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A B S T R A C T

This study aims to assess the effect of endurance training on cardiorespiratory adaptations and health-related 
quality of life (HRQoL) of patients with sickle cell disease (SCD). Three databases (Pubmed, Embase and Web 
of Science) were searched from inception to September 2025. Randomized controlled trials (RCTs), Interven
tional Non-RCTs and case series studies assessing endurance training in SCD were included. Study selection, data 
extraction, and risk-of-bias assessments (using RoB 2) were performed by two independent reviewers, with 
discrepancies resolved by a third. Certainty of evidence was evaluated using GRADE. This review included seven 
studies with 176 patients with SCD engaged in different interventions of endurance training with follow-up 
lasting six to twelve weeks. Exercise training has favorable impact on functional capacity domain (MD 6.94; 
95%CI 1.97 to 11.92) with trivial to no-effect on mental health and general health status domains of HRQoL. 
Exercise training seems to enhance functional capacity as demonstrated by increases in cardiorespiratory 
function and blood lactate levels at the first ventilatory threshold and peak oxygen consumption in RCTs and 
non-RCTs. Two case-series studies identified increases in the oxygen consumption at first ventilatory threshold in 
15 patients (MD 1.75 ml/kg/min; 95%CI 0.73 to 2,77) after exercise training; and two RCTs identified im
provements in the six-minutes walking test (MD 6.61%; 95%CI 1.42 to 11.79). Endurance exercise training 
improves cardiorespiratory function and HRQoL related to physical function in patients with SCD. These findings 
support the role of endurance exercise as complementary therapy to attenuate health risks and cardiovascular 
deterioration in SCD.

1. Introduction

Sickle cell disease (SCD) is the most common severe inherited he
moglobinopathy worldwide and results from a single-point mutation in 
the β-globin gene that produces hemoglobin S (HbS) [1]. Under deox
ygenated conditions, HbS undergoes polymerization, inducing red blood 
cell deformation, impaired erythrocyte deformability, chronic hemolysis 
and vaso-occlusive phenomena [1,2]. According to the World Health 
Organization, SCD is a rare condition, with an estimated global inci
dence and prevalence of approximately 515,000 and 7.7 million, 
respectively. SCD has a substantial impact on patients' lives, as the 
release of hemoglobin and heme caused by hemolysis contributes to 
endothelial dysfunction, oxidative stress, chronic inflammation and 
hemorheological abnormalities, creating a complex pathophysiological 
environment that compromises oxygen delivery and tissue perfusion 

[3].
The biochemical and molecular aspects of SCD translate into a 

marked reduction in functional capacity. Individuals with SCD consis
tently show diminished cardiorespiratory performance, including lower 
peak oxygen uptake, early ventilatory threshold, and abnormal physi
ological responses during exertion compared to healthy individuals 
[1,3,4]. Evidence from studies in children, adolescents and adults 
demonstrates reduced ventilatory efficiency, decreased exercise toler
ance and impaired functional capacity, often linked to more severe 
anemia, cardiovascular limitations and muscle dysfunction [2,5–8]. 
However, vigorous exercise can trigger physiological responses that 
warrant caution. Increased acidosis, hyperthermia, transient hypox
emia, oxidative stress and dehydration may exacerbate HbS deoxygen
ation and polymerization, promote erythrocyte sickling, and elevate 
blood viscosity during high-intensity efforts [2]. These responses help 
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explain the historical concerns regarding strenuous activity in this 
population.

