (p > 5%), as indicated by the contour-enhanced funnel plot.
However, further investigation revealed no publication bias as there was no significance in
Begg’s and Egger’s tests (Supplementary Figures S6 and S8).

3.5. Risk of Bias Assessment and Certainty of Evidence

RoB2 showed that most included RCTs had a high risk of bias [21,29,39], while the
other two RCTs had a low risk of bias [40,41] (Supplementary Table S3). There were two
domains contributing to the verdict of a high risk for each study: bias due to deviations from
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the intended intervention and bias in measurements of the outcome. For the domain of bias
due to deviations from the intended intervention, using a per protocol was identified as high
risk of bias. Regarding the bias in the measurement of the outcome, an unblinded outcome
assessor was a factor introducing bias. For included non-RCTs, it was found by ROBINS-I
that most included studies had a moderate risk of bias [20,23,42—45], while one study
had a low risk of bias [22]. The main domain contributing to bias was the measurement
outcome, which described the outcome assessor as being aware of the intervention given
(Supplementary Table S4).

The certainty of evidence was evaluated to identify the degree of confidence that the
effects estimate was correct. Our findings demonstrated that a cardiopulmonary exercise re-
habilitation program may not be superior to the control program in improving VOypeax and
the 6 MWD may not be improved after completing cardiopulmonary exercise rehabilitation.
A cardiopulmonary exercise rehabilitation program may lead to a greater 6 MWD than the
control program, but the evidence for this is very uncertain. A cardiopulmonary exercise
rehabilitation program may result in a large enhancement in the 6MWD after completion
(Table 2).

Table 2. Summary of findings.

Mean Change (SD)

Number of

Exercise SMD (95% Partici Certainty of
Outcomes Control Program Rehabilitation QD (;tl:l;ilge;nts Evidence (GRADE) Comments
Program

Peak oxveen Exercise rehabilitation

cgr?su(;ny%iin Mean change Mean change 0.26 130 0000 program may not be

VO P VOypeak was 1.75 VOgpeak Was 0.35 (—=0.11 to (two RCTs) Verv low &P superior in improving

2peak/ (5.4) 6.2) 0.64) y VOppeak compared to

mL/min/kg)
control program
Exercise rehabilitation

Six-minute-walk Mean change Mean change 085 183 0000 program may provide a

distance (6MWD, m) 6MWD was 14.4 6MWD was 74.4 (d 11 to 1.59) (three RCTs) Verv low P greater 6MWD than the

’ (62.6) (75.6) . ’ y control program, but the
evidence is very uncertain
Mean (SD) Number of Certainty of
Out MD (95% CI)  Participant: .
utcomes Pre-Intervention Post-Intervention (Sif“l;ilel;;m s Evidence (GRADE) Comments

Peak oxygen . .

consumption Mean VOypeax was Mean VOypeax was (1j22 21+t 92 SO0 E;((fr?;;r;};abrl}gtasgnrove

(VOspeaks 17 (4.3) 19.9 (6.0) 5.66) (three non-RCTs) Very low 4 {)/og y P

mL/min/kg) : 2peak

Six-minute walk Mean 6MWD was Mean 6MWD was (7569415 9to 277 DOOO g:s;;s;r;};;b;:zﬁo; a

. . : _ ce
distance (6MWD, m) 543.9 (174.3) 93.71) (six non-RCTs) Low large increase in 6MWD

CI, confidence interval; GRADE, Grading of Recommendations, Assessment, Development and Evaluation;
m, meter; MD, mean difference; mL/min/kg, milliliter per kilogram per minute; non-RCTs, non-randomised
controlled trials; RCTs, randomised controlled trials; SD, standard deviation; SMD, standardised mean differ-
ence. ® Downgraded one level due to moderate risk of bias. ® Downgraded three levels due to imprecision
(95% CI crossed three thresholds; trivial to moderate effect). ¢ Downgraded one level due to serious risk of
bias. 4 Downgraded two levels due to imprecision (95% CI crossed two thresholds; small to moderate effects).
¢ Downgraded one level due to imprecision (95% CI crossed one threshold; large effect). ©©@®, High certainty;
DDDO, Moderate certainty; GOOO, Low certainty; OO, Very low certainty; ©@@0, Very low certainty.

