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Background: Exercise training improves endothelial function in patients with
cardiovascular disease (CVD). However, the influence of training variables
remains unclear. The aim of this study was to evaluate the effect of high-
intensity interval training (HIIT), compared to moderate intensity training (MIT)
and other exercise modalities (i.e., resistance and combined exercise), on
endothelial function, assessed by arterial flow-mediated dilation (FMD) or
endothelial progenitor cells (EPCs), in patients with CVD. Secondly, we
investigated the influence of other training variables (i.e., HIIT protocol).

Methods: The PICOS strategy was used to identify randomised and non-
randomised studies comparing the effect of HIIT and other exercise modalities
(e.g., MIT) on endothelial function in patients with CVD. Electronic searches were
carried out in Pubmed, Embase, and Web of Science up to November 2022. The
TESTEX scale was used to evaluate the methodological quality of the included
studies. Random-effects models of between-group mean difference (MD) were
estimated. A positive MD indicated an effect in favour of HIIT. Heterogeneity
analyses were performed by the chi-square test and I2 index. Subgroup analyses
evaluated the influence of potential moderator variables.

Results: Fourteen studies (13; 92.9% randomised) were included. Most of the
studies trained 3 days a week for 12 weeks and performed long HIIT. No
statistically significant differences were found between HIIT and MIT for
improving brachial FMD in patients with coronary artery disease (CAD) and
heart failure with reduced ejection fraction (HFrEF) (8 studies; MD+ = 0.91%
[95% confidence interval (CI) = −0.06, 1.88]). However, subgroup analyses
showed that long HIIT (i.e., > 1 min) is better than MIT for enhancing FMD
(5 studies; MD+ = 1.46% [95% CI = 0.35, 2.57]), while no differences were
found between short HIIT (i.e., ≤ 1 min) and MIT (3 studies; MD+ = −0.41%
[95% CI = −1.64, 0.82]). Insufficient data prevented pooled analysis for EPCs,
and individual studies failed to find statistically significant differences (p > .050)
between HIIT and other exercise modalities in increasing EPCs.

OPEN ACCESS

EDITED BY

Alberto J. Alves,
University Institute of Maia (ISMAI),
Portugal

REVIEWED BY

Szczepan Wiecha,
Józef Piłsudski University of Physical
Education in Warsaw, Poland
Tieh-Cheng Fu,
Keelung Chang Gung Memorial Hospital,
Taiwan

*CORRESPONDENCE

José Manuel Sarabia,
jsarabia@umh.es

RECEIVED 30 March 2023
ACCEPTED 17 July 2023
PUBLISHED 27 July 2023

CITATION

Fuertes-Kenneally L, Blasco-Peris C,
Casanova-Lizón A, Baladzhaeva S,
Climent V, Sarabia JM and
Manresa-Rocamora A (2023), Effects of
high-intensity interval training on
vascular function in patients with
cardiovascular disease: a systematic
review and meta-analysis.
Front. Physiol. 14:1196665.
doi: 10.3389/fphys.2023.1196665

COPYRIGHT

© 2023 Fuertes-Kenneally, Blasco-Peris,
Casanova-Lizón, Baladzhaeva, Climent,
Sarabia and Manresa-Rocamora. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology frontiersin.org01

TYPE Systematic Review
PUBLISHED 27 July 2023
DOI 10.3389/fphys.2023.1196665

https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/full
https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/full
https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/full
https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/full
https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2023.1196665&domain=pdf&date_stamp=2023-07-27
mailto:jsarabia@umh.es
mailto:jsarabia@umh.es
https://doi.org/10.3389/fphys.2023.1196665
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2023.1196665


Discussion: Poor methodological quality could limit the precision of the current
results and increase the inconsistency. Long HIIT is superior to MIT for improving
FMD in patients with CAD or HFrEF. Future studies comparing HIIT to other exercise
modalities, as well as the effect on EPCs and in HF with preserved ejection fraction
are required.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/
#myprospero, identifier CRD42022358156.

KEYWORDS

high-intensity interval training, vascular function, cardiovascular disease, training
variables, flow-mediated dilation, endothelial progenitor cells, coronary artery disease,
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1 Introduction

Endothelial function is defined as the ability of the
endothelium to produce vasodilators that control vascular
tone, blood flow, and immune cell activity (Godo and
Shimokawa, 2017). The most frequently used technique to
assess endothelial function is flow-mediated dilation (FMD),
which is largely caused by the release of endothelium-derived
relaxing factors (e.g., nitric oxide [NO]) (Koller et al., 1995).
Brachial FMD is the dilation of the artery induced by a reactive
hyperaemia after vessel occlusion and release (Korkmaz and
Onalan, 2008). Another variable used to evaluate endothelial
function are endothelial progenitor cells (EPCs) (Hill et al.,
2003). There are a small population of bone marrow-derived
cells which are mobilised to the peripheral blood by various
stimuli such as ischemia or chemokines and participate in
endothelial repairing and neovascularisation (Khakoo and
Finkel, 2005). There is evidence that patients with
cardiovascular disease (CVD) (e.g., coronary artery disease
[CAD], heart failure with reduced ejection fraction [HFrEF],
and heart failure with preserved ejection fraction [HFpEF]),
suffer from endothelial dysfunction, which may partly explain
the increased risk of mortality found in this population (Katz
et al., 2005). Therefore, there is a growing interest in the
development of pharmacological and non-pharmacological
treatments capable of improving endothelial function
(i.e., FMD and EPCs) and reducing mortality risk of patients
with CVD (Medina-Leyte et al., 2021).

Regarding non-pharmacological interventions, exercise-
based cardiac rehabilitation (CR) has been demonstrated to
be effective for the prevention and treatment of CVD by
improving endothelial dysfunction (Pearson and Smart,
2017a; 2017b; Sakellariou et al., 2021; Manresa-Rocamora
et al., 2022). Nonetheless, exercise training variables (e.g.,
exercise modality [e.g., aerobic exercise and resistance
exercise], training frequency, and intervention length) should
be taken into account to properly design CR programmes aimed
at improving endothelial function (Sarabia et al., 2018). Aerobic
exercise is the most common exercise modality used in exercise-
based CR programmes (Anderson et al., 2016). Within aerobic
exercise, moderate intensity training (MIT) works in the
treatment of patients with CVD (Manresa-Rocamora et al.,
2020; Manresa-Rocamora et al., 2021). MIT is conducted over
a long period of time (e.g., 30—40 min) at moderate intensity

(e.g., between first and second ventilatory thresholds) (Fletcher
et al., 2001). Nonetheless, high-intensity interval training
(HIIT) has emerged as a more effective and time-efficient
exercise modality in the treatment of patients with CVD
(Gillen and Gibala, 2018). HIIT combines high-intensity
bouts of exercise with periods of passive rest or low-intensity
exercise (Buchheit and Laursen, 2013a; Buchheit and Laursen,
2013b).

Ramos et al. (2015) and Mattioni Maturana et al. (2021)
showed that HIIT increases endothelial function (i.e., FMD) to a
greater degree than MIT in healthy individuals and patients
with a wide range of pathologies. In the same line, Fuertes-
Kenneally et al. (2023) found that HIIT is superior to MIT for
enhancing FMD in patients with HFrEF. Nonetheless, few
studies were included, and their findings were inconsistent.
In this regard, prescription of HIIT requires the
manipulation of variables such as duration of high-intensity
exercise bouts (i.e., HIIT protocol) (e.g., > 1 min [long HIIT]
or ≤ 1 min [short HIIT]), number of repetitions and series, type
of recovery (i.e., active or passive), and duration of the recovery
periods (Buchheit and Laursen, 2013a; Buchheit and Laursen,
2013b). The manipulation of any of these variables can affect
the physiological response to HIIT (Buchheit and Laursen,
2013a; Buchheit and Laursen, 2013b). However, previous
meta-analyses have not addressed whether variables such as
number of repetitions, duration of high-intensity exercise
sessions, or type of recovery (i.e., HIIT variables) can affect
the HIIT-induced effect on endothelial function in patients with
CVD. On the other hand, resistance exercise, which can be
performed alone or combined with aerobic exercise (henceforth
combined exercise), acutely increases EPCs in healthy women
(Ribeiro et al., 2017). Nonetheless, whether HIIT is superior to
resistance exercise or combined exercise in patients with CVD
remains unclear.

Therefore, the aims of the current study were the following:
(a) to systematically compile training characteristics of studies
that investigated the effect of HIIT, compared to MIT and other
exercise modalities (i.e., resistance exercise and combined
exercise), on endothelial function (i.e., brachial FMD and
EPCs) in patients with CVD (i.e., CAD, HFrEF, and HFpEF);
(b) to determine whether HIIT improves endothelial function to
a greater extent than other exercise interventions; (c) to study the
influence of HIIT variables on the improvement of endothelial
function in patients with CVD.
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2 Method

This systematic review with meta-analysis was conducted in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) guidelines (Page et al.,
2021) and was prospectively registered on the International
Prospective Register of Systematic Reviews (PROSPERO)
database prior to formal screening (CRD42022358156).

2.1 Data search and sources

An electronic search strategy was specifically designed for
Pubmed, Embase, Cochrane Central database, and Web of
Science (i.e., Core Collection [Science Citation Index
Expanded and Conference Proceeding Citation Index]). Free-
text terms, which were searched in the title, abstract, and
keywords (where available) fields, and thesaurus terms (e.g.,
Medical Subject Heading [MeSH]) were included in the search
strategy. Database searches were performed from earliest record
to November 2022. The PIO strategy (participants [e.g., CVD],
interventions [e.g., HIIT], and outcomes [e.g., FMD]) was used to
create the structure of the bibliographic search (da Costa Santos
et al., 2007). Full database searches can be found in
Supplementary Material (SM). Moreover, the reference lists of
the included articles were hand-reviewed using the backward
reference searching to identify further published studies (Horsley
et al., 2011). Finally, corresponding authors of the selected
studies were emailed in an attempt to retrieve published,
unpublished, and ongoing studies. Email contact was
maintained with these authors to identify changes in the
status of these studies.

2.2 Study selection

Eligibility criteria were established according to the PICOS
guideline (participants, interventions, comparisons, outcomes,
and study design) as follows: (a) participants: adult male and
female patients with CVD (i.e., CAD and HFrEF, and HFpEF);
(b) interventions: inpatient or outpatient HIIT programmes lasting
at least 2 weeks, regardless of the setting (i.e., home- or centre-based
CR programme), either alone or in addition to psychosocial and/or
educational interventions; (c) comparison groups (CG): non-
exercise group, MIT, resistance exercise, and combined aerobic
and resistance exercise [(henceforth combined exercise)]; (d)
outcomes: endothelial function assessed by brachial FMD and
reported as percent change and/or circulating blood markers
(i.e., EPCs); and (e) study design: randomised and non-
randomised studies. Finally, studies written in English, Spanish,
or Russian were included. When several articles referred to the same
study, the original article was included in the review.

