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ORIGINAL ARTICLE

A systematic review on the effect of acute aerobic
exercise on arterial stiffness reveals a differential
response in the upper and lower arterial segments

Andrew F Mutter!, Alexandra B Cooke!, Olivier Saleh2, Yessica-Haydee Gomez? and Stella S Daskalopouloul’2

The objective of this systematic review was to provide insight into the controversy that still abounds as to the impact of acute
aerobic exercise on immediate changes in arterial stiffness. Electronic databases were searched to identify articles assessing the
effects of acute aerobic exercise on parameters of arterial stiffness. Eligible studies included arterial stiffness measurements
before and after acute aerobic exercise in healthy human subjects. Forty-three studies were included. The effect of acute aerobic
exercise on arterial stiffness was found to be dependent on the anatomical segment assessed, and on the timing of the
measurement post-exercise. Arterial stiffness of the central and upper body peripheral arterial segments was found to be
increased relative to resting values immediately post-exercise (0-5 min), whereas, thereafter (>5 min), decreased to a level at or
below resting values. In the lower limbs, proximal to the primary working muscles, arterial stiffness decreased immediately
post-exercise (0-5 min), which persisted into the recovery period post-exercise (>5 min). This systematic review reveals a
differential response to acute exercise in the lower and upper/central arterial segments in healthy adult subjects. We further
showed that the effect of acute aerobic exercise on arterial stiffness is dependent on the timing of the measurements
post-exercise. Therefore, when assessing the overall impact of exercise on arterial stiffness, it is important to consider the arterial
segment being analyzed and measurement time point, as failure to contextualize the measurement can lead to conflicting results

and misleading clinical inferences.

Hypertension Research (2017) 40, 146-172; doi:10.1038/hr.2016.111; published online 13 October 2016

Keywords: aerobic exercise; arterial stiffness; augmentation index; exercise testing; pulse wave velocity

INTRODUCTION

Physical activity and exercise have a crucial role in the maintenance
of healthy living. With ~30% of adults being insufficiently active,
reduced physical activity is a contributing factor to >3.2 million
deaths globally each year.! Regular exercise has notably been shown to
reduce the incidence of cardiovascular (CV) complications, such as
obesity, diabetes, hypertension and atherosclerosis, in both men and
women.

Arterial stiffness is widely used as a marker to assess the severity and
progression of CV diseases.> Many techniques have been developed to
measure arterial stiffness, including echo tracking, Doppler ultrasound
and applanation tonometry.* The latter has the ability to quantify
the velocity of generated pulse waves between arterial segments (pulse
wave velocity, or PWV) and the timing of the reflected pulse wave by
peripheral sites, augmenting the forward travelling wave at the aorta
(augmentation index or Alx).®> It has been previously shown that
increased PWV and Alx are directly and independently associated with
an increased risk for CV complications and events.>® More recently,
the carotid—ankle vascular index (CAVI) has emerged as a blood

pressure-independent measure of arterial stiffness in the aorta, femoral
artery and tibial artery.”®

Under conditions of acute physical stress, such as aerobic
exercise, segments of the arterial tree are differentially affected and
respond/recover in a time-dependent manner following physical stress
cessation. The overall impact of resistance-type exercises on the
modulation of arterial stiffness has been well characterized,” as have
the effects of chronic physical activity.!® However, controversy still
abounds as to the impact of acute aerobic exercise on immediate
changes in arterial stiffness.

To our knowledge, this is the first systematic review that aims to
synthesize evidence pertaining to acute changes in arterial stiffness
shortly following aerobic exercise.

METHODS

Data sources, search strategy and study selection

The present systematic review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines (Supplementary Table 1).!! Two researchers independently conducted the
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literature search using the MEDline, EMBASE, Cochrane Library, Sport Discus
and Web of Science electronic databases. Relevant articles were extracted using
standardized search terms. The strategy implemented for the MEDline search is
illustrated in Figure 1, and was modified in accordance with the indexing
systems of each aforementioned database.

