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Aims Endothelial dysfunction is a hallmark of cardiovascular disease (CVD). Exercise effectively improves endothelial func-
tion, yet the impact of different modalities and intensities remains unclear. This study evaluated the effect of aerobic
(AE), resistance (RE), and combined exercise (CE) on endothelial function measured by flow-mediated dilation (FMD).

Methods A systematic review and frequentist network meta-analysis of randomized and non-randomized trials in adults

and results with coronary artery disease or chronic heart failure was conducted. Electronic databases were searched up to
April 2025. Interventions were classified as usual care (UC), moderate-intensity AE (MAE), high-intensity inter-
val AE (HIIE), moderate-intensity RE (MRE), high-intensity RE (HRE), moderate-intensity CE (MCE), and high-in-
tensity CE (HCE). Mean differences (MD) with 95% confidence intervals (Cl) were used as effect size index, and
interventions were ranked using surface under the cumulative ranking curve (SUCRA). Thirty-seven studies (80
groups; n = 6818) were included. Compared with UC, MAE (2.04%; 95% Cl: 1.01-3.07), HIIE (3.47%; 95% ClI:
2.02-4.92), MCE (2.71%; 95% Cl: 0.05-5.36), and HCE (8.25%; 95% Cl: 3.18-13.32) significantly improved bra-
chial FMD, whereas MRE did not. HIIE outperformed MAE (1.43%; 95% Cl: 0.09-2.78). Although HCE showed
the highest surface under the cumulative ranking curve (SUCRA: 98.2%), this relied on a single group. Crucially,
sensitivity analyses confirmed HIIE as the most robust high-performing intervention (84.0%) compared with
MRE (61.6%) and MCE (61.3%).

Conclusion Exercise significantly enhances endothelial function in patients with CVD. HIIE emerged as the most robust and evi-
dence-based modality, demonstrating superior efficacy over moderate continuous exercise. While high-intensity
combined protocols (HCE) show significant theoretical potential, randomized trials are urgently needed to confirm
their efficacy. Current evidence supports HIIE as a primary strategy for vascular adaptation in cardiac rehabilitation.

Lay summary This network meta-analysis confirms that structured exercise training effectively improves endothelial function
in patients with cardiovascular disease.

« High-intensity interval training offers the most robust benefits across different ages and conditions, proving
superior to moderate-intensity continuous exercise.

« A progressive training strategy is recommended to maximize long-term results, starting with moderate exer-
cise for conditioning and advancing to high-intensity or resistance exercise.
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Graphical abstract
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CAD, coronary artery disease; CHF, chronic heart failure; CR, cardiac rehabilitation; CVD, cardiovascular disease; FMD, flow-mediated dilation; HCE, high-
intensity combined exercise; HIIE, high-intensity interval exercise; MAE, moderate-intensity aerobic exercise; MCE, moderate-intensity combined exercise;
MRE, moderate-resistance exercise; NMA, network meta-analysis; RCT, randomised controlled trials; RE, resistance exercise; UC, usual care.
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Introduction

Cardiovascular disease (CVD) remains the leading cause of mor-
tality globally, accounting for 32% of deaths worldwide.' It also
contributes substantially to morbidity, impairs quality of life, and
imposes a significant economic burden on healthcare systems.®
A hallmark of CVD is endothelial dysfunction, characterized by
impaired vasodilation due to reduced nitric oxide (NO) bioavail-
ability, promoting a pro-inflammatory and pro-thrombotic
state.* As a key regulator of vascular homeostasis, endothelium
dysfunction contributes to the pathophysiology of various car-
diovascular conditions, including coronary artery disease
(CAD) and chronic heart failure (CHF).>~” Flow-mediated dila-
tion (FMD) is the most widely used method for assessing

endothelial function. It quantifies the percentage increase in ar-
terial diameter—typically the brachial artery—in response to re-
active hyperaemia. This vasodilation, triggered by shear
stress-induced NO release, reflects endothelium-dependent
function. To distinguish this from smooth muscle responsive-
ness, nitrate-mediated dilation (NMD) is used as a complemen-
tary measure, assessing endothelium-independent vasodilation
via exogenous NO administration. Notably, FMD is recognized
as an independent predictor of cardiovascular events in both
asymptomatic individuals and patients with CVD.%?

Exercise is one of the most effective interventions for improv-
ing endothelial function. Cardiac rehabilitation (CR) offers a
structured and cost-effective framework for delivering these
benefits, with Class I, Level A recommendation for all patients
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Exercise modality and intensity on endothelial function

with CAD or CHF, supported by strong evidence of reduced
cardiovascular morbimortality and readmissions.?°"*? Exercise
has also been shown to mitigate age-related vascular deterior-
ation in healthy individuals®® and restore endothelial function
in CVD.'* Exercise-induced enhancements in FMD have been
consistently observed across a wide range of populations,
including those with cardiovascular risk factors,'* peripheral
artery disease,’®> CAD,'*'” and CHF'® and heart transplant
recipients.'?

These vascular adaptations have been reported across different
exercise modalities, highlighting the importance of exercise pre-
scription in clinical practice. While aerobic exercise (AE) remains
the most commonly prescribed exercise modality in CR, resistance
exercise (RE) and combined aerobic and resistance exercise (CE)
are also employed.?° AE comprises moderate-intensity aerobic ex-
ercise (MAE) or high-intensity interval exercise (HIIE).2° MAE is
characterized by long-term exercise bouts (e.g. 30 min) performed
at moderate intensity [e.g. between the first (VT1) and second
ventilatory thresholds (VT2) and can be carried out continuously
or intermittently].?* Conversely, HIIE comprises alternating peri-
ods of high-intensity AE [e.g. >85% peak oxygen uptake (VO,
peak) or VT2] with active (e.g. <60% VO, peak or VT1) or passive
recovery of shorter, equal, or longer duration.?? RE intensity is
defined as the percentage of one-repetition maximum (1RM),
which represents the maximum load a person can lift once with
proper technique. According to the American College of Sports
Medicine, moderate-intensity resistance exercise (MRE) involves
loads below 70% 1RM, whereas high-intensity resistance exercise
(HRE) is performed at or above 70% 1RM.?32* A classification is
grounded in the physiology of motor unit recruitment.

In recent years, HIIE has gained interest as a time-efficient
and potentially superior AE method for CVD.?® Previous
meta-analyses have shown that HIIE elicits greater improvements
in endothelial function than MAE across various clinical popula-
tions.2¢2” |n patients with CHF, HIIE has been associated with a
2.4% increase in FMD.?® |n contrast, a separate meta-analysis in
patients with CVD reported no overall superiority of HIIE over
MAE in improving endothelial function.?’ However, subgroup
analyses within that study revealed that long-interval HIIE (i.e.
>1 min) significantly improved brachial FMD compared with
MAE, whereas short-interval HIIE (i.e. < 1 min) showed no such
benefit.?” These findings underscore the importance of consider-
ing the duration of the high-intensity bouts when assessing
AE-induced effects on endothelial function.

Regarding exercise modality, a meta-analysis in individuals at
elevated cardiovascular risk demonstrated that AE, RE, and CE
all significantly improved FMD.* Chen et al.>° reported that
CE yielded superior outcomes compared with RE alone in pa-
tients with CAD and CHF. To date, no meta-analyses have ex-
amined the influence of RE intensity on FMD in patients with
CVD. Moreover, in prior meta-analyses, AE intensity (e.g. MAE
or HIIE) has only been considered when AE was the primary
intervention, whereas AE intensity was not accounted for
when CE was implemented.®° Given the range of exercise mo-
dalities and intensities applicable within CR programmes, a
more comprehensive analytical framework is required.
Traditional pairwise meta-analyses are inherently limited in
this context; thus, a network meta-analysis is warranted.

This systematic review and network meta-analysis aims to
bridge this gap by evaluating the effects of exercise on

endothelial function in patients with CVD. Specifically, it seeks
to evaluate how variations in exercise modality, intensity, and
duration influence endothelial adaptations, offering clinicians
an evidence-based framework for optimizing exercise prescrip-
tions to maximize vascular benefits.

Methods

Study design and protocol registration

This systematic review and network meta-analysis (NMA) was
prospectively  registered on the PROSPERO database
(CRD42025641257). The protocol adhered to the Preferred
Reporting Items for Systematic Reviews and Meta-analysis guidelines
for network meta-analysis (PRISMA-NMA).3? A summary of the study
design and main results can be found in the Graphical Abstract.

Data search

Electronic searches were performed in PubMed, Embase, and Web of
Science Core Collection without language restriction, up to April
2025. Free-text terms were used to structure the searches, based
on participants, interventions, and outcomes, and were applied to ti-
tles, abstracts, and keywords when available. Conference proceedings
were also searched in the Web of Science Core Collection. Authors of
relevant abstracts were contacted to obtain missing information; if no
response was received, the abstract was excluded. In addition, sys-
tematic reviews, meta-analyses, and the reference lists of included
studies were manually reviewed to identify further eligible studies.
To identify unpublished or ongoing studies meeting the inclusion cri-
teria, corresponding authors were also contacted by email.