Conversely, regular and well-structured training has emerged as a 
promising therapeutic strategy in individuals with sickle cell disease 
[4,9]. Evidence from clinical trials and pilot studies suggests that 
moderate-intensity endurance exercise, with or without resistance 
training, may improve indices of cardiorespiratory fitness, functional 
capacity and aspects of health-related quality of life, without a mean
ingful increase in adverse events [5,10–12]. However, the available 
evidence remains limited and heterogeneous since the difficulty of 
conducting clinical trials in rare diseases. This systematic review and 
meta-analysis aimed to assess the impact of endurance training on key 
cardiovascular adaptations (Vo2Peak, maximum heart rate, cardiovas
cular adaptations) and quality of life in patients with sickle cell disease. 
By synthesizing evidence on these outcomes, this review seeks to address 
existing gaps in the literature and provide insights that inform both 
future research and clinical practice, ultimately contributing to 
improved health strategies for patients with this rare disease.

2. Methods

This systematic review followed the methodological guidance of the 
Cochrane Handbook for Systematic Reviews of Interventions and is re
ported in accordance with PRISMA 2020 [13,14]. The protocol is 
registered in PROSPERO (CRD420251175404). An AI tool (ChatGPT, 
OpenAI) was used exclusively for grammatical revision of the manu
script; no content generation, data analysis, or figure production 
involved AI.

2.1. Study question

The study question was structured using the PICOS framework:
Population: individuals with sickle cell disease;
Intervention: chronic endurance training, regardless of modality, 

frequency, intensity, or supervision, either alone or combined with 
neuromuscular training;

Control: absence of physical exercise or no comparator;
Outcomes: cardiovascular parameters, endurance-related adapta

tions, and quality of life;
Study design: randomized controlled trials (RCT), non-randomized 

controlled trials (NRCT), and case series with a minimum follow-up of 
4 weeks.

2.2. Search strategy

We searched PubMed, Embase, Web of Science, and Cochrane Cen
tral from inception to September 25. Search strategies combine terms for 
the population and intervention of interest in PubMed and Embase. Full 
search strategies are provided in Table S1 of the Supplementary Mate
rial. Reference management and duplicate removal were performed in 
EndNote 20.

2.3. Study selection, eligibility criteria, and data extraction

Study selection occurred in two phases, both conducted indepen
dently by two reviewers: (1) screening of titles and abstracts and (2) full- 
text assessment of potentially eligible studies. Disagreements at any 
stage were resolved by discussion with a third reviewer.

We included studies meeting the PICOS criteria, published in En
glish, Portuguese, or Spanish, and available in full text. Given the rarity 
of the condition, no restrictions were placed on study design. Attempts 
were made to contact authors when full texts were not accessible. From 
each included study, we extracted data on study characteristics (location 
and year, eligibility criteria, intervention details, and follow-up dura
tion), participant characteristics (age, disease features), and outcomes of 
interest. Data extraction was performed by two independent reviewers, 

with discrepancies resolved by a third reviewer.

2.4. Risk of bias and certainty of evidence assessment

The risk of bias or methodological quality was assessed indepen
dently by two reviewers using RoB 2 [15], ROBINS-I [16], or the Joanna 
Briggs Institute checklist for case series [17], as appropriate. Disagree
ments were resolved by a third reviewer. Certainty of evidence (CoE) of 
cardiorespiratory fitness and quality of life parameters was assessed 
using the GRADE [18] Approach. We adopted the guidance suggested by 
GRADE Working Group to integrate the evidence of randomized clinical 
trials and non-randomized clinical trials, which recommend to incor
porate evidence from non-randomized clinical trial in specific context 
[19].

2.5. Data analysis

We performed meta-analyses to synthesize results across studies. 
Analyses used a random-effects model with inverse-variance weighting 
and the restricted maximum likelihood estimator for between-study 
variance. For continuous outcomes, effect sizes were expressed as 
mean differences (MDs) or standardized mean differences (SMDs), 
depending on the measurement tools used across studies. When neces
sary, missing SDs were imputed from baseline SDs for the same outcome. 
Results are presented with corresponding 95% confidence intervals. 
Statistical heterogeneity was assessed using the I2 statistic. All analyses 
were conducted in R version 4.4.0 using the meta package (version 
7.0–0).

