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INTRODUCTION

Cardiovascular diseases is a major cause of mortality in
developed and developing societies.! Coronary artery
disease (CAD) is the most common cardiovascular
disease, and atherosclerosis is the main cause
of CAD, but other factors can also cause CAD.?
Epidemiological studies have shown some risk factors
associated with coronary atherosclerosis, including
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hypercholesterolemia, smoke, hypertension, diabetes,
age, male gender, family history of coronary disease,
obesity, and sedentary lifestyle.**! Physical activity,
among all these factors, is of great importance to the
prevention and treatment of CAD.F!

Exercise training is the core of cardiac rehabilitation,
with many beneficial effects for patients with CAD.P!
There is no doubt that exercise can have a direct effect
on myocardial function. Exercise can improve cardiac
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contractile function, increase end-diastolic volume,
cause resting bradycardia, and increase antioxidant
capacity.[*! Exercise is the most important physiological
stimulus for increased oxygen consumption by the heart.>”!
Considering that heart does not have a considerable ability
to increase oxygen uptake, the increased demand should
be achieved by increasing coronary blood flow (CBF), so
coronary arteries play a major role in oxygen delivery to
the myocardium.®

Some studies have demonstrated that increase in CBF
during exercise leads to dilation of normal blood vessels.!
Although regulation of CBF during exercise in patients
with CAD would be different, the mechanisms that regulate
blood flow during exercise have not been yet clearly well
determined.>*' So far, various findings have been reported
on the effect of exercise on cardiovascular health. Some
evidence also indicates that the type of exercise can be
an important determinant in the function of healthy and
diseased arteries.["'*3]

Given that measuring the function of coronary arteries is a
useful tool in cardiovascular research, it can be considered
as a “barometer” for the care of patients and evaluation
of new therapeutic strategies.!'**! Several invasive and
noninvasive methods have been used by researchers to
measure this indicator. After extensive scrutiny of literatures
for conducting the present systematic review, changes in
blood flow and coronary artery diameter were selected as
the most common method for measuring coronary function.
Despite various methods for measuring these factors,
changes in blood flow are usually assessed by the indicators
of coronary blood flow velocity (CBV), coronary blood
flow velocity reserve (CFVR), or CBF using angiography
techniques, echocardiography, magnetic resonance
imaging (MRI), and positron emission tomography.™¢ It
should be noted that CFVR is an indicator, measuring the
capacity of coronary circulation in relation to the maximal
hyperemic blood flow, and is calculated as a ratio of
hyperemic flow velocity to resting flow velocity.* CBF is
also one of the most important indicators for the evaluation
of coronary artery function. CBF is usually calculated in
numerous ways in human studies and in all of them, it is
dependent on vessel diameter and flow velocity®?" (e.g. in
the evaluation by MRI, it is calculated as follows: the
cross-sectional area x peak flow velocity x 0.3).

On the other hand, coronary vasomotion also is considered
as one indicator of coronary artery function using various
measuring techniques at the time of physiological
hyperemic (e.g. during exercise) or the presence of
vasodilators.['¥2%! Due to discrepancy in evaluating the
function of the coronary arteries, this study attempted to
investigate all the articles that evaluated this indicator based
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on defined methods and using various tools and include
them in systematic review.

MATERIALS AND METHODS

This systematic review was done based on Cochrane
guideline and reported in accordance with the PRISMA
format.***! This review aimed to examine the chronic effect
of exercise on the coronary artery function. Accordingly, all
related articles indexed in scientific databases were collected
and evaluated scientifically.