Study selection
Eligibility criteria were established according to the PICOS (partici-
pants, interventions, comparisons, outcomes, and study design)
guideline as follows:

(1) Participants: adult patients (>18 years), both male and female,
with CVD, specifically CAD and CHF with either preserved
[HFpEF; left ventricular ejection fraction (LVEF) > 50%)] or re-
duced (HFrEF; LVEF < 50%). Those with implantable devices
were also included. Conversely, patients with congenital car-
diomyopathy or those who had undergone heart transplant-
ation were excluded.

(2) Interventions: the main classification of the interventions was
(i) usual care (UC) (i.e. non-exercise groups); (i) MAE (i.e. AE
performed below the VT2; (iii) HIIE (i.e. AE bouts performed
above VT2); (iv) MRE (i.e. RE performed below 70% 1RM); (v)
HRE (i.e. RE performed equal or above 70% 1RM); (vi)
moderate-intensity combined exercise (MCE) (i.e. MRE plus
MAE); and (vii) high-intensity combined exercise (HCE) (i.e.
MRE plus HIIE). The classification of exercise intensity domains
was based on physiological thresholds and relative intensity
percentages (aligned with ACSM/ESC guidelines), as detailed
in Supplementary material online, Table 51.3% Additionally, a
secondary classification considering the length of high-
intensity bouts [i.e. short HIIE (i.e. <1 min) and long HIIE (i.e.
> 1 min)] was established. Exercise modality and intensity
were carefully evaluated to ensure accurate classification.
Studies involving other forms of exercise (e.g. yoga, Pilates,
and stretching) were excluded. However, studies combining
the defined exercise interventions with adjunct treatments
(e.g. nutritional or psychological counselling, inspiratory muscle
training, and blood flow restriction) were included. Only

920z ke z1 uo 1senb Aq 0Zz06+8/81 L Bemz/odline/ce01 01 /10p/alonle-aoueApe/adling/woo dno-oiwspese//:sdny wWwolj papeojumoq


http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwag118#supplementary-data

L. Fuertes-Kenneally et al.

studies lasting at least 4 weeks were considered. Both super-
vised and unsupervised exercise interventions were included.

(3) Comparisons: only studies comparing at least two of the prede-
fined interventions were included.

(4) Outcomes: the primary outcome was endothelial function,
measured by FMD via ultrasound in upper (e.g. brachial and ra-
dial) and/or lower (e.g. femoral and tibial) limb arteries, re-
ported as relative (%) or absolute (mm) changes. Additional
outcomes included endothelial-independent dilation, mea-
sured by NMD.

(5) Study design: prospective randomized and non-randomized
studies with two or more arms were included. Observational
and retrospective studies were excluded.

Data extraction and coding study characteristics
Two authors independently assessed all studies for inclusion. Data
extraction was performed independently by two authors using a stan-
dardized form. Disagreements were resolved by consensus or by in-
volving a third reviewer when necessary. Extracted information
included: (i) study characteristics: year of publication and study design
(i.e. randomized or non-randomized studies); (ii) patient characteris-
tics: sample size, sex, age, baseline FMD, baseline cardiorespiratory
fitness (CRF), medication, and pathology; (iii) intervention character-
istics: setting (i.e. home-based, supervised, or mixed), training fre-
quency, programme duration, and detailed session characteristics
(e.g. modality, intensity, duration, and repetitions); (iv) endothelial
function assessment characteristics: artery assessed, cuff placement
(i.e. distal or proximal to the imaged artery), occlusion pressure, occlu-
sion length, hyperaemia window, and device; and (v) statistical infor-
mation: mean and standard deviation (SD) pre- and post-intervention.
Finally, adverse events and dropouts across interventions were
also extracted.

Dealing with missing data

When necessary, corresponding authors were contacted to retrieve
missing data. Studies with unavailable information after contact at-
tempts were excluded.

Methodological quality assessment

Methodological quality was assessed using the TESTEX scale, a
15-point tool specifically designed for exercise training studies.
This tool evaluates study quality and reporting (see Supplementary
material online, Table 52).3° Based on total scores, studies were cate-
gorized as ‘excellent’ (12-15 points), ‘good’ (9-11 points), ‘fair’ (6-8
points), or ‘poor’ (<6 points). Two authors independently rated
each study; disagreements were resolved by consensus or by involv-
ing a third reviewer.

Statistical analyses

Mean differences (MD) with 95% confidence intervals (Cl) were used
as the effect size index. Separate meta-analyses were conducted for
each outcome (i.e. FMD and NMD). The artery measured was also
considered to conduct network meta-analyses (e.g. brachial FMD).
Network evidence plots were created to visualise relationships be-
tween interventions: nodes represented interventions, with node
size proportional to sample size, and connecting lines indicating direct
comparisons (with line thickness proportional to the number of
comparisons). Closed loops allowed for mixed-treatment comparisons
(direct and indirect). Consistency between direct and indirect compar-
isons was evaluated globally (Wald test) and locally (node-splitting
method). Depending on the results, either consistent or inconsistent
models were applied. Random-effects multivariate network
meta-analyses were conducted within a frequentist framework.
Interventions were ranked based on the surface under the cumulative

ranking curve (SUCRA). Additionally, to avoid over-reliance on mean
ranks and better reflect statistical uncertainty, we calculated the cu-
mulative probability of each intervention being among the top two
most effective treatments.>* On the other hand, we investigated
the influence of potential effect modifiers on the relative treatment
effects by fitting post hoc network meta-regression models within
the consistency framework. We assessed both quantitative covariates
(i.e. intervention length, frequency, mean age, and baseline CRF) and
dichotomous characteristics [i.e. pathology (CAD vs. CHF), supervi-
sion (yes vs. no), distal occlusion (yes vs. no), and co-interventions
(yes vs. no)]. On the other hand, to assess the robustness of the find-
ings, we performed sensitivity analyses by removing nodes withn =1,
non-randomized studies, and poor methodological quality studies
based on the TESTEX scale results. Finally, the comparison-adjusted
funnel plot and the Egger test were used to evaluate the potential
for publication bias and small-study effects for the primary network
meta-analysis (i.e. brachial FMD).3° All analyses were conducted for
the primary and secondary treatment classifications and performed
using Stata software (Version 16; StataCorp LLC, College Station,
TX, USA). Additionally, the certainty of the evidence for the primary
outcomes was assessed using the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) framework.3¢

Results

Study selection

The study selection process is shown in Figure 1. Briefly, 6818
studies were retrieved after removing duplicates (n=3158).
After reviewing title and abstract, 44 references were consid-
ered eligible for full-text analysis, of which 37 were included
in the qualitative synthesis*®'”2”71 and 7 were excluded (see
Figure 1 for exclusion reasons). No additional studies were iden-
tified via other sources. Therefore, despite efforts being made,
unpublished studies were not included.

Study and participant characteristics
Study and participant characteristics can be found in
Supplementary material online, Table S3. The included
studies were published between 2001 and 2023. Thirty (81%)
StUdieS were randomized,16,17,37—41,43—45,47—49,51,54,56—66,68—71
and 7 (19%) were non-randomized.#246:50:52:53:55.67 Regarding
sex, 31 (84%) studies recruited both male and
female patients,1¢17:37:3841-4548-50.52-70  \yhjle 6 (16%)
enrolled exclusively male patients.3940464751L71 oyt of
all the included studies, 19 (51%) included patients with
CAD16,17,43—46,50,53—55,58,59,62,63,65,66,68—70, 15 (41%) included
patients Wlth HFrEF,37,39—42,47—49,51,52,57,60,61,67,71 2 (5%) in-
cluded patients with HFpEF,*®>¢ and 1 (3%) recruited both
HFrEF and HFpEF.®* Group sample size ranged between 6
and 100 patients. The mean+SD age was 60.9 £5.5 years
(min-max: 52.0-76.5), while CRF, which was reported in 58
groups, was 19.1 + 4.3 mL~*-kg™t-min (min-max: 13.0-32.2).
Intervention characteristics and outcomes measured are re-
ported in Supplementary material online, Table S4. Regarding exer-
cise intervention characteristics, 23 (62%) studies conducted a
supervised-exercise programme,17,37,39—45,50—54,57—59,61,64—66,70,71
1 (3%) conducted a home-based exercise programme,47
4 (11%) combined supervised and home-based exercise
sessions, 16486263 and 9 (24%) did not report this
information.38:46:49:5556.60.67-69  Tha intervention duration
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Figure 1 Flow chart of the study selection process.

ranged between 4 and 48 weeks, while training frequency ran-
ged between two and seven sessions per week. Eighty groups
were obtained from the 37 included studies, of which 27 (34%)
were UC groups, 31 (39%) MAE groups, 14 (17%) HIIE groups,
3 (4%) MRE groups, 4 (5%) MCE groups, and 1 (1%) HCE group.
None of the included studies used HRE. Among the 14 HIIE
groups, 10 (71%) used long HIIE and 4 (29%) short HIIE.
Regarding outcomes, all included studies measured
endothelial-dependent dilation (i.e. FMD), while 18 (49%) also
measured endothelial-independent dilation (i.e.
NMD).16:17:39.4042:44,45,49-53,58,62.66.69.70  Thirty-one  (84%)
studies measured endothelial function in the brachial ar-
tery, 16:17.37-41:43-47.,51-56,58.59.61-71 t\v6 (5%) in the brachial and
tibial arteries,”>>” one (3%) in the brachial and femoral arteries,*?
two (5%) in the radial artery,*®*? and one (3%) in the femoral ar-
tery.®© Nineteen (51%) studies positioned the cuff distal to the

evaluated artery'37,40,41,45,47,49,51,54—58,61,62,65—70 4 (1 1%)

proximal,¥3°35%71 and 14 (38%) did not specifically disclose
this information.16:17-38-40:42:46,48,50,52,60,63,64.66 Fing|ly adverse
events and dropouts across studies can be found in
Supplementary material online, Table S5. No major exercise-
related adverse events were reported across interventions and
dropout rates ranges from O to 31.7% with no consistent pattern
favouring any exercise modality.