3. Results

A total of 1.445 unique references were identified through database 
searches. After screening titles and abstracts, 30 articles were selected 
for full-text reviews. Ultimately, seven studies were included, reported 
across nine publications, consisting of two randomized clinical trial 
[12,20–22], one non-randomized clinical trial [23,24] and four case 
series [10,11,25,26] studies (Supplementary material 2). These trials 
enrolled a total of 176 patients with sickle cell disease engaged in in
terventions of endurance training with follow-up lasting six to twelve 
weeks. The list of excluded publication is presented in supplementary 
material 3.

Table 1 provides the main characteristics of each study and inter
vention characteristics. The studies identified were conducted between 
2017 and 2025 in various countries, representing all continents. The 
follow-up period ranged from 6 to 12 weeks, with a median duration of 
8 weeks. Participants had clinical stable profile in all studies, free of 
cardiovascular or cerebral vasculopathy diseases, and free from sickle 
cell crises for at least previous 30 days. Five studies included adult 
subjects, while only two focused on children. Hemoglobin levels were 
below the reference values in all studies. Endurance training protocols 
adopted in the studies had similar characteristics regarding intensity and 
frequency but varied in the duration of the sessions.

Due to heterogeneity in the outcome measurements, we were not 
able to conduct meta-analysis cardiorespiratory fitness variables from 
RCT and NRCT as showed in Table 2. The EXDRE trial [12] identified 
positive adaptation in oxygen consumption, heart rate and blood lactate 
levels in a workload at 2.5 mmol/L blood lactate corresponding to first 
ventilatory threshold, but only discrete changes in the same variables at 
intensity of 40 W or 60 W. In response to a submaximal cardiopulmo
nary exercise testing, Araujo Junior and colleagues [24] found positive 
adaptation on VO2Peak in patients with sickle cell disease engaged in 
regular exercise training compared to non-trained groups. In a single 
arm case-series study, Liem and colleagues [11] revealed non-statistical 
increase by mean 2.3 (5.6) ml/kg/min after exercise training period in 
children with sickle cell disease. While the EXDRE trial [12] demon
strated attenuated decreases in the performance in six-minute walking 
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test after exercise training compared to controls, the prospective case- 
series studies conducted by Almeida and colleagues [10] and Landois 
[25] identified important increases in the distance coverage by trained 
patients with sickle cell diseases.

Two case-series studies identified overall increase in the oxygen 
consumption at first ventilatory threshold in 25 children, observing in
crease of 1.75 ml/kg/min (95%CI 0.73 to 2.77; I2 72%) in oxygen 
consumption. (Fig. 1A). Two studies identified a positive increase in 
peak of oxygen consumption in 19 children with SCD (MD 2.79 ml/kg/ 
min; 95%CI 1.12 to 4.46; I2 0%) (Fig. 1B). Two RCTs evaluated the ef
fects of endurance training or structured advice to increase daily phys
ical activity on six-minute walking test (6MWT) performance of patients 
with SCD. There was overall improvement in order of 6.65% (95%CI 
0.10 to 13.20; I2 63.2%) in 6MWT after the interventions compared to 
control (Fig. 2).

Health-related quality of life outcomes was evaluated using SF-36 
questionnaire by the RCT EXDRE [12] and NRCT RBR-29x8qk [23]
studies, making possible the metanalysis. Exercise training has favorable 
impact on functional capacity domain (MD 6.94; 95%CI 1.97 to 11.92; I2 

0%) with non-statistically impact on mental health domain (MD 4.40; 
95%CI -6.47 to 15.26; I2 79.9%) (Fig. 3). Although point estimates 
indicate that exercise training may have important impact on others 
health-related quality of life domains, no statistical difference was found 
compared to control non-training intervention (Supplementary material 
4). Furthermore, Almeida and colleagues [10] identified increases in 
mental component summary and physical component summary of SF-36 
after exercise training in a case series study.