Additionally, manual searches of reference lists and ‘related article’ links to
the articles selected for review were screened for eligibility. Records were limited
to full-text articles involving human subjects published between January 1985
and January 2016, written in the English language and without restrictions in
study design. Included in this review are all relevant clinical studies assessing the
effect of acute aerobic exercise on parameters of arterial stiffness, in which
measurements of arterial stiffness were performed before and after acute
aerobic exercise in healthy human subjects. In the screening process, articles
were carefully examined to ensure that participants were free of any CV disease,
or CV risk factors, and were not taking cardioprotective medications.
When studies incorporated weight-bearing activities during aerobic exercise,

1. (arterial stiffness or pulse wave velocity or PWV or aortic stiffness or wave reflection or
pulse wave analysis or augmentation index or augmentation pressure or arterial wall
distensibility or arterial compliance or elastance or hemodynamic* or haemodynamic*
or crPWV or cfPWV or baPWV or PWA or Aix or central blood pressure or stiffness
index).mp.

2. Hemodynamics/ or Aorta, Abdominal/ or Aorta, Thoracic/ or capillary resistance/ or
elasticity/ or pulse transit time/ or blood flow velocity/ or vascular resistance/ or
vascular capacitance/ or pulsatile flow/ or brachial artery/ or carotid arteries/ or
femoral artery/ or radial artery/

3. (exer® or physical activ* or treadmill* or biking or run* or bicycl® or cycl* or jog* or
fitness test* or aerobic exercise* or ergomet* or physical stress).mp.

. exercise/ or running/ or physical exertion/ or physical endurance/ or jogging/
land 2
3and 4
S5and 6

[

limit 7 to (English language and Humans and yr="1985 -Current" and Full text and
Medline)

Figure 1 MEDIine search strategy.
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or involved cold or heat exposure, only the control condition was considered
(if applicable) to avoid any confounding stress to the arterial system.
Furthermore, for comparability reasons, aerobic exercise that exceeded 5h
was not included. The study selection procedure is illustrated in Figure 2.

Information was extracted independently by two researchers from each
included study on: (1) characteristics of study participants (age, sex, body mass
index (BMI), and baseline physical activity and health when available);
(2) study type, inclusion criteria and population size; (3) imposed physical
activity modality and (4) outcome measures of arterial stiffness. When values
were not reported in the text, or included only in the form of graphs, authors
were contacted and asked to provide missing data or for clarifications. When a
response could not be obtained, values were estimated with precision from the
graphs.

Risk of bias in the reporting of this review was considered. Article selection
bias was accounted for through the use of two independent reviewers, and a
third when consensus was not met. Strict inclusion/exclusion criteria were
enforced on each article considered, as aforementioned. Although several tools
may be applied, no clear 'gold-standard' quality assessment method in the
review of observational studies exist and thus misclassification of study quality
may occur. One must subjectively assess scale criteria for a given study, and
there are underlying problems associated with this strategy.!?> Subject selection
bias was, however, inherent within the included studies, as the research groups
enrolled only healthy individuals, free from CV disease or risk factors. However,
this was by design as we aimed to compile the evidence pertaining to the
normal physiological arterial response to acute exercise.

RESULTS

A total of 43 studies were identified, confirmed by all authors, and
included in this review.'3>-54 Table 1 contains subject characteristics of
the selected studies. All included studies were observational in nature
and included only healthy individuals. Altogether, these studies
evaluated 1089 adults (811 men and 253 women). Specifically,
27 studies enrolled only men,'*8 1 study enrolled only women,*
14 enrolled both men and women?*>* and sex distribution was not

5071 recordsidentified through database
searching:
Medline, n=1071 SportDiscus, n=258
Cochrane, n=596 Web of Science, n=1811
Embase, n=1333

3 recordsidentified through manual searches
ofreferencelists

Screening 7
[ 5074 recordsidentified ]
I
Eligibility ¥ v
[ 4157 records screened ] [ 917 duplicates excluded ]
| [ 4005 articles excluded ]

116 full-test articles excluded: articles not assessing

159 full-text articles assessed for eligibility > | the acute effect of aerobic exercise on parameters
of arterial stiffness in healthy individuals
Inclusion l
[ 43 studies included in analysis for this review ]