Two review authors (A.C. and S.B) independently evaluated
each study for inclusion in two stages: (a) a preliminary assessment
of the titles/abstracts and (b) a thorough review of the full-text
studies selected in the previous stage. In case of disagreements, a
third author (A.M.) checked the study information to reach an
agreement.

2.3 Data extraction and coding study
characteristics

The data were extracted using a standardised extraction form in
Microsoft Excel by two review authors (A.C. and S.B.). In case of doubts,
a third author (A.M.) assessed the information to reach an agreement.
The following information was extracted from the selected studies: (a)
study information (i.e., publication year, country, journal, sample size,
and study design [i.e., randomised or non-randomised]; (b) study
population (i.e., clinical condition [i.e., CAD, HFrEF, and HFpEF],
sex [i.e., males, females, ormixed sample], men percentage, age, baseline
artery diameter [mm], and VO2 peak); (c) intervention (i.e., CR phase
[i.e., inpatient or outpatient], setting [i.e., home-based, centre-based, or
mixed programme], exercise mode [e.g., cycle ergometer], number of
bouts, duration of high-intensity intervals [i.e., long HIIT (>60 s) or
short HIIT (≤60 s)], intensity, type of recovery [i.e., active or passive],
recovery length, and recovery intensity [if applicable]); (d) CG
characteristics (e.g., exercise modality [i.e., MIT, resistance exercise,
or combined exercise], session length, intensity, and number of
resistance exercises); (e) FMD assessment characteristics (cuff
placement [i.e., distal or proximal to the imaged artery], occlusion
length [s], occlusion pressure [mmHg], and post-deflation timewindow
[s]); (f) EPCs assessment (i.e., method used to enumerate circulating
EPCs, antibodies used, EPCs phenotype, and units of measure); and (g)
statistical information (e.g., mean and standard deviation [SD]).

2.4 Dealing with missing data

Corresponding authors were emailed to request missing data
(e.g., number of patients allocated to the two groups, training
frequency, and endpoint information). Authors of unpublished
studies (e.g., conference abstract) were also contacted to request
information not reported in the abstract. If no answer was received,
the unpublished study was excluded from the review.

2.5 Methodological quality assessment

The tool for the assessment of study quality and reporting in
exercise (TESTEX) scale was used to carry out the methodological
quality judgement of the included studies (Smart et al., 2015). The
criteria used to carry out methodological quality assessment can be
found in Table S1 (see SM). Based on the overall scores, methodological
quality was judged as excellent (12—14), good (9—11), fair (6—8), or
poor (<6). Two authors (C.B. and L.F.) carried out the methodological
quality assessment and, in case of doubts, a third author (A.M.) checked
the specific item to reach an agreement.

2.6 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, as the eligible studies had to
measure relative changes in brachial FMD (inclusion criteria) (Andrade,
2020). The MD was calculated by subtracting the mean change in the
CG (i.e., MIT, resistance exercise, or combined exercise) from the mean
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change in theHIIT group. Later, MDwas corrected by a factor for small
samples (Hedges and Olkin, 2014). Means and SDwere estimated from
reported data (e.g., median, interquartile range, and group sample size)
where necessary (Wan et al., 2014). Inmultistage studies (i.e., more than
two assessments), the results obtained from the first two measurements
were used to calculate the MD. Separate meta-analyses were performed
based on the CG. Moreover, it was established that at least three studies
must have examined the effect of HIIT on vascular function on a CVD
sublevel (i.e., CAD, HFrEF, or HFpEF) to include this pathology in
pooled analyses. Afterwards, outcomes common to at least three studies
were pooled using random-effects meta-analyses (Borenstein et al.,
2010). The results of the non-pooled studies were discussed
qualitatively.

Sensitivity analyses were performed by applying the leave-
one-out cross-validation method to test the influence of each
individual study in our pooled results. Studies were considered
influential if their removal significantly changed the pooled effect
(e.g., change from significant to non-significant). After deleting
influential studies from the pooled finding (if necessary), the chi-
square test and I2 index were used to analyse heterogeneity. I2

values of 25%, 50%, and 75% were interpreted as low, moderate,

and high heterogeneity, respectively (Higgins et al., 2003). In case
of substantial heterogeneity (i.e., p ≤ .050 and/or I2 ≥ 50%), the
influence of potential moderator variables of the pooled finding
was investigated (Higgins et al., 2003). Subgroup analyses were
used to carry out heterogeneity analyses. All analyses were
performed using weighted least squares and assuming mixed-
effect models (Cooper and Hedges, 1994). Publication bias was
analysed graphically through contour-enhanced funnel plots,
while the Egger’s test was used to quantify the evidence for
funnel plot asymmetry (Peters et al., 2008; Sterne et al., 2011).
STATA software (version 16.0; Stata Corp LLC, College Station,
TX, United States) was used to conduct all analyses.

3 Results

3.1 Study selection

Figure 1 shows the flow chart diagram of the study selection
process, according to the PRISMA guidelines. A total of
631 references were retrieved from the electronic searches. Two

FIGURE 1
Flow-chart of the study selection process.
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TABLE 1 Study and patient characteristics.

Study Group Study characteristics Patient characteristics

Country; study design; journal Pathology; sample size; male
percentage; age

Baseline brachial diameter;
LVEF; VO2 peak

Anagnostakou et al. (2011) HIIT Greece; randomised; J Card Fail HFrEF; 14 (14); 86%; 52.0 ± 11.0 years 4.40 ± 0.50 mm; 36.0% ± 13.0%; 15.7 ±
4.0 mL·kg−1·min−1

Combined exercise HFrEF; 14 (14); 79%; 54.0 ± 10.0 years 4.50 ± 0.50 mm; 39.0% ± 11.0%; 15.7 ±
6.0 mL·kg−1·min−1

Angadi et al. (2015) HIIT United States; randomised; J Appl Physiol HFpEF; 9 (9); 89%; 69.0 ± 6.1 years NR; 65.0% ± 5.0%; 19.2 ±
5.2 mL·kg−1·min−1

MIT HFpEF; 6 (6); 67%; 71.5 ± 11.7 years NR; 66.0% ± 4.0%; 16.9 ±
3.0 mL·kg−1·min−1

Benda et al. (2015) HIIT Netherlands; non-randomised; PloS One HFrEF; 10 (10); 90%; 63.0 ± 8.0 years 4.40 ± 0.90 mm; 37.0% ± 6.0%; 19.1 ±
4.1 mL·kg−1·min−1

MIT HFrEF; 10 (10); 100%; 64.0 ± 8.0 years 4.50 ± 0.50 mm; 38.0% ± 6.0%; 21.0 ±
3.4 mL·kg−1·min−1

Currie et al. (2013) HIIT Canada; randomised; Med Sci Sports Exerc CAD; 11 (11); NR; 62.0 ± 11.0 years 4.52 ± 0.70 mm; 28.0% ± 7.0%; 19.8 ±
3.7 mL·kg−1·min−1

MIT CAD; 11 (11); NR; 68.0 ± 8.0 years 4.30 ± 0.75 mm; 30.0% ± 5.7%; 18.7 ±
5.7 mL·kg−1·min−1

Kourek et al. (2021) HIIT Grece; randomised; Int J Cardiol Heart Vasc HFrEF; 21 (21); 81%; 55.0 ± 11.0 years NR; 35% (30—43) #; 18.7 ±
5.0 mL·kg−1·min−1

Combined exercise HFrEF; 23 (23); 78%; 57.0 ± 9.0 years NR; 30% (25—35) #; 18.2 ±
3.8 mL·kg−1·min−1

Moholdt et al. (2012) HIIT Norway; randomised; Clin Rehabil CAD; 30 (24); 83%; 56.7 ± 10.4 years NR; NR; 32.2 ± 6.7 mL·kg−1·min−1

MIT CAD; 59 (44); 83%; 57.7 ± 9.3 years NR; NR; 16.5 ± 2.7 mL·kg−1·min−1

Sales et al. (2020) HIIT Brazil; randomised; Circ Heart Fail HFrEF; 11 (9); 64%; 55.0 ± 7.6 years 4.20 ± 0.50 mm; 27.8% ± 9.5%; 17.9 ±
3.2 mL·kg−1·min−1

MIT HFrEF; 11 (10); 64%; 59.5 ± 7.0 years 4.00 ± 0.80 mm; 31.3% ± 6.1%; 16.9 ±
1.9 mL·kg−1·min−1

Suchy et al. (2014)/Gevaert et al.
(2023)

HIIT Germany; randomised; Eur J Prev Cardiol/JACC Heart Fail HFpEF; 58 (15)*; 29%; 70.0 ± 7.0 years NR; 50% or greater (IC); 18.9 ±
5.4 mL·kg−1·min−1

MIT HFpEF; 58 (18)*; 40%; 70.0 ± 8.0 years NR; 50% or greater (IC); 18.2 ±
5.1 mL·kg−1·min−1

(Continued on following page)
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TABLE 1 (Continued) Study and patient characteristics.

Study Group Study characteristics Patient characteristics

Country; study design; journal Pathology; sample size; male
percentage; age

Baseline brachial diameter;
LVEF; VO2 peak

Taylor et al. (2022) HIIT Australia; randomised; Scand J Med Sci Sports CAD: 27 (19); 95%; 65.0 ± 7.0 years 0.46 ± 0.07 mm; NR; 27.9 ±
6.4 mL·kg−1·min−1

MIT CAD; 25 (16); 88%; 63.0 ± 8.0 years 0.46 ± 0.05 mm; NR; 27.2 ±
7.3 mL·kg−1·min−1

Turri-Silva et al. (2021) HIIT Brazil; randomised; PloS One HFrEF and HFpEF; 8 (5); 63%; 60.9 ±
9.7 years

4.54 ± 1.09 mm; 50.4% ± 17.0%; 17.5 ±
4.2 mL·kg−1·min−1

Resistance exercise HFrEF and HFpEF; 6 (6); 67%; 55.0 ±
10.9 years

4.38 ± 0.58 mm; 42.2% ± 13.5%; 16.9 ±
2.5 mL·kg−1·min−1

Valentino et al. (2022) HIIT Canada; randomised; Physiol Rep CAD; 9 (9); 89%; 62.8 ± 6.1 years 4.60 ± 0.70 mm; NR; 21.4 ±
4.5 mL·kg−1·min−1

MIT CAD; 9 (9); 89%; 60.0 ± 9.0 years 4.00 ± 0.60 mm; NR; 22.9 ±
2.5 mL·kg−1·min−1

Van Craenenbroeck et al. (2015) HIIT Belgium; randomised; Am J Physiol Heart Circ Physiol CAD; 85 (76); 91%; 57.0 ± 8.8 years 4.00 ± 0.60 mm; 57.1% ± 8.5%; 23.3 ±
5.8 mL·kg−1·min−1

MIT CAD; 89 (84); 89%; 59.9 ± 9.2 years 3.90 ± 0.60 mm; 56.8% ± 7.7%; 22.2 ±
5.6 mL·kg−1·min−1

Wisløff et al. (2007) HIIT Norway; randomised; Circulation HFrEF; 9 (9); 78%; 76.5 ± 9.0 years NR; 28.0% ± 7.3%; 13.0 ±
1.6 mL·kg−1·min−1

MIT HFrEF; 8 (8); 78%; 74.4 ± 12.0 years NR; 32.8% ± 4.8%; 13.0 ±
1.1 mL·kg−1·min−1

Zaky et al. (2018) HIIT Egypt; randomised; Biosci Res HFrEF; 20 (20); 100%; 54.0 ± 2.7 years 4.13 ± 0.26 mm; 37.0% ± 1.9%; NR

MIT HFrEF; 20 (20); 100%; 52.8 ± 11.6 years 4.13 ± 0.27 mm; 37.5% ± 3.1%; NR

CAD, coronary artery disease; IC, inclusion criterion; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HIIT, high-intensity interval training; LVEF, left ventricular ejection fraction; MIT, moderate intensity

training; NR, not reported; VO2 peak, peak oxygen uptake.