3.1. Risk of bias and certainty of evidence assessment

The RCT Exdre [12,20,21] presented high overall risk of bias ac
cording to Rob 2.0 tool due to bias in the missing outcome data and 
measurement of the outcome. The RCT conducted by De Lima [22] and 
colleagues presented some concerns about the randomization process 
and high risk of bias due to deviations from intended interventions. The 
NRCT RBR-29x8qk [23,24] study presented high risk of bias according 
to ROBINS-I due to bias in confounding factors and classification of the 
interventions. Case series studies showed generally consistent method
ological quality, although there were concerns regarding clearly defined 
inclusion criteria, consecutive and complete participant inclusion, and 
adequate reporting of demographic characteristics, as assessed by the 
JBI checklist, which highlights potential sources of bias in study conduct 
(Supplementary Material 5).We integrated the evidence obtained from 
randomized and comparative non-randomized clinical trials to assess 
the certainty of evidence in health-related quality of life and cardio
pulmonary adaptations using GRADE approach (Supplementary Mate
rial 5). A low certainty of the evidence due to serious limitations in the 
design or execution of the studies (“risk of bias” domain) and impreci
sion domain was found in quality-of-life outcomes. Cardiopulmonary 
adaptations outcomes have very low certainty of evidence due to serious 
limitations in the design or execution of the studies, inconsistency and 
imprecision domains.

Table 1 
Main characteristics of the included studies.

Study (year) Study 
design

Interventions (sample 
size)

Participants' age 
(years), mean 
(SD)

Male 
sex, n 
(%)

BMI (kg/ 
m2), 
mean 
(SD)

Hemoglobin 
levels (g/dL)

Endurance training characteristics Follow- 
up

EXDRE Trial 
[12,20,21]

RCT Endurance training (n 
= 20)

34.7 (11.1) 8 (53) 21.8 
(11.1)

9.3 (8.6–10.4) 45 min of stationary cycle-ergometer at 
moderate intensity (2.5 mmol/L), 3× weeks

8 weeks

Control (n = 20) 33.6 (9) 10 (56) 22.2 (3) 9.2 (8.2–9.7) No intervention
De Lima [22] RCT Structured physical 

activity advise (n =
12)

N.R. N.R. N.R. 4.6 Structured instructions to increase the 
individual daily step counts of 25% above the 
previous 5-weeks daily step counts

8 weeks

Structured physical 
activity advise (n =
14)

N.R. N.R. N.R. 4.2 Structured instructions to increase daily step 
counts of 25% above the previous 5-weeks 
daily step counts, for 4 weeks, and then of 50% 
of baseline for 4 more weeks

Control (n = 12) N.R. N.R. N.R. 3.8 No intervention
RBR-29x8qk 

Trial 
[23,24]

NRCT Endurance training (n 
= 14)

29.1 (8.6) 5 
(35.7)

N.R. 9.6 (2.2) 35–50 min of endurance exercise (intensity at 
60–75% of maximal heart rate), 3× week

8 weeks

Control (n = 13) 29.8 (10.2) 3 
(23.1)

N.R. 9.3 (1.9) No intervention

Liem, 2017 
[11]

Case 
series

Endurance training (n 
= 13)

15.1 (2.8) 6 (45) 19.8 
(3.4)

8.7 (0.9) 10–30 min of endurance exercise (intensity at 
100% of heart rate corresponding to ventilatory 
threshold), 3× week

12 
weeks

Grau, 2019 
[26]

Case 
series

Endurance training (n 
= 12)

13.4 (6.4) 4 (33) 17.3 
(2.4)

9.2 (2.2) 15–30 min of stationary cycle-ergometer 
exercise (intensity at 70% of ventilatory 
threshold), 2× week

6 weeks

Almeida, 
2021 [10]

Case 
series

Home based exercise 
(n = 40)

31.8 (14.5) 18 (45) 22.4 
(3.11)

8 (0.9) 60 min of home-based training including 
strength, flexibility and endurance exercises 
without intensity control, 3× week

