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Abstract 

Background  Exercise-based cardiac rehabilitation (CR) is considered an effective treatment for enhancing endothe‑
lial function in patients with heart failure (HF). However, recent studies have been published and the optimal “dose” of 
exercise required to increase the benefits of exercise-based CR programmes on endothelial function is still unknown.

Objectives  (a) To estimate the effect of exercise-based CR on endothelial function, assessed by flow-mediated dila‑
tion (FMD), in patients with HF; (b) to determine whether high-intensity interval training (HIIT) is better than moder‑
ate-intensity training (MIT) for improving FMD; and (c) to investigate the influence of exercise modality (i.e. resistance 
exercise vs. aerobic exercise and combined exercise vs. aerobic exercise) on the improvement of endothelial function.

Methods  Electronic searches were carried out in PubMed, Embase, and Scopus up to February 2022. Random-effects 
models of between-group mean differences were estimated. Heterogeneity analyses were performed by means of 
the chi-square test and I2 index. Subgroup analyses and meta-regressions were used to test the influence of potential 
moderator variables on the effect of exercise.

Results  We found a FMD increase of 3.09% (95% confidence interval [CI] = 2.01, 4.17) in favour of aerobic-based CR 
programmes compared with control groups in patients with HF and reduced ejection fraction (HFrEF). However, the 
results of included studies were inconsistent (p < .001; I2 = 95.2%). Higher FMD improvement was found in studies 
which were randomised, reported radial FMD, or performed higher number of training sessions a week. Moreover, HIIT 
enhanced FMD to a greater extent than MIT (2.35% [95% CI = 0.49, 4.22]) in patients with HFrEF. Insufficient data pre‑
vented pooled analyses for the effect of exercise in patients with HF and preserved ejection fraction and the influence 
of exercise modality on the improvement of endothelial function.

Conclusion  Aerobic-based CR is a non-pharmacological treatment for enhancing endothelial function in patients 
with HFrEF. However, higher training frequency and HIIT induce greater adaptation of endothelial function in these 
patients, which should betaken into consideration when designing exercise-based CR programmes.

Trial registration The protocol was prospectively registered on the PROSPERO database (CRD42022304687).
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Key Points

•	 Aerobic-based cardiac rehabilitation (CR) enhances 
endothelial function in patients with heart failure 
(HF) and reduced ejection fraction (HFrEF), but the 
effect of exercise-based CR in patients with HF and 
preserved ejection fraction requires future study.

•	 A higher training frequency (e.g., more than two ses-
sions a week) induces systemic vascular adaptations 
in non-trained limbs and increases the effect of aero-
bic exercise on endothelial function compared to a 
low training frequency (e.g., two sessions a week).

•	 High-intensity interval training increases endothelial 
function to a greater extent than moderate intensity 
training in patients with HFrEF.

•	 Whether resistance exercise or combined exercise is 
better than aerobic exercise for improving endothe-
lial function should be addressed in future studies.

Introduction
Heart failure (HF) is a global health pandemic that affects 
at least 26 million people worldwide, and its prevalence 
is expected to increase rapidly due to the ageing popula-
tion [1]. Despite advances in treatment and prevention, 
mortality and morbidity are still high and the quality of 
life of these patients is poor [2, 3]. HF is defined as a clini-
cal syndrome characterised by cardinal symptoms (e.g. 
breathlessness, ankle swelling, and fatigue) that may be 
accompanied by signs such as pulmonary crackles and 
peripheral oedema [3]. Exercise intolerance, dyspnea, 
and/or fatigue are hallmark features of HF [4]. The patho-
physiological mechanisms underlying the diminished 
functional capacity in HF are multifactorial and may 
differ between patients with reduced ejection fraction 
(HFrEF) (left ventricular ejection fraction [LVEF] < 50%) 
and preserved ejection fraction (HFpEF) (LVEF ≥ 50%) 
[4–7]. These include central cardiac and peripheral 
mechanisms such as reduced cardiac and pulmonary 
reserve, skeletal muscle perfusion and/or function, and 
endothelial dysfunction [4, 6].

Endothelial dysfunction is related to the physiology and 
progression of HF [8]. It is characterised by an impair-
ment of endothelium-dependent vasodilation caused by 
a decrease in the bioavailability of vasodilators (e.g. nitric 
oxide [NO]) and/or an increase in endothelium-derived 
contracting factors [9]. Endothelial function is com-
monly assessed by the non-invasive technique of flow-
mediated dilation (FMD), which is the dilation of the 
blood vessels in response to ischemia. FMD is measured 
by ultrasound, and its primary stimulus is the release of 
NO from the endothelium due to increased shear stress 
[10]. Enhanced FMD has been associated with a reduced 

risk of cardiovascular events in patients with HF [11]. In 
addition, arterial vasodilation also depends on vascular 
smooth muscle function. Once NO is synthesised by the 
endothelial cells, it diffuses into the smooth muscle cells, 
activating enzymes (e.g. soluble guanylyl cyclase) that are 
responsible for vessel relaxation [12, 13]. Endothelium-
independent nitroglycerin-mediated dilation (NMD) is 
used to measure the reactivity of the vascular smooth 
muscle cells via the exogenous administration of NO. 
Therefore, NMD should be measured complementary to 
FMD to ensure that decreased FMD values solely reflect 
endothelial dysfunction and not vascular smooth muscle 
dysfunction [14].

Exercise-based cardiac rehabilitation (CR) has been 
shown to improve the prognosis of patients with HF by 
decreasing morbidity, mortality, and hospital readmis-
sions [15, 16]. The most commonly used exercise modal-
ity in CR programmes is aerobic exercise, while resistance 
exercise and combined aerobic and resistance exercise 
(henceforth referred to as combined exercise) have been 
used less frequently [17]. Within aerobic exercise, high-
intensity interval training (HIIT) and moderate-intensity 
training (MIT) are the aerobic exercise methods com-
monly used [17]. HIIT comprises alternating brief peri-
ods of high-intensity aerobic exercise (e.g. > 85% peak 
oxygen uptake [VO2  peak] or above anaerobic thresh-
old) with periods of active (e.g. < 60% VO2 peak or below 
aerobic threshold) or passive recovery of shorter, equal, 
or longer duration [18]. On the contrary, MIT, which can 
be carried out continuously or intermittently, is charac-
terised by long-term exercise bouts (e.g. 30  min) per-
formed at moderate intensity (e.g. between aerobic and 
anaerobic threshold) [19]. Finally, other training variables 
(e.g. intervention length and training frequency) should 
also be considered to properly design exercise-based CR 
programmes.

Previous systematic reviews with meta-analysis have 
shown the positive effects of exercise-based CR on 
endothelial function in patients with HF [20, 21]. The 
enhancement of endothelial function, in turn, has been 
associated with improved exercise capacity in these 
patients [22]. However, further evidence has come to 
light since the publication of these articles [20, 21]. 
Moreover, their findings showed high inconsistency, 
and the influence of potential moderator variables (e.g. 
training frequency) was not analysed. In this regard, 
Ashor et  al. [23] reported a direct association between 
training frequency and the improvement of endothe-
lial function in healthy people. Regarding other train-
ing variables, previous meta-analyses support that HIIT 
is superior to MIT for improving cardiorespiratory fit-
ness (e.g. VO2  peak) and exercise tolerance in patients 
with HF [24, 25]. Pearson and Smart [21] compared the 
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effect of intermittent exercise with the effect of continu-
ous exercise on endothelial function in patients with HF, 
but a pure comparison between HIIT and MIT was not 
included. In addition, the influence of exercise modal-
ity on the improvement in endothelial function was not 
addressed in the previous systematic reviews [20, 21].