Search strategy

To avoid bias, the search was performed independently
by two researchers (AA [PhD student of sport physiology]
and VD [professor of sport physiology]). A librarian (PhD
student in Library and Information Sciences) also advised
researchers to perform the search process correctly.
Duplicates were excluded, at the end of the search phase.
The electronic databases — PubMed, Science Direct, Scopus,
Web of Science, EMBASE, and Google Scholar — were
searched for articles in English from 1986 to 2019. The
search was done utilizing keywords related to coronary
function (coronary vasomotion, coronary function, coronary
blood flow, coronary vasodilation, coronary flow reserve,
coronary diameter, coronary endothelial function, and
coronary flow velocity reserve) and exercise (exercise, sport,
chronic exercise, physical activity, training, endurance,
aerobic exercise, anaerobic exercise, strength, running,
resistance, and swim). In addition, through investigating
the reference lists of the relevant studies, we tried to include
more qualified studies. For example, in PubMed website,
we used advanced search and inserted two keywords
“coronary function” and “exercise” together with the
operator “and” between two concepts to retrieve results
that include all the search terms. The citations of all articles
were collected in Endnote (Thomson Reuters, Philadelphia,
PA, USA). However, there were many duplicate articles.
Duplicate articles were removed using the software, and
a more detailed search was performed on the remaining
articles. First, article titles and abstracts were reviewed,
and the articles were categorized with the relevant titles
in a folder. After these initial reviews, the articles that had
initial conditions were reviewed through their full text.

Selection of studies

The eligible studies were included according to the
following criteria: (1) randomized controlled trials (RCTs)
on people with CAD who received exercise training alone
or combined with usual care; (2) studies that evaluated
each of the following indicators: CBF, CBV, CFVR, or
coronary vasomotion in adaptation to exercise training; (3)
adult humans aged >18 years; and (4) duration of
intervention >4 weeks of exercise.
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Conference proceedings with an abstract alone, case reports,
review articles, animal studies, studies with no detailed
information, and studies among patients with other diseases
such as hypertension, diabetes, heart failure, and obesity
were excluded.

Data extraction and quality assessment

As mentioned earlier, choosing eligible studies and data
extraction was done by two independent reviewers (AA [PhD
student of sport physiology] and VD [professor of sport
physiology]). Disagreements were resolved by discussion.

Based on previous studies, a standard form of data
extraction was used. This checklist included the author’s
name, article title, year of publication, location of the study,
sample size, population, and gender. Study design, quality,
sample size, participants’ characteristics, characteristics
of exercise intervention (type, duration, and frequency of
sessions and intensity and duration of intervention), and
outcomes (CFV, CFVR, CBF, and coronary vasomotion)
were also extracted on the basis of a form designed for this
purpose.

For articles that did not include the required data in the
article, if it was eligible for inclusion, an attempt was done
by sending an email to the authors. If the response was not
received, the article was excluded from the review process.

The quality and validity of all the included studies were
evaluated using the Downs and Black Checklist for
randomized and nonrandomized studies. Questions were
categorized into the following five sections: reporting (10
items), external validity (3 items), internal validity (7 items),
confounding and selection bias (6 items), and power (1
item). Answers were scored 0 or 1, except for one item in
the reporting subscale, which scored 0-2 and the power
item, which was scored 0-5. The total maximum score was
therefore 31. The test-retest reliability of the Quality Index
was high (r = 0.88).1%1 Articles with scores between 20 and
25 were considered as the studies with average quality and
scores above than 25 were rated as high-quality studies.

As blinding participants to an exercise intervention is
impossible, we considered this matter in related items.

Statistical analysis

All data analyses were performed by STATA 12 (StataCorp.
2011. College Station, TX, USA) (by AJ). First, mean change
and standard deviation in baseline and posttest for both
exercise and control groups were extracted. As the variables
were continuous, the mean difference was calculated by
net changes (i.e. exercise group minus control group), and
standardized mean difference (SMD) and 95% confidence
interval [CI] were reported for all studies.
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Metan command (random-effects model) in Stata was
used to analyze the data. In addition, Chi-squared and I*
indicators were used to detect the heterogeneity among
the results.

Subgroup analyses were also used for deeper investigation;
in this way, the role of different factors in the results and
heterogeneity was investigated.