12 
weeks

Landois, 
2025 [25]

Case 
series

Multidisciplinary 
program (n = 6)

14 (5.3) 2 
(33.3)

N.R. N.R. Small, 45-min sessions (max four adolescents) 
led by a certified professional balanced group 
dynamics with individualized progression. Due 
to scheduling and availability, groups mixed 
youths with different pathologies, which was 
used to promote age-peer socialization and 
exposure to diverse challenges. The instructor 
tailored activities to each participant's abilities 
to sustain engagement, and when onsite 
sessions weren't feasible or were missed, 
videoconference options and rescheduling (in 
person or online) were provided.

12 
weeks

Data presented as mean (SD) for quantitative data or n (%) for categorical variables.
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4. Discussion

This systematic review sought to address the effects of exercise 
training on cardiopulmonary adaptations and quality of life in SCD 

patients. Although limited, the evidence obtained from different study 
design types pointed out that exercise training has favorable effects on 
functional adaptations at the first ventilatory threshold and peak of 
oxygen consumption and enhances the self-reported quality of life 
related to functional capacity. On the other hand, there is a trivial to null 
effect of exercise training on other domains of quality of life, especially 
those linked to mental health, which may be linked to aspects such as 
low sample size of the studies or the small follow-up of the interventions.

Endurance exercise training in SCD appears to induce more consis
tent improvements in submaximal exercise responses than in maximal 
aerobic capacity, suggesting that adaptations around ventilatory and 
metabolic thresholds may be particularly relevant in this population 
[12,26]. Training studies have reported lower ventilation, reduced res
piratory exchange ratio, delayed lactate accumulation, and a more 
favorable oxygen uptake–workload relationship at a given external 
power, indicating reduced physiological strain during submaximal effort 
[12,20,21,25]. In contrast, changes in peak oxygen uptake (VO₂peak) 
are variable across trials, with inconsistent effects on maximal exercise 
performance [12,23,26]. Importantly, precise absolute or relative shifts 
in ventilatory threshold cannot be reliably quantified due to heteroge
neous reporting across studies [10,12,23,26]. From a functional 
perspective, submaximal adaptations are likely to translate more 
directly into daily activities by reducing the physiological cost of com
mon tasks, while moderate, individualized training programs appear 
feasible and well tolerated in individuals with sickle cell disease [12,20].

Data from the EXDRE trial [12] demonstrate that training induces 
peripheral adaptations, notably an increase in skeletal muscle oxidative 
capacity and a delay in lactate accumulation during submaximal exer
cise. These changes reduce the relative dependence on anaerobic 
glycolysis at a given absolute workload, thereby attenuating hydrogen 
ion production and diminishing the associated muscle acidosis [12]. 
Because the bicarbonate buffering of hydrogen ions generates additional 
CO₂, a lower acid load translates into reduced CO₂ production and a 

Table 2 
Cardiopulmonary and functional adaptations of exercise training in sickle cell 
diseases.

Trial Outcome Control Exercise 
training

EXDRE Trial 
[12,20,21]

Oxygen consumption, L/min at 
first lactate threshold

+0.1 
(0.1)

0.21 (0.18)

Heart rate at first lactate 
threshold, min− 1

− 4 (16.5) 5.1 (12.2)

Blood lactate at first lactate 
threshold, mmol/L

− 0.09 
(0.47)

0.13 (0.46)

Oxygen consumption, L/min at 
40 W/60 W

0.004 
(0.18)

0.04 (0.16)

Heart rate at 40 W/60 W, min− 1 − 2.9 
(10.5)

− 7.3 (12.8)

Blood lactate at 40 W/60 W, 
mmol/L

0.04 
(0.59)

− 0.55 
(0.64)

RBR-29x8qk Trial 
[23,24]

VO2Peak, ml/kg/min 0.02 
(0.93)

9.32 (12.36)

