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Abstract: Background/Objectives: The majority of stroke survivors undergo physical ther-
apy rehabilitation to regain functionality and improve their overall quality of life. Given
the wide range of physical therapy modalities and approaches in post stroke cardiovascular
fitness rehabilitation, this systematic review and meta-analysis (SR-MA) aims to assess
their efficacy as measured by peak oxygen consumption (VO2peak). Methods: Adhering to
PRISMA guidelines; a detailed search of the MEDLINE PubMed; Cochrane Library; and Sco-
pus databases was conducted. Results: Thirty-seven studies with a total of 1310 post-stroke
patients were included. The aggregated mean VO2 pre-intervention was 15.30 mL/kg/min
([14.09, 16.51], I = 99.7%), increasing to 17.10 mL/kg/min post-intervention ([15.73, 18.46],
12 = 99.8%). The standardized mean difference in VO2 was 1.76 ([1.20, 2.31], I> = 96.9%).
Sensitivity analyses in a subset of RCTs revealed that cardiorespiratory rehabilitation
demonstrates a statistically significant improvement in VO2peak levels compared to con-
ventional physical therapy. There was a high degree of heterogeneity among included
studies (potentially due to the lack of standardized protocols) while Egger’s test (3 = 0.32,
p = 0.72) and funnel plot inspection were indicative of moderate publication bias with
small study effects. Conclusions: Based on the results of this meta-analysis, the increase in
VO2peak levels post-interventions ranged from 0.28 to 3.36 mL/kg/min, depending on
intervention type. The ideal time to commence aerobic training rehabilitation was found
to be six months post-stroke. According to previous studies on cardiovascular diseases,
VO2peak can potentially act as a predictor of (a) the efficacy of intervention and (b) the
patient’s risk of stroke-recurrence and disability progression.

Keywords: stroke; stroke rehabilitation; cardiorespiratory function; VO2; VO2peak;
physical therapy

1. Introduction

Stroke is characterized by acute, focal neurological deficits resulting from either vas-
cular infarction or hemorrhage in the central nervous system [1]. It constitutes one of
the leading causes of mortality (due to either primary or secondary effects) and disability
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worldwide, affecting approximately 1.1 million individuals annually [2]. By 2025, the
annual number of stroke cases is projected to reach 1.5 million [3]. Over 50% of stroke sur-
vivors experience a wide range of debilitating long-term physical, emotional, psychological,
and cognitive impairments that complicate daily functioning and significantly reduce their
quality of life. This underscores the critical need for effective rehabilitation protocols to
improve post-stroke recovery.

Beyond motor, sensory, and cognitive deficits, one of the more frequent, but less
discussed long-term consequences of stroke is cardiovascular deconditioning and impaired
walking ability. These conditions result in reduced cardiorespiratory fitness (CRF) [4,5],
which can consequently negatively impact a person’s physical functioning and overall
wellbeing [4,5]. In post-stroke survivors, CRF is reported to be approximately 53% of the
reported values on able-bodied individuals. This reduction can be attributed to the stroke
event itself and/or to the motor, sensory, and cognitive deficits caused by stroke [6]. A
recent study by Blokland and colleagues (2023) reported that among post-stroke survivors,
female gender, increase in age, and use of beta blockers are associated with lower CRF
levels [6].

The standard criterion assessing CRF in both abled-bodied and disabled individuals
is peak oxygen uptake (VO2peak). VO2 is considered the gold standard as it provides
clinical data on an individual’s ability to perform physical tasks [7]. Additionally, it has
been previously associated with an increased risk of cardiovascular events in the general
population [7]. More specifically, in the case of stroke survivors, a low VO2peak translates
to a limited ability to meet the basic metabolic demands of daily living [8]. Furthermore,
considering that 25-33% of stroke survivors require supervision or assistance with walking
due to both muscle spasticity and decreased CRF, the implementation and evaluation of
potential interventions could be useful tools to improve patient’s CRF [9].

Several studies have demonstrated the beneficial effects of aerobic exercise in mitigat-
ing the residual impairments of stroke including cardiorespiratory (CR) parameters [10-15].
Conventional physiotherapeutic training protocols, combined with aerobic exercise, tread-
mill training, and cycling, have been shown to improve CRF [10,11]. Meanwhile, the
effectiveness of functional rehabilitation strategies, such as adapted physical activities,
rhythmic and ballet adaptive progressive training, on CR parameters remains under inves-
tigation [12-14]. On this note, recent studies have delved into the potential use of robotics
in enhancing VO2peak consumption and, consequently, CRF along with static and dynamic
balance in this population [15].

Despite these advancements, there is a great degree of heterogeneity and a limited
understating regarding the efficacy of different physiotherapy rehabilitation approaches
in improving CREF in stroke survivors. Therefore, the aim of this systematic review and
meta-analysis (SR-MA) is to explore the efficacy of various physiotherapeutic rehabilitation
interventions in enhancing CRF, as measured by VO2peak, in stroke survivors.

2. Materials and Methods
2.1. Standard Protocol Approval—Registrations

The pre-specified protocol of this systematic review and meta-analysis is registered in
the Open Search Foundation and is available at the following link: https:/ /osf.io/2ewpg,
accessed on 7 May 2025. The results of the present SR-MA are in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and Meta Analysis (PRISMA) [16] (Figure 1)
and were written based on the Meta-Analysis of Observational Studies in Epidemiology
proposal (MOOSE) [17]. Due to the nature of this study, no ethics board approval or written
informed consent was required.
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Figure 1. PRISMA Flow-Chart [16].

2.2. Data Sources, Search, and Study Selection

Three prominent medical databases, MEDLINE PubMed, Scopus, and Cochrane Li-
brary were used in the systematic literature search. Two independent reviewers (AK,
VG) independently searched the databases using the following terms: “Acute Ischemic
Stroke”, “Cardiorespiratory fitness”, “Peak Oxygen Consumption”, and “Physiotherapy”.
No date or language filtering was applied. The complete search algorithm is provided in
the Supplementary Materials. The search spanned from inception (1 December 2023) to
15 April 2024. Beyond database records, reference lists were also checked for potentially
eligible studies. Randomized control trials, case-control studies and observational studies
were included. The primary and secondary research questions were constructed based
on the PICO strategy: adult stroke survivors, I: physical therapy rehabilitation protocols,
C: difference in time, comparison of cardiorespiratory physical rehabilitation protocols
versus conventional physical therapy, and O: VO2peak levels. The pre-specified inclu-
sion criteria were (a) stroke verified diagnosis, (b) adults (>18 years old), (c) included
in Physiotherapeutic Rehabilitation Treatment Protocol, and (d) underwent structured
physical therapy rehabilitation within two to five years post-stroke. Studies were excluded
if patients (a) were <18 years old or (b) had a concomitant neurological condition, and
(c) included participants that had severe cognitive impairment. All the retrieved studies
were independently assessed by two reviewers (AK, VG) and any disagreements were
resolved by the senior author (SG).
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2.3. Quality Control, Bias Assessment, and Data Extraction

The risk of bias for each study was assessed using the Risk of Bias in Non-Randomized
studies of Interventions (ROBINS-I) [18] or the Risk of Bias in Randomized studies of
Intervention (ROBINS-II) [19]. Quality control and bias assessments were performed by
two independent reviewers (AK, VG) and any disagreements were resolved by the senior
author (SG).

Data extraction was also performed by the same two independent authors and in-
cluded the following: study title, author, year of publication, region, sample size, type
of intervention, demographic characteristics (age, gender, body mass index, etc.), disease
specific characteristics (post-stroke rehabilitation latency and National Institutional Health
Stroke Scale score), etc.

2.4. Outcomes

The pre-defined primary outcome measure was the pooled mean VO2 values pre-
and post-intervention as well as the standardized pooled mean difference of VO2peak
pre—post-intervention. Secondary outcomes included (a) pre—post-intervention VO2peak
difference based on intervention type, and (b) the association between VO2 values (pre-
and post-intervention) and demographic and disease specific characteristics.