Values are reported as mean ± standard deviation, unless otherwise stated; # Data expressed as median (25th—75th percentiles); sample size in brackets refers to the number of patients included in the analysis; * The number of patients with available data on endothelial

progenitor cells is different.
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hundred and eighty-two duplicates were removed, and
349 references were forwarded to the first stage of the study
selection process. After title/abstract review, 322 studies were
excluded and 27 were full-text checked against inclusion criteria
(second stage). Fourteen studies met the inclusion criteria (Wisløff
et al., 2007; Anagnostakou et al., 2011; Moholdt et al., 2012; Currie
et al., 2013; Suchy et al., 2014; Angadi et al., 2015; Benda et al., 2015;
Van Craenenbroeck et al., 2015; Zaky et al., 2018; Sales et al., 2020;
Kourek et al., 2021; Turri-Silva et al., 2021; Taylor et al., 2022;
Valentino et al., 2022) and 13 were excluded from qualitative
synthesis for the following reasons: (a) interventions (n = 1)
(Deljanin Ilic et al., 2009); (b) outcomes (n = 1) (Tryfonos et al.,
2021); (c) language (n = 2) (Nechwatal et al., 2002; Nik-Maleki et al.,
2018); (d) data previously published (n = 3) (Conraads et al., 2015;
Pattyn et al., 2016; Thijssen et al., 2019); and (e) unpublished study
with no author response (n = 6).

3.2 Study characteristics

The main characteristics of the included studies are delivered in
Table 1. The studies were published from 2007 to 2022 (Wisløff
et al., 2007; Anagnostakou et al., 2011; Moholdt et al., 2012; Currie
et al., 2013; Suchy et al., 2014; Angadi et al., 2015; Benda et al., 2015;
Van Craenenbroeck et al., 2015; Zaky et al., 2018; Sales et al., 2020;
Kourek et al., 2021; Turri-Silva et al., 2021; Taylor et al., 2022;
Valentino et al., 2022). The endothelial function results from the
study conducted by Suchy et al. (2014) were not available at the time
of our data search. However, we reached out to the authors to obtain
their unpublished data, in order to include it in our meta-analysis.
Subsequently, these results were published in a separate article
(Gevaert et al., 2023) after we had completed our review.
Therefore, we deemed it more appropriate to cite both the
original study and the subsequent publication (Suchy et al., 2014;
Gevaert et al., 2023). Out of all the 14 studies, 13 (92.9%) were
randomised (Wisløff et al., 2007; Anagnostakou et al., 2011;
Moholdt et al., 2012; Currie et al., 2013; Suchy et al., 2014;
Angadi et al., 2015; Van Craenenbroeck et al., 2015; Zaky et al.,
2018; Sales et al., 2020; Kourek et al., 2021; Turri-Silva et al., 2021;
Taylor et al., 2022; Valentino et al., 2022) and one (7.1%) was non-
randomised (Benda et al., 2015). Thirteen studies (92.9%) recruited
male and female patients (Wisløff et al., 2007; Anagnostakou et al.,
2011; Moholdt et al., 2012; Currie et al., 2013; Suchy et al., 2014;
Angadi et al., 2015; Benda et al., 2015; Van Craenenbroeck et al.,
2015; Sales et al., 2020; Kourek et al., 2021; Turri-Silva et al., 2021;
Taylor et al., 2022; Valentino et al., 2022), and one (7.1%) included
exclusively male patients (Zaky et al., 2018). Five studies (35.7%)
included patients with CAD (Moholdt et al., 2012; Currie et al., 2013;
Van Craenenbroeck et al., 2015; Taylor et al., 2022; Valentino et al.,
2022), six (42.9%) patients with HFrEF (Wisløff et al., 2007;
Anagnostakou et al., 2011; Benda et al., 2015; Zaky et al., 2018;
Sales et al., 2020; Kourek et al., 2021), two (14.3%) patients with
HFpEF (Suchy et al., 2014; Angadi et al., 2015), and one (7.1%)
recruited both patients with HFrEF and patients with HFpEF (Turri-
Silva et al., 2021). Eleven studies (78.6%) defined a MIT group
(Wisløff et al., 2007; Moholdt et al., 2012; Currie et al., 2013; Suchy
et al., 2014; Angadi et al., 2015; Benda et al., 2015; Van
Craenenbroeck et al., 2015; Zaky et al., 2018; Sales et al., 2020;

Taylor et al., 2022; Valentino et al., 2022), one (7.1%) a resistance
exercise group (Turri-Silva et al., 2021), and two (14.3%) a combined
exercise group (Anagnostakou et al., 2011; Kourek et al., 2021).
There were 309 patients who completed the intervention in the HIIT
groups (min—max sample size: 5—85 patients) and 339 in the CG
(min—max sample size: 6—89 patients). Among studies with
available information, the mean male percentage in the HIIT
groups and CG was 73.8% (n = 13) and 73.7% (n = 11),
respectively. In the HIIT groups and CG, the mean ± SD age was
61.3 ± 7.0 years (n = 14; min—max: 52.0—76.5 years) and 62.0 ±
6.8 years (n = 14; min—max: 52.8—74.4 years), and the mean ± SD
VO2 peak was 20.3 ± 4.9 mL·kg−1·min−1 (n = 13; min—max:
13.0—31.6 mL·kg−1·min−1) and 20.0 ± 5.2 mL·kg−1·min−1 (n = 13;
min—max: 13.0—32.2 mL·kg−1·min−1), respectively.

The main characteristics of the HIIT groups and CG can be
found in Supplementary Table S2. Out of the 14 studies, three
(21.4%) were multistage and several measurements were conducted
(Suchy et al., 2014; Taylor et al., 2022; Valentino et al., 2022). The
following characteristics refer to the first stage. All included studies
conducted an outpatient exercise-based CR programme (Wisløff
et al., 2007; Anagnostakou et al., 2011; Moholdt et al., 2012; Currie
et al., 2013; Suchy et al., 2014; Angadi et al., 2015; Benda et al., 2015;
Van Craenenbroeck et al., 2015; Zaky et al., 2018; Sales et al., 2020;
Kourek et al., 2021; Turri-Silva et al., 2021; Taylor et al., 2022;
Valentino et al., 2022). Nine studies (64.3%) carried out centre-
based exercise sessions (Anagnostakou et al., 2011; Angadi et al.,
2015; Benda et al., 2015; Van Craenenbroeck et al., 2015; Zaky et al.,
2018; Sales et al., 2020; Kourek et al., 2021; Turri-Silva et al., 2021;
Valentino et al., 2022) and four (35.7%) combined centre and home-
based exercise sessions (Wisløff et al., 2007; Moholdt et al., 2012;
Currie et al., 2013; Taylor et al., 2022), while one study (7.1%) carry
out exclusively supervised exercise sessions in the HIIT group and
added unsupervised sessions in the CG (i.e., centre and home-based
exercise sessions) (Suchy et al., 2014). Eleven studies (78.6%) were of
a 12-week duration (Wisløff et al., 2007; Anagnostakou et al., 2011;
Moholdt et al., 2012; Currie et al., 2013; Suchy et al., 2014; Benda
et al., 2015; Van Craenenbroeck et al., 2015; Zaky et al., 2018; Sales
et al., 2020; Kourek et al., 2021; Turri-Silva et al., 2021) and three
(21.4%) of a 4-week duration (Angadi et al., 2015; Taylor et al., 2022;
Valentino et al., 2022). Eleven studies (78.7%) carried out three
sessions a week (Wisløff et al., 2007; Anagnostakou et al., 2011;
Moholdt et al., 2012; Currie et al., 2013; Angadi et al., 2015; Van
Craenenbroeck et al., 2015; Zaky et al., 2018; Sales et al., 2020;
Kourek et al., 2021; Turri-Silva et al., 2021; Taylor et al., 2022), one
(7.1%) trained twice a week (Benda et al., 2015), one (7.1%)
performed different number of exercise sessions a week in the
HIIT group (i.e., 3 sessions) and CG (i.e., 5 sessions) (Suchy
et al., 2014), and one (7.1%) did not report this information
(Valentino et al., 2022). Training sessions were mainly performed
on a cycle ergometer (eight studies; 57.1%) or on a treadmill (three
studies; 21.4%). Regarding HIIT interventions, five studies (35.7%)
performed short HIIT (≤1 min) (Anagnostakou et al., 2011; Currie
et al., 2013; Benda et al., 2015; Zaky et al., 2018; Valentino et al.,
2022) and nine (64.3%) long HIIT (>1 min) (Wisløff et al., 2007;
Moholdt et al., 2012; Suchy et al., 2014; Angadi et al., 2015; Van
Craenenbroeck et al., 2015; Sales et al., 2020; Kourek et al., 2021;
Turri-Silva et al., 2021; Taylor et al., 2022), of which, seven studies
(77.8%) carried out four 4-min high-intensity intervals (Wisløff
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et al., 2007; Anagnostakou et al., 2011; Moholdt et al., 2012; Suchy
et al., 2014; Angadi et al., 2015; Van Craenenbroeck et al., 2015;
Kourek et al., 2021; Taylor et al., 2022). Out of the 14 studies
included, 13 (92.9%) performed an active recovery period between
high-intensity intervals (Wisløff et al., 2007; Moholdt et al., 2012;
Currie et al., 2013; Suchy et al., 2014; Angadi et al., 2015; Benda et al.,
2015; Van Craenenbroeck et al., 2015; Zaky et al., 2018; Sales et al.,
2020; Kourek et al., 2021; Turri-Silva et al., 2021; Taylor et al., 2022;
Valentino et al., 2022) and one (7.1%) a passive recovery
(Anagnostakou et al., 2011). The length of the recovery period
ranged from 60 s to 240 s.