Therefore, although exercise-based CR is considered 
a non-pharmacological tool for enhancing endothelial 
function in patients with HF, the optimal “dose” of exer-
cise remains unclear, and an update of the literature is 
required. Hence, the main aims of this systematic review 
with meta-analysis were: (a) to determine the effect of 
exercise-based CR on endothelial function (i.e. FMD) 
in patients with HF; (b) to test whether HIIT enhances 
endothelial function to a greater degree than MIT; and 
(c) to investigate the influence of exercise modality (i.e. 
resistance exercise vs. aerobic exercise and combined 
exercise vs. aerobic exercise) on the improvement of 
endothelial function. Secondarily, the effect of exercise-
based CR programmes on vascular smooth muscle func-
tion (i.e. NMD) was also investigated. Based on previous 
evidence, we hypothesise that exercise-based CR will 
enhance endothelial function in patients with HF. More-
over, HIIT will induce a greater increase in endothelial 
function compared to MIT.

Methods
The current systematic review with meta-analysis was 
performed following the Preferred Reporting Items for 
Systematic Reviews and Meta-Analysis (PRISMA) [26]. 
The protocol was prospectively registered on the PROS-
PERO database (CRD42022304687).

Data Search and Sources
PubMed, Embase, and Scopus were searched from incep-
tion to February 2022 to identify potential eligible stud-
ies using free-text terms based on the PIO (participants, 
intervention, and outcomes) strategy (see  Additional 
file 1). The electronic search of each individual database 
was adapted as necessary. Conference proceedings were 
also searched on the Web of Science Core Collection. 
Additionally, previous systematic reviews with and with-
out meta-analysis and references of the studies included 
in our review were manually screened to identify any 
additional eligible study. Finally, corresponding authors 
of included studies were emailed in an attempt to identify 
ongoing or unpublished additional suitable studies.

Study Selection
Eligibility criteria were established according to the 
PICOS (participants, interventions, comparisons, out-
comes, and study design) guideline as follows: (a) partici-
pants: adult patients with HFrEF or HFpEF regardless of 

sex. Studies which enrolled HF patients with mechani-
cal assistance (e.g. left ventricular assist devices) and/
or heart transplant recipients were excluded; (b) inter-
ventions: inpatient or outpatient exercise-based CR 
programmes lasting at least two weeks, regardless of 
the setting (i.e. home- or centre-based CR programme), 
and based mainly on aerobic exercise (i.e. HIIT or MIT), 
resistance exercise, or combined exercise, either alone or 
in addition to psychosocial and/or educational interven-
tions; (c) comparisons: (i) exercise-based CR compared 
to usual care interventions and/or non-exercise groups 
(henceforth referred to as the control group [CG]), (ii) 
HIIT compared to MIT, and (iii) resistance exercise com-
pared to aerobic exercise (i.e. HIIT and MIT) or com-
bined exercise compared to aerobic exercise (i.e. HIIT 
and MIT). Therefore, eligible studies needed to include 
a CG and/or an intervention group (IG) performing 
other exercise regimens; (d) outcomes: endothelial and/
or vascular smooth muscle function measured noninva-
sively by FMD (i.e. reactive hyperaemia) and NMD (i.e. 
sublingual administration), respectively, in either upper 
(i.e. brachial and radial) and/or lower (i.e. femoral and 
tibial) limb arteries, and reported as relative (%) and/or 
absolute (mm) changes; and (e) study design: randomised 
and non-randomised studies. Finally, studies written in 
English or Spanish were included. When several arti-
cles referred to the same study, the original article was 
included in the review.

Two authors (C.B. and N.S.) assessed all identified 
studies for possible inclusion. In case of disagreements, 
a third author (A.M.) checked the study information to 
reach an agreement.

Data Extraction and Coding Study Characteristics
Two authors (C.B. and L.F.) coded the characteristics of 
the full-text included studies using a standardised extrac-
tion form. When there was doubt, a third author (A.M.) 
assessed the information to reach an agreement.

The information extracted from the studies was clas-
sified as follows: (a) study characteristics (publication 
year, country, journal, and study design [i.e. randomised 
or non-randomised]); (b) patient characteristics (sam-
ple size, sex [i.e. males, females, or mixed sample], men 
percentage, age, baseline artery diameter [mm], LVEF, 
VO2 peak, New York Heart Association [NYHA] func-
tional class, and implantable cardioverter defibrillator); 
(c) intervention characteristics (CR phase [i.e. inpatient 
or outpatient], setting [i.e. home- or centre-based CR 
programme], exercise modality [i.e. aerobic exercise, 
resistance exercise, or combined exercise], aerobic exer-
cise method (if applicable) [i.e. HIIT or MIT], interven-
tion length [weeks], sessions a week, and intervention 
description [e.g. session length, intensity, training mode, 
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and number of sets]); (d) CG details (instructions given 
to patients and activity monitoring); (e) FMD assess-
ment characteristics (artery measured, cuff placement 
[i.e. distal or proximal to the imaged artery], occlusion 
length [seconds], occlusion pressure [mmHg], and post-
deflation time window [seconds]); (f ) NMD assessment 
characteristics (artery measured, dose [mg], and post-
administration time window [seconds]); and (g) statisti-
cal information (e.g. mean and standard deviation [SD]).

Dealing with Missing Data
Corresponding authors were emailed to request key study 
characteristics (e.g. patient and intervention characteris-
tics) and obtain missing numerical outcome data when a 
study was identified as “abstract only” or outcome data 
were not reported or presented graphically, respectively. 
If no response was received, abstracts were excluded 
from the review and outcome data were extracted from 
the figures.

Methodological Quality Assessment
The tool for the assessment of study quality and report-
ing in exercise (TESTEX) scale was used to carry out the 
methodological quality judgement of the included studies 
[27]. The TESTEX scale consists of 12 items, which are 
answered with “yes” (1 point) or “no” (0 points) if the cri-
terion is satisfied or not, respectively, and the maximum 
number of points is 15. The criteria used to carry out 
methodological quality assessment can be found in Addi-
tional file 1: Table S1. Based on the overall scores, meth-
odological quality was judged as excellent (12–15), good 
(9–11), fair (6–8), or poor (< 6). Two authors (A.M. and 
L.F.) carried out the methodological quality assessment 
and, in case of doubts, a third author (J.M.S) checked the 
specific item to reach an agreement.

Computation of Effect Size and Statistical Analyses
The mean difference (MD) with its 95% confidence 
interval (CI) was used as the effect size (ES) index. The 
MD was calculated by subtracting the mean change in 
the comparison group (i.e. CG, MIT, and aerobic exer-
cise) from the mean change in the reference group (i.e. 
exercise-based CR, HIIT, resistance exercise, or com-
bined exercise) and was then corrected by a factor for 
small samples [28]. When a study included more than 
one IG and a shared CG, the sample size of the CG was 
split by the number of IGs to avoid overinflation of the 
sample size [29], allowing us to include several analysis 
units from the same study in the same pooled analysis. 
Separate meta-analyses were performed based on the 
outcome (i.e. FMD or NMD) and unit of measurement 

(i.e. relative [%] or absolute [mm] changes). Moreover, 
upper limb arteries (i.e. brachial and radial) were selected 
as preferential measurements for studies which assessed 
endothelial function in upper and lower limb arteries. A 
random-effects model was used to conduct pooled analy-
ses, in which the weighting factor is the inverse variance, 
defined as the sum of the within-study and the between-
study variance [30]. Meta-analysis was performed only if 
three or more analysis units were included for the spe-
cific endpoint.