Figure 2 Implemented search procedure. A full color version of this figure is available at the Hypertension Research journal online.
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Table 1 Subject characteristics of included studies

Study Subjects n Sex (men/women) Age (years) BMI (kg m~1)
Akawaza et al.3% Healthy older women 9 0/9 61+ 2% H: 154+ 1 cm&
W: 52 42 kg’
Attina et al.28 Healthy middle-aged men (aged 27-66 years) 15 15/0 45+ 3% 25.5+0.7%
Babcock et al.*® Healthy young adults 55 12/43 2245 245+2.7
Boutcher et a/.33 Healthy young men (family history of HTN) 20 20/0 22.2+0.5% 21.9+0.7%
Healthy young men (no family history of HTN) 20 20/0 21.3+0.6% 22.2+0.5%
Burr et al.50 Healthy young adults 13 9/4 25+6 H: 175+8cm
W: 74.6 +16 kg
Campbell et al.34 Healthy young men 10 10/0 31+5 24+3
Casey et al.!3 Healthy young men (age 20-29 years) 14 14/0 24+1 24.2+0.5
Healthy middle-aged men (age 40-59 years) 16 16/0 48+ 2% 26.1+0.7%
Chandrakumar et al.3° Healthy young men 15 15/0 20.2+0.2% 21.8+0.4%
Collier et al.36 Healthy young men 10 10/0 24.9+0.9% H=174.8+15cm&
W: 76.8+2.4 kg&
Dischl et al.}4 Healthy endurance-trained men 11 11/0 33+5 222+1.8
Doonan et al.1® Healthy young men 53 53/0 23+5.4 223+2.2
Doonan et al.*® Healthy young adults 122 67/55 Men: 24.4+6.2 Men: 22.8+2.7
Women: 23.7 +4.8 Women: 21.7+2.1
Gkaliagkousi et al.>1 Healthy middle-aged adults 15 9/6 39.3+5.6 23.3+2.8
Hanssen et al.2% Healthy young men 21 21/0 19-31 years 23+1
Heffernan et al.2* Healthy young African-American men 12 12/0 22+1% 27.3+1.2%
Healthy young Caucasian men 12 12/0 22+1% 28.7+1.0%
Heffernan et al.2* Healthy young resistance-trained men 15 15/0 21.9+0.6% H=177.9+1.6cm&
W=92.9+3.3 kg
Age-matched non-resistance-trained men (controls) 15 15/0 22.7+0.9% H=179.1+1.4cm&
W=81.6+3.4 kg&
Heffernan et al.1® Healthy young men 13 13/0 25+0.7% H=174.7+1.3 cm
W=74.5+2.2 kg
Hu et al.%6 Healthy young adults 15 10/5 26.2+0.6% 23.9+0.9%
Hull et al.>* Healthy young adults 25 18/7 29.3+5.8 23.1+1.8
Kingwell et al.l” Healthy young men 12 12/0 24+6 22.9+0.9%
Lane et al.>2 Healthy young adults 62 31/31 24.7 +0.4% 25.6+4.2%
Liu et al.32 Healthy young college basketball athletes 10 10/0 239+1.2 22.8+2.6
Age-matched healthy sedentary adults 9 9/0 24.2+3.0 21.6+2.5
Lydakis et al.40 Healthy young adults 15 7/8 26.6+3.6% 24.3+3.1%
McClean et al.18 Healthy young men 8 8/0 22.9+2.8 25.1+3.0
Milatz et al.30 Healthy young men 32 32/0 33.7+8 24+25
Munir et al.48 Healthy young adults 25 NR 19-33 years NR
Naka et al.4! Healthy young adults 50 46/4 30.7+5.8 245+3.5
Nickel et al.42 Healthy older adults 32 14/18 71+7 24.7+2.8
Nieman et al.4’ Healthy endurance-trained young adults 16 8/8 Men: 39.3+2.3% Men: H=180+3.0 cm¥
Women: 35.8 +2.8% W=80.3+4.5 kg’
Women: H: 163 +3.0 cm&
W=57.6+2.9 kg
Nottin et al.43 Healthy young adults 12 10/2 22.0+3.1 H=177.1+9.7 cm
W=71.2+11.4kg
Payne et al.3” Healthy young men 30 30/0 223+2.4 229+2.6
Rakobowchuk et al.1? Healthy young men 9 9/0 20.1+1.2 H=181+7cm
W=77.5+6.8kg
Ranadive et al.** Healthy young adults 15 9/6 2545 229+3.4
Ribeiro et al.2® Healthy young men 14 14/0 31.0+1.0% 26.6+0.9%
Sharman et al.20 Healthy young men 12 12/0 31+1% 24.3+ 9%
Sharman et al.38 Healthy young men 12 12/0 29+ 1% 23.8+0.9%
Sugawara et al.?! Healthy young men 18 18/0 24+ 1% H=171.5+1.3cm
W=65.7+2.1 kg&
Sugawara et al.?? Healthy young men 9 9/0 25+ 1%& 23.1+0.5%
Tordi et al.23 Healthy young men 11 11/0 22.5+0.7% H=177.7+1.1cm&
W=70.5+2.4 kg’
Wang et al.26 Healthy young men 15 15/0 21.2+0.4% 22.7+0.5%
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Study Subjects n Sex (men/women) Age (years) BMI (kg m~1)
Yan et al.?3 Healthy young AA and CA adults 100 AA 28/24 AA men: 25+ 1% AA men: 26.7 +1.1%
CA 25/23 CA men: 25+ 1& CA men: 25.7+1.1%
AA women: 24 + 1% AA women: 28.9+1.1&
CA women: 26+ 1& CA women: 23.1+1.2%
Zheng et al.?’ Healthy young men 16 16/0 22.0+0.3% 23.0+0.5%
Zhou et al.3! Healthy young men 19 19/0 24.7+£0.3% 21.9+0.3%