Regarding the outcomes reported, 11 studies (78.6%) reported
brachial FMD (Wisløff et al., 2007; Anagnostakou et al., 2011;
Moholdt et al., 2012; Currie et al., 2013; Angadi et al., 2015;
Benda et al., 2015; Zaky et al., 2018; Sales et al., 2020; Turri-Silva
et al., 2021; Taylor et al., 2022; Valentino et al., 2022), two (14.3%)
brachial FMD and EPCs (Suchy et al., 2014; Van Craenenbroeck
et al., 2015), and one (7.1%) EPCs (Kourek et al., 2021). The
characteristics of endothelial function assessment can be found in
Supplementary Table S2. Briefly, out of the 13 studies which assessed
brachial FMD, six (46.2%) put the bracelet distal to the brachial
artery (i.e., forearm) (Anagnostakou et al., 2011; Currie et al., 2013;
Benda et al., 2015; Van Craenenbroeck et al., 2015; Sales et al., 2020;
Valentino et al., 2022), three (23.0%) proximal (i.e., upper-arm)
(Moholdt et al., 2012; Zaky et al., 2018; Turri-Silva et al., 2021), and
four (30.8%) did not explicitly report this information (Wisløff et al.,
2007; Suchy et al., 2014; Angadi et al., 2015; Taylor et al., 2022).
Among the studies with available information, six (66.7%) carried
out continuous measurements after cuff deflation (Anagnostakou
et al., 2011; Currie et al., 2013; Benda et al., 2015; Van
Craenenbroeck et al., 2015; Turri-Silva et al., 2021; Valentino
et al., 2022) and three (33.3%) conducted specific measurements
over time (Wisløff et al., 2007; Moholdt et al., 2012; Zaky et al.,
2018). The three studies which assessed EPCs used flow cytometry
(Suchy et al., 2014; Van Craenenbroeck et al., 2015; Kourek et al.,
2021). Van Craenenbroeck et al. (2015) defined EPCs as CD34+/
KDR+/CD45dim and Suchy et al. (2014) as CD45dim/CD34+/
VEGFR2

+. Kourek et al. (2021) defined three EPCs subgroups as
following: (a) CD34+/CD45-/CD133+; (b) CD34+/CD45-/CD133+/
VEGFR2, and (c) CD34+/CD133-/VEGFR2.

3.3 Methodological quality assessment

The results of the assessment of the methodological quality can
be found in Table 2. Two studies (14.3%) were classified as good
methodological quality (Moholdt et al., 2012; Valentino et al.,
2022), seven (50.0%) as fair (Wisløff et al., 2007; Anagnostakou
et al., 2011; Suchy et al., 2014; Benda et al., 2015; Van
Craenenbroeck et al., 2015; Turri-Silva et al., 2021; Taylor et al.,
2022), and five (35.7%) as poor (Currie et al., 2013; Angadi et al.,
2015; Zaky et al., 2018; Sales et al., 2020; Kourek et al., 2021). The
common downgrading items were the following: (a) item 2 and 3,
10 studies (71.4%) did not report the method used to generate the
random allocation sequence and whether concealed allocation
were conducted; (b) item 5, eight studies (57.1%) did not blind
or did not describe blinding of the outcome assessors; (c) item 6,
11 studies (78.6%) did not specifically disclose the number of

patients who started and completed the intervention period, and/
or adherence was ≥ 85%; (d) item 7, 12 studies (85.7%) did not
conduct intention-to-treat analysis; and (e) 11 studies (78.6%) did
not carry out periodic assessments to maintain constant the
relative intensity.

3.4 Outcome measures

3.4.1 Flow-mediated dilation
Eleven studies compared the effect of HIIT and MIT on FMD.

Two studies conducted with patients with HFpEF were excluded
from meta-analyses (Suchy et al., 2014; Angadi et al., 2015). The
non-pooled results are presented in Supplementary Table S3.
Nine studies, with a total of 399 patients (HIIT = 187 and MIT =
212), were meta-analysed (Wisløff et al., 2007; Moholdt et al.,
2012; Currie et al., 2013; Benda et al., 2015; Van Craenenbroeck
et al., 2015; Zaky et al., 2018; Sales et al., 2020; Taylor et al., 2022;
Valentino et al., 2022). The result showed that HIIT increases
FMD to a higher degree than MIT in patients with CVD
(i.e., CAD and HFrEF) (p = .030; MD+ = 1.24% [95% CI =
0.12, 2.36]). However, an influential study was found through
sensitivity analyses (Zaky et al., 2018). After removing this study,
there was no difference between both aerobic exercise methods
for improving FMD (p = .066; MD+ = 0.91% [95% CI = −0.06,
1.88]). The heterogeneity test reached statistical significance (p <
.001) with high inconsistency (I2 = 75.6%). Therefore, the
influence of potential moderator variables on the difference
between the two aerobic exercise methods on FMD was
analysed. The results are shown in Supplementary Table S4.
Differences were found between studies which performed long
HIIT and short HIIT (p = .027). Long HIIT enhanced relative
FMD to a greater degree than MIT in patients with CVD
(5 studies; MD+ = 1.46% [95% CI = 0.35, 2.57]) (Wisløff
et al., 2007; Moholdt et al., 2012; Van Craenenbroeck et al.,
2015; Sales et al., 2020; Taylor et al., 2022). In contrast, no
difference was found between short HIIT and MIT (3 studies;
MD+ = −0.41% [95% CI = −1.64, 0.82]) (Currie et al., 2013; Benda
et al., 2015; Valentino et al., 2022) (Figure 2). No influence of the
remaining analysed variables (i.e., pathology, only supervised
exercise sessions, and intervention length) was found (p > .050).
The Egger test did not reach statistical significance (p = .184) and
the contour-enhanced funnel plot shows no asymmetry
(Figure 3).

Anagnostakou et al. (2011) and Turri-Silva et al. (2021) tested
whether HIIT was better than combined exercise and resistance
exercise, respectively, for enhancing FMD (see Supplementary
Table S3). Their findings will be discussed in the following
section.

3.4.2 Endothelial progenitor cells
Suchy et al. (2014) and Van Craenenbroeck et al. (2015)

compared the effect of HIIT and MIT on EPCs, while Kourek
et al. (2021) tested whether HIIT was better than combined
exercise for improving EPCs. The low number of studies
prevented us to conduct meta-analysis and their findings,
which can be found in Supplementary Table S3, will be
discussed below.
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4 Discussion

The current systematic review and meta-analysis was
undertaken to (a) compile the main characteristics of HIIT
interventions aimed at improving endothelial function
(i.e., brachial FMD and EPCs) in patients with CVD (i.e., CAD,
HFrEF, and HFpEF), (b) investigate the effect of HIIT, compared to
MIT and other exercise modalities (i.e., resistance exercise and
combined exercise), on endothelial function in this population,
and (c) analyse the influence of HIIT variables on the
improvement of endothelial function. We will discuss the results
of each of these objectives separately.

4.1 Characteristics of HIIT interventions

Consistent with the protocols of studies included in a previous
review in healthy individuals (e.g., postmenopausal females) and
patients with various pathologies (e.g., hypertension and CAD)
(Ramos et al., 2015), most of the studies included in the current
synthesis trained 3 days a week for 12 weeks. Moreover, they
predominantly investigated the effect of long HIIT (e.g., four 4-

min high-intensity intervals separated by active recovery periods),
compared toMIT, on brachial FMD in patients with CAD or HFrEF.
Therefore, the effect of other HIIT protocols (e.g., short intervals,
passive recovery periods, and higher number of repetitions), as well
as other exercise programmes (e.g., 2 days a week for 8 weeks),
requires future study. In this regard, for instance, Wahl et al. (2014)
reported that active recovery periods may increase angiogenic
factors (e.g., vascular endothelial grow factors) more than passive
recovery periods.

4.2 Effect of HIIT compared to MIT on
brachial FMD

We found no difference between HIIT and MIT for improving
brachial FMD in patients with CAD and HFrEF. It should be
pointed out that we removed Zaky et al. (2018) from the pooled
analysis because it was considered an influential study and could be
interfering with the results. In this study, the authors disclosed that
brachial FMD measurements were performed according to the
guidelines (Thijssen et al., 2011). However, contrary to
recommendations, the cuff was placed proximal (i.e., upper arm)

TABLE 2 Methodological quality assessment of included studies judged using TESTEX scale.

Study quality Study reporting

Study Item
1

Item
2

Item
3

Item
4

Item
5

Item
6

Item
7

Item
8

Item
9

Item
10

Item
11

Overall Judgement

Anagnostakou et al.
(2011)

1 0 1 1 1 0 0 1 1 1 1 8 Fair

Angadi et al. (2015) 1 0 0 1 1 0 0 0 1 1 1 5 Poor

Benda et al. (2015) 1 0 0 1 0 3 0 1 1 0 1 8 Fair

Currie et al. (2013) 1 0 0 1 0 0 0 1 1 0 1 5 Poor

Kourek et al. (2021) 1 0 0 1 0 0 0 1 1 0 1 5 Poor

Moholdt et al.
(2012)

1 1 1 1 1 0 2 1 1 0 1 10 Good

Sales et al. (2020) 1 0 0 1 0 0 0 1 1 0 1 5 Poor

Suchy et al. (2014)/
Gevaert et al.
(2023)

1 0 0 1 0 0 0 1 1 1 1 6 Fair

Taylor et al. (2022) 1 0 0 1 1 0 2 1 1 0 1 8 Fair

Turri-Silva et al.
(2021)

1 1 1 1 0 0 0 1 1 0 1 7 Fair

Valentino et al.
(2022)

1 1 1 0 1 2 0 1 1 0 1 9 Good

Van
Craenenbroeck
et al. (2015)

1 0 0 1 1 0 0 1 1 1 1 7 Fair

Wisløff et al. (2007) 1 1 0 1 0 3 0 1 0 0 1 8 Fair

Zaky et al. (2018) 1 0 0 1 0 0 0 1 1 0 1 5 Poor

Item 1, eligibility criteria specified; Item 2, randomisation specified; Item 3, allocation concealment; Item 4, group similar at baseline; Item 5, blinding of assessors; Item 6, outcome measures

assessed in 85% of patients; Item 7, intention-to-treat analysis; Item 8, between-group statistical comparisons reported; Item 9, point measures and measures of variability for all reported

outcome measures; Item 10, relative exercise intensity remained constant; Item 11, exercise volume and energy expenditure.
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to the brachial artery, which might explain their controversial
findings. Our results conflict with previous research. Mattioni
Maturana et al. (2021) and Ramos et al. (2015) reported that
HIIT increased endothelial function to a greater extent than
MIT. However, they analysed a different study population.
Mattioni Maturana et al. (2021) included studies conducted with

healthy and unhealthy individuals, while Ramos et al. (2015)
included studies which enrolled participants with impaired
endothelial function (e.g., type 2 diabetes or obesity).