HRMax, bpm 3.39 
(9.73)

3 (10.6)

Liem, 2017 [11] VO2Peak, ml/kg/min – 2.3 (5.6)
Almeida, 2021 

[10]
6MWT, meters – 35.5 (75.22)
SF-36PCS – 7.3 (18.83)
SF-36MCS – 11.7 (15.72)

Landois, 2025 
[25]

6MWT, meters – 139
PedsQL 4.0 – 1.7

Data presented as mean (Standard deviation). Legend: 6MWT, Six minutes 
walking test; HR, Heart rate; SF-36, Short form 36 questionnaire; PCS, Physical 
component summary; MCS, Mental component summary; VO2Peak: Peak of 
oxygen consumption.

Fig. 1. Metanalysis of at first ventilatory threshold (A) and peak of oxygen consumption (B) in children according to case-series studies.

Fig. 2. Metanalysis of relative changes in six-minute walking test in two randomized controlled trials.
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diminished chemoreflex-driven ventilatory response [27]. As a result, 
individuals can reach higher workloads before ventilation begins to rise 
disproportionately, effectively shifting the ventilatory threshold to a 
higher intensity. Concurrently, enhanced oxygen extraction and 
improved matching between microvascular perfusion and metabolic 
demand decrease the ventilatory requirement for a given metabolic rate, 
contributing to greater ventilatory efficiency [28]. These mechanisms 
help contextualize how moderate-intensity endurance training can 
produce meaningful improvements in submaximal exercise tolerance in 
individuals with sickle cell disease, even when gains in maximal aerobic 
capacity remain limited.

When comparing randomized and non-randomized studies, the RCT 
EXCRE tend to show more consistent improvements in submaximal 
cardiorespiratory responses following moderate endurance training in 
sickle cell disease, whereas effects on peak aerobic capacity are less 
consistently demonstrated. In this trial, reductions in ventilatory and 
metabolic strain at matched submaximal workloads are observed even 
when absolute changes in VO₂peak are small or not reported [12]. In 
contrast, non-randomized and pre–post studies display greater hetero
geneity in maximal performance outcomes, with some reporting im
provements in VO₂peak or functional capacity and others showing 
benefits restricted to ventilatory efficiency or recovery kinetics [23,24]. 
Despite these differences, both study designs converge in indicating that 
endurance training reliably enhances submaximal exercise tolerance, 
supporting the clinical relevance of submaximal adaptations in this 
population [22].

Several factors may account for the heterogeneity observed across 
studies examining the effects of aerobic training in individuals with 
sickle cell disease. Differences in the intensity and the volume of the 
training protocol, and program duration likely play a substantial role, as 
physiological adaptations are strongly dose-dependent. Interventions 
employing moderate, well-controlled intensities tend to elicit improve
ments predominantly in submaximal parameters, whereas higher in
tensities could theoretically induce larger central adaptations, thereby 
amplifying variability in outcomes [29]. Additionally, age-related dif
ferences between pediatric and adult cohorts may influence results; 
children often display greater plasticity in peripheral adaptations, while 
adults may present more pronounced baseline organ dysfunction or 
exercise intolerance, modifying their responsiveness to training [30]. 
Another critical source of heterogeneity stems from variability in the 
proportion of participants receiving hydroxyurea therapy. Hydroxyurea 
can improve red-cell rheology, increase fetal hemoglobin, and reduce 
hemolysis, thereby potentially enhancing oxygen transport and micro
vascular perfusion. Heterogeneity in baseline disease severity, 

comorbidities, and methodological differences in cardiopulmonary 
testing protocols further complicate cross-study comparisons [31]. 
Together, these elements underscore the need for more standardized 
intervention parameters and detailed reporting in future trials to clarify 
the magnitude and consistency of training-related benefits in this 
population.