Methodological quality assessment

The results of the methodological quality assessment are re-
ported in Supplementary material online, Table S6. The mean
+SD TESTEX score was 7.6 +2.3 (min-max: 3-11). Reviewers
judged 6 studies (16%) to have poor quality,*14¢47:49:6171 14
(43%) to have fair qua|ity,16,38,42,45,50,52—55,57,62,63,66—68,70 and
15 (40%) to have good qua|ity.17'37'39'40'43'44'48'51'56'58'60’64’65’69
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A domain-level analysis revealed specific deficits. Regarding
randomization, the generation of the random sequence and
allocation concealment were not specified in 65 and 62% of the
studies, respectively. Blinding of the outcome assessor was
not implemented in 49% of the trials. Regarding attrition,
intention-to-treat analysis was absent in 51% of the studies that
reported experimental mortality. Furthermore, activity monitoring
in the control group and adjustment of relative exercise intensity
were not reported in 70 and 84% of the studies, respectively.

Network meta-analysis

Brachial flow-mediated dilation

The specific characteristics of brachial FMD measurement can be
found in Supplementary material online, Table S7. The assump-
tion of transitivity was supported by the balanced distribution
of baseline characteristics and medication across intervention
nodes (see Supplementary material online, Table $8). Consistent
with this, the results of the global inconsistency test did not reach
statistical significance (P = 0.412). Additionally, the node-splitting
results did not show statistical significance (P>0.219) (see
Supplementary material online, Table S9). However, no direct evi-
dence was available for the comparisons of HIIE vs. MCE, MRE
vs. HCE, and MCE vs. HCE. Therefore, estimates for these pairs
rely exclusively on indirect evidence. Figure 2 depicts the network
diagram for FMD for the primary treatment classification.

The results of the comparative network meta-analysis for the
primary classification for relative brachial FMD can be found in
Figure 3. We found that MAE (2.04%: 95% Cl = 1.01, 3.07), HIIE
(3.47%: 95% Cl = 2.02,4.92), MCE (2.71%: 95% Cl = 0.05, 5.36),
and HCE (8.25%: 95% Cl = 3.18, 13.32) improve brachial FMD to
a greater extent than UC. Additionally, when comparing exercise
treatments, the results showed that HIIE is better than MAE
(1.43%: 95% Cl=0.09, 2.78), as well as that HCE is better
than MAE (6.21%: 95% Cl=1.17, 11.26) to enhance brachial
FMD. There were no other significant differences between ex-
ercise treatments. The cumulative probability of each treatment
for the network of FMD is shown in Figure 4.

Based on SUCRA values, the intervention hierarchy in the pri-
mary model was ordered as follows: HCE (98.2%), HIIE (67.5%),
MCE (50.2%), MRE (49.9%), MAE (33.1%), and UC (1.2%).
Additionally, HCE displayed the highest certainty, with a 97.8%
likelihood of ranking in the top two. Among the standard exercise
modalities, HIIE presented the most favourable profile, with a
51.9% probability of ranking in the top two, compared with
MRE (26.0%) and MCE (23.8%). Notably, MAE had a near-zero
probability (0.5%) of being a top-tier intervention. However, these
rankings must be interpreted with caution; the Cl for the MD over-
lapped substantially between the active treatments (see Figure 3),
suggesting that while HIIE is the leading candidate based on prob-
ability, the statistical distinction between HIIE, MRE, and MCE en-
tails a degree of uncertainty.

The results of univariate network meta-regressions are shownin
Supplementary material online, Table S10. Between-study variance
(r2) ranged from 5.46 to 6.49, comparable to the main consistency
model (6.03), suggesting that these factors are not major drivers of
global heterogeneity. However, significant treatment-specific in-
teractions were identified: pathology moderated MAE outcomes
(P =0.016), with smaller improvements in CHF patients than in
CAD patients (—2.42%: 95% Cl =—-4.40, —0.45). For HIIE, older

HIIE

MRE

HCE

MCE

Figure 2 Network evidence map for the primary classification
for flow-mediated dilation. HCE, high-intensity combined exer-
cise; HIIE, high-intensity interval exercise; MAE,
moderate-intensity aerobic exercise; MCE, moderate-intensity
combined exercise; MRE, moderate-intensity resistance exer-
cise; UC, usual care.

Treatment Effect Mean with 95%CI
MAE vs UC - 2.04 (1.01,3.07)
HIIE vs UC —— 3.47 (2.02,4.92)
MRE vs UC —— 2.74 (-0.22,5.70)
MCE vs UC —— 2.71 (0.05,5.36)
HCE vs UC ——e—— 8.25(3.18,13.32)

HIIE vs MAE - 1.43(0.09,2.78)
MRE vs MAE ——— 0.70 (-2.29,3.69)
MCE vs MAE —— 0.67 (-1.99,3.33)
HCE vs MAE —_—— 6.21(1.17,11.26)
MRE vs HIIE =~ —&r— -0.73 (-3.81,2.35)
MCE vs HIIE =~ —&r— -0.77 (-3.66,2.13)
HCE vs HIIE —— 4.78 (-0.09,9.64)
MCEvs MRE =~ +—¢— -0.03 (-3.63,3.56)
HCE vs MRE ————— 5.51(-0.25,11.26)
HCE vs MCE —— 5.54 (-0.12,11.20)
T T T T
-3.8 B 9 13

Figure 3 Interval plot for the primary exercise classification
for flow-mediated dilation. HCE, high-intensity combined exer-
cise; HIIE, high-intensity interval exercise; MAE,
moderate-intensity aerobic exercise; MCE, moderate-intensity
combined exercise; MRE, moderate-intensity resistance exer-
cise; UC, usual care.

age was associated with larger improvements (P =0.021; 0.28%:
95% Cl = 0.04,0.52), while supervision was associated with smaller
effect sizes (P =0.022; —6.39%: 95% Cl = —-11.87, —0.91).
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Figure 4 Plots of the surface under the cumulative ranking curves for all treatments. HCE, high-intensity combined exercise; HIIE, high-
intensity interval exercise; MAE, moderate-intensity aerobic exercise; MCE, moderate-intensity combined exercise; MRE,

moderate-intensity resistance exercise; UC, usual care.

The robustness of this hierarchy was assessed through three
sensitivity scenarios (results detailed in Supplementary material
online, Table S11). The primary findings remained largely con-
sistent across all analyses. First, the exclusion of studies with
poor methodological quality did not alter the primary hierarchy.
Second, when the influential HCE node was removed, HIIE
emerged as the highest-ranked intervention (SUCRA 84.0%),
followed by MRE (61.6%) and MCE (61.3%). Finally, after remov-
ing non-randomized studies, the results showed a slight shift in
the middle rankings; while HCE remained dominant (96.3%),
MCE (62.7%) showed a marginally higher SUCRA value than
HIIE (59.6%). Importantly, HIIE consistently achieved higher
rankings than MAE across every sensitivity scenario (SUCRA
range for HIIE: 59.6-84.0% vs. MAE: 31.9-41.5%), indicating a
robust probabilistic advantage of high-intensity intervals over
moderate continuous AE.

Regarding publication bias, visual inspection of the funnel plot
revealed a generally symmetrical distribution of studies around
the zero line (see Supplementary material online, Figure S1).
This was confirmed by the statistical test, which showed no sig-
nificant evidence of small-study effects or publication bias
across the network (P =0.322).

The certainty of evidence was assessed using the GRADE
framework (see Supplementary material online, Table S12). For
the primary comparisons involving substantial data (i.e. MAE
vs. UC, HIIE vs. UC, and the head-to-head comparison HIIE vs.
MAE), the certainty was rated as moderate. These ratings
were downgraded due to serious risk of bias, primarily driven
by deficits in allocation concealment and the lack of
intention-to-treat analyses. For comparisons with limited data
or wide Cl (e.g. HCE vs. MAE, and comparisons involving MRE

or MCE), the certainty was rated as low due to the combination
of risk of bias and imprecision.

The inconsistency analysis, network diagram, and compara-
tive network meta-analysis for the secondary classification for
relative brachial FMD can be found in Supplementary material
online, Table 513, and Supplementary material online, Figures
S2 and S3, respectively.