2.5. Statistical Analysis

For the aggregated meta-analysis of pooled mean VO2 values, the meta-mean function
of R-Meta was employed. For the pooled standardized mean difference between pre—post-
intervention VO2 values, the meta-mean function with the standardized mean difference
(SMD) method was used.

The random effects meta-analytical model (DerSimonian and Laird) was used to
calculate the pooled estimates and the corresponding 95% confidence intervals (95% CI).
Heterogeneity was assessed by 12 values (>50% values >75% were considered to represent
substantial and considerable heterogeneity, respectively). The statistical significance level
for the Q statistic was set at 0.1. Publication bias across individual studies was assessed for
the primary outcome of interest, using funnel plot inspection as well as the interception
value and significance of Egger’s linear regression test (a statistically significant interception
suggesting publication bias) [20] and the equivalent z test for each pooled estimate with a
two-tailed p value < 0.05 was considered statistically significant [20]. All statistical analyses
and figure production were carried out using RStudio for Windows R studio/R Meta
package version 4.5.0 [20,21].

2.6. Data Availability Statement

All data generated or analyzed during this study are included in this article and its
Supplementary Materials. Raw data are available in plain text format from the correspond-
ing author upon reasonable request.

3. Results
3.1. Literature Search

A total of 5300 records were retrieved from the systematic literature search. After
duplicate exclusion, 4190 results were excluded. Subsequently, 1110 results were removed
due to relevance (title and abstract screening). Finally, 90 full-text studies were assessed for
eligibility. After the application of the inclusion/exclusion criteria, 46 studies were excluded
from our study, which included articles not written in the English language, systematic
reviews, and meta-analyses, as well as parts of books and editorials. Additionally, five
studies that did not provide a clear definition of “cardiorespiratory fitness” were excluded
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from the study. Lastly, 37 studies with a total of 1310 patients were deemed eligible (Figure 1,
Table 1). A brief overview of the components of each included PTR protocol is presented in
Supplementary Table S1.

Table 1. Studies’ characteristics.

. Post-Stroke e e
Author Region Study Type Sample Rehabilitation Latency Rehabilitation Protocol

Group 1: conventional PT*

%
Dacucha et al., 2001 [22] Texas RCT 12 <1 Group 2: arobic training
Macko et al., 2001 [23] Baltimore CT* 23 2.2 Aerobic training
. 1 *
Carr et al., 2003 [24] Chicago RCT* 40 <1 Group 1: conventional PT
Group 2: aerobic training
. 1 *
Chu et al., 2004 [25] Columbia RCT* 12 <1 Group 1: conventional PT
Group 2: aquatic therapy
Macho etal,, 2005 [26]  Baltimore RCT* 61 32 Group 1: conventional PT
Group 2: aerobic training
Group 1: conventional PT*
Pang et al., 2005 [27] Canada RCT* 32 5.2 Group 2: functional
rehabilitation training
Yang et al., 2007 [28] Taiwan CT* 15 1.0 Aerobic training
Group 1: constant-load
" cycloergometer training
Janssen et al., 2008 [29]  Netherlands RCT 12 1.8 Group 2: electrical constant-load
cycloergometer training
Group 1: sham resistance training
" Group 2: resistance training
Lee et al., 2008 [30] Sydney RCT 36 3.6 Group C (n = 12):
Aerobic training
Tang et al., 2008 [31] Canada RCT* 36 <1 Group 1 conver}tlonsfll .PT
Group 1: aerobic training
Michael et al., 2009 [13] Baltimore CT* 10 7.5 Functional rehabilitation training

Group 1: conventional PT*
Group 2: constant-load
Rimmer et al., 2009 [32] Chicago RCT* 18 <1 cycloergometer training
Group 3: constant-load
cycloergometer training

Billinger et al., 2010 [33] Kansas cT* 12 57 Conventional PT* training
Letombe et al., 2010 [14] France RCT* 9 <1 Functional rehabilitation training

Group 1: conventional
PT* training
Group 2: respiratory
muscle training
Group 3: respiratory
muscle training

Sutbeyaz et al., 2010 [34] Turkey RCT* 45 <1

Aerobic cycloergometer

Calmels et al., 2011 [11] France CT* 16 1.0 . .o,
interval training

Group 1: conventional
PT* training
Group 2: functional
rehabilitation training

Billinger et al., 2012 [36] Kansas CT* 10 <1 Aerobic training

Chang et al., 2011 [35] Korea RCT* 37 <1
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Table 1. Cont.

Post-Stroke

Author Region Study Type Sample Rehabilitation Latency Rehabilitation Protocol
G]ellz(ab\;szn[ﬂ;;t al, Norway CT* 8 7.2 Aerobic training
Group 1: aerobic training
Jin et al., 2012 [38] China RCT* 133 1.5 Group 2: functional rehabilitation
training
. . Group 1: aerobic training
%
Jin et al., 2013 [39] China RCT 65 <1 Group 2: conventional PT*
Mackay-Lyons et al., " Group 1: conventional PT*
2013 [10] Canada RCT 26 6 Group 2: aerobic training
Salbach et al., 2013 [40] Toronto RCT* 16 2.0 Aerobic training
Severinsen et al Group 1: aerobic training
2014 [41] i Denmark RCT* 43 1.5 Group 2: resistance training
Group 3: conventional PT*
Group 1: aerobic training
Blanchet et al., 2016 [42] Canada RCT* 14 4.2 Group 2: aerobic and
cognitive training
. Group 1: conventional PT*
%
Ivey et al., 2016 [43] Baltimore RCT 29 <1 Group 2: conventional PT*
Lee et al., 2016 [44] Korea RCT* 10 <1 Aquatic therapy
. 1 *
Han et al., 2017 [45] Korea RCT* 20 <1 Group 1: conventional PT
Group 2: aquatic therapy
Group 1: aerobic training
Group 2: high-intensity
Lund et al., 2017 [46] Denmark RCT* 48 1.8 resistance training
Group 3: low-intensity
resistance training
. Group 1: aerobic HITT* training
%
Munari et al., 2018 [47] Italy RCT 15 6.4 Group 2: aerobic LITT* training
Marzolini et al., " Group 1: aerobic training
2018 [15] Canada RCT 68 12 Group 2: resistance training
Brauer et al., 2021 [48] Australia CT* 40 <1 Aerobic training
Group 1: constant-load
Kelly et al., 2021 [49] Canada RCT* 7 <1 cycloergometer training
Group 2: functional
rehabilitation training
Group 1: conventional PT*
Horvarth et al., 2022 [50] Hungary RCT* 35 8 Group 2: constant-load
cycloergometer training
San Group 1: conventional PT*
Serra et al., 2023 [12] Antonio RCT* 39 2.7 Group 2: constant-load
cycloergometer training
Group 1: aerobic HIT* training
%
Boyne et al., 2022 [51] Kansas RCT 27 2.2 Group 2: aerobic MAT* training
San " Group 1: conventional PT*
Serra etal,, 2022 [52] Antonio RCT 20 70 Group 2: aerobic HIT* training

RCT*: Randomized control trial, Obs: CT*: clinical trial, post-stroke rehabilitation latency is presented in years,
HITT*: high-intensity treadmill training, LITT*: low-intensity treadmill training, HIT*: high-intensity interval
training, MAT*: moderate-intensity aerobic training, and PT*: physical therapy.
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3.2. Quality Control of Included Studies

Eligible studies underwent quality assessment using the risk of bias in non-
randomized studies (Robins-I) and risk of bias in randomized studies (Robins-II). The
overall quality of the studies included was low for 22 records, moderate for 13 records, and
high for 2 records (Supplementary Figures S1-54).

3.3. Overall and Subgroup Analysis

A total of 37 studies with 1310 post-stroke patients, with a mean age of 62.06 years,
were included in the qualitative analysis.