Regarding heterogeneity, the chi-square test was used 
to identify statistical heterogeneity and the I2 index was 
used to quantify the percentage of variation across stud-
ies due to heterogeneity. I2 values of 25%, 50%, and 75% 
were interpreted as low, moderate, and high heterogene-
ity, respectively [31]. Statistical (p ≤ 0.050) and/or mod-
erate–high heterogeneity (I2 ≥ 50%)  was considered as 
indicative of substantial heterogeneity [31], and there-
fore, heterogeneity analyses were performed. The influ-
ence of potential moderator variables on the change of 
endothelial function was analysed by means of subgroup 
analyses for categorical variables (i.e. study design [i.e. 
randomised vs. non-randomised], artery [i.e. brachial vs. 
radial], sex, aerobic exercise method [i.e. HIIT vs. MIT], 
and sessions a week [i.e. > 3 sessions vs. ≤ 3 sessions]), 
and simple meta-regressions for continuous variables (i.e. 
intervention length, sessions a week, and total number 
of exercise sessions). All analyses were performed using 
weighted least squares and assuming mixed-effect mod-
els [32]. Heterogeneity analyses were performed if a min-
imum of 10 analysis units were meta-analysed.

Sensitivity analyses were performed to test the robust-
ness of our findings as follows: (a) applying the leave-one-
out cross-validation method, which consists of carrying 
out the pooled analysis on each subset of the included 
studies by leaving out one study at a time; (b) removing 
studies whose methodological quality in the TESTEX 
scale was judged as poor (< 6); and (c) applying robust 
variance estimation, which has been proposed to han-
dle dependent ES in meta-analysis [33, 34]. Specifically, 
robust variance estimation allows to control dependent 
outcomes reported by the same research group in differ-
ent publications [35]. Thus, the research group was used 
as the clustering variable to carry out sensitivity analysis. 
Additionally, small-study effect was assessed for publica-
tion bias control. In this regard, the publication bias was 
analysed graphically through contour-enhanced funnel 
plots, while the Egger’s test was used to quantify the evi-
dence for funnel plot asymmetry [36, 37]. Sensitivity and 
publication bias analyses were carried out if at least 10 
analysis units were included in the pooled analysis [37]. 
All analyses were performed using STATA software (ver-
sion 16.0; Stata Corp LLC, College Station, TX, USA).
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Deviations from Registered Protocol
Regarding heterogeneity analyses, the imaged artery 
used to carry out endothelial function assessment had 
not been included as a potential moderator variable. 
Moreover, after data extraction, training frequency was 
included as a categorical variable. Finally, we also found 
several studies performed by the same research group. 
Thus, robust variance estimation was also used to carry 
out sensitivity analyses.

Results
Study Selection
The study selection process is presented in Fig. 1. Briefly, 
the electronic database search retrieved 1244 records 
after removing duplicates (n = 746). After reviewing titles 
and abstracts, 40 studies were eligible for full-text analy-
sis, of which 21 were included [38–58] in the qualitative 
synthesis and 19 were excluded (see Fig.  1 for reasons). 
No additional studies were identified from other sources. 

Fig. 1  Flow chart of the study selection process
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Although efforts were made to identify unpublished stud-
ies, all studies included in this review had been published 
in peer-reviewed journals.

Study Characteristics
Study and patient characteristics can be found in Table 1. 
Out of all the 21 selected studies, 12 (57%) included one 
IG and one CG [40–42, 44–51, 56], four (19%) included 
two IGs and one CG [43, 53, 55, 57], four (19%) included 
two IGs [38, 39, 52, 58], and one (5%) included two IGs 
and two CGs based on patient’s age [54]. Thus, 30 IGs 
and 18 CGs were defined in this systematic review. The 
21 studies were published from 2001 to 2021. Eight-
een studies (86%) were randomised [38–42, 44–47, 
49–55, 57, 58], and three (14%) were non-randomised 
[43, 48, 56]. The 21 studies enrolled 738 patients, 457 in 
the IGs and 281 in the CGs. The sample size in the IGs 
ranged from five to 44 patients, with a mean ± SD age of 
60.8 ± 7.3 years (min to max: 50.0 to 76.5 years), and the 
sample size in the CGs varied from four to 42 patients, 
with a mean ± SD age of 61.6 ± 7.3  years (min to max: 
49.0 to 75.5 years). Fourteen studies (67%) recruited male 
and female patients [38, 39, 42, 43, 46, 48–50, 52–57], 
and seven (33%) recruited exclusively male patients [40, 
41, 44, 45, 47, 51, 58]. Eighteen studies (86%) enrolled 
patients with HFrEF [38, 40–48, 50–54, 56–58], two (9%) 
recruited patients with HFpEF [39, 49], and one (5%) 
enrolled patients with HFrEF and HFpEF [55]. Four stud-
ies (19%) explicitly disclosed that patients with implant-
able cardioverter defibrillators had been recruited [40, 
45, 48, 54]. Eighteen studies (86%) enrolled patients with 
different NYHA functional class (e.g. II and III) [38–43, 
46–56, 58], two (9%) recruited exclusively patients with 
NYHA II [44] and III [45], and one (5%) did not disclose 
this information [57].

Intervention and assessment characteristics are sum-
marised in Additional file  1: Table  S2. Out of all the 21 
studies included, 17 (81%) performed a centre-based CR 
programme [38–43, 47–56, 58], one (5%) carried out a 
home-based CR programme [44], two (9%) combined 
centre- and home-based exercise sessions [45, 57], and 
one (5%) did not report this information [46]. Two stud-
ies (9%) carried out an inpatient CR programme [51, 54]. 
The number of exercise sessions performed a week varied 
from two to eight sessions, while the intervention dura-
tion ranged from four to 24 weeks. The total number of 
exercise sessions ranged from 12 to 96 sessions. Out of 
all the 30 IGs, 27 (90%) used aerobic exercise as the exer-
cise modality, two (7%) performed resistance exercise, 
and one (3%) carried out combined exercise. Out of all 
the 28 IGs which performed aerobic exercise (alone or 
combined with resistance exercise), 19 (68%) used MIT 

as the aerobic exercise method and nine (32%) used HIIT. 
Details of the intervention characteristics (e.g. exercise 
mode [e.g. cycle ergometer], sessions length, and inten-
sity) can be found in Additional file 1: Table S2.

Regarding assessment characteristics, all the included 
studies (100%) assessed endothelial function [38–58] 
and seven (33%) also measured vascular smooth muscle 
function [40, 41, 43, 46–48, 57]. Fourteen studies (67%) 
measured endothelial function in the brachial artery [38–
42, 44, 47–49, 53, 55–58], four (19%) in the radial artery 
[45, 46, 51, 54], one (5%) in the femoral artery [52], and 
two (9%) in the brachial artery and lower limb arteries 
(i.e. femoral and posterior tibial) [43, 50]. Eleven studies 
(52%) placed the cuff distal to the appraised artery [38, 
40–44, 46, 47, 49, 53, 56], five (24%) proximal [45, 51, 
54, 55, 58], and one (5%) positioned the cuff distal to the 
brachial artery and proximal to the posterior tibial artery 
[50], while four (19%) did not specifically disclose this 
information [39, 48, 52, 57] and guidelines for measur-
ing FMD were referenced [14, 59]. The remaining details 
of the assessment characteristics (i.e. occlusion length, 
occlusion pressure, post-deflation time window, nitro-
glycerin dose, and post-administration time window) can 
be found in Additional file 1: Table S2. Five studies (24%) 
reported their findings in relative and absolute values [38, 
48, 49, 51, 53], 15 (71%) in relative values [39–45, 47, 50, 
52, 54–58], and one (5%) in absolute values [46].