Network consistency assessments revealed no significant dis-
crepancies between direct and indirect evidence in the closed
loops available (P > 0.050). Notably, direct evidence was lacking
for short vs. long HIIE and short HIIE vs. UC. Estimates for these
pairs, as well as for HCE vs. MCE/MRE, rely exclusively on indir-
ect evidence.

Regarding exercise intervention comparisons, results showed
that only long HIIE (MD =5.69%; 95% Cl=0.02, 11.37) and
MCE (MD = 1.59%; 95% Cl = 0.04, 3.15) were significantly bet-
ter than MAE for improving brachial FMD. No statistically sig-
nificant differences were found between long and short HIIE
(MD =5.01%; 95% Cl =-1.28, 11.29).

When specifically analysing the influence of interval duration,
long HIIE showed a superior probability profile compared with
short HIIE. The likelihood of being among the top two best inter-
ventions was 41.3% for long HIIE vs. 25.0% for short HIIE. In
fact, short HIIE clustered with moderate-intensity protocols,
suggesting that shortening the intervals may dilute the superior
efficacy observed with longer high-intensity bouts.

Brachial nitroglycerin-mediated dilation
The inconsistency analysis, network diagram, and comparative
meta-analyses for the primary classification for relative brachial
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NMD can be found in Supplementary material online, Table S14,
and Supplementary material online, Figures S4 and S5, respect-
ively. No statistically significant differences were found be-
tween treatments for enhancing NMD. SUCRA plots for all
treatments for NMD are shown in Supplementary material
online, Figure Sé.

Discussion

The current systematic review with network meta-analysis was
conducted to evaluate the effects of exercise, while considering
modality, intensity, and high-intensity bout duration on endo-
thelial function in patients with CVD. The majority of studies
performed supervised AE as a training modality and used MAE
as an exercise method, followed by long and short HIIE. All stud-
ies measured FMD, mainly in the brachial artery, positioning the
cuff distal to the assessed artery.

Our key findings demonstrate that all exercise modalities, except
for MRE, improve brachial FMD more than UC. This finding should
be interpreted cautiously, as the mean effect size for MRE was
comparable to that of other modalities, but the wide 95% Cl sug-
gests a lack of statistical power due to the small number of studies
evaluating MRE. Moreover, previous research in healthy young
men has indicated that shorter durations of MRE (e.g. 6 or 12
weeks)’? are insufficient to improve FMD, whereas longer dura-
tions (e.g. 6 months) do confera benefit.”® In line with this, all three
MRE studies included in our meta-analysis had intervention dura-
tions of <12 weeks, which may partly explain the absence of a sig-
nificant effect.4%¢*%8 These findings suggest that a more extended
period of MRE training might be necessary for FMD improvement,
potentially implying a distinct time course of FMD adaptation be-
tween resistance and aerobic training, though this requires further
confirmation. While Ashor et al.'* identified a dose-dependent re-
lationship between AE intensity and endothelial function improve-
ment, enhancements in FMD following RE appear to be predicted
more by exercise frequency than intensity. Therefore, heterogen-
eity in RE duration and frequency across studies could account for
the absence of statistically significant differences in FMD com-
pared with UC within our analysis.

The mechanisms responsible for improved vascular function
with exercise include haemodynamic stimuli such as shear
stress, as well as improvements in autonomic regulation, oxida-
tive stress, and modulation of cardiovascular risk factors, includ-
ing blood pressure and lipid profiles.”*7® Among these,
increased shear stress—the frictional force exerted by flowing
blood on the vascular endothelium—is a central mediator of
endothelial health.”” Physical activity elevates shear stress, pro-
moting NO release, a potent vasorelaxant. In CAD patients, 4
weeks of supervised AE increased endothelial nitric oxide syn-
thase (eNOS) expression and Akt-dependent phosphorylation
at serine 1177 in internal mammary artery tissue sampled during
bypass surgery, with phospho-eNOS levels directly correlating
with improved FMD.”® The pivotal role of shear stress is further
supported by studies where its attenuation abolished FMD im-
provements. For instance, Tinken et al.”’ conducted an
8-week bilateral handgrip exercise intervention where shear
stress was selectively attenuated in one arm using a cuff; im-
provements in endothelial function were observed only in the
uncuffed arm. Repeated exposure to elevated shear stress not

only improves NO bioavailability but also upregulates athero-
protective endothelial gene expression.”? 8! Exercise also mod-
ulates oxidative stress through redox-dependent mechanisms.
Excessive reactive oxygen species (ROS) production impairs
NO bioavailability.8? Although a single session of AE®® or RE®*
can increase ROS production, regular exercise training has
been shown to enhance endogenous antioxidant capacity by up-
regulating extracellular superoxide dismutase (SOD) expression,
thereby reducing ROS accumulation and preserving NO bio-
activity.®> Supporting this, Donato et al.®¢ demonstrated that
antioxidant administration pre-training improved FMD in seden-
tary older men, suggesting a redox-sensitive mechanism.
Importantly, the dissociation between enhanced FMD and un-
changed NMD observed in our meta-analysis provides mechanis-
tic insight into the site-specificity of these exercise-induced
adaptations. FMD reflects endothelium-dependent vasodilation,
predominantly mediated by NO release in response to shear
stress, whereas NMD assesses endothelium-independent smooth
muscle responsiveness to exogenous NO donors.8”#8 The paired
observation of FMD improvement with stable NMD indicates that
the vascular benefits of exercise training in patients with CVD are
localized to the endothelium, while smooth muscle vasodilatory
capacity remains unaltered. The stability of NMD across the 4-
12-week intervention durations included in this meta-analysis is
biologically plausible, as exercise-induced vascular adaptations
follow a temporal hierarchy whereby functional endothelial
changes precede structural vascular remodelling.8” Changes in
smooth muscle structure and function—including alterations in
collagen-to-elastin ratio, intima-media thickness, and receptor
sensitivity—require more prolonged stimuli and may not manifest
within typical CR programme durations.’® Collectively, these
findings reinforce that the primary mechanism underlying
exercise-induced vascular improvement in CVD patients is en-
hanced endothelium-dependent NO bioavailability, mediated
through shear stress-induced eNOS upregulation and phosphoryl-
ation, coupled with improved redox balance—while vascular
smooth muscle function remains preserved. Although the majority
of exercise types improved endothelial function, the magnitude of
this effect varied depending on exercise intensity and modality.
Regarding AE intensity, HIIE was significantly more effective
than MAE in improving brachial FMD (1.43%; 95% CIl=0.09,
2.78). This result is reinforced by our sensitivity analyses, which
demonstrated that HIIE consistently outranked MAE across all
methodological scenarios examined, whether excluding studies
of poor quality, removing the influential HCE node, or restricting
analysis to randomized trials. These findings suggest that the su-
periority of HIIE over MAE is not an artefact of specific methodo-
logical choices but rather a consistent signal across the evidence
base, positioning HIIE as a robust evidence-based alternative to
continuous training. The superior effect of HIIE has been repli-
cated across diverse populations, including patients with CHF,”®
individuals with Type 2 diabetes or obesity,?” and at-risk and
healthy cohorts.2® A possible explanation for these greater bene-
fits lies in the fact that shear stress responses vary according to ex-
ercise modality, intensity, and the vascular territories involved.”*
Higher AE intensities typically induce greater shear stress than
moderate aerobic intensities, thereby enhancing NO production
and potentially accounting for the superior endothelial effects ob-
served with HIIE.?2?* The result of our secondary analysis sug-
gests that the duration of HIIE intervals also plays a critical role
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in vascular adaptation. Long-interval HIIE was found to be signifi-
cantly more effective than MAE, aligning with our previous find-
ings, which demonstrated that long-interval HIIE improved
brachial FMD compared with MAE (1.46%; 95% Cl = 0.35-2.57),
whereas short-interval HIIE conferred no such benefit.?’
However, no statistically significant difference was observed be-
tween long and short HIIE in the current network meta-analysis.
This may reflect limited statistical power or overlapping Cl, rather
than the absence of a true effect. Such limitations are inherent to
network meta-analytic approaches, which synthesize both direct
and indirect evidence from a broad range of studies, many of
which may not have directly compared HIIE interval durations.3”
While this methodology enhances generalizability and allows for
comprehensive comparisons across multiple interventions, it
may also attenuate effect estimates and reduce sensitivity to de-
tect subtle differences. Therefore, the nuanced impact of HIIE
interval duration on endothelial function merits further investiga-
tion through well-powered, direct head-to-head trials.