The aggregated mean VO2 pre-intervention was 15.30 mL/kg/min (95% CI [14.09,
16.51], 12 = 99.7%, p = 0) (Figure 2), while the aggregated mean VO2 post-intervention was
17.10 mL/kg/min (95% CI [15.73, 18.46], 2 = 99.8%, p = 0) (Figure 3). The standardized
mean difference in VO2 levels pre-post-intervention was 1.76 mL/kg/min (95% CI [1.20,
2.31), 12 = 96.9%, p = 0) (Figure 4).

A subsequent subgroup analysis was performed after the stratification based on
intervention type. The aggregated mean with the corresponding 95%CI and I? heterogeneity
index is presented in Table 2.

Table 2. Mean VO2peak difference (6VO2peak) stratified by intervention [10-15,22-52].

Mean 6VO2peak

Intervention Sample Pre—Post-Intervention 95%CI 2 sig.

[10112,22C_§;‘§I_1§;’gg} 41123, 1] 370 0.29 054,113 86%  p<001
12152 2_22‘;2‘?;2;;3;‘11222/ s 562 3.00 226,375 919%  p<001
Aq‘f;;iﬂ‘;apy 26 3.36 057,616  39.6%  p=0.19
Fun[clt;"i‘:gg};a;’glr%“"“ 143 253 093,414  873%  p<0.01
Constant—loa?;g;lf;écl)g%%r]neter training 7 0.35 ~1.19,1.90 0% p=0.96
Res[ii?;‘gz;rjg]‘ing 102 1.87 021,352  145%  p=032
Respiratory [I;:]scle training 30 0.28 ~201,258 16.2% p=0.27

Total 1310 1.76 120,232 88% v'i’;: ’; ° %‘%%11

There were statistically significant differences between the various intervention types
(Qbetween = 29.50, p < 0.001) and a high degree of variability within groups (Qwithin
= 488.87, p < 0.001) (Figure 5, Supplementary Table S2). Specifically, functional rehabil-
itation training, aquatic therapy, as well as moderate-to-high-intensity aerobic training
demonstrated higher levels of VO2peak improvements with a mean VO2 difference of
2.53 mL/kg/min (p < 0.01), 3.36 mL/kg/min (p = 0.19), and 3.00 mL/kg/min (p < 0.01),
respectively. Compared to the aforementioned methods, resistance and respiratory muscle
training as well as conventional physiotherapy and constant-load cycloergometer training
showed minor increases in VO2peak levels with a mean VO2 difference of 1.87 mL/kg/min
(p =0.32), 0.28 mL/kg/min (p = 0.27), 0.29 mL/kg/min (p < 0.01), and 0.35 mL/kg/min
(p = 0.96), respectively.
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Mean Mean
Study Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Dacucha2001 8.02 2.0500 6 1.5% 8.02[6.38; 9.66]
Dacucha2001 8.57 2.0900 6 1.5% 8.57 [6.90; 10.24]
Macko2001 15.20 3.0000 23 1.6% 15.20[13.97; 16.43]
Carr2003 11.90 4.0000 20 1.5% 11.90 [10.15; 13.65]
Carr2003 15.10 5.1000 20 1.5% 15.10 [12.86; 17.34] =
Chu2004 17.10 3.2000 6 1.5% 17.10 [14.54; 19.66] -
Chu2004 17.30 3.0000 6 1.5% 17.30 [14.90; 19.70] -
Macko2005 14.90 0.9000 32 1.6% 14.90 [14.59; 15.21]
Macko2005 14.70 1.0000 29 1.6% 14.70 [14.34; 15.06]
Pang2005 22.50 5.2000 32 1.5% 22.50 [20.70; 24.30]
Pang2005 21.50 4.3000 31 1.5% 21.50 [19.99; 23.01]
Yang2007 11.24 2.4200 15 1.6% 11.24[10.02; 12.46]
Janssen2008 1.00 0.3000 6 1.6% 1.00[0.76; 1.24]
Janssen2008 1.00 0.3000 6 1.6% 1.00[0.76; 1.24]
Lee2008 13.50 3.5000 12 1.5% 13.50 [11.52; 15.48] ]
Lee2008 12.70 4.3000 12 1.5% 12.70[10.27; 15.13] =
Lee2008 53.70 18.4000 12 0.7% 53.70 [43.29; 64.11] —a—
Tang2008 11.60 0.7000 18 1.6% 11.60[11.28; 11.92] i
Tang2008 11.20 0.5000 18 1.6% 11.20[10.97; 11.43]
Michael2009 15.30 4.1000 10 1.5% 15.30[12.76; 17.84] L
Rimmer2009 15.06 7.4000 18 1.4% 15.06 [11.64; 18.48] 5
Rimmer2009 13.27 3.6000 19 1.5% 13.27 [11.65; 14.89] ]
Rimmer2009 12.57 4.2000 18 1.5% 12.57 [10.63; 14.51] ;
Billinger2010 19.30 6.9000 12 1.4% 19.30 [15.40; 23.20] =
Letombe2010 11.13 4.6000 9 1.4% 11.13[8.12; 14.14] . ¥
Sutbeyaz2010 13.19 1.3100 15 1.6% 13.19[12.53; 13.85]
Sutbeyaz2010 12.42 0.9100 15 1.6% 12.42[11.96; 12.88]
Sutbeyaz2010 12.40 0.8600 15 1.6% 12.40[11.96; 12.84] ;
Calmels2011 18.50 3.7000 16 1.5% 18.50 [16.69; 20.31]
Chang2011 15.70 5.6000 20 1.5% 15.70 [13.25; 18.15] =
Chang2011 14.10 4.8000 17 1.5% 14.10[11.82; 16.38] | |
Billinger2012 15.80 3.9000 10 1.5% 15.80[13.38; 18.22] =
Gjellesvik2012 29.80 3.3900 8 1.5% 29.80 [27.45; 32.15] : B
Jin2012 13.20 0.9000 68 1.6% 13.20[12.99; 13.41]
Jin2012 13.20 1.0000 65 1.6% 13.20 [12.96; 13.44]
Jin2013 13.20 0.9000 65 1.6% 13.20[12.98; 13.42]
Jin2013 13.20 1.0000 63 1.6% 13.20 [12.95; 13.45]
Mackay-lyons2013 14.50 3.5000 26 1.5% 14.50 [13.15; 15.85]
Mackay-lyons2013 14.20 4.3000 24 1.5% 14.20 [12.48; 15.92] .
Salbach2013 11.80 3.7000 16 1.5% 11.80[9.99; 13.61]
Severinsen2014 18.00 11.0000 13 1.1% 18.00 [12.02; 23.98] —EE—
Severinsen2014 16.00 11.0000 14 1.2% 16.00 [10.24; 21.76] ——
Severinsen2014 15.00 11.0000 16 1.2% 15.00[9.61; 20.39] —
Blanchet2016 18.10 6.5000 7 1.3% 18.10[13.28; 22.92] —E—
Blanchet2016 18.10 6.6000 7 1.3% 18.10 [13.21; 22.99] -
lvey2016 19.50 1.5000 14 1.6% 19.50 [18.71; 20.29] :
lvey2016 18.60 1.1000 15 1.6% 18.60 [18.04; 19.16]
Lee2016 20.00 7.3000 10 1.3% 20.00 [15.48; 24.52] —
Han2017 20.76 6.9700 10 1.3% 20.76 [16.44; 25.08] L
Han2017 22.37 7.2500 10 1.3% 22.37 [17.88; 26.86] |
Lund2017 17.00 5.1000 17 1.5% 17.00 [14.58; 19.42] -~
Lund2017 16.60 5.0000 14 1.5% 16.60 [13.98; 19.22] L 3
Lund2017 15.60 5.0000 17 1.5% 15.60 [13.22; 17.98] B
Munari2018 20.88 5.2800 8 1.4% 20.88 [17.22; 24.54] D
Munari2018 20.49 5.5800 7 1.3% 20.49 [16.36; 24.62] -
Marzolini2018 14.80 4.6000 35 1.5% 14.80 [13.28; 16.32]
Marzolini2018 14.30 3.4000 33 1.6% 14.30[13.14; 15.46] :
Brauer2021 11.00 3.3000 40 1.6% 11.00[9.98; 12.02] :
Kelly2021 16.00 5.0000 7 1.4% 16.00 [12.30; 19.70] o
Kelly2021 16.00 5.0000 9 1.4% 16.00 [12.73; 19.27] -
Horvarth2022 11.90 6.8500 19 1.4% 11.90[ 8.82; 14.98] o]
Horvarth2022 12.45 5.0200 16 1.5% 12.45[9.99; 14.91] =
Serra2022 19.50 0.8000 20 1.6% 19.50 [19.15; 19.85] :
Serra2022 19.50 0.8000 19 1.6% 19.50 [19.14; 19.86]
Boyne2022 13.40 4.4000 27 1.5% 13.40[11.74; 15.06]
Boyne2022 13.00 4.4000 28 1.5% 13.00 [11.37; 14.63]
Serra2023 16.47 1.0100 20 1.6% 16.47 [16.03; 16.91]
Serra2023 18.49 1.1700 19 1.6% 18.49 [17.96; 19.02] :
Total (95% CI) 1310 100.0% 15.31 [14.10; 16.52] ¢