Meta-regression was used to examine the association between
the effect of exercise on CFVR and endothelium-independent
vasodilator with sample size, year of publication, and
quality score. Furthermore, publication bias was assessed
by funnel plots and Begg's test.

RESULTS

After comprehensive review of the collected articles and
references of related review articles, a total of five articles
were entered into the study, which are shown in a flow
diagram [Figure 1].

No study with RCT method was conducted in which the
CBF was measured. The total sample size in studies that
included in the systematic review was 108 people including
101 men and 7 women [Tables 1 and 2].

Participants in the three studies were all men, and there was
no study in which only women comprised the sample size.
In all studies, the effect of aerobic exercises was investigated.
The intensity of the exercise in the articles was between
60% and 80% of VO, peak, and the training period varied
between 4 and 14 weeks. It should be noted that two studies
by Beck et al.**! and Hambrecht ef al.* also in terms of quality
were eligible to enter the systematic review, but given that
the measurements had been performed in the left internal
mammary artery, they were excluded from the study.

Records identified from Pubmed, scincedirect,
Web of science and google scholar (5421)

Duplicate ~citations  removed
(2456)

Records excluded with reasons (2867)
None related titles

No report of factors defined for coromary
function according to the method

Articles of medications and supplements have
used

Screening of study titles and
abstracts (2965)
Full text assessed for
eligibility (98)

Review articles & case reports
Conference proceedings with an abstract alone

i

Studies excluded after full-text screen
‘with reasons (92)

Articles by unclear methods or results
No report of factors defined for

coronary function according to the
method

Ineligible exercise program; length of
program

Studies  assessed  for
‘methodological quality (6)

Papers excluded after quality
appraisal (1)

Studies  included in  the

systematic review (5)

Figure 1: Flow diagram of the search and study inclusion process

Patients with disease except CAD
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Table 1: Characteristics of studies included in the systematic review and meta-analysis

Studies Participants Sample Sex Age Exercise training Duration Measurement Outcome Outcome
size (years) program (weeks) measures
Hambrecht ~ CAD T: 10 Male 60+2  Exercise under close 4 Angiography  Luminal |Vasoconstriction
et al., 20002 supervision six times diameter in response to
per day for 10 min on (Ach and Ach in T group
a bicycle ergometer at NTG) Unchanged in
80% of the heart rate response to NTG
reached at peak oxygen in T group
C:9 Male 611  uptake (7 days per CFVR In T group
week) (adenosine)
Gielen et al., CAD T: 10 Male 60.6+1.3 Hospital-based exercise 4 Angiography  luminal tin response to
2003128 training program: diameter Adenosine in T
exercise under close (adenosine,  group
supervision six times Ach and NTG) |Vasoconstriction
per day for 10 min on in response to
a bicycle ergometer Ach in T group
at 80% of the heart Approximately
rate reached at peak unchanged in
oxygen uptake (5 days response to NTG
C:9 Male  60.1£2.2 per week) and one CFVR 7in T group
group training session (adenosine)
per week including
aerobic exercise, 9
calisthenics, and ball
games
Gielen et al., CAD T: 10 Male 60.6+1.3 First four weeks 24 Angiography  luminal 1in response to
2003128 Hospital-based exercise diameter adenosine in T
training program. (adenosine,  group
20-week home-based Ach and NTG) | vasoconstriction
exercise training: in response to
training on a bicycle Ach in T group
ergometer 20 min per Approximately
day at 80% of their unchanged in
maximal heart rate (7 response to NTG
C:9 Male 60.1+2.2 days per week). and CFVR tIn T group
one group training (adenosine)
session per week
including aerobic
exercise, 9 calisthenics,
and ball games
Yoshinaga CAD T: 7 Male 61.9£4.2 Treadmill training at 14 PET CFVR tIn T and C
et al., 20067 C:5 Male 58.6+16.9 60%-80% of the heart (dipyridamole) group. The T
rate reserve, four group showed
sessions per week (two a significantly
supervised and two greater % increase
unsupervised) compared to
C group in
both normal
and abnormal
segments
Zbinden CAD T: 24 Male 61+8  Jogging or cycling at 12 Angiography  Luminal tin T group
et al., 2007G1 and 80% of the heart rate at diameter
female false three times/week (NTG)
C: 16 for a duration of at CFVR 1in T group
least 60 min/session (adenosine)
Bokhari et al., CAD T: 9 Male 63.7£9.7 Supervised exercise 12 PET CFVR 1in T group
20192 c:9 and sessions three times (adenosine)
female per week. Each session