Regarding exercise modality, we found that HCE appeared to
yield even greater vascular benefits compared with MAE and
HIIE. This was further supported by SUCRA rankings, which indi-
cated that HCE had the highest probability of being the most ef-
fective intervention (98.2%), followed by HIIE (67.5%). These
results suggest that combining MRE and HIIE may confer synergis-
tic vascular benefits. Combined training may activate complemen-
tary pathways that enhance NO synthesis, which may explain the
superior endothelial benefits of HCE protocols.”’ One proposed
mechanism involves transient skeletal muscle ischaemia during
contraction, followed by reactive hyperaemia upon relaxation,
which markedly increases shear stress and stimulates endothelial
function.”” However, this result warrants careful consideration,
as our findings are based on a single study evaluating HCE, and pre-
vious evidence has not consistently confirmed that CE offers su-
perior improvements in endothelial function compared with
single-modality exercise. For instance, a network meta-analysis
by Chen et al.*° reported that MAE had the highest probability of
being the best intervention for improving FMD in middle-aged
and older adults (SUCRA = 68.9%), followed by HIIE, MRE, and
MCE. Similarly, a randomized controlled trial in individuals with
prehypertension or hypertension showed comparable improve-
ments in FMD across exercise modalities, with MCE offering no
statistically superior benefit, despite numerically higher gains in
some cases.”® Conversely, other studies have found CE to be par-
ticularly effective in specific populations, such as individuals with
type 2 diabetes”® and those recovering from COVID-19-related
endothelial dysfunction.”” These discrepancies likely reflect het-
erogeneity in exercise protocols (e.g. intensity, duration, and fre-
quency), participant characteristics (e.g. age, comorbidities, and
baseline vascular function), or methodological differences across
studies. Moreover, most previous studies have not adequately con-
sidered or reported the intensity of the aerobic component within
CE protocols, limiting the interpretation of their findings. While
MCE may not always yield the largest improvements in FMD, it
consistently offers broader cardiovascular benefits, including en-
hanced blood pressure control, increased CRF, muscular strength,
and lean body mass—factors relevant for overall cardiovascular
risk reduction.”®??

Our exploratory meta-regression analyses revealed treatment-
covariate interactions that may inform individualized exercise pre-
scription. MAE vyielded smaller improvements in patients with

CHF compared with CAD suggesting that moderate-intensity pro-
tocols may be insufficient to overcome the more severe endothe-
lial dysfunction in CHF; in contrast, HIIE efficacy was not
moderated by pathology, implying preserved benefit regardless
of underlying cardiac condition. The positive association between
age and HIIE-induced FMD improvements warrants particular at-
tention. Older patients, who typically exhibit more pronounced
baseline endothelial dysfunction,®? may paradoxically represent
the subgroup with the greatest potential for vascular benefit
from HIIE.X°2 This finding challenges the conventional tendency
to prescribe conservative, low- to moderate-intensity regimens
for older adults and supports the growing body of evidence that
appropriately supervised HIIE can be both safe and particularly ef-
fective in this population.°31°* The paradoxical observation that
supervised HIIE yielded smaller effect sizes than unsupervised
programmes is counterintuitive and merits cautious interpret-
ation. This finding may reflect residual confounding, rather than
a true detrimental effect of supervision, and requires prospective
validation given the post hoc nature of these analyses.%®

The findings of this network meta-analysis carry significant clin-
ical implications for the prescription of exercise in CR pro-
grammes. While AE is a cornerstone of current CR guidelines,
our results suggest that the intensity and modality of exercise
play a critical role in optimizing endothelial benefits.2°41°%7 The su-
perior effectiveness of HIIE in improving FMD suggests that this
modality should be strongly considered in exercise prescriptions
for patients with CVD. Importantly, HIIE has also been shown to
be more cost-effective than MAE. This evidence provides an up-
dated framework for clinicians, indicating that pushing beyond
traditional MAE could lead to greater vascular adaptations.
Incorporating RE alongside AE, especially at higher intensities,
might offer additional benefits for endothelial health. These find-
ings support a shift towards more tailored and intensified exercise
prescriptions within CR to maximize the physiological benefits.

Strengths and limitations

To the best of our knowledge, this is the first systematic review
and network meta-analysis to address the effect of exercise on
endothelial function in patients with CVD. This methodological
approach is a significant strength, as it allowed for simultaneous
comparisons of multiple exercise interventions and their inten-
sities, providing a more comprehensive understanding of their
relative effectiveness than traditional pairwise meta-analyses.
This is also the first meta-analysis to account for exercise inten-
sity in the context of CE, and the first to explore the influence of
high-intensity interval duration on vascular outcomes.

On the contrary, several limitations warrant consideration. First,
substantial heterogeneity in exercise protocols and methodologic-
al flaws identified by TESTEX (e.g. lack of allocation concealment
and intention-to-treat analyses) resulted in a low-to-moderate
certainty of evidence according to GRADE. Second, the network
structure contained sparse nodes; notably, HCE relied on a single
intervention group, and comparisons regarding HIIE duration
were derived exclusively from indirect evidence, necessitating
cautious interpretation. Third, meta-regression analyses were
post hoc and restricted to univariate models due to collinearity.
Finally, although cardiovascular medication was generally ba-
lanced, residual confounding cannot be fully excluded; a detailed
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analysis of the potential confounding effect of cardiovascular
medications is provided in the supplementary material (see
Supplementary Material).

Conclusion

This network meta-analysis confirms that structured exercise
training improves endothelial function. HIIE appears to offer
the most robust benefits, being significantly superior to
moderate-intensity continuous training. While HCE showed the
largest effect size, these findings rely on indirect evidence from
a single group and must be viewed as preliminary. Specifically,
the comparative efficacy between long and short HIIE remains in-
conclusive due to the absence of head-to-head trials. Exploratory
post hoc analyses further suggest that efficacy may be modulated
by clinical characteristics; notably, MAE showed reduced benefits
in patients with CHF compared with CAD, whereas high-intensity
protocols appeared consistent across pathologies and particularly
beneficial for older adults. Consequently, these findings support
the integration of HIIE into CR programmes as a time-efficient al-
ternative or complement to MAE. Future research should priori-
tize high-quality randomized trials to validate the promising
potential of HCE, explore underrepresented interventions such
as HRE, and directly compare long vs. short HIIE protocols. If
the ultimate goal is lifelong exercise adherence, a pragmatic strat-
egy would be to initiate training with MAE as a conditioning
phase, then progressively introduce HIIE and RE to sustain the
training stimulus.

Supplementary material

Supplementary material is available at European Journal of
Preventive Cardiology.

Author contributions

Laura Fuertes-Kenneally (Data curation [equal]; Methodology
[equal]; Writing - original draft [equal]), Sabina Baladzhaeva [Data
curation (equal)], Agustin Manresa Rocamora (Conceptualization
[equall; Data curation [equall; Formal analysis [equall;
Methodology [lead]; Writing - original draft [equal]), Noemi
Sempere Ruiz (Formal analysis [equal]; Writing - review & editing
[equal]), Ana Sanz Rocher (Formal analysis [equal]; Writing - review
& editing [equal]), Carles Blasco Peris (Formal analysis [equall;
Writing - review & editing [equal]), and José Manuel Sarabia
(Conceptualization [equal]; Funding acquisition [lead]; Supervision
[lead]; Writing - review & editing [equal])

Conflict of interest: none declared.

Funding

The author(s) declare financial support was received for the re-
search, authorship, and/or publication of this article. This work
was supported by the Ministerio de Ciencia, Innovaciéon y
Universidades under Grant FPU23/01213; Instituto de Salud
Carlos Il under Grant CM24/00110; Conselleria de Innovacién,
Universidades, Ciencia y Sociedad Digital, Generalitat
Valenciana under Grant CIAICO/2023/271; and Instituto de
Salud Carlos 1l (ISCIII) under Grant P124/01343 co-funded by
the European Union.

Data availability

The dataset generated from the current study is available from the
corresponding author on reasonable request.

References

1. Mensah GA, Fuster V, Murray CJL, Roth GA, Mensah GA, Abate YH, et al.
Global burden of cardiovascular diseases and risks, 1990-2022. J Am Coll
Cardiol 2023;82:2350-2473.

2. Hay SI, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-Allah F, et al.
Global, regional, and national disability-adjusted life-years (DALYs) for 333
diseases and injuries and healthy life expectancy (HALE) for 195 countries
and territories, 1990-2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet 2017;390:1260-1344.

3. Taylor RS, Fredericks S, Jones |, Neubeck L, Sanders J, De Stoutz N, et al.
Global perspectives on heart disease rehabilitation and secondary preven-
tion: a scientific statement from the Association of Cardiovascular Nursing
and Allied Professions, European Association of Preventive Cardiology, and
International Council of Cardiovascular Prevention and Rehabilitation. Eur
Heart J 2023;44:2515-2525.

4. Rajendran P, Rengarajan T, Thangavel J, Nishigaki Y, Sakthisekaran D, Sethi G,
et al. The vascular endothelium and human diseases. Int J Biol Sci 2013;9:
1057-1069.

5. Celermajer DS, Sorensen KE, Gooch VM, Spiegelhalter DJ, Miller Ol, Sullivan
ID, et al. Non-invasive detection of endothelial dysfunction in children and
adults at risk of atherosclerosis. Lancet 1992;340:1111-1115.

6. Celermajer DS, Adams MR, Clarkson P, Robinson J, McCredie R, Donald A,
et al. Passive smoking and impaired endothelium-dependent arterial dilata-
tion in healthy young adults. N Engl J Med 1996;334:150-155.

7. Ghiadoni L, Huang Y, Magagna A, Buralli S, Taddei S, Salvetti A. Effect of
acute blood pressure reduction on endothelial function in the brachial artery
of patients with essential hypertension. J Hypertens 2001;19:547-551.