Heterogeneity: Tau? = 24.1666; Chi? = 23432.05, df = 67 (P = 0); I> = 100%

Figure 2. Aggregated mean VO2peak difference pre-intervention [10-15,22-52].
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Mean Mean
Study Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Dacucha2001 8.12 2.9000 6 1.5% 8.12[5.80; 10.44]
Dacucha2001 11.55 2.7600 6 1.5% 11.55[9.34; 13.76]
Macko2001 16.70 4.3000 23 1.5% 16.70 [14.94; 18.46]
Carr2003 12.30 3.7000 20 1.5% 12.30[10.68; 13.92]
Carr2003 17.90 5.6000 20 1.5% 17.90 [15.45; 20.35] i
Chu2004 17.60 4.7000 6 1.4% 17.60 [13.84; 21.36] E &
Chu2004 21.20 2.3000 6 1.5% 21.20 [19.36; 23.04] :
Macko2005 17.30 1.0000 32 1.5% 17.30[16.95; 17.65]
Macko2005 14.90 1.0000 29 1.5% 14.90 [14.54; 15.26] |
Pang2005 24.50 5.3000 32 1.5% 24.50 [22.66; 26.34]
Pang2005 21.80 4.5000 31 1.5% 21.80 [20.22; 23.38] :
Yang2007 14.06 3.1900 15 1.5% 14.06 [12.45; 15.67]
Janssen2008 1.20 0.3000 6 1.5% 1.20[0.96; 1.44] :
Janssen2008 1.10 0.3000 6 1.5% 1.10[0.86; 1.34]
Lee2008 14.40 3.1000 12 1.5% 14.40 [12.65; 16.15]
Lee2008 16.60 5.2000 12 1.4% 16.60 [13.66; 19.54] =
Lee2008 59.70 25.9000 12  0.6% 59.70 [45.05; 74.35] —
Tang2008 13.10 0.9000 18 1.5% 13.10[12.68; 13.52] :
Tang2008 12.10 0.8000 18 1.5% 12.10 [11.73; 12.47]
Michael2009 17.50 4.6000 10 1.4% 17.50 [14.65; 20.35] L
Rimmer2009 15.71 7.6000 18 1.4% 15.71[12.20; 19.22] =
Rimmer2009 14.02 3.9000 19 1.5% 14.02 [12.27; 15.77]
Rimmer2009 12.22 3.6000 18 1.5% 12.22[10.56; 13.88] :
Billinger2010 19.00 7.5000 12 1.3% 19.00 [14.76; 23.24] =
Letombe2010 19.44 4.5900 9 1.4% 19.44 [16.44; 22.44] L
Sutbeyaz2010 13.70 1.3700 15 1.5% 13.70[13.01; 14.39] :
Sutbeyaz2010 12.48 0.8300 15 1.5% 12.48 [12.06; 12.90]
Sutbeyaz2010 12.50 0.7600 15 1.5% 12.50[12.12; 12.88] :
Calmels2011 21.30 6.1000 16 1.4% 21.30[18.31; 24.29] -
Chang2011 18.00 5.7000 20 1.5% 18.00 [15.50; 20.50] jma
Chang2011 15.40 5.0000 17 1.5% 15.40[13.02; 17.78]
Billinger2012 17.50 6.2000 10 1.4% 17.50 [13.66; 21.34] :
Gjellesvik2012 33.60 3.7700 8 1.5% 33.60 [30.99; 36.21] : =
Jin2012 16.80 1.0000 68 1.5% 16.80 [16.56; 17.04]
Jin2012 13.30 1.0000 65 1.5% 13.30 [13.06; 13.54]
Jin2013 16.80 1.6000 65 1.5% 16.80[16.41; 17.19]
Jin2013 13.30 1.0000 63 1.5% 13.30[13.05; 13.55]
Mackay-lyons2013 15.60 4.2000 26 1.5% 15.60 [13.99; 17.21]
Mackay-lyons2013 18.40 4.0000 24 1.5% 18.40 [16.80; 20.00]
Salbach2013 13.80 3.3000 16 1.5% 13.80[12.18; 15.42]
Severinsen2014  20.50 2.0000 13 1.5% 20.50 [19.41; 21.59]
Severinsen2014 16.60 2.0000 14 1.5% 16.60 [15.55; 17.65]
Severinsen2014 15.06 2.0000 16 1.5% 15.06 [14.08; 16.04]
Blanchet2016 19.10 6.4000 7 1.3% 19.10 [14.36; 23.84] ——
Blanchet2016 19.50 7.5000 7 1.2% 19.50 [13.94; 25.06] -
lvey2016 20.70 1.6000 14 1.5% 20.70 [19.86; 21.54] :
lvey2016 18.20 1.1000 15 1.5% 18.20[17.64; 18.76] ;
Lee2016 20.00 7.9000 10 1.3% 20.00 [15.10; 24.90] -
Han2017 21.99 6.5800 10 1.4% 21.99 [17.91; 26.07] e
Han2017 28.05 7.5700 10 1.3% 28.05 [23.36; 32.74] .
Lund2017 32.50 1.0000 17 1.5% 32.50 [32.02; 32.98] :
Lund2017 19.50 6.0000 14 1.4% 19.50 [16.36; 22.64] _
Lund2017 16.00 4.0000 17 1.5% 16.00 [14.10; 17.90]
Munari2018 25.48 4.0300 8 1.5% 25.48 [22.69; 28.27] =
Munari2018 19.63 2.8700 7 1.5% 19.63[17.50; 21.76]
Marzolini2018 16.50 4.7000 35 1.5% 16.50 [14.94; 18.06]
Marzolini2018 16.20 5.1000 33 1.5% 16.20 [14.46; 17.94] :
Brauer2021 13.60 3.3000 40 1.5% 13.60 [12.58; 14.62] :
Kelly2021 18.79 5.0000 7 1.4% 18.79 [15.09; 22.49] ——
Kelly2021 16.62 5.0000 9 1.4% 16.62[13.35; 19.89] .
Horvarth2022 11.90 5.0500 19 1.5% 11.90[9.63; 14.17] :
Horvarth2022 12.45 5.0200 16 1.5% 12.45[9.99; 14.91]
Serra2022 23.14 0.8000 20 1.5% 23.14 [22.79; 23.49]
Serra2022 19.40 0.8000 19 1.5% 19.40 [19.04; 19.76]
Boyne2022 15.90 2.5000 27 1.5% 15.90 [14.96; 16.84]
Boyne2022 14.50 3.3000 28 1.5% 14.50 [13.28; 15.72]
Serra2023 20.34 1.2100 20 1.5% 20.34 [19.81; 20.87]
Serra2023 16.43 1.4000 19 1.5% 16.43 [15.80; 17.06] :
Total (95% CI) 1310 100.0% 17.10 [15.74; 18.47] ¢