Methodological Quality Assessment
A summary of the methodological quality assessment 
using the TESTEX scale is shown in Additional file  1: 
Table  S3. The mean ± SD TESTEX score was 7.4 ± 2.3 
(min to max: three to 12). Reviewers deemed four stud-
ies (19%) to have poor quality [44, 46, 53, 58], 11 (52%) to 
have fair quality [38–40, 43, 47–49, 51, 55–57], five (24%) 
to have good quality [41, 42, 45, 50, 52], and one (5%) to 
have excellent quality [54]. The noteworthy findings from 
the methodological quality assessment showed that, out 
of the 18 randomised studies, 11 (61%) and 12 (67%) 
failed to report specific details of the random sequence 
generation and allocation concealment, respectively. Out 
of the 21 included studies, nine (43%) did not blind asses-
sors of endothelial function to patient’s allocation. Twelve 
studies (57%) failed to clearly report pre- and post-inter-
vention sample sizes, or the withdrawal rate was higher 
than 15%. Three studies (14%) clearly disclosed that all 
patients completed the intervention period (no drop-
outs). None of the included studies performed intention-
to-treat analysis or reported physical activity data of the 
CG. Out of the 18 studies which carried out an interven-
tion with a duration longer than four weeks, only one 
(6%) performed a mid-intervention assessment.
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Table 1  Study and patient characteristics

Study Group; EM (AEM) Study characteristics Patient characteristics

Country; study design; 
journal

Sample size (analysed); male 
percentage; age; baseline 
diameter

LVEF; VO2 peak; NYHA

Anagnostakou et al. [38] IG; CE (HIIT) Greece; randomised; J Card Fail 14 (14); 79%; 54.0 ± 10.0 y; 
4.50 ± 0.50 mm (brachial)

39.0 ± 11.0%; 
15.7 ± 6.0 ml·kg−1·min−1; 5 (I), 7 
(II), and 2 (III)

IG$; AE (HIIT) 14 (14); 86%; 52.0 ± 11.0 y; 
4.40 ± 0.50 mm (brachial)

36.0 ± 13.0%; 
15.7 ± 4.0 ml·kg−1·min−1; 3 (I), 
10 (II), and 1 (III)

Angadi et al. [39] IG; AE (HIIT) USA; randomised; J Appl 
Physiol

9 (9); 89%; 69.0 ± 6.1 y; NR 
(brachial)

65.0 ± 5.0%*; 
19.2 ± 5.2 ml·kg−1·min−1; II-III 
(IC)

IG$; AE (MIT) 6 (6); 67%; 71.5 ± 11.7 y; NR 
(brachial)

66.0 ± 4.0%*; 
16.9 ± 3.0 ml·kg−1·min−1; II-III 
(IC)

Belardinelli et al. [40] IG; AE (MIT) Italy; randomised; Eur J Cardio‑
vasc Prev Rehabil

30 (30); 100%; 55.1 ± 14.0 y; NR 
(brachial)

30.2 ± 7.0%; 
14.8 ± 2.5 ml·kg−1·min−1; 17 (II) 
and 13 (III)

CG; NA 22 (22); 100%; 53.1 ± 15.0 y; NR 
(brachial)

33.6 ± 8.0%; 
15.8 ± 2.1 ml·kg−1·min−1; 12 (II) 
and 10 (III)

Belardinelli et al. [41] IG; AE (MIT) Italy; randomised; Int J Cardiol 30 (30); 100%; 55.9 ± 15.0 y; NR 
(brachial)

29.3 ± 6.0%; 
16.8 ± 3.7 ml·kg−1·min−1; 18 (II) 
and 12 (III)

CG; NA 29 (29); 100%; 58.0 ± 12.0 y; NR 
(brachial)

28.1 ± 5.0%; 
15.9 ± 1.5 ml·kg−1·min−1; 15 (II) 
and 14 (III)

Belardinelli et al. [42] IG; AE (MIT) Italy; randomised; Circ Heart 
Fail

44 (44); 86%; 59.0 ± 10.0 y; NR 
(brachial)

35.0 ± 8.0%; 
16.5 ± 4.5 ml·kg−1·min−1; 31 (II) 
and 13 (III)

CG; NA 42 (42); 83%; 58.0 ± 10.0 y; NR 
(brachial)

37.0 ± 8.0%; 
16.1 ± 4.5 ml·kg−1·min−1; 29 (II) 
and 13 (III)

Benda et al. [43] IG; AE (HIIT) Netherlands; non-randomised; 
PloS One

10 (10); 90%; 63.0 ± 8.0 y; 
4.40 ± 0.90 mm (brachial) 
6.70 ± 1.10 mm (femoral)

37.0 ± 6.0%; 
19.1 ± 4.1 ml·kg−1·min−1; 8 (II) 
and 2 (III)

IG$; AE (MIT) 10 (10); 100%; 64.0 ± 8.0 y; 
4.50 ± 0.50 mm (brachial) 
7.10 ± 1.20 mm (femoral)

38.0 ± 6.0%; 
21.0 ± 3.4 ml·kg−1·min−1; 8 (II) 
and 2 (III)

CG; NA 9 (9); 56%; 67.0 ± 7.0 y; 
4.10 ± 0.80 mm (brachial) 
6.20 ± 1.00 mm (femoral)

40.0 ± 11.0%; 
17.4 ± 5.8 ml·kg−1·min−1; 8 (II) 
and 1 (III)

Eleuteri et al. [44] IG; AE (MIT) Italy; randomised; Biomarkers 11 (11); 100%; 66.0 ± 6.6 y; 
4.40 ± 0.30 mm (brachial)

28.0 ± 7.0%; 
14.8 ± 2.3 ml·kg−1·min−1; 11 (II)

CG; NA 10 (10); 100%; 63.0 ± 6.3 y; 
4.40 ± 0.30 mm (brachial)

30.0 ± 5.7%; 
16.7 ± 1.3 ml·kg−1·min−1; 10 (II)

Erbs et al. [45] IG; AE (MIT) Germany; randomised; Circ 
Heart Fail

18 (17); 100%; 60.0 ± 11.0 y; NR 
(radial)

24.1 ± 5.1%; 
15.3 ± 3.3 ml·kg−1·min−1; 18 (III)

CG; NA 19 (17); 100%; 62.0 ± 10.0 y; NR 
(radial)

25.0 ± 4.3%; 
15.4 ± 3.8 ml·kg−1·min−1; 19 (III)

Giannattasio et al. [46] IG; AE (MIT) Italy; randomised; Hyperten‑
sion

11 (11); NR (MS); NR; 
2.90 ± 0.33 mm (radial)

32.9 ± 11.3%; NR; NR (I), NR (II), 
and NR (III)

CG; NA 11 (11); NR (MS); NR; 
2.50 ± 0.33 mm (radial)

32.2 ± 2.3%; NR; NR (I), NR (II), 
and NR (III)
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Table 1  (continued)

Study Group; EM (AEM) Study characteristics Patient characteristics

Country; study design; 
journal

Sample size (analysed); male 
percentage; age; baseline 
diameter

LVEF; VO2 peak; NYHA

Guazzi et al. [47] IG; AE (MIT) Italy; randomised; J Appl 
Physiol

16 (16); 100%; 52.0 ± 5.0 y; NR 
(brachial)

34.3 ± 3.3%; 
17.1 ± 2.8 ml·kg−1·min−1; 11 (II) 
and 5 (III)

CG; NA 15 (15); 100%; 54.0 ± 4.0 y; NR 
(brachial)

35.5 ± 3.7%; 
16.5 ± 2.7 ml·kg−1·min−1; 10 (II) 
and 5 (III)

Isaksen et al. (48) IG; AE (HIIT) Norway; non-randomised; Eur J 
Prev Cardiol

24 (24); 88%; 65.0 ± 9.0 y; 
3.63 ± 0.82 mm (brachial)

37.6 ± 10.9%; 
17.4 ± 4.6 ml·kg−1·min−1; 4 (I), 
18 (II), and 2 (III)

CG; NA 11 (11); 100%; 69.0 ± 9.0 y; 
3.94 ± 0.61 mm (brachial)

30.0 ± 8.1%; 
16.9 ± 2.8 ml·kg−1·min−1; 11 (II)