8. Yeboah J, Crouse JR, Hsu FC, Burke GL, Herrington DM. Brachial flow-
mediated dilation predicts incident cardiovascular events in older adults:
the Cardiovascular Health Study. Circulation 2007;115:2390-2397.

9. Yeboah J, Folsom AR, Burke GL, Johnson C, Polak JF, Post W, et al. Predictive
value of brachial flow-mediated dilation for incident cardiovascular events in
a population-based study: the multi-ethnic study of atherosclerosis.
Circulation 2009;120:502-509.

10. Dibben GO, Faulkner J, Oldridge N, Rees K, Thompson DR, Zwisler A-D, et al.
Exercise-based cardiac rehabilitation for coronary heart disease: a
meta-analysis. Eur Heart J 2023;44:452-469.

11. Pelliccia A, Sharma S, Gati S, Back M, Borjesson M, Caselli S, et al. 2020 ESC
guidelines on sports cardiology and exercise in patients with cardiovascular
disease: the task force on sports cardiology and exercise in patients with car-
diovascular disease of the European Society of Cardiology (ESC). Eur Heart J
2020;42:17-96.

12. Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Back M, et al.
2021 ESC guidelines on cardiovascular disease prevention in clinical practice:
developed by the task force for cardiovascular disease prevention in clinical
practice with representatives of the European Society of Cardiology and 12
medical societies with the special contribution of the European Association
of Preventive Cardiology (EAPC). Eur Heart J 2021;42:3227-3337.

13. Montero D, Padilla J, Diaz-Cafestro C, Muris DM, Pyke KE, Obert P, et al.
Flow-mediated dilation in athletes: influence of aging. Med Sci Sports Exerc
2014;46:2148-2158.

14. Ashor AW, Lara J, Siervo M, Celis-Morales C, Oggioni C, Jakovljevic DG, et al.
Exercise modalities and endothelial function: a systematic review and
dose-response meta-analysis of randomized controlled trials. Sports Med
2015;45:279-296.

15. McDermott MM, Ades P, Guralnik JM, Dyer A, Ferrucci L, Liu K, et al.
Treadmill exercise and resistance training in patients with peripheral arterial
disease with and without intermittent claudication: a randomized controlled
trial. JAMA 2009;301:165-174.

16. Desch S, Sonnabend M, Niebauer J, Sixt S, Sareban M, Eitel |, et al. Effects of
physical exercise versus rosiglitazone on endothelial function in coronary ar-
tery disease patients with prediabetes. Diabetes Obes Metab 2010;12:
825-828.

17. Munk PS, Staal EM, Butt N, Isaksen K, Larsen Al. High-intensity interval train-
ing may reduce in-stent restenosis following percutaneous coronary inter-
vention with stent implantation A randomized controlled trial evaluating

920z ke z1 uo 1senb Aq 0Zz06+8/81 L Bemz/odline/ce01 01 /10p/alonle-aoueApe/adling/woo dno-oiwspese//:sdny wWwolj papeojumoq


http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwag118#supplementary-data
http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwag118#supplementary-data
http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwag118#supplementary-data
http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwag118#supplementary-data

Exercise modality and intensity on endothelial function

11

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

the relationship to endothelial function and inflammation. Am Heart J 2009;
158:734-741.

Pearson MJ, Smart NA. Effect of exercise training on endothelial function in
heart failure patients: a systematic review meta-analysis. Int J Cardiol 2017;
231:234-243.

Schmidt A, Pleiner J, Bayerle-Eder M, Wiesinger GF, Rédler S, Quittan M,
et al. Regular physical exercise improves endothelial function in heart trans-
plant recipients. Clin Transplant 2002;16:137-143.

Sarabia JM, Manresa-Rocamora A, Oliveira J, Moya-Ramén M. Influence of
the exercise frequency, intensity, time and type according to different train-
ing modalities on the cardiac rehabilitation programs. Eur J Hum Mov
2018:49-72.

Fletcher GF, Balady GJ, Amsterdam EA, Chaitman B, Eckel R, Fleg J, et al.
Exercise standards for testing and training: a statement for healthcare profes-
sionals from the American Heart Association. Circulation 2001;104:
1694-1740.

Buchheit M, Laursen PB. High-intensity interval training, solutions to the pro-
gramming puzzle: part I: cardiopulmonary emphasis. Sports Med 2013;43:
313-338.

Ratamess NA, Alvar BA, Evetoch TK, Housh TJ, Kibler WB, Kraemer WJ, et al.
American College of Sports Medicine. Progression models in resistance train-
ing for healthy adults. Med Sci Sports Exerc 2009;41:687-708.

Duchateau J, Stragier S, Baudry S, Carpentier A. Strength training: in search of
optimal strategies to maximize neuromuscular performance. Exerc Sport Sci
Rev 2021;49:2-14.

Gillen JB, Gibala MJ. Interval training: a time-efficient exercise strategy to im-
prove cardiometabolic health. Appl Physiol Nutr Metab 2018;43:iii-iiv.
Mattioni Maturana F, Martus P, Zipfel S, NieB AM. Effectiveness of HIIE ver-
sus MICT in improving cardiometabolic risk factors in health and disease: a
meta-analysis. Med Sci Sports Exerc 2021;53:559-573.

Ramos JS, Dalleck LC, Tjonna AE, Beetham KS, Coombes JS. The impact of
high-intensity interval training versus moderate-intensity continuous training
on vascular function: a systematic review and meta-analysis. Sports Med
2015;45:679-692.

Fuertes-Kenneally L, Manresa-Rocamora A, Blasco-Peris C, Ribeiro F,
Sempere-Ruiz N, Sarabia JM, et al. Effects and optimal dose of exercise on
endothelial function in patients with heart failure: a systematic review and
meta-analysis. Sports Med Open 2023;9:8.

Fuertes-Kenneally L, Blasco-Peris C, Casanova-Lizén A, Baladzhaeva S,
Climent V, Sarabia JM, et al. Effects of high-intensity interval training on vas-
cular function in patients with cardiovascular disease: a systematic review
and meta-analysis. Front Physiol 2023;14:1196665.

Chen Q, Gao X, Wang C, Zhang P. Influence of different exercise types on
vascular endothelial function in middle-aged and older adults - A system-
atic review and network meta-analysis. Arch Gerontol Geriatr 2025;128:
105624.

Hutton B, Salanti G, Caldwell DM, Chaimani A, Schmid CH, Cameron C, et al.
The PRISMA extension statement for reporting of systematic reviews incorp-
orating network meta-analyses of health care interventions: checklist and ex-
planations. Ann Intern Med 2015;162:777-784.

Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee IM,
et al. American College of Sports Medicine position stand. Quantity and qual-
ity of exercise for developing and maintaining cardiorespiratory, musculo-
skeletal, and neuromotor fitness in apparently healthy adults: guidance for
prescribing exercise. Med Sci Sports Exerc 2011;43:1334-1359.

Smart NA, Waldron M, Ismail H, Giallauria F, Vigorito C, Cornelissen V, et al.
Validation of a new tool for the assessment of study quality and reporting in
exercise training studies: TESTEX. Int J Evid Based Healthc 2015;13:9-18.
Salanti G, Ades AE, loannidis JP. Graphical methods and numerical summaries
for presenting results from multiple-treatment meta-analysis: an overview
and tutorial. J Clin Epidemiol 2011;64:163-171.

Chaimani A, Salanti GJTSJ. Visualizing assumptions and results in network
meta-analysis: the network graphs package. Stata J 2015;15:905-950.
Guyatt GH, Oxman AD, Vist GE, Kunz R, Falck-Ytter Y, Alonso-Coello P, et al.
GRADE: an emerging consensus on rating quality of evidence and strength of
recommendations. Bmj 2008;336:924-926.

Anagnostakou V, Chatzimichail K, Dimopoulos S, Karatzanos E, Papazachou
O, Tasoulis A, et al. Effects of interval cycle training with or without strength
training on vascular reactivity in heart failure patients. J Card Fail 2011;17:
585-591.

Angadi SS, Mookadam F, Lee CD, Tucker WJ, Haykowsky MJ, Gaesser GA.
High-intensity interval training vs. moderate-intensity continuous exercise

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

training in heart failure with preserved ejection fraction: a pilot study. J
Appl Physiol (Bethesda, Md. 1985) 2015;119:753-758.

Belardinelli R, Capestro F, Misiani A, Scipione P, Georgiou D. Moderate exer-
cise training improves functional capacity, quality of life, and endothelium-
dependent vasodilation in chronic heart failure patients with implantable car-
dioverter defibrillators and cardiac resynchronization therapy. Eur J
Cardiovasc Prev Rehabil 2006;13:818-825.

Belardinelli R, Lacalaprice F, Faccenda E, Purcaro A, Perna G. Effects of short-
term moderate exercise training on sexual function in male patients with
chronic stable heart failure. Int J Cardiol 2005;101:83-90.

Belardinelli R, Lacalaprice F, Ventrella C, Volpe L, Faccenda E. Waltz dancing
in patients with chronic heart failure: new form of exercise training. Circ Heart
Fail 2008;1:107-114.