Abbreviations: AA, African American; BMI, body mass index; CA, Caucasian American; H, height; HTN, hypertension; NR, not reported; W, weight.
Values are presented as mean plus/minus s.d., or as mean plus/minus s.e. (indicated by an ampersand).

reported for 1 study.*® All studies enrolled participants between the
ages of 20 and 35 years, except Nickel et al. A2 Gkaliagkousi et al.?!
Nieman et al.,*” Akazawa et al.>® and Attina et al.?® who enrolled only
older healthy adults. Mean participant BMI in all studies was below
30 kg m~!. Baseline physical activity of participants was not reported
for the majority of included studies; however, when reported, this
information is recorded in Tables 2a, 2b and 3 (column Inclusion
criteria).

Pertinent results for the selected papers are contained in Tables
2 and 3 and Supplementary Table 2. All included studies used a form
of cycling, running or leg extensor exercise as their primary aerobic
physical stressor with the exception of Ranadive et al** who
incorporated graded arm-cycling protocols as the acute physical
stressor. As noted in Tables 2a, 2b and 3, exercise intensity and
duration varied among studies (column Exposure), ranging from
10 min of low-intensity walking®® or 30 s of high-intensity exercise®>*
to a 2 h marathon-paced run.#’ Differential effects of acute aerobic
exercise, depending on the anatomical segment analyzed and the time
of measurements post-exercise, were noted. Summarized findings
were separated into time intervals post-exercise, those measured
in the first 5min (Tables 2a and 2b), and those measured >5 min
post-exercise (Table 3).