Kitzman et al. [49] IG; AE (MIT) USA; randomised; J Am Coll 
Cardiol

32 (23); 28%; 70.0 ± 7.0 y; 
4.17 ± 0.91 mm (brachial)

58.0 ± 6.0%*; 
14.2 ± 2.8 ml·kg−1·min−1; 15 (II) 
and 17 (III)

CG; NA 31 (22); 20%; 70.0 ± 7.0 y; 
4.13 ± 0.87 mm (brachial)

56.0 ± 5.0%*; 
14.0 ± 3.2 ml·kg−1·min−1; 17 (II) 
and 14 (III)

Kobayashi et al. [50] IG; AE (MIT) Japan; randomised; Circ J 14 (14); 86%; 55.0 ± 7.5 y; 
4.53 ± 0.64 mm (brachial) 
2.76 ± 0.60 mm (tibial)

29.0 ± 7.5%; 
18.0 ± 4.9 ml·kg−1·min−1; 10 (II) 
and 4 (III)

CG; NA 14 (14); 57%; 62.0 ± 7.5 y; 
4.16 ± 0.82 mm (brachial) 
2.66 ± 0.52 mm (tibial)

33.0 ± 7.5%; 
13.7 ± 3.4 ml·kg−1·min−1; 8 (II) 
and 6 (III)

Linke et al. [51] IG; AE (MIT) Germany; randomised; J Am 
Coll Cardiol

11 (11); 100%; 58.0 ± 6.6 y; 
3.42 ± 0.12 mm (radial)

26.0 ± 9.9%; 
16.0 ± 4.0 ml·kg−1·min−1; 8 (II) 
and 3 (III)

CG; NA 11 (11); 100%; 59.0 ± 10.0 y; 
2.99 ± 0.13 mm (radial)

24.0 ± 6.6%; 
16.9 ± 4.3 ml·kg−1·min−1; 8 (II) 
and 3 (III)

Munch et al. [52] IG; RE (NA) Denmark; randomised; J Car‑
diopulm Rehabil Prev

12 (12); 83%; 59.0 ± 10.4 y; 
5.99 ± 0.90 mm (femoral)

 ≤ 40% (IC); 
23.0 ± 3.5 ml·kg−1·min−1; 2 (I) 
and 10 (II)

IG$;AE (MIT) 14 (13); 86%; 63.0 ± 11.2 y; 
6.17 ± 1.01 mm (femoral)

 ≤ 40% (IC); 
22.0 ± 3.7 ml·kg−1·min−1; 4 (I) 
and 10 (II)

Sales et al. [53] IG; AE (HIIT) Brazil; randomised; Circ Heart 
Fail

11 (9); 64%; 55.0 ± 7.6 y; 
4.20 ± 0.50 mm (brachial)

27.8 ± 9.5%; 
17.9 ± 3.2 ml·kg−1·min−1; 6 (II) 
and 5 (III)

IG$; AE (MIT) 11 (10); 64%; 59.5 ± 7.0 y; 
4.00 ± 0.80 mm (brachial)

31.3 ± 6.1%; 
16.9 ± 1.9 ml·kg−1·min−1; 9 (II) 
and 2 (III)

CG; NA 8 (8); 75%; 56.1 ± 7.0 y; 
4.20 ± 0.70 mm (brachial)

25.8 ± 8.1%; 
15.7 ± 3.5 ml·kg−1·min−1; 4 (II) 
and 4 (III)

Sandri et al. [54]  ≤ 55 y: IG; AE (MIT) Germany; randomised; Eur J 
Prev Cardiol

15 (15); 80%; 50.0 ± 5.0 y; NR 
(radial)

27.0 ± 6.0%; 
13.3 ± 1.6 ml·kg−1·min−1; 8 (II) 
and 7 (III)

 ≤ 55 y: CG; NA 15 (15); 87%; 49.0 ± 5.0 y; NR 
(radial)

28.0 ± 5.0%; 
13.6 ± 1.3 ml·kg−1·min−1; 9 (II) 
and 6 (III)

 ≥ 65 y: IG; AE (MIT) 15 (15); 80%; 72.0 ± 4.0 y; NR 
(radial)

29.0 ± 6.0%; 
12.9 ± 1.4 ml·kg−1·min−1; 7 (II) 
and 8 (III)

 ≥ 65 y: CG; NA 15 (15); 80%; 72.0 ± 3.0 y; NR 
(radial)

28.0 ± 6.0%; 
13.1 ± 1.5 ml·kg−1·min−1; 8 (II) 
and 7 (III)
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Outcome Measures
Training‑Induced Effect on Endothelial Function
Five studies [38, 39, 49, 52, 55], which included patients 
with HFpEF (n = 3) [39, 49, 55] and/or investigated the 
effect of resistance exercise (n = 2) [52, 55] or combined 
exercise (n = 1) [38], were excluded from meta-analyses 
due to the low number of trials included in the systematic 
review. Their findings will be qualitatively analysed in the 
Discussion section. Therefore, the following pooled find-
ings refer to the effect of aerobic exercise in patients with 
HFrEF.

Meta-analysed data from 14 studies (18 analysis units; 
305 [IG] and 244 [CG] patients) revealed a statisti-
cally significant improvement in relative FMD values 
(p < 0.001; MD+  = 3.09% [95% CI = 2.01, 4.17]; Fig.  2) 
after an aerobic-based CR programme compared with 
CG. The heterogeneity test reached statistical signifi-
cance (p < 0.001), and inconsistency was high (I2 = 95.2%).

Analyses of the influence of potential moderator vari-
ables on the improvement of relative FMD can be found 
in Additional file 1: Table S4. Subgroup analyses reached 
statistical significance for the study design (p = 0.040), 
type of artery (p = 0.008), and sessions a week (p = 0.050). 
When taking these variables into consideration, results 
showed higher endothelial function improvement in 
randomised trials (14 analysis units; MD+  = 3.59% [95% 
CI = 2.43, 4.76]; I2 = 95.5%) compared with non-ran-
domised trials (four analysis units; MD+  = 1.21% [95% 
CI = –0.74, 3.17]; I2 = 77.0%), studies which measured 
radial FMD (four analysis units; MD+  = 5.25% [95% 
CI = 3.58, 6.92]; I2 = 81.5%) compared with those that 
assessed brachial FMD (14 analysis units; MD+  = 2.51% 
[95% CI = 1.36, 3.65]; I2 = 95.0%), and in studies which 
performed > 3 sessions a week (six analysis units; 
MD+  = 4.41% [95% CI = 2.88, 5.94]; I2 = 87.8%) com-
pared with those that carried out ≤ 3 sessions (12 analysis 

Table 1  (continued)

Study Group; EM (AEM) Study characteristics Patient characteristics

Country; study design; 
journal

Sample size (analysed); male 
percentage; age; baseline 
diameter

LVEF; VO2 peak; NYHA

Turri-Silva et al. [55] IG; RE (NA) Norway; randomised; PloS One 6 (6); 67%; 55.0 ± 10.9 y; 
4.38 ± 0.58 mm (brachial)

42.2 ± 13.5%*; 
16.9 ± 2.5 ml·kg−1·min−1; 2 (I), 3 
(II), and 1 (III)

IG$; AE (HIIT) 8 (5); 63%; 60.9 ± 9.7 y; 
4.54 ± 1.09 mm (brachial)

50.4 ± 17.0%*; 
17.5 ± 4.2 ml·kg−1·min−1; 3 (I), 3 
(II), and 2 (III)

CG; NA 8 (4); 88%; 56.0 ± 9.7 y; 
4.36 ± 1.17 mm (brachial)

46.8 ± 14.4%*; 
16.9 ± 2.5 ml·kg−1·min−1; 5 (I), 2 
(II), and 1 (III)

Van Craenenbroeck et al. [56] IG; AE (MIT) Belgium; non-randomised; 
Basic Res Cardiol