Benda NM, Seeger JP, Stevens GG, Hijmans-Kersten BT, van Dijk AP,
Bellersen L, et al. Effects of high-intensity interval training versus continuous
training on physical fitness, cardiovascular function and quality of life in heart
failure patients. PLoS One 2015;10:e0141256.

Blumenthal JA, Sherwood A, Babyak MA, Watkins LL, Smith PJ, Hoffman BM,
et al. Exercise and pharmacological treatment of depressive symptoms in pa-
tients with coronary heart disease: results from the UPBEAT (understanding
the prognostic benefits of exercise and antidepressant therapy) study. J Am
Coll Cardiol 2012;60:1053-1063.

Blumenthal JA, Sherwood A, Babyak MA, Watkins LL, Waugh R, Georgiades
A, et al. Effects of exercise and stress management training on markers of car-
diovascular risk in patients with ischemic heart disease: a randomized con-
trolled trial. JAMA 2005;293:1626-1634.

Currie KD, Dubberley JB, McKelvie RS, MacDonald MJ. Low-volume, high-
intensity interval training in patients with CAD. Med Sci Sports Exerc 2013;
45:1436-1442.

Edwards DG, Schofield RS, Lennon SL, Pierce GL, Nichols WW, Braith RW.
Effect of exercise training on endothelial function in men with coronary ar-
tery disease. Am J Cardiol 2004;93:617-620.

Eleuteri E, Mezzani A, Di Stefano A, Vallese D, Gnemmi |, Delle Donne L, et al.
Aerobic training and angiogenesis activation in patients with stable chronic
heart failure: a preliminary report. Biomarkers 2013;18:418-424.

Erbs S, Hoéllriegel R, Linke A, Beck EB, Adams V, Gielen S, et al. Exercise
training in patients with advanced chronic heart failure (NYHA IlIb) pro-
motes restoration of peripheral vasomotor function, induction of endogen-
ous regeneration, and improvement of left ventricular function. Circ Heart
Fail 2010;3:486-494.

Giannattasio C, Achilli F, Grappiolo A, Failla M, Meles E, Gentile G, et al. Radial
artery flow-mediated dilatation in heart failure patients: effects of pharmaco-
logical and nonpharmacological treatment. Hypertension 2001;38:1451-1455.
Gokce N, Vita JA, Bader DS, Sherman DL, Hunter LM, Holbrook M, et al.
Effect of exercise on upper and lower extremity endothelial function in pa-
tients with coronary artery disease. Am J Cardiol 2002;90:124-127.

Guazzi M, Reina G, Tumminello G, Guazzi MD. Improvement of alveolar-
capillary membrane diffusing capacity with exercise training in chronic heart
failure. J Appl Physiol (1985) 2004;97:1866-1873.

Isaksen K, Munk PS, Valborgland T, Larsen Al. Aerobic interval training in pa-
tients with heart failure and an implantable cardioverter defibrillator: a con-
trolled study evaluating feasibility and effect. Eur J Prev Cardiol 2015;22:
296-303.

Jordao CP, Dourado LOC, de Assumpgdo CRA, Vieira MLC, Montenegro
CGDSP, Negrao CE, et al. Exercise training on anginal threshold does not im-
prove endothelial function in refractory angina patients. Am J Cardiol 2023;
204:352-359.

Kambic T, Novakovic M, Tomazin K, Strojnik V, Jug B. Blood flow restriction
resistance exercise improves muscle strength and hemodynamics, but not
vascular function in coronary artery disease patients: a pilot randomized con-
trolled trial. Front Physiol 2019;10:656.

Kim C, Choi HE, Jung H, Kang SH, Kim JH, Byun YS. Impact of aerobic exer-
cise training on endothelial function in acute coronary syndrome. Ann Rehabil
Med 2014;38:388-395.

Kitzman DW, Brubaker PH, Herrington DM, Morgan TM, Stewart KP,
Hundley WG, et al. Effect of endurance exercise training on endothelial func-
tion and arterial stiffness in older patients with heart failure and preserved
ejection fraction: a randomized, controlled, single-blind trial. J Am Coll
Cardiol 2013;62:584-592.

Kobayashi N, Tsuruya Y, lwasawa T, lkeda N, Hashimoto S, Yasu T, et al.
Exercise training in patients with chronic heart failure improves endothelial
function predominantly in the trained extremities. Circ J 2003;67:505-510.

920z ke z1 uo 1senb Aq 0Zz06+8/81 L Bemz/odline/ce01 01 /10p/alonle-aoueApe/adling/woo dno-oiwspese//:sdny wWwolj papeojumoq



12

L. Fuertes-Kenneally et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Luk TH, Dai YL, Siu CW, Yiu KH, Chan HT, Lee SW, et al. Effect of exercise
training on vascular endothelial function in patients with stable coronary ar-
tery disease: a randomized controlled trial. Eur J Prev Cardiol 2012;19:
830-839.

Moholdt T, Aamot IL, Grangien |, Gjerde L, Myklebust G, Walderhaug L, et al.
Aerobic interval training increases peak oxygen uptake more than usual care
exercise training in myocardial infarction patients: a randomized controlled
study. Clin Rehabil 2012;26:33-44.

Munch GW, Rosenmeier JB, Petersen M, Rinnov AR, lepsen UW, Pedersen
BK, et al. Comparative effectiveness of low-volume time-efficient resistance
training versus endurance training in patients with heart failure. J Cardiopulm
Rehabil Prev 2018;38:175-181.

Sales ARK, Azevedo LF, Silva TOC, Rodrigues AG, Oliveira PA, Jordao CP,
et al. High-intensity interval training decreases muscle sympathetic nerve ac-
tivity and improves peripheral vascular function in patients with heart failure
with reduced ejection fraction. Circ Heart Fail 2020;13:E007121.

Sixt S, Rastan A, Desch S, Sonnabend M, Schmidt A, Schuler G, et al. Exercise
training but not rosiglitazone improves endothelial function in prediabetic pa-
tients with coronary disease. Eur J Cardiovasc Prev Rehabil 2008;15:473-478.
Taylor JL, Keating SE, Holland DJ, Green DJ, Coombes JS, Bailey TG.
Comparison of high intensity interval training with standard cardiac rehabili-
tation on vascular function. Scand J Med Sci Sports 2022;32:512-520.
Turri-Silva N, Vale-Lira A, Verboven K, Durigan JLQ, Hansen D, Cipriano G.
High-intensity interval training versus progressive high-intensity circuit re-
sistance training on endothelial function and cardiorespiratory fitness in
heart failure: a preliminary randomized controlled trial. PLoS One 2021;16:
e0257607.

Valentino SE, Dunford EC, Dubberley J, Lonn EM, Gibala MJ, Phillips SM, et al.
Cardiovascular responses to high-intensity stair climbing in individuals with
coronary artery disease. Physiol Rep 2022;10:e15308.

Van Craenenbroeck EM, Frederix G, Pattyn N, Beckers P, Van Craenenbroeck
AH, Gevaert A, et al. Effects of aerobic interval training and continuous train-
ing on cellular markers of endothelial integrity in coronary artery disease: a
SAINTEX-CAD substudy. Am J Physiol Heart Circ Physiol 2015;309:
H1876-H1882.

Van Craenenbroeck EM, Hoymans VY, Beckers PJ, Possemiers NM, Wuyts K,
Paelinck BP, et al. Exercise training improves function of circulating angio-
genic cells in patients with chronic heart failure. Basic Res Cardiol 2010;
105:665-676.

Vona M, Codeluppi GM, lannino T, Ferrari E, Bogousslavsky J, von Segesser
LK. Effects of different types of exercise training followed by detraining on
endothelium-dependent dilation in patients with recent myocardial infarc-
tion. Circulation 2009;119:1601-1608.

Vona M, Rossi A, Capodaglio P, Rizzo S, Servi P, De Marchi M, et al. Impact of
physical training and detraining on endothelium-dependent vasodilation in
patients with recent acute myocardial infarction. Am Heart J 2004;147:
1039-1046.

Wislgff U, Staylen A, Loennechen JP, Bruvold M, Rognmo @, Haram PM, et al.
Superior cardiovascular effect of aerobic interval training versus moderate
continuous training in heart failure patients: a randomized study.
Circulation 2007;115:3086-3094.

Zaky EH, Helmy ZM, Elrefaey BH, Abdusalam IH, Mohamed MAR, Louis O.
High intensity interval training versus continuous training on ventricular
remodeling in chronic heart failure patients. Biosci. Res 2018;15:
3337-3348.

Rakobowchuk M, McGowan CL, de Groot PC, Hartman JW, Phillips SM,
MacDonald MJ. Endothelial function of young healthy males following whole
body resistance training. J Appl Physiol (1985) 2005;98:2185-2190.

Spence AL, Carter HH, Naylor LH, Green DJ. A prospective randomized lon-
gitudinal study involving 6 months of endurance or resistance exercise.
Conduit artery adaptation in humans. J Physiol 2013;591:1265-1275.
Hayashino Y, Jackson JL, Fukumori N, Nakamura F, Fukuhara S. Effects of su-
pervised exercise on lipid profiles and blood pressure control in people with
type 2 diabetes mellitus: a meta-analysis of randomized controlled trials.
Diabetes Res Clin Pract 2012;98:349-360.