Arterial stiffness measurements immediately post-exercise
(0-5 min)
A total of 24 studies characterized changes in arterial stiffness in
the first 5min post-exercise.!315:18-2325-2729-32,34,37,38,40,41,45-49,51,54
Findings pertaining to changes in arterial stiffness during this time
period are somewhat discordant. Some groups have demonstrated
nonsignificant changes in arterial stiffness parameters in the first
5min following acute aerobic exercise,!®1418-23:29,30,40,41,45-48,51,54
whereas significant but diverging results
reported, 14151921-23.26.27,31,32,34,37,40,41,46-49,54
Included studies assessing central and upper body peripheral
arterial segments in the first 5min post-exercise demonstrated
either significantly increased,!®1319:3%37:404146-49,54  yongignificantly
increased,l3‘19’23’30’34’47’48’51 or nonsigniﬁcantly decreasedl3,14,18,40,46,47,54
arterial stiffness parameters (Table 2a). Specifically, Rakobowchuk
et al.'® demonstrated significantly increased heart-femoral PWV 2 min
post-exercise, which remained elevated for 20 min, whereas Naka
et al*! found brachial-radial PWV to be 35% higher 3 min post-
exercise. Lydakis et al.*? also found a decrease in Ti (the transit time of
the pulse wave between the heart and reflection sites in the periphery)
immediately following exercise to exhaustion. Similarly, our group
(Doonan et al.*?) demonstrated that carotid—femoral PWV (cfPWV)
was significantly elevated at 2 and 5 min following exhaustive treadmill
exercise.!” Even after 10 min of lower intensity cycling exercise (60%
maximum heart rate), Hull et al.>* demonstrated significantly elevated

have also been

cfPWV within the first 5 min post-exercise cessation. The majority of
studies have reported a decrease in Alx post-exercise;!®142%3446
however, the AIx75 (Alx corrected for a heart rate of 75 beats per
minute) was shown to be elevated in the first 5 min following exercise
under multiple conditions.!#154647 Further, Tordi et al.?® observed
elevated carotid-radial PWV 2 min following both intermittent and
constant aerobic exercise; however, this did not reach statistical
significance. Hu et al® have, however, recently demonstrated a
significant increase in carotid f-stiffness index 3 min post-exercise in
young adults, which was also noted by Liu et al.>? after a series of four
30 s bouts of cycling exercise in basketball athletes. Similar trends in
the ¢fPWV and AIx75 in response to exercise were observed by
Doonan et al.,*> even though authors chose to focus on investigating
sex differences in response to acute aerobic exercise rather than
comparing post-exercise values with resting baseline values. Although
nonsignificant, Gkaliagkousi et al>! and Nieman et al.*” also reported
increased cfPWV immediately after high-intensity treadmill running.
Similarly, Milatz et al.*® demonstrated a 10% increase in aortic PWV
compared with baseline after 60 min of cycling exercise, and Campbell
et al>* observed elevated cfPWV after cycling exercise to exhaustion.
Conversely, all studies investigating arterial stiffness in lower limb
arterial segments, at or near the primary exercising muscle groups,
reported significantly!%21-23:2627:31.34 or nonsignificantly?>*! decreased
arterial stiffness in the first 5min following exercise (Table 2b).
Specifically, Sugawara et al.*! found significant decreases in femoral—
ankle PWV, and femoral—tibial PWV?2 in the exercising limb 2 min
after light cycling, whereas nonsignificant differences were found in
the non-exercising limbs. Campbell et al3* also demonstrated a
significant decrease in femoral-tibial PWV immediately after maximal
cycling exercise.** Femoral-dorsalis pedis PWV was shown to be
significantly decreased 2 min following cycling exercises of varying
intensities,!® whereas Tordi er al.?® also demonstrated decreases to
carotid—dorsalis pedis PWV (a composite measure of central and
peripheral arterial stiffness) as early as 4 min post-cycling interval
exercise. Furthermore, three studies measuring CAVI, a vascular
measure that incorporates the working lower limb vessels in addition
to upper limb vessels (carotid—ankle), consistently observed a
significantly lower CAVT after exercise termination.?®27>31