lasted 45-60 min

T=Training group, C=Control group, CFVR=Coronary blood flow velocity reserve, Ach=Acetylcholine, NTG=Nitroglycerin, PET=Positron emission tomography

In five studies (containing six trials), the effect of selected
aerobic exercises was assessed on CFVR in response
to adenosine and dipyridamole. A meta-analysis was
performed, the results of which are shown in Figure 2a.
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CI: 0.88-3.78).

Journal of Research in Medical Sciences

All these trials were conducted on patients with CAD.
As shown in the forest plot, aerobic exercise training
improves the CFRV (z =3.15, P = 0.002; SMD = 2.33, 95%
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Table 2: Characteristics of quality score of studies

Studies Reporting External validity Internal validity Confounding and selection bias Power  Quality score
Hambrecht et al., 2000 7 3 5 4 3 22
Gielen et al., 2003 7 2 5 4 3 21
Yoshinaga et al., 2006 7 3 5 5 2 22
Zbinden et al., 2007 8 2 6 5 4 25
Bokhari et al., 2019 8 2 4 4 3 21
Study % Stugy %
0 SMD (95% CI)  Weight 10 SMD(95%CI)  Weight
Hambrecht et al. (2000) —0—‘ 435(263,607) 1538
§ Hamdrecht (2000) —_—— -1.03(-200,-0.07) 2379
Gielen (2003) i ——®—— 559(351,768) 1396
Gielen et al. (2003) »0— 311 (1.73, 4.49) 1665 * i 123(222,-020 2340
Yoshinaga et al (2008)  — 1.30 (0.02, 258) 17.00 Gielen (2003) +—r— 085(-009, 180) 2409
Zoinden (2007) & 043 (:0.16, 1.12)18.67 Zonden (2007) —0— 011(075,052) 2873
Soltil @0A0) ™ 9251 00e 1201813 Overall n~sqmmc=nmp:om9)<:> 0.36(-122,050) 100.00
Overall (I-squared = 89.0%, p = 0.000) <> 2.34 (0.88, 3.79) 100.00 :
NOTE: Weights are from random effects analysis NOTE: Weights are from random effects. anal,ssi
T T [ I
E 768 0 768 m 222 o 22

Figure 2: (a) Forest plot showing the effect of exercise on coronary blood flow velocity reserve. (b) Forest plot showing the effect of exercise on endothelium-independent

vasodilator

In addition, high heterogeneity between studies had
been reported (y* = 45.26, P = 0.001; I* = 89%). Subgroup
analyses showed significantly greater improvement
in CFVR in studies with supervised exercise training
program (P = 0.04) and more exercise sessions per
week (P = 0.02) [Table 3]. In addition, meta-regression
analyses demonstrated no significant relationships
between sample size, year of publication, and quality
score with CFVR [Figure 3].

Furthermore, in two studies, endothelium-dependent
vasomotion was assessed using injections of various doses
of acetylcholine. The results showed that a course of aerobic
exercise increases the diameter of the lumen or decreases the
contractile response of the lumen compared to preexercise
condition.?%!

Vasodilatory response of coronary arteries in response to
the endothelium-independent vasodilator nitroglycerin
was investigated in three studies (containing four trials).
A meta-analysis in this field shows that performing
chronic aerobic exercises did not make a significant change
in the endothelium-independent vasodilator (z = 0.83,
P =0.40; SMD = -0.36, 95% CI: -1.21-0.50) [Figure 2b],
although a moderate heterogeneity was observed between
studies (x?>=11.65, P = 0.009; I> = 74.2%).