Nonetheless, the results of our meta-analysis were
inconsistent and, thus, we investigated the influence of HIIT
variables on endothelial function. Interestingly, our subgroup
analysis showed that long HIIT (e.g., four 4-min high-intensity
intervals) increases brachial FMD to a greater degree than MIT in
patients with CAD and HFrEF (MD+ = 1.46% [95% CI = 0.35,
2.57]). In contrast, there was no difference between short HIIT
(i.e., ≤ 1 min) and MIT. In the same line, Klonizakis et al. (2014),
Mitranun et al. (2014), and Bækkerud et al. (2016), which were
included in the previous reviews (Ramos et al., 2015; Mattioni
Maturana et al., 2021), found that short HIIT is not better than
MIT in enhancing endothelial function in postmenopausal
female patients with type 2 diabetes, and people with obesity,
respectively. Nonetheless, Mattioni Maturana et al. (2021) did
not include HIIT protocol as a covariate in their subgroup
analyses, while Ramos et al. (2015) succinctly disclosed a
possible influence of the HIIT protocol on the improvement of
endothelial function. It should be noted that, in the current
review, the results of studies comparing long HIIT and MIT
were inconsistent (i.e., high heterogeneity) (see Figure 2) (Wisløff
et al., 2007; Moholdt et al., 2012; Van Craenenbroeck et al., 2015;
Sales et al., 2020; Taylor et al., 2022). Regarding the measurement
of FMD, a post-deflation period of approximately 180 s is

FIGURE 2
Forest plot of mean difference between high-intensity interval training and moderate intensity training based on the duration of high-intensity
intervals for relative flow-mediated dilation. CAD, coronary artery disease; CI, confidence interval; HFrEF, heart failure with reduced ejection fraction;
HIIT, high-intensity interval training; IV, inverse variance; MIT, moderate intensity training.

FIGURE 3
Contour-enhanced funnel plot for flow-mediated dilation.
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recommended (Black et al., 2008). However, Wisløff et al. (2007)
used a shorter post-dilation timeframe of only 60 s. Moreover, we
reported that most of the included studies had fair or poor
methodological quality, which could affect their finding. These
limitations should be considered when explaining the observed
inconsistency in our pooled analysis, after taking into account the
duration of the high-intensity bouts. Therefore, to the best of our
knowledge, the current systematic review with meta-analysis is
the first to provide evidence of the influence of the HIIT protocol
(i.e., long vs. short HIIT) on the improvement of brachial FMD in
patients with CVD (i.e., CAD and HFrEF).

Interestingly, Xu et al. (2014) and Matsuzawa et al. (2015) found
that the adjusted relative risk of cardiovascular events per 1%
improvement in FMD was 0.90 (95% CI = 0.88, 0.92) and 0.84
(95% CI = 0.79, 0.88), respectively, in patients with CVD, supporting
the use of long HIIT in a clinical setting.

From amechanistic point of view, aerobic exercise increases blood
flow and shear stress, which stimulates NO production and thus
improves endothelial function (Niebauer and Cooke, 1996). Based on
previous evidence, HIIT is thought to induce a greater amount of
shear stress than MIT on vascular walls of the exercising muscles,
stimulating greater NO production (Davignon and Ganz, 2004;
Tjønna et al., 2008). This was also demonstrated by Thijssen et al.
(2009), who showed increased blood flow and shear stress with greater
exercise intensity. Moreover, shear stress appears to be indirectly
associated to biomarkers of endothelial dysfunction such as oxidative
stress (Mohan et al., 2007) or inflammatory markers (Vion et al.,
2013). Therefore, we hypothesise that short HIIT does not increase
blood flow and shear stress more than MIT, which could explain the
lack of differences between the two aerobic exercise methods in
improving brachial FMD. However, future studies are needed to
confirm and mechanistically explain our findings.

Two studies, Angadi et al. (2015) and Suchy et al. (2014),
compared the effect of long HIIT (i.e., four 4-min high-intensity
intervals) and MIT in improving brachial FMD in patients with
HFpEF. Angadi et al. (2015) found a higher HIIT-induced effect on
endothelial function after a 4-week CR programme (MD = 4.52%
[95% CI = 1.35, 7.68]). On the contrary, Suchy et al. (2014) found
that MIT is better than HIIT in increasing brachial FMD after a 12-
week exercise programme (MD = −2.74% [95% CI = −4.33, −1.15]).
However, it should be highlighted that those patients allocated to the
MIT group carried out five sessions a week, while those allocated to
the HIIT group performed three sessions a week. Ashor et al. (2015)
reported that the greater the frequency of resistance exercise, the
higher the improvement in FMD in healthy people. The greater
training frequency in the MIT group in the Suchy et al. (2014) study
may explain their controversial finding. Therefore, the low number
of included studies and their controversial findings prevented us
from drawing any firm conclusions about the difference between
long HIIT and MIT in enhancing brachial FMD in patients with
HFpEF, which should be addressed in future studies.

4.3 Effect of HIIT compared to other
exercise modalities on brachial FMD

In the present systematic review, we included two studies
which compared the effect of HIIT to other exercise modalities on

brachial FMD. Due to insufficient data, we were unable to
conduct a meta-analysis; however, we can extract the
following information.

Firstly, Turri-Silva et al. (2021) compared long HIIT to
resistance exercise and found no differences between groups
(MD = −0.71% [95% CI = −4.37, 2.95). Therefore, it seems that
resistance exercise alone was not superior to long HIIT regarding
FMD improvement. However, the authors believe the study might
have been underpowered due to the small sample size. Previous
studies show similar results. Ashor et al. (2015) found that all
exercise modalities (aerobic, resistance and combined exercise)
enhanced FMD significantly in healthy adults and O’Brien et al.
(2020) observed that whole-body resistance exercise did not
improve FMD in the brachial or popliteal artery compared to
short HIIT or MIT in healthy older adults. Nonetheless, when
analysing these results, it is important to ask ourselves whether
the resistance exercise regimen used in these studies elicited a
sufficient stimulus to alter FMD. It is possible that a longer
duration or higher training intensity is required to bring about
physiological adaptations. In this regard, Ribeiro et al. (2017)
discovered a dose-response relationship between the intensity of
resistance exercise and the mobilisation of EPCs, with the highest
exercise intensities (80% of one-repetition maximum) producing the
largest increases in EPCs and angiogenic factors. In addition, Ashor
et al. (2015) found a positive correlation between the frequency of
resistance exercise and FMD.

Secondly, Anagnostakou et al. (2011) compared short HIIT to
combined exercise (i.e., short HIIT and resistance exercise) for
the improvement of brachial FMD and found significant
differences in favour of the combined exercise group
(MD = −4.66% [95% CI = −4.38, −1.94). Consequently,
although resistance exercise alone was not superior to HIIT
(Turri-Silva et al., 2021), these results suggest that combining
both exercise modalities has an additional benefit on endothelial
function. The mechanism by which resistance exercise improves
endothelial function seems to be different from the increased
shear stress induced-FMD improvement seen with aerobic
exercise. It has been hypothesised that skeletal muscle
contraction might produce transient ischemia which leads to
reactive hyperaemia upon muscle relaxation with the subsequent
increase in shear stress (Tinken et al., 2010). The existence of
different pathways by which each exercise modality impacts
endothelial function could account for the different effects of
both exercise modalities on FMD or even the synergistic impact
of combining the two. Therefore, in order to prescribe resistance
exercise as a component of patients’ cardiac rehabilitation,
further investigations are needed to ascertain the impact of
brief, high-pressure shear stress patterns on FMD in patients
with CVD and the influence of exercise variables (e.g., intensity,
frequency and duration of sessions) (Williams et al., 2007).

4.4 Effect of HIIT on EPCs

Meta-analysis to determine the effect of HIIT, compared to MIT
or other exercise modalities, on EPCs was not conducted due to the
low number of studies included. The results of the existing studies
are conflicting. Van Craenenbroeck et al. (2015) and Suchy et al.

Frontiers in Physiology frontiersin.org11

Fuertes-Kenneally et al. 10.3389/fphys.2023.1196665

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1196665


(2014) found no significant increase in the number of EPCs after
training in patients with CAD and HFpEF, respectively. This was
independent of the type of exercise protocol used (i.e., long HIIT or
MIT). These results are surprising seeing as a potential mechanism
that stimulates the mobilisation of EPCs from the bone marrow after
exercise is shear stress (Tao et al., 2006; Boppart et al., 2015), leading
to hypothesise that a greater shear stress (as occurs with HIIT
protocols) would imply a greater mobilisation of EPCs. The authors
point out that these results might indicate that EPCs are not critically
involved in the training-induced improvement of endothelial
function in patients with CVD. Conversely, Kourek et al. (2021)
demonstrated that a single bout of maximum exercise was sufficient
to enhance the mobilisation of EPCs in patients with HFrEF.
Potential reasons for the differences between these studies are the
lack of a widely accepted definition of EPCs, note the great variation
between the measured EPCs’ phenotypes between studies
(Supplementary Tables S2, S3) (Djohan et al., 2018). In addition,
there is no gold standard measurement technique of EPCs. There are
numerous described flow cytometric methods in the literature, with
little to no agreement among them (Van Craenenbroeck et al., 2008;
Huizer et al., 2017).

Regarding the comparison of the effect of HIIT and combined
exercise (i.e., long HIIT and resistance exercise) in the
mobilisation of EPCs, there were no differences between both
groups (Kourek et al., 2021). Only one out of the five endothelial
cell populations that were analysed (CD34+/CD45-/CD133+/
VEGFR2) showed a higher number of resting EPCs with long
HIIT compared to combined exercise. Therefore, the addition of
resistance exercise did not enhance the mobilisation of EPCs
compared to HIIT alone. These results are surprising seeing as
the combination of HIIT and resistance exercise did have a
positive impact over FMD, as commented in the paragraph
above (Anagnostakou et al., 2011).

4.5 Strength and limitations

To the best of our knowledge, this review is the first to
evaluate whether HIIT is better than MIT and other exercise
modalities in improving endothelial function exclusively in
patients with CVD. Furthermore, we have been the first to
report the influence of the HIIT protocol (i.e., short vs. long
HIIT) on the improvement of endothelial function. Nonetheless,
there are some limitations that should be mentioned. First, the
low number of studies which enrolled patients with HFpEF did
not allow us to include them in the pooled analysis, and
conclusions are limited to patients with CAD and HFrEF.
Second, the influence of other HIIT variables (e.g., type of
recovery) on the improvement of endothelial function was not
investigated because most of the studies conducted the same HIIT
protocol (e.g., four 4-min high-intensity bout interspersed with
active recovery periods). Third, meta-analyses to determine
whether HIIT enhances endothelial function to a greater
extent than other exercise modalities were not performed.
Forth, non-randomised studies were also included after careful
evaluation of their methodological quality.

5 Conclusion and perspective

In summary, our results suggest that long HIIT (i.e., four 4-min
high-intensity bouts separated by active recovery periods) is superior to
MIT for improving brachial FMD in patients withCADandHFrEF.On
the contrary, there are no differences between short HIIT (length of
high-intensity intervals ≤ 1 min) and MIT in increasing brachial FMD.
Evidence for the effect of HIIT in patients with HFpEF is scarce. Future
studies are required to test whether HIIT is better than resistance
exercise or combined exercise for improving endothelial function
(i.e., FMD and EPCs) in patients with CVD (i.e., CAD, HFrEF, and
HFpEF). Therefore, cardiac rehabilitation programmes for patients with
CVD aimed at enhancing endothelial function should centre on long
HIIT protocols.