21 (21); 86%; 61.3 ± 10.1 y; 
4.81 ± 0.14 mm (brachial)

27.0 ± 8.7%; 
18.3 ± 6.4 ml·kg−1·min−1; NR 
(2.3 ± 0.5)

CG; NA 17 (17); 71%; 63.4 ± 12.4 y; 
4.50 ± 0.50 mm (brachial)

31.3 ± 7.0%; 
21.3 ± 8.7 ml·kg−1·min−1; NR 
(2.0 ± 0.4)

Wisløff et al. [57] IG; AE (HIIT) Norway; randomised; Circula‑
tion

9 (9); 78%; 76.5 ± 9.0 y; NR 
(brachial)

28.0 ± 7.3%; 
13.0 ± 1.6 ml·kg−1·min−1; NR

IG$; AE (MIT) 8 (8); 78%; 74.4 ± 12.0 y; NR 
(brachial)

32.8 ± 4.8%; 
13.0 ± 1.1 ml·kg−1·min−1; NR

CG; NA 9 (9); 67%; 75.5 ± 13.0 y; NR 
(brachial)

26.2 ± 8.0%; 
13.2 ± 1.9 ml·kg−1·min−1; NR

Zaky et al. [58] IG; AE (HIIT) Egypt; randomised; Biosci Res 20 (20); 100%; 54.0 ± 2.7 y; 
4.13 ± 0.26 mm (brachial)

37.0 ± 1.9%; NR; II-III (IC)

IG$;AE (MIT) 20 (20); 100%; 52.8 ± 11.6 y; 
4.13 ± 0.27 mm (brachial)

37.5 ± 3.1%; NR; II-III (IC)

AE, aerobic exercise; AEM, aerobic exercise method; CE, combined aerobic and resistance exercise; CG, control group; EM, exercise modality; HIIT, high-intensity 
interval training; IC, inclusion criterion; IG, intervention group; LVEF, left ventricular ejection fraction; MIT, moderate-intensity training; MS, mixed sample; NA, not 
applicable; NYHA, New York Heart Association functional class; NR, not reported; RE, resistance exercise; VO2 peak, peak oxygen uptake; and y, years

Values are reported as mean ± standard deviation
$ The intervention group was also considered the comparator group
* Patients with preserved left ventricular ejection fraction (> 50%) were included
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units; MD+  = 2.46% [95% CI = 1.15, 3.78]; I2 = 95.7%). 
Simple meta-regressions also showed a direct relation-
ship between relative FMD enhancement and sessions a 
week (18 analysis units; B = 0.82% [95% CI = 0.29, 1.25]; 
p = 0.002).

Regarding sensitivity analyses, the conclusions were 
similar to those obtained before using the leave-one-out 
cross-validation method and excluding analysis units 
reported from studies whose methodological quality was 
judged as poor. Finally, although the conclusions were 
similar to those obtained before running the random 
variance estimation analysis, the magnitude of the pooled 
MD slightly decreased (p = 0.004; MD+  = 2.64% [95% 
CI = 1.12, 4.16]) when compared with the former analy-
sis (see Fig.  2). The Egger’s test revealed no small-study 
effect (p = 0.851). In addition, the contour-enhanced 
funnel plot shows no asymmetry (Fig. 3), and no studies 

Fig. 2  Forest plot of mean differences between exercise-based cardiac rehabilitation and control group for relative flow-mediated dilation. AE, 
aerobic exercise; BA, brachial artery; CG, control group; CI, confidence interval; HIIT, high-intensity interval training; IG, intervention group; IV, inverse 
variance; MIT, moderate-intensity training; and RA, radial artery

Fig. 3  Contour-enhanced funnel plot for relative flow-mediated 
dilation
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appear to be missing in the non-significant areas [37]. 
Therefore, publication bias can be discarded as a threat 
against our finding regarding the effect of aerobic exer-
cise on relative FMD.

Combined data from four studies (five analysis units; 
65 [IG] and 41 [CG] patients) showed a statistically sig-
nificant enhancement in absolute FMD values (p < 0.001; 
MD+  = 0.13 mm [95% CI = 0.10, 0.16]; Additional file 1: 
Fig. S1) after an aerobic-based CR programme compared 
to CG. The heterogeneity test did not reach statistical 
significance (p = 0.634), and no inconsistency was found 
(I2 = 0.0%).

Regarding the aerobic exercise method, meta-analysed 
data from four studies (four analysis units; 48 [HIIT] and 
48 [MIT] patients) revealed that HIIT increased rela-
tive FMD values to a higher extent than MCT (p = 0.013; 
MD+  = 2.35% [95% CI = 0.49, 4.22]; Fig. 4). The hetero-
geneity test reached statistical significance (p = 0.002), 
and inconsistency was high (I2 = 82.9%).

Training‑Induced Effect on Vascular Smooth Muscle Function
Two studies did not report enough information to calcu-
late ES and were excluded from meta-analysis [46, 57]. 
Pooled data from five studies (six analysis units; 119 [IG] 
and 86 [CG] patients) showed that aerobic-based CR did 
not enhance relative NMD to a greater extent than CG 
(p = 0.424; MD+  = 0.29% [95% CI = − 0.43, 1.01]; Addi-
tional file 1: Fig. S2). The heterogeneity test reached sta-
tistical significance (p = 0.008), and inconsistency was 
moderate (I2 = 60.5%).

Discussion
This systematic review with meta-analysis was con-
ducted to investigate the effect of exercise-based CR 
programmes on endothelial function (i.e. FMD) in 
patients with HFrEF and HFpEF, as well as to assess 
the influence of the aerobic exercise method (i.e. HIIT 
vs. MIT) and exercise modality (i.e. resistance exercise 
vs. aerobic exercise and combined exercise vs. aerobic 
exercise) on the improvement of endothelial function. 
Additionally, the effect of exercise-based CR on vascu-
lar smooth muscle function (i.e. NMD) was also inves-
tigated. However, the low number of studies prevented 
pooled analyses for studying the effect of exercise-
based CR in patients with HFpEF and for investigating 
the influence of exercise modality on the improvement 
of endothelial function. Our main finding showed 
that aerobic-based CR programmes enhance FMD in 
patients with HFrEF, supporting the idea that exercise 
training is a non-pharmacological therapy capable of 
restoring endothelial function in these patients. Moreo-
ver, HIIT enhances endothelial function to a greater 
extent than MIT in these patients. Finally, aerobic-
based CR did not enhance vascular smooth muscle 
function in patients with HFrEF.

Training‑Induced Effect on Endothelial Function
In accordance with our hypothesis, we found that aero-
bic-based CR is a non-pharmacological treatment for 
enhancing endothelial function in patients with HFrEF. 
Several mechanisms have been used to explain the effect 
of aerobic exercise on endothelial function in patients 
with HF. First, aerobic exercise-induced shear stress 
increases NO availability [60–62] by inducing endothelial 
NO synthase phosphorylation [63]. Additionally, exercise 

Fig. 4  Forest plot of mean differences between high-intensity interval training and moderate-intensity training for relative flow-mediated dilation. 
BA, brachial artery; CI, confidence interval; HIIT, high-intensity interval training; IV, inverse variance; and MIT, moderate-intensity training
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training promotes vascular healing and neovascularisa-
tion by inducing endothelial progenitor cells mobilisa-
tion from the bone marrow to the circulation [64–66], 
which is mediated by pro-angiogenic factors such as 
chemokines (e.g. stromal cell derived factor 1 alpha), 
growth factors (e.g. vascular endothelial growth factors), 
and cytokines (i.e. interleukin-8) [67]. Finally, exercise 
training also increases endothelium-reparative capacity 
by enhancing intracellular signalling [68].