Due to the small number of studies in this field, it was
not possible to perform subgroup analyses for many of
the indices. Subgroup analyses showed nonsignificant
differences across various groups [Table 4]. In addition,
the meta-regression analyses demonstrated no significant
relationships between sample size, year of publication,
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and quality score with endothelium-independent
vasodilator [Figure 4].

According to the Begg’s test (z = 2.82 and P = 0.005),
publication bias was observed among the studies that
reported CFVR [Figure 5a]. In addition, results of the
Begg's test (z=1.36 P =0.17) demonstrated no publication
bias in studies that reported endothelium-independent
vasodilator [Figure 5b].

DISCUSSION

According to the findings of this study, coronary artery
function in adaptation with exercise showed that a period of
exercise leads to increased CFVR and improved endothelial
function through stronger vasomotion response in the
presence of pharmacological vasodilators.

The results showed more improvement in CFVR, in studies
which exercise training was performed under supervision
of supervisor. In addition, doing more exercise per
week increased the CFVR further. However, the results
showed that baseline CFVR, body mass index, and CFVR
measurement had no effect on CFVR changes.

In the studies included in this systematic review, CFVR was
evaluated using adenosine and dipyridamole. Adenosine
is an endothelial-dependent vasodilator. Dipyridamole
also increases adenosine and stimulates a-adrenergic
receptors of smooth muscle. Increasing blood flow also
increases endothelial-dependent vasodilation by shear
stress. Thus, dipyridamole activates endothelial-dependent
and -independent vasodilation responses.F
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Figure 3: (a) Meta-regression analysis according to the sample size. (b) Meta-regression analysis according to the year of publication. (c) Meta-regression analysis

according to the quality score

4

endothelium: |ndepe0ndentvasodllator

4
endothelium-independent vasodilator
0

p=0.81

2
2

-2
-2

-4

endothelium-independent vasodilator
0

-4

p=0.63 p=0.91

4

2

2

-4
)

2000 2002

20 % 30 35 40

sample_size

2008 21 22 23 24 25

C]

2004 2006

year Quality

Figure 4: (a) Meta-regression analysis according to the sample size. (b) Meta-regression analysis according to the year of publication. (c) Meta-regression analysis
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Figure 5: Funnel plot for report publication bias: (a) coronary blood flow velocity reserve and (b) endothelium-independent vasodilator

There was a nonsignificant decrease in the coronary artery
response of patients with nitroglycerin. Considering that
nitroglycerin is known as an endothelial-independent
vasodilator, it can be concluded that aerobic exercises could
not change the arterial smooth muscles’ response.

The changes in nitric oxide levels, resulting from sports
activities, seem to be the most important reason for CFVR
changes. Increased oxygen demand during exercise, which
leads to an increase in coronary blood flow and increase
in shear stress and production of endothelial-derived
relaxing factors; increase in NO that causes increase in
c¢GMP and thus activate the calcium-activated K* channels
and probably KATP channels that leads to relaxation of
smooth muscle of vessel walls and increase in lumen
diameter.5”
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As mentioned above, vessel vasomotion is dependent on
the mechanisms and stimuli that regulate the synthesis
and release of NO, while endothelial dysfunction in
damaged blood vessels leads to decreased concentration
of bioactive nitric oxide in the vascular smooth muscle
cells.? Because pathophysiological changes occur in the
pattern of coronary endothelial function in patients with
CAD, it leads to paradoxical vasoconstriction in response
to acetylcholine and further contraction of smooth muscle
in the vessel wall at the time of catecholamine release
during exercise.*!