Arterial stiffness measurements >5 min post-exercise

As time from exercise cessation increases, there is a consistent trend
towards a decrease in parameters of arterial stiffness towards or below
resting values, independent of the arterial segment being analyzed
(Table 3).14-17:19,23,24,34,36,41,42,44.45,47.48 However, a small number of
studies that only measured arterial stiffness starting 10-60 min post-
exercise (i.e., not from time 0-10 min) noted no changes to various
parameters of arterial stiffness following exercise.!>16-242833,35,39,45,47,50,51
Specifically, Naka et al.*! demonstrated a 6% decrease vs. resting values
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in brachial-radial PWV 10 min post-exercise, reaching a significant
steady state of 10% below resting values by 60 min. As previously
noted in the same study, brachial-radial PWV had been increased 35%
at the 3 min post-exercise time point in the same study.*! Ranadive
et al.** also found significantly decreased carotid—radial PWV 10 min
after maximal arm ergometry in healthy volunteers. At 20 and 30 min
after cycle exercise, Alx was shown to be significantly reduced
compared with resting levels in resistance- and non-resistance-trained
men,'® whereas Munir et al.*® demonstrated significantly decreased
central Alx 15-60 min post-exercise.*® Diastolic Alx was also shown to
be increased at multiple upper body peripheral sites 15-45 min
following running exercises of various intensities.'* Nieman et al.%’
demonstrated a significantly decreased AIx75 in women 30-240 min
following prolonged aerobic exercise; however, this study did not find
significant differences in men on the AIX75 post-exercise compared
with resting conditions, whereas, Lane et al.>2 observed decreased Alx
in both men and women 30 min after maximal cycling exercise. One
study did nevertheless note a significantly elevated AIx75 at 5, 10 and
15 min post-exercise.!> Similar overall results were found in measure-
ments of central stiffness: Heffernan et al.'® and Kingwell et al.'” found
cfPWV to be significantly reduced compared with rest at 20 and
30 min after cycling exercise, respectively. In line with these findings,
Lane et al>? also observed significantly lower cfPWV in men and
women at 15 and 30 min after maximal cycling exercise. Nieman
et al*” also recently demonstrated significantly decreased cfPWV in
women 30, 60, 240 and 300 min following prolonged aerobic exercise
compared with resting conditions, but no differences were noted in
men. By 10 and 20 min post-exercise, significantly elevated cfPWV
had also returned to resting values in studies by Doonan et al.'> and
Rakobowchuk et al.,' respectively.

Changes in lower limb arterial stiffness measures >5min post-
exercise are similar to those of the upper limbs and larger central
arterial segments. At 15 and 30 min post-exercise, Heffernan et al.?*
demonstrated a significant decrease in femoral-dorsalis pedis PWV in
white men, but not in African-American men. No significant change
in cfPWV was noted in this group. Similarly, femoral-dorsalis pedis
PWYV was found to be significantly decreased 10-30 min after cycling
exercise in both resistance-trained and age-matched non-resistance-
trained controls.?* These findings are further confirmed by others who
showed decreased femoral-dorsalis pedis PWV for 44 min after high-
intensity interval exercise,'® 4-28 min after cycling intervals,”® at
10 min after maximal leg ergometry,** at 30 min after cycling
exercise!” and 15 and 30 min after a maximal cycling test.”> Measures
of the less conventional midthigh—ankle PWV were also shown to be
significantly decreased by 23% at 10 min post-exercise, and reached a
steady state of 10% below resting values by 60 min post-exercise.*!
Studies measuring CAVTI reported a return to baseline when measured
40 min?%3! and 60 min?”! after 30 min of cycling,

Using pulse contour analysis, Nickel et al.* recently showed a 17%
increase in small artery compliance from rest to 30 min after
moderate-intensity cycling exercise. Kingwell et al.l” also found that
whole-body arterial compliance was increased by 66% at 30 min
post-exercise and remained elevated for up to 60 min following
moderate-intensity cycling.

DISCUSSION

We present herein data from 43 studies evaluating the effect of acute
aerobic exercise on measures of arterial stiffness in healthy human
subjects. We found that the effect of acute aerobic exercise on arterial
stiffness is dependent on the anatomical segment being assessed, and
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on the time at which the measurement is performed following acute
aerobic exercise.

The vast majority of included studies implemented primarily lower
limb exercise modalities. It was noted that immediately post-exercise
(0-5 min), the central and upper body arterial segments demonstrated
overall increases in arterial stiffness, whereas measures taken in lower
limb segments (proximal to the primary working muscles in most
instances) demonstrated immediate decreases in arterial stiffness. As
time post-exercise progressed (>5 min), measures of stiffness (of the
central, upper and lower body) decreased to or below resting values.
However, the magnitude of these post-exercise changes and the
timeline over which they occur is variable among different studies.