Heterogeneity: Tau? = 31.3245; Chi? = 34538.96, df = 67 (P = 0); I> = 100%

10 20 30 40 50 60 70

Figure 3. Aggregated mean VO2peak difference post-intervention [10-15,22-52].
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Mean Mean
Study Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Dacucha2001 0.10 2.0500 6 1.6% 0.10 [-1.54; 1.74] ——
Dacucha2001 2.98 2.0900 6 1.6% 2.98[1.31; 4.65] -
Macko2001 1.50 3.0000 23 1.7% 1.50[0.27; 2.73] . =
Carr2003 0.40 4.0000 20 1.6% 0.40[-1.35; 2.15] —‘—
Carr2003 2.80 5.1000 20 1.5% 2.80[0.56; 5.04] ——
Chu2004 0.50 3.2000 6 1.4% 0.50 [-2.06; 3.06] ——
Chu2004 3.90 3.0000 6 1.4% 3.90[1.50; 6.30] ——
Macko2005 2.40 0.9000 32 1.9% 2.40[2.09; 2.71]
Macko2005 0.20 1.0000 29 1.9% 0.20[-0.16; 0.56] :
Pang2005 2.00 5.2000 32 1.6% 2.00[0.20; 3.80] ——
Pang2005 0.30 4.3000 31 1.7% 0.30 [-1.21; 1.81] .
Yang2007 2.82 2.4200 15 1.7% 2.82[1.60; 4.04] e
Janssen2008 0.20 0.3000 6 1.9% 0.20 [-0.04; 0.44] :
Janssen2008 0.10 0.3000 6 1.9% 0.10 [-0.14; 0.34] :
Lee2008 0.90 3.5000 12 1.5% 0.90 [-1.08; 2.88] —-——
Lee2008 3.90 4.3000 12 1.4% 3.90[1.47; 6.33] —
Lee2008 6.00 18.4000 12 0.2% 6.00[-4.41; 16.41] :
Tang2008 1.50 0.7000 18 1.9% 1.50[1.18; 1.82]
Tang2008 0.90 0.5000 18 1.9% 0.90[0.67; 1.13] :
Michael2009 2.20 4.1000 10 1.4% 2.20[-0.34; 4.74] ——
Rimmer2009 0.65 7.4000 18 1.1% 0.65[-2.77; 4.07] ——
Rimmer2009 0.75 3.6000 19 1.6% 0.75[-0.87; 2.37] -
Rimmer2009 -0.35 4.2000 18 1.5% -0.35[-2.29; 1.59] ——
Billinger2010 -0.30 6.9000 12 1.0% -0.30[-4.20; 3.60] ———
Letombe2010 8.31 4.6000 9 1.2% 8.31[5.30; 11.32] —i—
Sutbeyaz2010 0.51 1.3100 15 1.8% 0.51[-0.15; 1.17] :
Sutbeyaz2010 0.06 0.9100 15 1.9% 0.06 [-0.40; 0.52]
Sutbeyaz2010 0.10 0.8600 15 1.9% 0.10[-0.34; 0.54] :
Calmels2011 2.80 3.7000 16 1.6% 2.80[0.99; 4.61] —o—
Chang2011 2.30 5.6000 20 1.4% 2.30[-0.15; 4.75] ——
Chang2011 1.30 4.8000 17 1.4% 1.30[-0.98; 3.58] ——
Billinger2012 1.70 3.9000 10 1.4% 1.70 [-0.72; 4.12] ——
Gjellesvik2012 3.80 3.3900 8 1.4% 3.80[1.45; 6.15] ——
Jin2012 3.60 0.9000 68 1.9% 3.60[3.39; 3.81] :
Jin2012 0.10 1.0000 65 1.9% 0.10[-0.14; 0.34]
Jin2013 3.60 0.9000 65 1.9% 3.60[3.38; 3.82]
Jin2013 0.10 1.0000 63 1.9% 0.10[-0.15; 0.35] :
Mackay-lyons2013 1.10 3.5000 26 1.7% 1.10 [-0.25; 2.45] .
Mackay-lyons2013 4.20 4.3000 24 1.6% 4.20[2.48; 5.92] L
Salbach2013 2.00 3.7000 16 1.6% 2.00[0.19; 3.81] —

Severinsen2014 2.50 11.0000 13 0.6% 2.50[-3.48; 8.48] —_—
Severinsen2014 0.60 11.0000 14 0.6% 0.60[-5.16; 6.36] ————=+——
Severinsen2014 0.06 11.0000 16 0.7% 0.06 [-5.33; 5.45] ——&—

Blanchet2016 1.00 6.5000 7 0.8% 1.00[-3.82; 5.82] ——=——
Blanchet2016 140 6.6000 7 0.8% 1.40[-349; 6.29] — % ——
lvey2016 120 1.5000 14 1.8% 1.20[0.41; 1.99] -
lvey2016 -0.40 1.1000 15 1.9% -0.40 [-0.96; 0.16] ;
Lee2016 0.00 7.3000 10 0.8% 0.00 [-4.52; 4.52] ——=——
Han2017 123 6.9700 10 0.9% 1.23[-3.09; 5.55] — =
Han2017 5.68 7.2500 10 0.8% 5.68[1.19; 10.17] -
Lund2017 1550 5.1000 17 1.4% 15.50 [13.08; 17.92] ; —m
Lund2017 2.90 5.0000 14 1.3% 2.90[0.28; 5.52] —E—
Lund2017 0.40 5.0000 17 1.4% 0.40 [-1.98; 2.78] i
Munari2018 460 5.2800 8 1.0% 4.60[0.94; 8.26] -
Munari2018 -0.86 55800 7 0.9% -0.86[4.99; 3.27] —#&——
Marzolini2018 1.70 4.6000 35 1.7% 1.70[0.18; 3.22] =
Marzolini2018 1.90 3.4000 33 1.8% 1.90[0.74; 3.06] —_—
Brauer2021 2.60 3.3000 40 1.8% 2.60[1.58; 3.62] =
Kelly2021 279 5.0000 7 1.0% 2.79[-0.91; 6.49] —E
Kelly2021 0.62 5.0000 9 1.1% 0.62[-2.65; 3.89] e
Horvarth2022 0.00 6.8500 19 1.2% 0.00 [-3.08; 3.08] —m
Horvarth2022 0.00 5.0200 16 1.4% 0.00 [-2.46; 2.46] ———
Serra2022 3.64 0.8000 20 1.9% 3.64[3.29; 3.99] ;
Serra2022 -0.10 0.8000 19 1.9% -0.10 [-0.46; 0.26] :
Boyne2022 2.50 4.4000 27 1.6% 2.50[0.84; 4.16] o
Boyne2022 150 4.4000 28 1.6% 1.50[-0.13; 3.13] -
Serra2023 3.87 1.0100 20 1.9% 3.87[3.43; 4.31] :
Serra2023 206 1.1700 19 1.9% -2.06 [-2.59; -1.53]

Total (95% CI) 1310 100.0% 1.76 [ 1.20; 2.32] ¢

Heterogeneity: Tau? = 4.2554; Chi? = 2161.93, df = 67 (P = 0); 1° = 97% f T I I I
-5 0 5 10 15

Figure 4. Standardized mean difference in VO2 levels pre—post-intervention [10-15,22-52].
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Study or Mean Mean
Subgroup Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Intervention = Conventional PT