Our results showed an increase of 3.09% (95% 
CI = 2.01, 4.17) in relative FMD after an aerobic-based 
CR programme compared to usual care and/or non-exer-
cise. We also found an improvement in endothelial func-
tion when we used absolute FMD values (0.13 mm [95% 
CI = 0.10, 0.16]). These data are in line with previous 
systematic reviews and meta-analyses of patients with 
HF [69]. For instance, Pearson and Smart [21] showed 
a statistically significant increase in relative FMD after 
moderate- and vigorous-intensity aerobic exercise (1.00 
[95% CI = 0.19, 1.80], and 1.21 [95% CI = 0.60, 1.82], 
respectively). Moreover, Pearson and Smart [20], who 
included other types of intervention (i.e. yoga, pilates, tai 
chi, hydrotherapy, functional electrical stimulation, and 
inspiratory muscle training), also found an increase in 
both relative FMD (1.05 [95% CI = 0.64, 1.46]) and abso-
lute FMD values (0.98 [95% CI = 0.48, 1.48]). However, 
they used the standardised mean difference as the ES 
index, which does not allow us to compare the magnitude 
of their findings with our own. In contrast, we decided 
to use a non-standardised ES index because it is easier to 
interpret from a clinical standpoint. In this regard, there 
is evidence showing that for every 1% increase of FMD 
there is a cardiovascular risk reduction of 8–13% [70, 71], 
highlighting the clinical relevance of exercise-induced 
endothelial adaptations.

Previous systematic reviews and meta-analyses have 
demonstrated that aerobic exercise also increases 
endothelial function in other populations [72–74]. For 
instance, Ashor et  al. [23] reported a FMD increase of 
2.79% (95% CI = 2.12, 3.45) in favour of aerobic exercise 
compared to non-exercise groups in patients suffering 
from various diseases (e.g. HF, coronary artery disease 
[CAD], overweight, and peripheral artery disease). Addi-
tionally, Manresa-Rocamora et  al. [75] reported a FMD 
improvement of 3.62% (95% CI = 2.62, 4.62) in favour 
of exercise-based CR in patients with CAD, while Qiu 
et al. [76] found a FMD increase of 1.77% (95% CI = 0.94, 
2.59) in patients with type 2 diabetes. The lower train-
ing-induced effect on endothelial function in patients 
with diabetes could be due to the reduced ability of the 
endothelium of these patients to produce NO as a con-
sequence of hyperglycaemia [77]. Overall, these find-
ings support the use of aerobic exercise for improving 

endothelial function and diminishing mortality in healthy 
individuals and patients suffering from a wide range of 
pathologies.

Regarding the degree of heterogeneity of the studies 
we included, our pooled analysis showed high inconsist-
ency of the results, which coincides with the conclusions 
of previous meta-analyses [20, 23, 75]. Therefore, it was 
necessary to analyse the influence of potential moderator 
variables on the improvement of FMD in patients with 
HFrEF. First, all pooled studies carried out measurements 
of endothelial function in arteries of the upper limbs 
(i.e. brachial or radial). Our analyses showed a greater 
improvement of FMD in studies which assessed endothe-
lial function in the radial artery [45, 51, 54] compared to 
the brachial artery. This finding is in line with previous 
evidence. For instance, Agewall et  al. [78] reported that 
FMD was higher in the radial artery than in the brachial 
artery, regardless of the cuff placement (i.e. forearm and 
upper arm), which could explain in part the higher train-
ing-induced effect found in studies which assessed radial 
FMD. Second, the effect of aerobic exercise was higher in 
randomised trials compared to non-randomised studies. 
Overall, the larger the effect, the lower the likelihood that 
the results are attributable to confounding factors (e.g. 
higher activity levels in the experimental group than in 
the comparison group). Nonetheless, the pooled result 
of randomised studies was also inconsistent (I2 = 95.5%). 
There is evidence that the results of randomised stud-
ies with adequate and inadequate allocation conceal-
ment could be different [79]. Information regarding the 
randomisation (i.e. random allocation sequence and 
allocation concealment) was missing from most of the 
randomised studies, which could induce selection bias 
and, therefore, increase the heterogeneity of their find-
ings. Moreover, most of the studies included were judged 
to be of poor or fair quality, which could lead to bias and 
partially explain the inconsistency of our findings. This 
also supports the need for further high-quality trials.

Benda et al. [43] and Kobayashi et al. [50] carried out 
a cycle ergometer-based CR programme and assessed 
both upper- and lower-limb endothelial function. They 
found that FMD improved in the lower limb arteries (i.e. 
femoral and tibial arteries) but not in the upper limbs, 
showing an exercise-induced local effect in the trained 
limbs. It is noteworthy that most of the studies included 
in our review carried out lower-limb aerobic exercises 
(e.g. treadmill, cycle ergometer) (see Additional file  1: 
Table  S2). Interestingly, these two studies, which only 
found improvement in the trained lower limbs, exer-
cised twice a week [43, 50], while the studies that found 
enhanced upper-limb endothelial function trained three 
or more days a week. These findings show that a low 
training frequency (e.g. two sessions a week) is sufficient 
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to induce endothelial adaptations in the trained limbs, 
but a higher training frequency (e.g. more than two ses-
sions) is necessary to reach systemic vascular adaptations 
(e.g. increased brachial FMD) beyond the active muscles. 
These findings have important implications for exercise 
prescription in CR programmes. In addition, our hetero-
geneity analyses showed a greater training-induced effect 
on FMD in studies which carried out a higher number of 
training sessions per week (e.g. more than three sessions 
compared to less than four), regardless of the variable 
scale (i.e. categorical or continuous). These results are in 
accordance with those previously reported by Ashor et al. 
[23], who found that the frequency of resistance exercise 
was positively associated with the improvement in FMD 
in healthy adults. However, this aspect had not been pre-
viously analysed in patient with HF [20, 21].

Other heterogeneity sources should be mentioned. 
There is evidence about the influence of patients’ char-
acteristics on the training-induced effect on endothelial 
function [80, 81]. However, aggregated information at the 
trial level was used to perform meta-analyses, and the 
relationship between patients’ characteristics and treat-
ment effects was not investigated [82]. Another impor-
tant source of heterogeneity is the protocol used for 
FMD acquisition [83]. The recommended post-deflation 
time to measure FMD is about 180-s [59, 84] because it is 
assumed that it coincides with the peak arterial dilation. 
Nevertheless, this time window varied greatly between 
studies, and some of them used shorter post-dilation 
imaging (60 to 90-s) [40–42, 44, 47, 50, 57], which could 
limit the estimation of the true peak dilation.

The effect of aerobic exercise in patients with HFpEF 
has been poorly investigated, even though endothelial 
dysfunction is considered an underlying pathophysiologi-
cal mechanism of HFpEF [85]. Kitzman et  al. [49] and 
Turri-Silva et al. [55], who included patients with HFrEF 
and HFpEF, analysed the effect of MIT and HIIT, respec-
tively, on endothelial function. The authors found that 
both aerobic exercise methods did not enhance brachial 
FMD to a greater degree than non-exercise interventions. 
These results are in agreement with previous evidence 
that also showed disappointing effects of drug therapies 
in patients with HFpEF [86, 87]. However, the low num-
ber of studies, as well as the ability of exercise training to 
improve endothelial dysfunction, warrant future stud-
ies exploring the effect of aerobic exercise (i.e. HIIT and 
MIT) in patients with HFpEF.