4. Discussion

In this study, we aimed to determine whether exercise rehabilitation improves the
CREF of long-COVID-19 survivors. The main findings of the meta-analysis provide scientific
evidence that exercise rehabilitation (i) can improve the 6MWD and (ii) is superior in
improving the 6 MWD to control programs in long-COVID-19 survivors. This meta-analysis
further highlighted more favourable effects in specific subgroups of (i) patients perform-
ing aerobic exercise combined with resistance and respiratory exercise, (ii) young and
middle-aged adults, and (iii) patients undertaking a centre-based training approach for
improving 6MWDs.

A reduction in CRF as a consequence of multi-organ impairments in long-COVID-19
survivors is recognised as a health condition linked to an increased cardiovascular risk. The
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findings of the current meta-analysis underscore the effectiveness of exercise rehabilitation
on improving CREF, as reflected by the 6MWD of 76.46 m after completing the exercise
program, and superior to the control program on CRF improvement, as reflected by the
large effect size (0.85 SMD) of 6MWD in long-COVID-19 survivors. These findings are in
agreement with previous systematic reviews and meta-analyses showing the beneficial
effect of exercise rehabilitation on exercise capacity in a mixed population of acute to
long-COVID-19 patients [28,46]. Other previous systematic reviews and meta-analyses
revealed exercise rehabilitation’s positive effects on several health aspects, such as anxiety,
depression, dyspnoea, and physical function [24-27]. Thus, our findings complement pre-
vious findings in terms of the beneficial effect of exercise rehabilitation on cardiorespiratory
fitness and a particular population of long-COVID-19 patients.

A possible mechanism underlying the exercise training-induced improvement in
cardiorespiratory fitness may be due to the coexistence of central and peripheral physiolog-
ical adaptations (e.g., an improved chronotropic incompetence, an increased endothelial
function, and arterial compliance) [47-49]. Our findings highlight that not only are there
statistically significant differences in cardiorespiratory fitness, but also clinically meaning-
ful changes, as the 6BMWD exceeds the minimal clinically important difference (MCID) of
30 m reported in patients with chronic respiratory disease [50]. However, this should be
interpreted with caution since the MCID of 30 m was determined from the patient group
other than long-COVID-19 survivors. Further studies should be performed regarding
this point.

The health benefits of exercise rehabilitation depend on exercise-component-specific
responses. Subgroup analyses in our study appeared to have statistically significant dif-
ferences in the 6BMWD in the subgroups of patients undergoing (i) aerobic exercise plus
resistance and respiratory exercise and (ii) a centre-based training approach. Our results
showed that aerobic exercise combined with resistance and respiratory exercise had a
positive effect on the 6MWD (an improved distance of 84.6 m) and had a larger positive
effect on the 6MWD when compared to the control program (0.91 SMD). The 6MWD
represents a functional capacity that requires multiple organ systems (i.e., cardiovascular,
pulmonary, and skeletal systems) to reflect its ability [51]. Long-COVID-19 survivors not
only experience an impaired pulmonary function, but the cardiovascular and even periph-
eral muscular systems are also impaired [7,8]. Aerobic and respiratory exercises, reflecting
a cardiopulmonary exercise regimen, have been suggested to improve the cardiopulmonary
capacity in patients with chronic respiratory disease [17]. The greater improvement in the
6MWD among long-COVID-19 survivors in the group who performed additional resistance
exercises may be attributed to the comprehensive enhancement in cardiopulmonary and pe-
ripheral muscular functions. Regarding exercise approaches, our meta-analysis identified a
better improvement in 6 MWDs in a subgroup of patients conducting centre-based exercise.
Exercise under supervision is relatively easier to follow and adhere to rather than unsuper-
vised approaches [52]. Thus, our finding suggests that supervised exercise in a centre-based
setting is suitable for improving cardiorespiratory fitness in long-COVID-19 survivors.