Dacucha2001 0.10 2.0500 6 1.6% 0.10 [-1.54; 1.74]
Carr2003 2.80 51000 20 1.5% 2.80[0.56; 5.04]
Chu2004 050 3.2000 6 1.4% 0.50[-2.06; 3.06]
Macko2005 020 1.0000 29 1.9% 0.20[-0.16; 0.56]
Pang2005 0.30 4.3000 31 1.7% 0.30[-1.21; 1.81]
Tang2008 0.90 0.5000 18 1.9% 0.90[0.67; 1.13]
Rimmer2009 -0.35 42000 18 1.5% -0.35[-2.29; 1.59]
Billinger2010 -0.30 6.9000 12 1.0% -0.30 [4.20; 3.60]
Sutbeyaz2010 0.10 0.8600 15 1.9% 0.10[-0.34; 0.54]
Chang2011 130 4.8000 17 1.4% 1.30[-0.98; 3.58]
Jin2013 0.10 1.0000 63 1.9% 0.10[-0.15; 0.35]
Mackay-lyons2013  1.10 3.5000 26 1.7% 1.10 [-0.25; 2.45]
Severinsen2014  0.06 11.0000 16 0.7% 0.06 [-5.33; 5.45]
Ivey2016 120 15000 14 1.8% 1.20[0.41; 1.99]
Ivey2016 -0.40 1.1000 15 1.9% -0.40 [-0.96; 0.16]
Han2017 123 69700 10 09% 1.23[-3.09; 5.55]
Horvarth2022 0.00 5.0200 16 1.4% 0.00 [-2.46; 2.46]
Serra2022 -0.10 0.8000 19 1.9% -0.10[-0.46; 0.26] [
Serra2023 -2.06 11700 19 1.9% -2.06 [-2.59; -1.53] [~
Total (95% CI) 370 29.7% 0.29 [-0.54; 1.13] R 4

Heterogeneity: Tau 2.6532; Chi 128.78,df =18 (P < C

i
86%

Intervention = Aerobic training

Dacucha2001 2.98 2.0900 6 1.6% 2.98[1.31; 4.65]
Macko2001 1.50 3.0000 23 1.7% 1.50[0.27; 2.73]
Carr2003 0.40 4.0000 20 1.6% 0.40[-1.35; 2.15]
Macko2005 2.40 0.9000 32 1.9% 2.40[2.09; 2.71]
Yang2007 2.82 2.4200 15 1.7% 2.82[1.60; 4.04]
Lee2008 6.00 18.4000 12 0.2% 6.00[-4.41; 16.41]
Tang2008 1.50 0.7000 18 1.9% 1.50[1.18; 1.82]
Calmels2011 2.80 3.7000 16 1.6% 2.80[0.99; 4.61]
Billinger2012 1.70 3.9000 10 1.4% 1.70[-0.72; 4.12]
Gjellesvik2012 3.80 3.3900 8 1.4% 3.80[1.45; 6.15]
Jin2012 3.60 0.9000 68 1.9% 3.60[3.39; 3.81]
Jin2013 3.60 0.9000 65 1.9% 3.60[3.38; 3.82]
Mackay-lyons2013 4.20 4.3000 24 1.6% 4.20[2.48; 5.92]
Salbach2013 2.00 3.7000 16 1.6% 2.00[0.19; 3.81]
Severinsen2014 2.50 11.0000 13 0.6% 2.50[-3.48; 8.48]
Blanchet2016 1.00 6.5000 7 0.8% 1.00[-3.82; 5.82]
Blanchet2016 1.40 6.6000 7 0.8% 1.40[-3.49; 6.29] ~+
Lund2017 15.50 5.1000 17 1.4% 15.50 [13.08; 17.92] ——
Munari2018 4.60 5.2800 8 1.0% 4.60[0.94; 8.26]
Munari2018 -0.86 5.5800 7 0.9% -0.86[-4.99; 3.27]
Marzolini2018 1.70 4.6000 35 1.7% 1.70[0.18; 3.22]
Brauer2021 2.60 3.3000 40 1.8% 2.60[1.58; 3.62]
Serra2022 3.64 0.8000 20 1.9% 3.64[3.29; 3.99]
Boyne2022 2.50 4.4000 27 1.6% 2.50[0.84; 4.16]
Boyne2022 1.50 4.4000 28 1.6% 1.50[-0.13; 3.13]
Serra2023 3.87 1.0100 20 1.9% 3.87[3.43; 4.31]

3.00 [ 2.26; 3.75]

01); | 92%

Total (95% CI)

jeneity: Tau? = 2

Intervention = Aquatic therapy

Chu2004 3.90 3.0000 6 1.4% 3.90[1.50; 6.30] —i—
Lee2016 0.00 7.3000 10 0.8% 0.00 [-4.52; 4.52] —
Han2017 5.68 7.2500 10 0.8% 5.68[1.19; 10.17] —.
Total (95% Cl) 26 3.1% 3.36[0.57; 6.16] —~—

Tau? = 2.653 3.31,df =2 (P =0.19); |
Intervention = Functional rehabilitation
Pang2005 2.00 5.2000 32 1.6% 2.00[0.20; 3.80] —-
Michael2009 2.20 4.1000 10 1.4% 2.20[-0.34; 4.74] ——
Letombe2010 8.31 4.6000 9 1.2% 8.31[5.30; 11.32] ——
Chang2011 2.30 5.6000 20 1.4% 2.30[-0.15; 4.75] —E—
Jin2012 0.10 1.0000 65 1.9% 0.10[-0.14; 0.34] kit
Kelly2021 2.79 5.0000 7 1.0% 2.79[-0.91; 6.49] ——

3[0.93; 4.14] -

Total (95% CI) 143 8.5% 2.5

5, df =5 (P <0.01); | 87Y

{eterogeneity

Intervention = Constant load cycloergometer training

Janssen2008 0.20 0.3000 6 1.9% 0.20 [-0.04; 0.44]
Janssen2008 0.10 0.3000 6 1.9% 0.10 [-0.14; 0.34]
Rimmer2009 0.65 7.4000 18 1.1% 0.65[-2.77; 4.07]
Rimmer2009 0.75 3.6000 19 1.6% 0.75[-0.87; 2.37]
Kelly2021 0.62 5.0000 9 1.1% 0.62[-2.65; 3.89]
Horvarth2022 0.00 6.8500 19 1.2% 0.00 [-3.08; 3.08]
Total (95% CI) 77 8.9% 0.35[-1.19; 1.90]
2=0

ieterogeneity: Tau 2.6532; Chi 1.02, df = 5 (P = 0.96)

Intervention = Resistance training

Lee2008 0.90 3.5000 12 1.5% 0.90 [-1.08; 2.88]
Lee2008 3.90 4.3000 12 1.4% 3.90 [1.47; 6.33]
Severinsen2014  0.60 11.0000 14 0.6% 0.60 [-5.16; 6.36]
Lund2017 2.90 5.0000 14 1.3% 2.90[0.28; 5.52]
Lund2017 0.40 5.0000 17 1.4% 0.40 [-1.98; 2.78]
Marzolini2018 1.90 3.4000 33 1.8% 1.90[0.74; 3.06]
Total (95% CI) 102 81% 1.87[0.21; 3.52]

32; Chi’

eterogeneity: Tau 2 5, df =5 (P ); | 14°

Intervention = Respiratory muscle training

Sutbeyaz2010 0.51 1.3100 15 1.8% 0.51[-0.15; 1.17]
Sutbeyaz2010 0.06 0.9100 15 1.9% 0.06 [-0.40; 0.52]
Total (95% CI) 30 3.7% 0.28 [-2.01; 2.58]
{eterogeneity: Tau 32; Chi? = 1.19, df = 1 (P = 0.27); I? = 16° H
Total (95% CI) 1310 100.0% 1.76 [ 1.20; 2.32] *
Heterogeneity: Tau? = 4.2554; Chi® = 2161.93, df = 67 (P = 0); 1> = 97%
Residual heterogeneity: Tau? = 2.6532; Chi? = 488.87, df = 61 (P < 0.01); I = 88% 0 5 10 15

Test for subgroup differences: Chi? = 29.50, df = 6 (P <0.01)

Figure 5. Stratification by intervention type of mean pre—post VO2peak difference [10-15,22-52].

Further analyses were performed to examine the potential relationship of VO2peak

levels with demographic and disease-related characteristics.

Age was not associated with either pre- or post-intervention VO2 levels or the stan-

dardized mean difference between pre- and post-intervention VO2 levels (p = 0.22, p = 0.36

and p = 0.18, respectively). Patients” BMI was not found to have any statistically significant
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association with pre- or post-intervention VO2 levels and standardized mean difference
of VO2 levels pre—post-intervention (p = 0.56 and p = 0.67 and p = 0.64, respectively)
(Supplementary Table S2).