Prasertsri P, Phoemsapthawee J, Kuamsub S, Poolpol K, Boonla O. Effects of
long-term regular continuous and intermittent walking on oxidative stress,
metabolic profile, heart rate variability, and blood pressure in older adults
with hypertension. J Environ Public Health 2022;2022:5942947.

Xin C, Ye M, Zhang Q, He H. Effect of exercise on vascular function and blood
lipids in postmenopausal women: a systematic review and network
meta-analysis. Int J Environ Res Public Health 2022;19:12074.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Green DJ, Hopman MT, Padilla J, Laughlin MH, Thijssen DH. Vascular adap-
tation to exercise in humans: role of hemodynamic stimuli. Physiol Rev 2017,
97:495-528.

Hambrecht R, Adams V, Erbs S, Linke A, Krankel N, Shu Y, et al. Regular phys-
ical activity improves endothelial function in patients with coronary artery
disease by increasing phosphorylation of endothelial nitric oxide synthase.
Circulation 2003;107:3152-3158.

Tinken TM, Thijssen DH, Hopkins N, Dawson EA, Cable NT, Green DJ. Shear
stress mediates endothelial adaptations to exercise training in humans.
Hypertension 2010;55:312-318.

Birk GK, Dawson EA, Atkinson C, Haynes A, Cable NT, Thijssen DH, et al.
Brachial artery adaptation to lower limb exercise training: role of shear stress.
J Appl Physiol (1985) 2012;112:1653-1658.

Nigro P, Abe J, Berk BC. Flow shear stress and atherosclerosis: a matter of
site specificity. Antioxid Redox Signal 2011;15:1405-1414.

Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the
role of oxidant stress. Circ Res 2000;87:840-844.

Dillard CJ, Litov RE, Savin WM, Dumelin EE, Tappel AL. Effects of exercise,
vitamin E, and ozone on pulmonary function and lipid peroxidation. J Appl
Physiol Respir Environ Exerc Physiol 1978;45:927-932.

Hudson MB, Hosick PA, McCaulley GO, Schrieber L, Wrieden J, McAnulty SR,
et al. The effect of resistance exercise on humoral markers of oxidative stress.
Med Sci Sports Exerc 2008;40:542-548.

de Sousa CV, Sales MM, Rosa TS, Lewis JE, de Andrade RV, Simées HG. The
antioxidant effect of exercise: a systematic review and meta-analysis. Sports
Med 2017;47:277-293.

Donato AJ, Uberoi A, Bailey DM, Wray DW, Richardson RS. Exercise-induced
brachial artery vasodilation: effects of antioxidants and exercise training in
elderly men. Am J Physiol Heart Circ Physiol 2010;298:H671-H678.
Thijssen DH, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA, et al.
Assessment of flow-mediated dilation in humans: a methodological and
physiological guideline. Am J Physiol Heart Circ Physiol 2011;300:H2-H12.
Maruhashi T, Soga J, Fujimura N, Idei N, Mikami S, Iwamoto Y, et al.
Nitroglycerine-induced vasodilation for assessment of vascular function: a
comparison with flow-mediated vasodilation. Arterioscler Thromb Vasc Biol
2013;33:1401-1408.

Green DJ, Maiorana A, O'Driscoll G, Taylor R. Effect of exercise training on
endothelium-derived nitric oxide function in humans. J Physiol 2004;561:
1-25.

Adams MR, Robinson J, McCredie R, Seale JP, Sorensen KE, Deanfield JE,
et al. Smooth muscle dysfunction occurs independently of impaired
endothelium-dependent dilation in adults at risk of atherosclerosis. J Am
Coll Cardiol 1998;32:123-127.

Tanaka H, Shimizu S, Ohmori F, Muraoka Y, Kumagai M, Yoshizawa M, et al.
Increases in blood flow and shear stress to nonworking limbs during incre-
mental exercise. Med Sci Sports Exerc 2006;38:81-85.

Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis.
Circulation 2004;109:1ii27-1ii32.

Thijssen DH, Dawson EA, Black MA, Hopman MT, Cable NT, Green DJ.
Brachial artery blood flow responses to different modalities of lower limb ex-
ercise. Med Sci Sports Exerc 2009;41:1072-1079.

Tjznna AE, Lee SJ, Rognmo @, Stglen TO, Bye A, Haram PM, et al. Aerobic
interval training versus continuous moderate exercise as a treatment for
the metabolic syndrome: a pilot study. Circulation 2008;118:346-354.
Pedralli ML, Marschner RA, Kollet DP, Neto SG, Eibel B, Tanaka H, et al.
Different exercise training modalities produce similar endothelial function
improvements in individuals with prehypertension or hypertension: a rando-
mized clinical trial. Sci Rep 2020;10:7628.

Chen S, Zhou K, Shang H, Du M, Wu L, Chen Y. Effects of concurrent aer-
obic and resistance training on vascular health in type 2 diabetes: a sys-
tematic review and meta-analysis. Front Endocrinol (Lausanne) 2023;14:
1216962.

Choi TG, Kim JY, Seong JY, Min HJ, Jung YJ, Kim YW, et al. Impaired endo-
thelial function in individuals with post-acute sequelae of COVID-19: ef-
fects of combined exercise training. J Cardiopulm Rehabil Prev 2025;45:
146-152.

Schroeder EC, Franke WD, Sharp RL, Lee DC. Comparative effectiveness of
aerobic, resistance, and combined training on cardiovascular disease risk fac-
tors: a randomized controlled trial. PLoS One 2019;14:0210292.

Lee D-C, Brellenthin AG, Lanningham-Foster LM, Kohut ML, Li Y. Aerobic, re-
sistance, or combined exercise training and cardiovascular risk profile in over-
weight or obese adults: the CardioRACE trial. Eur Heart J 2024;45:1127-1142.

920z ke z1 uo 1senb Aq 0Zz06+8/81 L Bemz/odline/ce01 01 /10p/alonle-aoueApe/adling/woo dno-oiwspese//:sdny wWwolj papeojumoq



Exercise modality and intensity on endothelial function

13

100.

101.

102.

108.

104.

Zuchi C, Tritto |, Carluccio E, Mattei C, Cattadori G, Ambrosio G. Role of
endothelial dysfunction in heart failure. Heart Fail Rev 2020;25:21-30.
Ungvari Z, Tarantini S, Kiss T, Wren JD, Giles CB, Griffin CT, et al. Endothelial
dysfunction and angiogenesis impairment in the ageing vasculature. Nat Rev
Cardiol 2018;15:555-565.

DeSouza CA, Shapiro LF, Clevenger CM, Dinenno FA, Monahan KD, Tanaka
H, et al. Regular aerobic exercise prevents and restores age-related declines
in endothelium-dependent vasodilation in healthy men. Circulation 2000;
102:1351-1357.

Wewege MA, Ahn D, Yu J, Liou K, Keech A. High-intensity interval training
for patients with cardiovascular disease—is it safe? A Systematic Review. J
Am Heart Assoc 2018;7:e009305.

Marriott CFS, Petrella AFM, Marriott ECS, Boa Sorte Silva NC, Petrella RJ.
High-intensity interval training in older adults: a scoping review. Sports
Med Open 2021;7:49.

105.

106.

107.

Dalal HM, Zawada A, Jolly K, Moxham T, Taylor RS. Home based versus cen-
tre based cardiac rehabilitation: Cochrane systematic review and
meta-analysis. BMJ 2010;340:b5631.

Vrints C, Andreotti F, Koskinas KC, Rossello X, Adamo M, Ainslie J, et al. 2024
ESC guidelines for the management of chronic coronary syndromes: devel-
oped by the task force for the management of chronic coronary syndromes
of the European Society of Cardiology (ESC) endorsed by the European
Association for Cardio-Thoracic Surgery (EACTS). Eur Heart J 2024;45:
3415-3537.

McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bchm M, et al.
2021 ESC guidelines for the diagnosis and treatment of acute and chronic
heart failure: developed by the task force for the diagnosis and treatment
of acute and chronic heart failure of the European Society of Cardiology
(ESC) with the special contribution of the Heart Failure Association (HFA)
of the ESC. Eur Heart J 2021;42:3599-3726.

920z Ae\ z1 uo 1senb Aq 0zz0618/81 L Bemz/odlina g0l 0L /10p/a01e-aoueape/odline/wod dno-oliwapese//:sdiy wolj papeojumoq



	Effect of exercise modality and intensity on endothelial function in patients with cardiovascular disease: a systematic review and network meta-analysis
	Introduction
	Methods
	Study design and protocol registration
	Data search
	Study selection
	Data extraction and coding study characteristics
	Dealing with missing data
	Methodological quality assessment
	Statistical analyses

	Results
	Study selection
	Study and participant characteristics
	Methodological quality assessment
	Network meta-analysis
	Brachial flow-mediated dilation
	Brachial nitroglycerin-mediated dilation

	Discussion
	Strengths and limitations
	Conclusion
	Supplementary material
	Author contributions
	Funding
	Data availability
	References