Furthermore, since exercise training could be consid-
ered a non-pharmacological treatment for improving 
endothelial function in patients with HFrEF, the effi-
cacy of different “doses” of exercise, in terms of inten-
sity (i.e. HIIT vs. MIT) and exercise modality, should be 
tested to enable appropriate design of exercise-based 

CR programmes. In this regard, our subgroup analy-
sis showed that the enhancement of endothelial func-
tion occurred after both types of aerobic exercise: MIT 
(2.95% [95% CI = 1.87, 4.04]) and HIIT (3.53% [95% 
CI = 0.10, 6.96]) (Additional file  1: Table  S4). Moreover, 
we have found that HIIT improved endothelial func-
tion to a greater degree than MIT (2.35% [95% CI = 0.49, 
4.22]; Fig. 4) in patients with HFrEF, which is in line with 
our hypothesis. Ramos et  al. [88] and Mattioni Matu-
rana et al. [89] had already reported higher HIIT-induced 
effects on brachial FMD, but they included healthy peo-
ple and patients with various diseases (e.g. CAD, diabe-
tes, or obesity). Angadi et al. [39] also found higher FMD 
improvement after HIIT compared to MIT in patients 
with HFpEF. Notably, out of all the pooled studies in our 
meta-analysis, Benda et  al. [43] was the only study that 
did not find any differences between both aerobic exer-
cise methods for enhancing brachial FMD. However, 
lower-limb exercises were performed twice a week, and 
a higher training frequency could be necessary to achieve 
systemic effects. The underlying mechanisms are not 
fully understood, but it has been speculated that HIIT 
could induce higher shear stress than MIT on blood ves-
sel walls, promoting greater NO bioavailability [90, 91]. 
In this regard, there is evidence showing both increased 
blood flow and shear stress with increasing exercise 
intensity [92]. In contrast to our finding and previous evi-
dence, Qiu et al. [76] and Pearson and Smart [21] found 
no differences between both aerobic exercise methods 
in patients with diabetes and HF, respectively. However, 
their findings are controversial because some of the 
studies included performed exercise regimes that did 
not meet the necessary intensity requirements to con-
sider them as HIIT [18]. Therefore, they did not actually 
compare HIIT and MIT, rather intermittent versus con-
tinuous moderate-intensity training [93]. Thus, to the 
best of our knowledge, our meta-analysis is the first to 
provide evidence of the superiority of HIIT for improv-
ing endothelial function in patients with HFrEF, and this 
topic requires future study in patients with HFpEF.

Finally, few studies have investigated the effect of 
resistance exercise and combined exercise, compared to 
aerobic exercise, in patients with HF. Munch et  al. [52] 
and Turri-Silva et  al. [55] found no differences between 
resistance exercise and aerobic exercise (i.e. MIT and 
HIIT, respectively) for enhancing endothelial function. 
Munch et  al. [52] recruited patients with HFrEF, while 
Turri-Silva et al. [55] included both patients with HFrEF 
and HFpEF. In contrast, Anagnostakou et  al. [38] found 
an increase in brachial FMD of 4.66% (95% CI = 1.94, 
7.38) in favour of combined exercise (i.e. HIIT plus resist-
ance exercise) compared to aerobic exercise (i.e. HIIT) in 
patients with HFrEF. In line with this finding, although 
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combined exercise and aerobic exercise were not directly 
compared, Qiu et al. [76] reported in their meta-analysis 
higher FMD improvement in patients with type 2 diabe-
tes after combined exercise (2.49% [95% CI = 1.17, 3.81]) 
than after aerobic exercise (1.21% [95% CI = 0.23, 2.19]). 
On the contrary, Ashor et al. [23] reported that all exer-
cise modalities similarly enhanced endothelial function 
in patients and healthy individuals. As we can see, there 
is insufficient evidence in patients with HF to draw solid 
conclusions about the influence of the exercise modal-
ity on the improvement of endothelial function, and 
the results of previous meta-analyses are controversial. 
Therefore, future studies should be performed to clarify 
whether combined exercise is better than aerobic exer-
cise for increasing endothelial function in patients with 
HF.

Training‑Induced Effect on Vascular Smooth Muscle 
Function
In accordance with our hypothesis and previous evi-
dence in patients with HF [20] and CAD [75], our find-
ings demonstrate that aerobic-based CR programmes 
do not enhance vascular smooth muscle function in 
patients with HFrEF. On the contrary, Liu et al. [94], who 
included studies performed with patients and healthy 
individuals, as well as different exercise modalities, 
reported that exercise training is suitable for improving 
endothelial-independent dilation. However, heterogene-
ity was high and exercise-induced adaptations were only 
found in patients with hypercholesterolemia or rheuma-
toid arthritis. In addition, Liu et al. [94] found a greater 
improvement in endothelial-independent dilation in 
studies which carried out vigorous aerobic exercise. In 
contrast with these results, Benda et al. [43] and Isaksen 
et al. [48], who assessed the effect of HIIT compared to 
non-exercise on vascular smooth muscle function, found 
no differences. It should be pointed out that none of the 
previous studies were conducted in patients with HFpEF. 
Therefore, it seems that aerobic exercise-based CR is not 
suitable for increasing vascular smooth muscle function 
in patients with HFrEF. Taking into account that vascu-
lar function (i.e. arterial dilation) depends on endothelial 
and vascular smooth muscle function [13, 95, 96], the 
lack of improvement of NMD seen in our study confirms 
that the effect of aerobic exercise on arterial dilation is 
mediated by an enhancement of endothelial function.

Strength and Limitations
To the best of our knowledge, the current meta-analysis 
is the first to study the influence of the aerobic exer-
cise method (i.e. MIT and HIIT) and exercise modality 
on the improvement of endothelial function in patients 
with HF. Moreover, we also investigated the influence 

of other training variables (e.g. training frequency) on 
the improvement of endothelial function. Exercise char-
acteristics (e.g. intensity of effort bouts) were carefully 
checked to properly classify studies based on the aerobic 
exercise method and exercise modality. Finally, robust 
variance estimation was used to control dependent ES 
reported from the same research group. Nonetheless, 
there are some limitations that should be mentioned. 
Firstly, randomised and non-randomised studies were 
included, which could increase the inconsistency of our 
findings. However, heterogeneity analyses were per-
formed based on the study design. Secondly, due to the 
limited number of studies that investigated the effect of 
exercise training on endothelial function in patients with 
HFpEF, we decided not to pool their findings in order 
to avoid controversial results. Similarly, the low number 
of studies assessing the effect of resistance exercise and 
combined exercise did not allow us to conduct pooled 
analyses to test the influence of exercise modality on 
endothelial function.

Conclusions
Our study has evidenced that aerobic-based CR pro-
grammes are effective to improve endothelial function 
in patients with HFrEF, with the potential reduction 
in mortality and health benefits this implies. Further 
research is required with HFpEF patients as they are 
under-represented in the literature. The magnitude of the 
exercise-induced improvement of endothelial function 
depends on several training variables which should be 
considered to design the optimal CR programme. Firstly, 
a low training frequency (i.e. twice a week) is sufficient 
to induce vascular adaptations in the trained limbs, but 
higher frequencies (e.g. three sessions a week) are neces-
sary to produce systemic vascular adaptations. Regarding 
the aerobic training method, HIIT enhances endothelial 
function to a greater extent than MIT, although it should 
be stressed that MIT also improves FMD. Finally, there 
is not enough evidence to draw solid conclusions about 
the influence of exercise modality on the enhancement of 
FMD in patients with HF, which warrants future studies.

From a clinical standpoint, the key question is, do we 
want patients with HF to train for a limited period or 
should we aim to promote exercise during their lifetime? 
If we have a limited period of time (e.g. 8  weeks) and 
want to achieve the greatest improvement in endothelial 
function, HIIT is the aerobic exercise method of choice. 
However, the objective should be to promote exercise 
for life [97], and a better approach might be to start with 
MIT and progress to HIIT (principle of training progres-
sion). Therefore, we propose that HFrEF patients should 
begin CR three days a week with MIT (which is sufficient 
to improve endothelial function). Subsequently, HIIT and 
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resistance exercise should be progressively introduced 
(e.g. phase 3 CR) to increase the training stimulus over 
time to avoid plateauing with respect to gains in endothe-
lial function adaptations.
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