In addition to exercise-component-specific responses, our subgroup analysis showed
that age was a factor affecting cardiorespiratory fitness responses after completing exercise
rehabilitation. The subgroup findings appeared to indicate a favourable effect of exercise
rehabilitation on 6MWDs in the young to middle-aged adults, but not in older-aged adults.
The lack of statistical difference in 6MWDs between groups in the older-aged adult sub-
group is likely explained by a low adherence rate to exercise training. Existing evidence
suggests that older-aged adults often experience severe post-COVID-19 symptoms [53]. It
is possible that the low exercise adherence rate is attributed to these severe long-COVID-19
symptoms in older adults, resulting in insufficient power to induce physiological changes
in cardiorespiratory fitness [41]. One included study investigated delivering exercise reha-
bilitation in a home-based approach in older adults [45]. This may be an additional factor
contributing to the low exercise adherence rate; however, the authors did not report the
exercise adherence rate. Additionally, low exercise adherence rate may be attributable to
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some comorbidities (e.g., hypertension) in older-aged adults [54]. In this review, hyperten-
sion rates were 56% and 36% in subgroups of older-aged adults and young to middle-aged
adults, respectively. Higher rates of comorbidities in older-aged adults may promote a
reduction in exercise tolerance [54], thereby leading to low exercise adherence.

Compared to the baseline 6 MWD value, low certainty of evidence suggests that
exercise rehabilitation may result in a large increase in 6MWD. The certainty of evidence
was downgraded two levels due to a serious risk of bias and imprecision. For the serious
risk of bias, an unblinded assessor measuring the outcome was suspected to be a factor
lowering the reliability of the finding. A wide range of confidence intervals, reflecting this
imprecision, additionally promoted the low certainty.

Despite the significantly longer 6MWD in exercise rehabilitation, it is uncertain
whether the exercise rehabilitation program has a superior effect on cardiorespiratory
fitness (as measured by 6MWD) in this patient group when compared to the control pro-
gram due to the very low certainty of evidence. Two factors contributing to a reduction in
evidence certainty were the moderate risk of bias and imprecision. For the moderate risk of
bias, participant’s awareness of the treatment given, inappropriate analysis (using a per
protocol) [55], and unblinded outcome measurements were identified as problematic, lead-
ing to deviations in findings. Furthermore, a very wide range of confidence intervals is also
considered to imprecision. Given these considerations, the findings should be interpreted
with caution.

The strengths of the current meta-analysis are as follows: We attempted to prevent
potential biases through an exhaustive search of available evidence (not restricted by
language), through using rigorous review processes conducted by independent reviewers,
and through careful consideration of evidence quality. Some limitations, however, should
be acknowledged. First, considerably heterogeneity in the 6MWD (I? 76.4%) was detected
due to clinical heterogeneity (i.e., different participant characteristics and different exercise
regimens). Such heterogeneity was determined to be modest after carrying out a subgroup
analysis. However, the subgroup analyses limit our ability to draw a strong conclusion on
whether exercise rehabilitation is superior in improving cardiorespiratory fitness compared
to the control program. Second, some potential biases resulting from an uncontrolled
process within individual publications are observed; more than 50% of RCTs and 80% of
non-RCTs had a high risk of bias and moderate risk of bias, respectively. Third, the sample
size in most studies was small. Consequently, the restricted sample size impedes statistical
power detection. Lastly, the number of relevant studies is low. There were particularly
a limited number of studies investigating the effect of exercise rehabilitation on VOpeax
(two RCTs and three non-RCTs). The insufficient number of studies, together with the
inadequate sample size, could limit the statistical power to detect differences in VOspeax
between patients in the exercise rehabilitation and control program groups. Thus, more
studies with a comprehensive research design (especially RCTs) and large sample sizes
are warranted.

5. Conclusions

The meta-analysis findings highlight that exercise rehabilitation is effective for im-
proving cardiorespiratory fitness, as measured by the 6MWD (but not the VO,cai) in
long-COVID-19 survivors. Specifically, in young to middle-aged adults, aerobic exercises
combined with resistance and respiratory exercise and centre-based approaches are likely
to yield greater benefits with regard to cardiorespiratory fitness.

6. Clinical Implication

Considering the low to very low certainty of evidence, our confidence in supporting
the use of exercise rehabilitation to improve the cardiorespiratory fitness in long-COVID-19
survivors is reduced. Consequently, we are limited in our ability to recommend or not
recommend interventions in clinical practice.
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