These results help shed some light on the effect of training
variables (e.g., exercise modality) on endothelial function and could
aid physicians to design the optimal cardiac rehabilitation program
for patients with CVD, prioritising long HIIT protocols before MIT.
Lastly, we cannot undermine the prognostic value this provides,
since a 1% increase in FMD translates into an 8%—13% reduction in
cardiovascular risk, improving the outcomes of patients suffering
from CVD.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Author contributions

AM-R, AC-L, and JS designed the systematic review, established
the electronic search equation, and performed the searches. CB-P,
SB, and AM-R performed the study selection. CB-P, LF-K, and AM-
R carried out the data extraction, and SB, AM-R, and AC-L
performed the risk of bias assessment. AM-R and CB-P carried
pooled analyses, while AM-R and LF-K wrote the first draft of the
manuscript. VC and JS critically revised the content of the
manuscript and wrote the final version of the manuscript. All
authors contributed to the article and approved the submitted
version.

Funding

The publication fees have been covered by the Institute for
Health and Biomedical Research of Alicante (ISABIAL Foundation),
grant number 2022-0286.

Acknowledgments

We would like to thank the authors of the included studies for
sharing the information necessary to properly conduct our
systematic review with meta-analysis.

Frontiers in Physiology frontiersin.org12

Fuertes-Kenneally et al. 10.3389/fphys.2023.1196665

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1196665


Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/
full#supplementary-material

References

Anagnostakou, V., Chatzimichail, K., Dimopoulos, S., Karatzanos, E., Papazachou, O.,
Tasoulis, A., et al. (2011). Effects of interval cycle training with or without strength
training on vascular reactivity in heart failure patients. J. Card. Fail. 17 (7), 585–591.
doi:10.1016/j.cardfail.2011.02.009

Anderson, L., Thompson, D. R., Oldridge, N., Zwisler, A. D., Rees, K., Martin, N., et al.
(2016). Exercise-based cardiac rehabilitation for coronary heart disease. Cochrane
Database Syst. Rev. 2016 (1), Cd001800. doi:10.1002/14651858.CD001800.pub3

Andrade, C. (2020). Mean difference, standardized mean difference (SMD), and their
use in meta-analysis: As simple as it gets. J. Clin. Psychiatry 81 (5), 20f13681. doi:10.
4088/JCP.20f13681

Angadi, S. S., Mookadam, F., Lee, C. D., Tucker, W. J., Haykowsky, M. J., and Gaesser,
G. A. (2015). High-intensity interval training vs. moderate-intensity continuous
exercise training in heart failure with preserved ejection fraction: A pilot study.
J. Appl. Physiol. 119 (6), 753–758. doi:10.1152/japplphysiol.00518.2014

Ashor, A. W., Lara, J., Siervo, M., Celis-Morales, C., Oggioni, C., Jakovljevic, D. G.,
et al. (2015). Exercise modalities and endothelial function: A systematic review and
dose-response meta-analysis of randomized controlled trials. Sports Med. 45 (2),
279–296. doi:10.1007/s40279-014-0272-9

Bækkerud, F. H., Solberg, F., Leinan, I. M., Wisløff, U., Karlsen, T., and Rognmo,
Ø. (2016). Comparison of three popular exercise modalities on V_O2max in
overweight and obese. Med. Sci. Sports Exerc. 48 (3), 491–498. doi:10.1249/mss.
0000000000000777

Benda, N. M., Seeger, J. P., Stevens, G. G., Hijmans-Kersten, B. T., van Dijk, A. P.,
Bellersen, L., et al. (2015). Effects of high-intensity interval training versus
continuous training on physical fitness, cardiovascular function and quality of
life in heart failure patients. PLoS One 10 (10), e0141256. doi:10.1371/journal.
pone.0141256

Black, M. A., Cable, N. T., Thijssen, D. H., and Green, D. J. (2008). Importance of
measuring the time course of flow-mediated dilatation in humans. Hypertension 51 (2),
203–210. doi:10.1161/hypertensionaha.107.101014

Boppart, M. D., De Lisio, M., and Witkowski, S. (2015). Chapter eighteen - exercise
and stem cells. I progress in molecular biology and translational science, red av claude
bouchard. Academic Press, 423–456.

Borenstein, M., Hedges, L. V., Higgins, J. P., and Rothstein, H. R. (2010). A basic
introduction to fixed-effect and random-effects models for meta-analysis. Res. Synth.
Methods. 1 (2), 97–111. doi:10.1002/jrsm.12

Buchheit, M., and Laursen, P. B. (2013b). High-intensity interval training, solutions to
the programming puzzle: Part I: Cardiopulmonary emphasis. Sports Med. 43 (5),
313–338. doi:10.1007/s40279-013-0029-x

Buchheit, M., and Laursen, P. B. (2013a). High-intensity interval training, solutions to
the programming puzzle. Part II: Anaerobic energy, neuromuscular load and practical
applications. Sports Med. 43 (10), 927–954. doi:10.1007/s40279-013-0066-5

Conraads, V. M., Pattyn, N., De Maeyer, C., Beckers, P. J., Coeckelberghs, E.,
Cornelissen, V. A., et al. (2015). Aerobic interval training and continuous training
equally improve aerobic exercise capacity in patients with coronary artery disease: The
SAINTEX-CAD study. Int. J. Cardiol. 179, 203–210. doi:10.1016/j.ijcard.2014.10.155

Cooper, H., and Hedges, L. V. (1994). The handbook of research synthesis. New York:
Russell Sage Foundation.

Currie, K. D., Dubberley, J. B., McKelvie, R. S., and MacDonald, M. J. (2013). Low-
volume, high-intensity interval training in patients with CAD.Med. Sci. Sports Exerc. 45
(8), 1436–1442. doi:10.1249/MSS.0b013e31828bbbd4

da Costa Santos, C. M., de Mattos Pimenta, C. A., and Nobre, M. R. (2007). The PICO
strategy for the research question construction and evidence search. Rev. Lat. Am.
Enferm. 15 (3), 508–511. doi:10.1590/s0104-11692007000300023

Davignon, J., and Ganz, P. (2004). Role of endothelial dysfunction in atherosclerosis.
Circulation 109 (23), Iii27–32. doi:10.1161/01.CIR.0000131515.03336.f8

Deljanin Ilic, M., Ilic, S., Lazarevic, G., Kocic, G., Pavlovic, R., and Stefanovic, V.
(2009). Impact of interval versus steady state exercise on nitric oxide production in
patients with left ventricular dysfunction. Acta Cardiol. 64 (2), 219–224. doi:10.2143/ac.
64.2.2036141

Djohan, A. H., Sia, C. H., Lee, P. S., and Poh, K. K. (2018). Endothelial progenitor cells
in heart failure: An authentic expectation for potential future use and a lack of universal
definition. J. Cardiovasc. Transl. Res. 11 (5), 393–402. doi:10.1007/s12265-018-9810-4

Fletcher, G. F., Balady, G. J., Amsterdam, E. A., Chaitman, B., Eckel, R., Fleg, J., et al.
(2001). Exercise standards for testing and training: A statement for healthcare
professionals from the American heart association. Circulation 104 (14), 1694–1740.
doi:10.1161/hc3901.095960

Fuertes-Kenneally, L., Manresa-Rocamora, A., Blasco-Peris, C., Ribeiro, F., Sempere-
Ruiz, N., Sarabia, J. M., et al. (2023). Effects and optimal dose of exercise on endothelial
function in patients with heart failure: A systematic review and meta-analysis. Sports
Med. Open. 9 (1), 8. doi:10.1186/s40798-023-00553-z

Gevaert, A. B., Böhm, B., Hartmann, H., Goovaerts, I., Stoop, T., Van De Heyning, C.
M., et al. (2023). Effect of training on vascular function and repair in heart failure with
preserved ejection fraction. JACC Heart Fail 11 (4), 454–464. doi:10.1016/j.jchf.2022.
12.011

Gillen, J. B., and Gibala, M. J. (2018). Interval training: A time-efficient exercise
strategy to improve cardiometabolic health. Appl. Physiol. Nutr. Metab. 43 (10), iii–iv.
doi:10.1139/apnm-2018-0453

Godo, S., and Shimokawa, H. (2017). Endothelial functions. Arterioscler. Thromb.
Vasc. Biol. 37 (9), e108–e114. doi:10.1161/atvbaha.117.309813

Hedges, L. V., and Olkin, I. (2014). Statistical methods for meta-analysis. Cambridge:
Academic Press.

Higgins, J. P., Thompson, S. G., Deeks, J. J., and Altman, D. G. (2003). Measuring
inconsistency in meta-analyses. Bmj 327 (7414), 557–560. doi:10.1136/bmj.327.
7414.557

Hill, J. M., Zalos, G., Halcox, J. P., Schenke, W. H., Waclawiw, M. A., Quyyumi,
A. A., et al. (2003). Circulating endothelial progenitor cells, vascular function,
and cardiovascular risk. N. Engl. J. Med. 348 (7), 593–600. doi:10.1056/
NEJMoa022287

Horsley, T., Dingwall, O., and Sampson, M. (2011). Checking reference lists to find
additional studies for systematic reviews. Cochrane Database Syst. Rev. 2011 (8),
Mr000026. doi:10.1002/14651858.MR000026.pub2

Huizer, K., Mustafa, D. A. M., Spelt, J. C., Kros, J. M., and Sacchetti, A. (2017).
Improving the characterization of endothelial progenitor cell subsets by an
optimized FACS protocol. PLoS One 12 (9), e0184895. doi:10.1371/journal.
pone.0184895

Katz, S. D., Hryniewicz, K., Hriljac, I., Balidemaj, K., Dimayuga, C., Hudaihed, A.,
et al. (2005). Vascular endothelial dysfunction and mortality risk in patients with
chronic heart failure. Circulation 111 (3), 310–314. doi:10.1161/01.Cir.0000153349.
77489.Cf no.