Another mechanism that seems to improve the blood flow in
patients with CAD through physical activity is reducing the
size of the injured area, the lesion.?" Increasing the amount
of catecholamines will also increase vascular contraction in

Journal of Research in Medical Sciences 6
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Table 3: Subgroup analyses of the effects of exercise on
coronary blood flow velocity reserve

Subgroup(s) Number SMD (95% CI) P% P
of study
Measurement
Angiography 4 3.27 (0.82-5.71) 92.5 0.08
PET 2 0.70 (-0.24-1.65) 33.5
Exercise training
program
Supervised 3 3.33 (-0.16-6.83) 93.6 0.04
Unsupervised 3 1.53 (0.02-3.05) 82.9
Exercise sessions
per week
>4 3 4.18 (2.79-5.57) 50.2 0.02
<4 3 0.55 (0.06-1.04) 0.0
BMI
<29 3 1.90 (-0.08-3.90) 88.5 0.12
>29 3 2.88 (-0.02-5.79) 92.3
Baseline CFVR
<2.5 2 0.70 (-0.24-1.65) 92.5 0.06
>2.5 4 3.27 (0.82-5.71) 3.5

CFVR=Coronary blood flow velocity reserve, BMI=Body mass index, PET=Positron
emission tomography, Cl=Confidence interval, SMD=Standardized mean difference

Table 4: Subgroup analyses of the effects of exercise
on coronary artery diameter after intracoronary
nitroglycerin

Subgroup(s) Number SMD (95% Cl) P% P
of study

Exercise training

program
Supervised 2 -1.12 (-1.82--0.43) 0.0 0.53
Unsupervised 2 0.30 (-1.21-0.49) 64

BMI
<29 2 -0.49 (-1.38-0.38) 58.8 0.71
>29 2 -0.18 (-2.22-1.85) 88.8

BMI=Body mass index, Cl=Confidence interval, SMD=Standardized mean
difference

the affected arteries; the reduction of this stimulator has been
emphasized in adaptation to long-term aerobic exercises.
Another factor influencing the flow rate is the reduced
blood viscosity in adaptation to exercise, and thus increased
flow . Although some studies reported improvement in this
index in patients with peripheral artery disease and healthy
controls,”! these changes have not been proven in patients
with CAD or left ventricular dysfunction.!

The exercises included in the systematic reviews were all
aerobic, but the method of exercises differed by continuous
or interval methods, which could be the reason for the
heterogeneity observed in findings, although separate
meta-analysis of studies with different exercise methods
was not possible, due to few number of studies.

This s the first meta-analysis study which examines the effect
size of exercises on coronary artery vasomotor that provides
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reliable quantitative results using review and statistical
methods to homogenize studies conducted over the past
30 years, as well as specific practical applications to patients
and even researchers in this field.

Given that one of the meta-analysis objectives is to find
research gaps, we can mention lack of studies examining
the effectiveness of resistance exercises in patients with
CAD. There is also lack of high-quality studies assessing
various nonweight-bearing exercises (such as swimming)
versus weight-bearing exercises or continuous versus
interval exercises. On the other hand, in the present study,
due to the small number of studies conducted, it was
not possible to separate studies based on the patients’
disease stages.

Although we tried to modify the effects of publication bias,
to some extents, using statistical methods, this issue could
affect the results of this meta-analysis, while small number
of studies, based on valid databases and low sample size of
studies included in the meta-analysis, can also play a role
in the observed bias.

Considering that only articles published in English language
were obtained from valid databases, publication and
language bias would be of limitations of this study. In order
to control multiple publication bias, all the numbers given
in the text, tables, or figures of the similar (comparable)
articles were examined.

CONCLUSION

Based on the results of the present study, aerobic exercises
improve the endothelial function of coronary arteries and
thereby the vascular vasomotion function, while the results
of this meta-analysis showed no change in arterial smooth
muscle’s function by chronic aerobic exercises. Notably,
there are insufficient studies examining the effectiveness
of resistance exercises, which contrasts with new attitudes
to resistance exercises.
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