Post-stroke rehabilitation latency was found to be associated with both pre-intervention
VO2 levels (§ = 1, p < 0.01), which translate to a 0.1-point increase in VO2 for every year
post-stroke, and post-intervention VO2 levels (3 = 0.91, p < 0.001), which translates to a
0.91-point increase in VO2 for every year post-stroke. Latency had no statistically signifi-
cant association with the mean difference of VO2 pre—post-intervention (p = 0.50). When
stratified by intervention type, post-stroke rehabilitation latency had a statistically sig-
nificant relationship only with the pre—post Conventional Physical Therapy mean VO2
levels (3 = —0.17, p = 0.02), which translates to 0.17 decrease in VO2 levels for every year
post-stroke (Supplementary Table S2).

Finaly, based on the post-stroke rehabilitation latency, studies were divided into
3 strata. Strata 1 included studies with post-stroke rehabilitation latency lower than
6 months, while strata 2 and 3 included studies with post-stroke rehabilitation latency
between 6 and 12 months and greater than 12 months, respectively. There were no statis-
tically significant differences in the pooled mean pre—post VOZ2 levels within any of the
3 strata ([Q =0.98, p = 0.32], Q = 0.84, p = 0.036] and [Q = 0.17, p = 0.68], respectively), with
the corresponding mean VO2peak difference pre—post-intervention for each strata being
1.411 95% CI: [0.792, 2.035], 1.949 95%CI: [1.052, 2.845], and 1.645 95% CI: [0.997, 2.293]
(Supplementary Figures S5-57).

3.4. Sensitivity Analyses

Given the high degree of heterogeneity, further sensitivity analyses were conducted
including only randomized control trials with a sample size greater than 30 participants.

The pooled mean VO2 pre-specific-intervention was 14.12 mL/kg/min (95% CI [13.06,
15.16], I> = 97%, p < 0.0001) for the intervention group (Supplementary Figure S8) and 14.14
(95% CI [12.99, 15.27], I? = 98.3%, p < 0.001) for the control group (conventional physical
therapy) (Supplementary Figure S9). Post-intervention, the pooled mean difference in
the intervention group was 1.89 mL/kg/min (95% CI [1.01, 2.77], I = 96.0%, p < 0.001)
(Supplementary Figure 510), while the control group showed a pooled mean difference of
0.21 mL/kg/min (95% CI [—0.45, 0.83], I? = 88.6%, p < 0.001) (Supplementary Figure S11).
Finaly, the pooled pre-post mean difference between the groups was 0.94 mL/kg/min
(95% CI [0.13, 176], I? = 93.5%, pz = 0.02, pq < 0.001) (Figure 6), favoring the intervention
group over the control.

Experimental Control Std. Mean Difference Std. Mean Difference
Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Carr et al.2003 0.40 4.0000 20 280 5.1000 20 7.3% -0.513[-1.144;0.118] =
Macko et al. 2005 240 0.9000 32 020 1.0000 29 7.2% 2.289[1.635;2.944]
Tang et al. 2008 150 0.7000 18 0.90 0.5000 18 7.2% 0.964[0.270; 1.659]

Sutbeyaz etal.2010 (1) 050 1.3000 15 0.10 0.8600 15 7.2% 0.353 [-0.369; 1.075]
Sutbeyaz etal.2010 (2)  0.06 09100 15 010 0.8600 15 7.2% -0.044 [-0.760; 0.672)
Chang et al. 2011 230 56000 20 1.30 4.8000 17 7.2% 0.186 [-0.462; 0.834]
Jinetal. 2013 360 09000 65 0.0 1.0000 63 7.3% 3.660 [3.088;4.232]
Mackay-Lyons etal.2013 420 4.5000 24 1.10 3.5000 26 7.3% 0.761[0.185; 1.337]
Severinsen etal.2014 (1) 2.50 11.0000 13 0.06 11.0000 16 7.2% 0.216 [-0.519; 0.950]
Severinsen et al.2014 (2) 0.60 11.0000 14 0.06 11.0000 16 7.2% 0.048 [-0.670; 0.765)

Lund et al. 2017 (1) 263 51000 13 0.00 5.0000 16 7.1% 0.507 [-0.238; 1.252]
Lund et al. 2017 (2) 0.44 5.0000 14 0.00 5.0000 16 7.2% 0.086 [-0.632;0.803]
Hovarth et al. 2022 0.00 6.8500 19 0.00 5.0200 16 7.2% 0.000 [-0.665; 0.665]
Serra et al. 2023 3.87 1.0100 20 -2.06 1.1700 19 6.2% 5.325[3.933;6.718] ——
Total (95% Cl) 302 302 100.0% 0.949 [ 0.134; 1.765]

Heterogeneity: Tau? = 2.2793; Chi” = 200.06, df = 13 (P < 0.01); I = 94%
6 4 -2 0 2 4 6

Figure 6. Mean VO2peak difference between intervention and control group (pre—post) [10,24,26,31,
34,35,39,46,50,52] (1) represents the intervention group 1 and (2) represents the intervention group 2).
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3.5. Publication Bias

Publication bias was assessed regarding the pre—post-intervention mean VO2 levels.
The results of the Egger’s linear regression test (3 = 0.32, p = 0.72) combined with the
absence of major funnel plot asymmetry are indicative of a moderate degree of publication
bias with small study effects (Supplementary Figure 513) [20].

4. Discussion

To our knowledge, this SR-MA is the first to examine the effectiveness of various
rehabilitation interventions on CRF in stroke survivors, as measured by VO2peak. More
specifically, a total of 37 studies encompassing 1310 post-stroke patients and seven different
rehabilitation protocols were included in this SR-MA (Table 2, Table S1). The mean age of the
patients was 62.06 years, and the aggregated mean VO2peak pre-intervention was found to
be 15.3 mL/kg/min, while post-intervention, the mean VO2 was 17.10 mL/kg/min. These
findings align with the reference values of Blokland and colleagues (2023), who reported
that the median VO2peak value in 405 post-stroke survivors was 17.8 mL/kg/min [6]. Fur-
thermore, compared to the only published VO2peak norms by Fletcher and colleagues [53],
our results are significantly lower compared to the normal CRF range (33 £ 7.3 mL/kg/min)
for this age group, which emphasizes the substantial deconditioning of the cardiovascular
system following a stroke.

Cardiorespiratory capacity is essential for decreasing cardiovascular risk factors
and adverse events, including mortality [54]. These risks are particularly high among
stroke survivors, who often experience significant physical limitations that lead to a
sedentary lifestyle and cardiovascular deconditioning [4]. This creates a vicious cycle
of increasing disability and declining health [55], emphasizing the need for appropriate
therapeutic interventions.

Subsequently, we performed subgroup analyses to further assess the efficacy of each
PTR protocol. Conventional physical rehabilitation (stretching and low-resistance exercises),
respiratory muscle training, and constant-load cycle ergometry training demonstrated a
low degree of improvement in VO2peak, with a mean difference of 0.29 mL/kg/min,
0.28 mL/kg/min and 0.35 mL/kg/min, respectively. Resistance training resulted in moder-
ate improvements in VO2peak with a pooled mean difference of 1.87 mL/kg/min. Finally,
a) functional rehabilitation training, including functional mobility exercise programs; adap-
tive physical activities; and robotic assisted gait training; b) aquatic therapy; as well
as ¢) moderate-to-high-intensity aerobic training (utilizing treadmill exercises, steppers,
and cycling training) demonstrated higher levels of VO2peak improvements compared
to the aforementioned PTR methods with a mean VO2 difference of 2.53 mL/kg/min,
3.36 mL/kg/min, and 3.00 mL/kg/min, respectively.

Regarding the relationship between CRF and anthropometric/demographic charac-
teristics in our study, no statistical significant association was found between the pooled
VO2peak and BMI or age, despite previous studies reporting a negative correlation be-
tween CRF and BMI (>30 kg/ m?) [9,56-58] and an age-related decline in VO2 peak (from
35.8 mL/kg/min in 20-29 years to 20.5 mL/kg/min in 70-79 years) [59]. This can be
explained by the lack of heterogeneity in BMI and age in the included studies.