Khakoo, A. Y., and Finkel, T. (2005). Endothelial progenitor cells.Annu. Rev. Med. 56,
79–101. doi:10.1146/annurev.med.56.090203.104149

Klonizakis, M., Moss, J., Gilbert, S., Broom, D., Foster, J., and Tew, G. A. (2014). Low-
volume high-intensity interval training rapidly improves cardiopulmonary function in
postmenopausal women. Menopause 21 (10), 1099–1105. doi:10.1097/gme.
0000000000000208

Koller, A., Huang, A., Sun, D., and Kaley, G. (1995). Exercise training augments flow-
dependent dilation in rat skeletal muscle arterioles. Role of endothelial nitric oxide and
prostaglandins. Circ. Res. 76 (4), 544–550. doi:10.1161/01.res.76.4.544

Korkmaz, H., and Onalan, O. (2008). Evaluation of endothelial dysfunction:
Flow-mediated dilation. Endothelium 15 (4), 157–163. doi:10.1080/
10623320802228872

Frontiers in Physiology frontiersin.org13

Fuertes-Kenneally et al. 10.3389/fphys.2023.1196665

https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2023.1196665/full#supplementary-material
https://doi.org/10.1016/j.cardfail.2011.02.009
https://doi.org/10.1002/14651858.CD001800.pub3
https://doi.org/10.4088/JCP.20f13681
https://doi.org/10.4088/JCP.20f13681
https://doi.org/10.1152/japplphysiol.00518.2014
https://doi.org/10.1007/s40279-014-0272-9
https://doi.org/10.1249/mss.0000000000000777
https://doi.org/10.1249/mss.0000000000000777
https://doi.org/10.1371/journal.pone.0141256
https://doi.org/10.1371/journal.pone.0141256
https://doi.org/10.1161/hypertensionaha.107.101014
https://doi.org/10.1002/jrsm.12
https://doi.org/10.1007/s40279-013-0029-x
https://doi.org/10.1007/s40279-013-0066-5
https://doi.org/10.1016/j.ijcard.2014.10.155
https://doi.org/10.1249/MSS.0b013e31828bbbd4
https://doi.org/10.1590/s0104-11692007000300023
https://doi.org/10.1161/01.CIR.0000131515.03336.f8
https://doi.org/10.2143/ac.64.2.2036141
https://doi.org/10.2143/ac.64.2.2036141
https://doi.org/10.1007/s12265-018-9810-4
https://doi.org/10.1161/hc3901.095960
https://doi.org/10.1186/s40798-023-00553-z
https://doi.org/10.1016/j.jchf.2022.12.011
https://doi.org/10.1016/j.jchf.2022.12.011
https://doi.org/10.1139/apnm-2018-0453
https://doi.org/10.1161/atvbaha.117.309813
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1056/NEJMoa022287
https://doi.org/10.1056/NEJMoa022287
https://doi.org/10.1002/14651858.MR000026.pub2
https://doi.org/10.1371/journal.pone.0184895
https://doi.org/10.1371/journal.pone.0184895
https://doi.org/10.1161/01.Cir.0000153349.77489.Cf
https://doi.org/10.1161/01.Cir.0000153349.77489.Cf
https://doi.org/10.1146/annurev.med.56.090203.104149
https://doi.org/10.1097/gme.0000000000000208
https://doi.org/10.1097/gme.0000000000000208
https://doi.org/10.1161/01.res.76.4.544
https://doi.org/10.1080/10623320802228872
https://doi.org/10.1080/10623320802228872
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1196665


Kourek, C., Alshamari, M., Mitsiou, G., Psarra, K., Delis, D., Linardatou, V., et al.
(2021). The acute and long-term effects of a cardiac rehabilitation program on
endothelial progenitor cells in chronic heart failure patients: Comparing two
different exercise training protocols. Int. J. Cardiol. Heart Vasc. 32, 100702. doi:10.
1016/j.ijcha.2020.100702

Manresa-Rocamora, A., Ribeiro, F., Casanova-Lizón, A., Flatt, A. A., Sarabia, J. M.,
and Moya-Ramón, M. (2022). Cardiac rehabilitation improves endothelial function in
coronary artery disease patients. Int. J. Sports Med. 43, 905–920. doi:10.1055/a-1717-
1798

Manresa-Rocamora, A., Ribeiro, F., Sarabia, J. M., Íbias, J., Oliveira, N. L., Vera-
García, F. J., et al. (2021). Exercise-based cardiac rehabilitation and parasympathetic
function in patients with coronary artery disease: A systematic review and meta-
analysis. Clin. Auton. Res. 31 (2), 187–203. doi:10.1007/s10286-020-00687-0

Manresa-Rocamora, A., Sarabia, J. M., Sánchez-Meca, J., Oliveira, J., Vera-Garcia, F.
J., and Moya-Ramón, M. (2020). Are the current cardiac rehabilitation programs
optimized to improve cardiorespiratory fitness in patients? A meta-analysis. J. Aging
Phys. Act. 29 (2), 327–342. doi:10.1123/japa.2019-0363

Matsuzawa, Y., Kwon, T. G., Lennon, R. J., Lerman, L. O., and Lerman, A. (2015).
Prognostic value of flow-mediated vasodilation in brachial artery and fingertip artery for
cardiovascular events: A systematic review andmeta-analysis. J. Am. Heart Assoc. 4 (11),
e002270. doi:10.1161/jaha.115.002270

Mattioni Maturana, F., Martus, P., Zipfel, S., and Nieß, A. M. (2021). Effectiveness of
hiie versus mict in improving cardiometabolic risk factors in health and disease: Ameta-
analysis. Med. Sci. Sports Exerc. 53 (3), 559–573. doi:10.1249/mss.0000000000002506

Medina-Leyte, D. J., Zepeda-García, O., Domínguez-Pérez, M., González-Garrido, A.,
Villarreal-Molina, T., and Jacobo-Albavera, L. (2021). Endothelial dysfunction,
inflammation and coronary artery disease: Potential biomarkers and promising
therapeutical approaches. Int. J. Mol. Sci. 22 (8), 3850. doi:10.3390/ijms22083850

Mitranun, W., Deerochanawong, C., Tanaka, H., and Suksom, D. (2014). Continuous
vs interval training on glycemic control and macro- and microvascular reactivity in type
2 diabetic patients. Scand. J. Med. Sci. Sports. 24 (2), e69–e76. doi:10.1111/sms.12112

Mohan, S., Koyoma, K., Thangasamy, A., Nakano, H., Glickman, R. D., and Mohan,
N. (2007). Low shear stress preferentially enhances IKK activity through selective
sources of ROS for persistent activation of NF-kappaB in endothelial cells. Am.
J. Physiol. Cell. Physiol. 292 (1), C362–C371. doi:10.1152/ajpcell.00535.2005

Moholdt, T., Aamot, I. L., Granøien, I., Gjerde, L., Myklebust, G., Walderhaug, L.,
et al. (2012). Aerobic interval training increases peak oxygen uptake more than usual
care exercise training in myocardial infarction patients: A randomized controlled study.
Clin. Rehabil. 26 (1), 33–44. doi:10.1177/0269215511405229

Nechwatal, R. M., Duck, C., and Gruber, G. (2002). Physical training as interval or
continuous training in chronic heart failure for improving functional capacity,
hemodynamics and quality of life--a controlled study. Z. Kardiol. 91 (4), 328–337.
doi:10.1007/s003920200034

Niebauer, J., and Cooke, J. P. (1996). Cardiovascular effects of exercise: Role of
endothelial shear stress. J. Am. Coll. Cardiol. 28 (7), 1652–1660. doi:10.1016/s0735-
1097(96)00393-2

Nik-Maleki, H., Adli, B., Minavand, K., Dastjani-Farahan, M., and Ortegoli-Farahani,
E. (2018). The effect of saffron (crocus speciosus) supplementation on serum levels of
vascular endothelial growth factor and sndostatin following high-intensity aerobic
training in patients with coronary artery bypass graft surgery. J Isfahan Med. Sch. 36
(479), 502–509. doi:10.22122/jims.v36i479.10081

O’Brien, M. W., Johns, J. A., Robinson, S. A., Bungay, A., Mekary, S., and Kimmerly,
D. S. (2020). Impact of high-intensity interval training, moderate-intensity continuous
training, and resistance training on endothelial function in older adults.Med. Sci. Sports
Exerc. 52 (5), 1057–1067. doi:10.1249/mss.0000000000002226

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C.
D., et al. (2021). The PRISMA 2020 statement: An updated guideline for reporting
systematic reviews. J. Clin. Epidemiol. 134, 178–189. doi:10.1016/j.jclinepi.2021.03.001

Pattyn, N., Vanhees, L., Cornelissen, V. A., Coeckelberghs, E., De Maeyer, C.,
Goetschalckx, K., et al. (2016). The long-term effects of a randomized trial
comparing aerobic interval versus continuous training in coronary artery disease
patients: 1-year data from the SAINTEX-CAD study. Eur. J. Prev. Cardiol. 23 (11),
1154–1164. doi:10.1177/2047487316631200

Pearson, M. J., and Smart, N. A. (2017a). Aerobic training intensity for improved
endothelial function in heart failure patients: A systematic review and meta-analysis.
Cardiol. Res. Pract. 2017, 2450202. doi:10.1155/2017/2450202

Pearson, M. J., and Smart, N. A. (2017b). Effect of exercise training on endothelial
function in heart failure patients: A systematic review meta-analysis. Int. J. Cardiol. 231,
234–243. doi:10.1016/j.ijcard.2016.12.145

Peters, J. L., Sutton, A. J., Jones, D. R., Abrams, K. R., and Rushton, L. (2008).
Contour-enhanced meta-analysis funnel plots help distinguish publication bias from
other causes of asymmetry. J. Clin. Epidemiol. 61 (10), 991–996. doi:10.1016/j.jclinepi.
2007.11.010

Ramos, J. S., Dalleck, L. C., Tjonna, A. E., Beetham, K. S., and Coombes, J. S. (2015).
The impact of high-intensity interval training versus moderate-intensity continuous
training on vascular function: A systematic review and meta-analysis. Sports Med. 45
(5), 679–692. doi:10.1007/s40279-015-0321-z

Ribeiro, F., Ribeiro, I. P., Gonçalves, A. C., Alves, A. J., Melo, E., Fernandes, R., et al.
(2017). Effects of resistance exercise on endothelial progenitor cell mobilization in
women. Sci. Rep. 7 (1), 17880. doi:10.1038/s41598-017-18156-6

Sakellariou, X. M., Papafaklis, M. I., Domouzoglou, E. M., Katsouras, C. S., Michalis,
L. K., and Naka, K. K. (2021). Exercise-mediated adaptations in vascular function and
structure: Beneficial effects in coronary artery disease.World J. Cardiol. 13 (9), 399–415.
doi:10.4330/wjc.v13.i9.399

Sales, A. R. K., Azevedo, L. F., Silva, T. O. C., Rodrigues, A. G., Oliveira, P. A., Jordão,
C. P., et al. (2020). High-intensity interval training decreases muscle sympathetic nerve
activity and improves peripheral vascular function in patients with heart failure with
reduced ejection fraction. Circ. Heart Fail 13 (8), e007121. doi:10.1161/circheartfailure.
120.007121

Sarabia, J. M., Manresa-Rocamora, A., Oliveira, J., and Moya-Ramón, M. (2018).
Influence of the exercise frequency, intensity, time and type according to different
training modalities on the cardiac rehabilitation programs. Eur. J. Hum. Mov. 41, 49–72.