Endurance exercise training in SCD has been shown to improve 
health-related quality of life predominantly in physical domains, while 
effects on mental health domains are smaller, inconsistent, or absent 
across studies [12,22,23,26]. Improvements in physical functioning, 
role limitations, and daily activity capacity appear closely linked to 
gains in cardiorespiratory fitness, muscle oxidative capacity, and 
reduced physiological strain during submaximal tasks, outcomes that 
are readily captured by both objective functional measures and physical 
subscales of generic quality-of-life instruments [12,20]. In contrast, 
mental health–related domains are influenced by a complex interplay of 
chronic pain, psychosocial stressors, recurrent hospitalizations, and so
cial determinants, which are unlikely to be substantially modified by 
short-term exercise interventions alone [26]. Additionally, most training 
programs are of limited duration and rely on generic instruments such as 
the SF-36, which may be less sensitive to detecting changes in mental 
well-being over short follow-up periods. Therefore, the differential 
response between physical and mental quality-of-life domains likely 
reflects both true differences in responsiveness to exercise and meth
odological limitations of existing trials, rather than an absence of po
tential mental health benefit [12,23].

Endurance exercise training programs in sickle cell disease have 
generally been reported as safe and well tolerated when delivered at 
moderate, individualized intensities under appropriate screening and 
monitoring [12,23]. Across small, randomized trials and pilot studies, 
few exercise-related serious adverse events have been described, and no 
consistent signal of exercise-induced vaso-occlusive crises has been re
ported in supervised or carefully prescribed programs 
[10–12,23,24,26]. Functional outcomes show modest but potentially 
meaningful improvements, with limited data available for standardized 
measures such as the six-minute walk test [10,12]. When reported, 
changes in walking distance are small and variable, reflecting both the 
short duration of most interventions and the heterogeneity of study 
designs [10,12]. Overall, the available evidence supports the feasibility 
and short-term safety of moderate endurance training in selected pa
tients with SCD, while highlighting the need for larger controlled trials 
with standardized functional outcomes to better define the magnitude 
and clinical relevance of functional gains.

This study has limitations that should be considered when 

Fig. 3. Exercise training adaptations related to functional capacity (A) and mental health (B) assessed by SF-36 questionnaire.
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interpreting the findings. The small number of included studies and 
limited sample sizes reduced statistical power and precision of effect 
estimates. Substantial heterogeneity across exercise protocols, study 
populations, and reported outcomes precluded quantitative synthesis for 
several cardiorespiratory endpoints. In addition, variable methodolog
ical quality of the primary studies, including risks of bias related to lack 
of blinding, attrition, and confounding, resulted in low to very low 
certainty of evidence. The short duration of interventions (6–12 weeks) 
and the inclusion of predominantly clinically stable patients further 
limit the generalizability of the findings and preclude conclusions 
regarding long-term effects or more robust clinical outcomes. Finally, 
health-related quality of life was mainly assessed using generic in
struments, which may be insufficiently sensitive to detecting changes in 
mental domains over short intervention periods.

Nevertheless, the findings on cardiopulmonary outcomes, functional 
adaptations, and quality of life were generally consistent, indicating 
improvements with endurance exercise despite heterogeneity across 
protocols. These results reinforce the potential benefits of structured 
exercise interventions.

5. Conclusion

The available evidence indicates that moderate, individualized 
endurance exercise programs are feasible and safe for patients with 
sickle cell disease and are associated with consistent improvements in 
submaximal physiological responses and functional capacity. These 
adaptations appear more robust than changes in maximal aerobic per
formance and are likely to be clinically relevant for daily activities. 
However, the overall certainty of the evidence remains limited by small 
sample sizes, methodological heterogeneity, and short intervention 
durations. Further well-designed, adequately powered trials with stan
dardized outcomes and longer follow-up are needed to clarify long-term 
effects and to define optimal exercise prescriptions across different pa
tient subgroups.

Registration and protocol

The review protocol was registered with PROSPERO under the 
registration number CRD420251175404.
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