Finaly, sensitivity analyses revealed that the time between stroke and PTR initiation
(latency) had a statistically significant association with both pre- and post-intervention
VO2peak (p < 0.001). However, it was not associated with the pre- and post-intervention
VO2peak difference (p > 0.05). The progression from acute to chronic phase may explain
the aforementioned association between pre- and post-VO2peak levels and latency. Con-
versely, the lack of association between the pre—post-VO2peak difference and latency might
be attributable to the presence of underlying of any potential cardiovascular and/or car-
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diorespiratory conditions that influence VO2 levels and may also serve as risk factors
for stroke.

Regarding the variability of different PTR interventions in mean VO2peak, as shown
in Table 2, several factors have been identified. First, due to blood-brain barrier disruption,
an inflammatory cascade within the affected tissue is promoted with the activated microglia
and astrocytes promoting an influx of circulating macrophages, which further activates
various inflammatory chemokines and cytokines. These upregulations lead to increased
intracellular calcium levels, the release of excitatory amino acids, and the production
of prostaglandins, leukotrienes, and reactive oxygen species (ROS) [60]. Consequently,
these inflammatory and oxidative processes induce further vasculature disruption, leading
to neurological impairments. More specifically, the production of oxidative isoforms
manifests muscle protein catabolism that results in muscle atrophy of the hemiparetic
side of the body [61]. Due to hemiparesis, inspiratory and expiratory muscle dysfunction
reduces maximal oxygen capacity, as it limits the normal respiratory rate, leading to
cardiorespiratory deconditioning [9].

Second, endurance and resistance training has been shown to improve CRF by in-
creasing maximum oxygen uptake and muscle oxidative capacity through mitochondrial
biogenesis and angiogenesis with small changes in muscle mass [62]. More specifically,
PTR causes activation of the AMP-activated protein kinase (AMPK), which is a regulator of
muscle metabolism inducing mitochondrial biogenesis and enhancing glucose regulation,
can result in CRF improvement [9,62]. High-intensity interval training (HIIT) is an example
of a PTR protocol which has been shown to elevate AMPK levels, promote mitochondrial
biogenesis, and enhance muscle glycolytic capacity, through lactate transport stimulation,
glycolysis, and glycogenesis [61].

Third, previous studies have reported on the potential role of PTR in reducing sys-
temic inflammation by lowering pro-inflammatory cytokines levels (such as TNF-«, IL-6,
and CRP) and increasing anti-inflammatory cytokines like IL-10 and glutathione perox-
idase [9,12,61]. Furthermore, research has demonstrated the long-term cardioprotective
effects of PTR, as it attenuates lipoproteins, such as low-density lipoprotein cholesterol
(LDL-C), while also improving cardioprotective lipoproteins, such as high-density lipopro-
tein cholesterol (HDL-C) [9]. Additional studies have reported that PTR enhances the
levels of L-arginine, a precursor on nitrogen oxide (NO), that results in the activation of
endothelial NO synthase. Consequently, this synthase relaxes the vasculature and prevents
NO degradation by decreasing circulating reactive oxygen species (ROS) [8,9,61]. Finally,
there is some evidence of nicotinamide adenine dinucleopeptide phosphate (NADPH)
oxidase concentration reduction post-PRT which may have an antioxidative action through
decreased ROS production [9].

4.1. Clinical Significance of PeakVO?2 in Post-Stroke Recovery

Based on the results of this meta-analysis, the increase in VO2peak levels post-
interventions ranged from 0.28-3.36 mL/kg/min (depending on intervention type), with
the pooled mean being 1.76 mL/kg/min.

Previous studies in patients with cardiovascular diseases have reported an inverse
correlation between VO2peak levels and cardiovascular risk. In patients diagnosed with
heart failure, an increase in VO2peak equal or greater to 2.0 mL/kg/min has been asso-
ciated with greater survival rate [63]. More specifically, in HF patients that underwent
exercise training, a 6% increase in VO2peak post-intervention was linked to a 4% decrease
in cardiovascular hospitalization and cardiovascular mortality [64]. Considering the afore-
mentioned information, the magnitude of change in parameter VO2peak levels from pre-
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to post-intervention can serve as an indicator of (a) the efficacy of each intervention and
(b) the patient’s risk of stroke-recurrence and disability progression.

4.2. Limitations—Confounding Factors

This study is not without limitations. To begin with, there was a high degree of
heterogeneity (I = 95%) among the included studies, due to variations in study design,
intervention protocols, and outcome measures, which may have contributed to the ob-
served variability in the results. When conducting further sensitivity analyses utilizing only
RCTs, the degree of heterogeneity exhibited consistency, indicating that the underlying
heterogeneity may be due to inconsistencies in rehabilitation protocols and not due to the
type of study (e.g., clinical study, case-control, and RCT). Additionally, the high degree of
variability in post-stroke rehabilitation latency and the absence of information regarding
concomitant management strategies (e.g., previous physical therapy and use of botulinum
toxin) and stroke-related characteristics further highlights the need for consistency in a pri-
mary research level, which can be accomplished by the use of more strict and standardized
rehabilitation protocols in post-stroke survivors. Lastly, the mean age of the participants
was remarkably low, a fact that can be explained by the nature and demands of some of the
included PTR protocols.

4.3. Future Research Direction

Physical therapy rehabilitation promotes significant recovery from deconditioning
with a pre-post-intervention standardized mean difference in VO2peak of 1.76 mL /kg/min.
Future research should aim to conduct large-scale randomized controlled trials, accounting
for the issues raised in the limitations of this study and identifying a threshold value of
VO2peak that discriminates between “poor” and “good” outcomes and further elucidate
the optimal rehabilitation strategies for enhancing CRF in post-stroke survivors. More
specifically, the accurate and consistent reporting of patient characteristics may allow
for a more efficient comparison and synthesis of findings across research studies. Also,
delving into the specific interactions between stroke-associated factors and the effectiveness
of various rehabilitation techniques can contribute to the development of personalized
interventions strategies.

5. Conclusions

The results of this study highlight the effectiveness of various rehabilitation proto-
cols in improving CRF and overall physical function in stroke survivors. Based on the
results of this meta-analysis, the increase in VO2peak levels post-intervention ranged
from 0.28-3.36 mL/kg/min (depending on intervention type) with the pooled mean being
1.76 mL/kg/min. While resistance training enhances muscle strength, aerobic and func-
tional rehabilitation treatments improve aerobic capacity and walking performance and
thus should be incorporated in every post-stroke survivor’s rehabilitation regime. Our find-
ings suggest that the ideal time to commence aerobic training rehabilitation to maximize
CRF improvements is six months post-stroke. Furthermore, drawing from data regarding
different cardiovascular conditions, VO2peak can serve as a predictor of (a) the efficacy
of post-stroke management and (b) the patient’s risk of stroke-recurrence and disability
progression. This highlights the need for standardized, structured rehabilitation protocols
in order to have accurate floor and ceiling VO2peak values in post-stroke survivors.

Supplementary Materials: The following supporting information can be downloaded at https:
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Figure S2: ROBINS-1 Summary plot; Figure S3: ROB-2 Traffic light plot; Figure S4: ROB-2 Summary
plot; Figure S5: Subgroup analysis on rehabilitation latency post-stroke with 6-months cut-off point;
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Figure S6: Subgroup analysis on rehabilitation latency post-stroke with 12-months cut-off points;
Figure S7: Subgroup analysis on rehabilitation latency post-stroke with 18-months cut-off points;
Figure S8: Forest plot- Pooled mean VO2peak values in the intervention group (Pre); Figure S9: Forest
plot-Pooled mean VO2peak values in the control group (Pre); Figure S10: Forest plot- Pooled mean
VO2peak values in the intervention group (Post); Figure S11: Forest plot-Pooled mean VO2peak
values in the control group (Post), Figure S12: Funnel plot; Table S1: Brief presentation of included
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