Smart, N. A., Waldron, M., Ismail, H., Giallauria, F., Vigorito, C., Cornelissen, V.,
et al. (2015). Validation of a new tool for the assessment of study quality and reporting
in exercise training studies: Testex. Int. J. Evid. Based Healthc. 13 (1), 9–18. doi:10.1097/
xeb.0000000000000020

Sterne, J. A., Sutton, A. J., Ioannidis, J. P., Terrin, N., Jones, D. R., Lau, J., et al. (2011).
Recommendations for examining and interpreting funnel plot asymmetry in meta-
analyses of randomised controlled trials. Bmj 343, d4002. doi:10.1136/bmj.d4002

Suchy, C., Massen, L., Rognmo, O., Van Craenenbroeck, E. M., Beckers, P., Kraigher-
Krainer, E., et al. (2014). Optimising exercise training in prevention and treatment of
diastolic heart failure (OptimEx-CLIN): Rationale and design of a prospective,
randomised, controlled trial. Eur. J. Prev. Cardiol. 21 (2), 18–25. doi:10.1177/
2047487314552764

Tao, J., Yang, Z., Wang, J. M., Tu, C., and Pan, S. R. (2006). Effects of fluid shear stress
on eNOS mRNA expression and NO production in human endothelial progenitor cells.
Cardiology 106 (2), 82–88. doi:10.1159/000092636

Taylor, J. L., Keating, S. E., Holland, D. J., Green, D. J., Coombes, J. S., and Bailey, T. G.
(2022). Comparison of high intensity interval training with standard cardiac
rehabilitation on vascular function. Scand. J. Med. Sci. Sports. 32 (3), 512–520.
doi:10.1111/sms.14106

Thijssen, D. H., Black, M. A., Pyke, K. E., Padilla, J., Atkinson, G., Harris, R. A., et al.
(2011). Assessment of flow-mediated dilation in humans: A methodological and
physiological guideline. Am. J. Physiol. Heart Circ. Physiol. 300 (1), H2–H12. doi:10.
1152/ajpheart.00471.2010

Thijssen, D. H., Dawson, E. A., Black, M. A., Hopman, M. T., Cable, N. T., and Green,
D. J. (2009). Brachial artery blood flow responses to different modalities of lower limb
exercise.Med. Sci. Sports Exerc. 41 (5), 1072–1079. doi:10.1249/MSS.0b013e3181923957

Thijssen, D. H. J., Benda, N. M. M., Kerstens, T. P., Seeger, J. P. H., van Dijk, A. P. J.,
and Hopman, M. T. E. (2019). 12-Week exercise training, independent of the type of
exercise, attenuates endothelial ischaemia-reperfusion injury in heart failure patients.
Front. Physiol. 10, 264. doi:10.3389/fphys.2019.00264

Tinken, T. M., Thijssen, D. H., Hopkins, N., Dawson, E. A., Cable, N. T., and Green,
D. J. (2010). Shear stress mediates endothelial adaptations to exercise training in
humans. Hypertension 55 (2), 312–318. doi:10.1161/hypertensionaha.109.146282

Tjønna, A. E., Lee, S. J., Rognmo, Ø., Stølen, T. O., Bye, A., Haram, P. M., et al. (2008).
Aerobic interval training versus continuous moderate exercise as a treatment for the
metabolic syndrome: A pilot study. Circulation 118 (4), 346–354. doi:10.1161/
circulationaha.108.772822

Tryfonos, A., Tzanis, G., Pitsolis, T., Karatzanos, E., Koutsilieris, M., Nanas, S., et al.
(2021). Exercise training enhances angiogenesis-related gene responses in skeletal
muscle of patients with chronic heart failure. Cells 10 (8), 1915. doi:10.3390/
cells10081915

Turri-Silva, N., Vale-Lira, A., Verboven, K., Quaglioti Durigan, J. L., Hansen, D., and
Cipriano, G., Jr. (2021). High-intensity interval training versus progressive high-
intensity circuit resistance training on endothelial function and cardiorespiratory
fitness in heart failure: A preliminary randomized controlled trial. PLoS One 16
(10), e0257607. doi:10.1371/journal.pone.0257607

Valentino, S. E., Dunford, E. C., Dubberley, J., Lonn, E. M., Gibala, M. J., Phillips,
S. M., et al. (2022). Cardiovascular responses to high-intensity stair climbing in
individuals with coronary artery disease. Physiol. Rep. 10 (10), e15308. doi:10.
14814/phy2.15308

Van Craenenbroeck, E. M., Conraads, V. M., Van Bockstaele, D. R., Haine, S. E.,
Vermeulen, K., Van Tendeloo, V. F., et al. (2008). Quantification of circulating
endothelial progenitor cells: A methodological comparison of six flow cytometric
approaches. J. Immunol. Methods. 332 (1), 31–40. doi:10.1016/j.jim.2007.12.006

Van Craenenbroeck, E. M., Frederix, G., Pattyn, N., Beckers, P., Van Craenenbroeck,
A. H., Gevaert, A., et al. (2015). Effects of aerobic interval training and continuous
training on cellular markers of endothelial integrity in coronary artery disease: A
SAINTEX-CAD substudy. Am. J. Physiol. Heart Circ. Physiol. 309 (11), H1876–H1882.
doi:10.1152/ajpheart.00341.2015

Vion, A. C., Ramkhelawon, B., Loyer, X., Chironi, G., Devue, C., Loirand, G., et al.
(2013). Shear stress regulates endothelial microparticle release. Circ. Res. 112 (10),
1323–1333. doi:10.1161/circresaha.112.300818

Frontiers in Physiology frontiersin.org14

Fuertes-Kenneally et al. 10.3389/fphys.2023.1196665

https://doi.org/10.1016/j.ijcha.2020.100702
https://doi.org/10.1016/j.ijcha.2020.100702
https://doi.org/10.1055/a-1717-1798
https://doi.org/10.1055/a-1717-1798
https://doi.org/10.1007/s10286-020-00687-0
https://doi.org/10.1123/japa.2019-0363
https://doi.org/10.1161/jaha.115.002270
https://doi.org/10.1249/mss.0000000000002506
https://doi.org/10.3390/ijms22083850
https://doi.org/10.1111/sms.12112
https://doi.org/10.1152/ajpcell.00535.2005
https://doi.org/10.1177/0269215511405229
https://doi.org/10.1007/s003920200034
https://doi.org/10.1016/s0735-1097(96)00393-2
https://doi.org/10.1016/s0735-1097(96)00393-2
https://doi.org/10.22122/jims.v36i479.10081
https://doi.org/10.1249/mss.0000000000002226
https://doi.org/10.1016/j.jclinepi.2021.03.001
https://doi.org/10.1177/2047487316631200
https://doi.org/10.1155/2017/2450202
https://doi.org/10.1016/j.ijcard.2016.12.145
https://doi.org/10.1016/j.jclinepi.2007.11.010
https://doi.org/10.1016/j.jclinepi.2007.11.010
https://doi.org/10.1007/s40279-015-0321-z
https://doi.org/10.1038/s41598-017-18156-6
https://doi.org/10.4330/wjc.v13.i9.399
https://doi.org/10.1161/circheartfailure.120.007121
https://doi.org/10.1161/circheartfailure.120.007121
https://doi.org/10.1097/xeb.0000000000000020
https://doi.org/10.1097/xeb.0000000000000020
https://doi.org/10.1136/bmj.d4002
https://doi.org/10.1177/2047487314552764
https://doi.org/10.1177/2047487314552764
https://doi.org/10.1159/000092636
https://doi.org/10.1111/sms.14106
https://doi.org/10.1152/ajpheart.00471.2010
https://doi.org/10.1152/ajpheart.00471.2010
https://doi.org/10.1249/MSS.0b013e3181923957
https://doi.org/10.3389/fphys.2019.00264
https://doi.org/10.1161/hypertensionaha.109.146282
https://doi.org/10.1161/circulationaha.108.772822
https://doi.org/10.1161/circulationaha.108.772822
https://doi.org/10.3390/cells10081915
https://doi.org/10.3390/cells10081915
https://doi.org/10.1371/journal.pone.0257607
https://doi.org/10.14814/phy2.15308
https://doi.org/10.14814/phy2.15308
https://doi.org/10.1016/j.jim.2007.12.006
https://doi.org/10.1152/ajpheart.00341.2015
https://doi.org/10.1161/circresaha.112.300818
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1196665


Wahl, P., Mathes, S., Achtzehn, S., Bloch, W., and Mester, J. (2014). Active vs. passive
recovery during high-intensity training influences hormonal response. Int. J. Sports
Med. 35 (7), 583–589. doi:10.1055/s-0033-1358474

Wan, X., Wang, W., Liu, J., and Tong, T. (2014). Estimating the sample mean and
standard deviation from the sample size, median, range and/or interquartile range. BMC
Med. Res. Methodol. 14, 135. doi:10.1186/1471-2288-14-135

Williams, M. A., Haskell, W. L., Ades, P. A., Amsterdam, E. A., Bittner, V.,
Franklin, B. A., et al. (2007). Resistance exercise in individuals with and without
cardiovascular disease: 2007 update: A scientific statement from the American heart
association council on clinical cardiology and council on nutrition, physical activity,
and metabolism. Circulation 116 (5), 572–584. doi:10.1161/CIRCULATIONAHA.
107.185214

Wisløff, U., Støylen, A., Loennechen, J. P., Bruvold, M., Rognmo, Ø., Haram, P. M.,
et al. (2007). Superior cardiovascular effect of aerobic interval training versus moderate
continuous training in heart failure patients: A randomized study. Circulation 115 (24),
3086–3094. doi:10.1161/circulationaha.106.675041

Xu, Y., Arora, R. C., Hiebert, B. M., Lerner, B., Szwajcer, A., McDonald, K., et al.
(2014). Non-invasive endothelial function testing and the risk of adverse outcomes: A
systematic review andmeta-analysis. Eur. Heart J. Cardiovasc. Imaging. 15 (7), 736–746.
doi:10.1093/ehjci/jet256

Zaky, E. H., Helmy, Z. M., Elrefaey, B. H., Abdusalam, I. H., Mohamed, M. A. R., and
Louis, O. (2018). High intensity interval training versus continuous training on
ventricular remodeling in chronic heart failure patients. Biosci. Res. 15 (4),
3337–3348. doi:10.1161/circulationaha.106.675041

Frontiers in Physiology frontiersin.org15

Fuertes-Kenneally et al. 10.3389/fphys.2023.1196665

https://doi.org/10.1055/s-0033-1358474
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1161/CIRCULATIONAHA.107.185214
https://doi.org/10.1161/CIRCULATIONAHA.107.185214
https://doi.org/10.1161/circulationaha.106.675041
https://doi.org/10.1093/ehjci/jet256
https://doi.org/10.1161/circulationaha.106.675041
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1196665

	Effects of high-intensity interval training on vascular function in patients with cardiovascular disease: a systematic revi ...
	1 Introduction
	2 Method
	2.1 Data search and sources
	2.2 Study selection
	2.3 Data extraction and coding study characteristics
	2.4 Dealing with missing data
	2.5 Methodological quality assessment
	2.6 Computation of effect size and statistical analyses

	3 Results
	3.1 Study selection
	3.2 Study characteristics
	3.3 Methodological quality assessment
	3.4 Outcome measures
	3.4.1 Flow-mediated dilation
	3.4.2 Endothelial progenitor cells


	4 Discussion
	4.1 Characteristics of HIIT interventions
	4.2 Effect of HIIT compared to MIT on brachial FMD
	4.3 Effect of HIIT compared to other exercise modalities on brachial FMD
	4.4 Effect of HIIT on EPCs
	4.5 Strength and limitations

	5 Conclusion and perspective
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