Mechanisms

Shift in arterial wall properties (structural components). As the heart
increases its cardiac output during acute aerobic physical activity, there
is an increase in the demands placed on the vascular system. During
aerobic exercise, there is an increase in blood pressure, alterations to
sympathetic vascular tone and concomitant increase in measures of
central arterial stiffness, which may persist early into the recovery
period following activity cessation.!> The physiological alteration
caused by exercise leads to changes in the functional properties of
the arterial wall.>> A shift in the load from the more distensible elastin
fibers to less compliant collagen fibers in the central arterial segments,
alongside constriction of vascular smooth muscle cells, could account
for immediate increases in central arterial stiffness observed following
exercise.”® There is also an associated increase in blood flow and
resultant shear stress in vessels supplying the working muscles, causing
vasodilation and increases to vessel diameter. As the arterial diameter
increases, there may again be a resultant shift in the load from elastin
to collagen fibers, and could account for early increases in arterial
stiffness of upper body arterial segments immediately following
exercise.!”

Alongside vasodilation, exercise leads to reduced total peripheral
resistance and an increase in whole-body arterial compliance.!”> Tt
has been proposed that a relaxation of vascular smooth muscle could
work in the opposite manner to increased vascular tone by moving
from primarily collagen fibers to more compliant elastin, and could
account partially for decreases in arterial stiffness seen post-exercise in
portions of the arterial tree.””

Blood pressure. Blood pressure is acutely increased during aerobic
exercise, and decreases in a time-dependent manner following exercise
cessation.”® Multiple studies have, however, demonstrated that the
post-exercise decrease in mean arterial pressure is independent of
changes in arterial stiffness,!¢17:23 and is, thus, unlikely to be the
governing mechanism. Furthermore, studies have noted an acute effect
of exercise on CAVI, which is a blood pressure-independent measure
of arterial stiffness.262731

Central nervous system. Following acute aerobic exercise, there is a
reduction in muscle sympathetic nerve activity.”® As in exercise, in
response to stretching, carotid and aortic baroreceptors send afferent
signals to the brainstem that act to inhibit sympathetic activity to the
periphery,® resulting in vessel vasodilation and associated alterations
to arterial stiffness as discussed above. Baroreflex sensitivity was shown
to be significantly decreased 30 min following cycling exercise,
independent of changes to arterial wall components and in the
presence of reduced cfPWV and femoral-dorsalis pedis PWV.!®
It is, however, possible that decreases in arterial stiffness may also
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be seen concomitantly with sympathoexcitation, as vasodilation has
previously been shown to occur alongside sympathetic activation.®!

Blood markers. 'With exercise, increased intravascular shear stress and
amplitude and frequency of pulsatile flow cause the production and
release into the blood of multiple modulators of vascular tone derived
by the endothelium.®? A number of these blood markers may be
implicated in the mechanisms governing changes in arterial stiffness
following aerobic exercise. There is an alteration in circulating levels
of such vasorelaxing factors as nitric oxide,3* prostaglandins,ﬁ2
atrial natriuretic peptide®® and potential vasoconstrictors such as
endothelin-1, angiotensin-II and epinephrine®? that help mediate
vascular smooth muscle tone with exercise. For example, our group
has previously demonstrated a significant decrease in circulating
endothelin-1 levels in response to acute maximal treadmill exercise
in young healthy individuals.®* There is also current evidence
supporting a relationship between arterial stiffness and various blood
markers in resting conditions,®> but further research needs to be
conducted investigating the relationship between blood markers and
changes in arterial stiffness with exercise.

Clinical implications

It has been extensively demonstrated that chronically increased PWV
and Alx are directly and independently associated with an increased
risk for CV complications and events.>® Conversely, regular aerobic
exercise has notably been shown to reduce the incidence of various CV
complications as obesity, diabetes, hypertension and atherosclerosis.
Our summarized findings demonstrate the complex relationship
between acute aerobic stress and changes in arterial stiffness—namely
that segments of the arterial tree are differentially affected and
respond/recover in a time-dependent manner following physical stress
cessation. Therefore, when assessing the overall impact of exercise on
arterial stiffness, it is important to consider the arterial segment being
analyzed and measurement time point, as failure to contextualize the
measurement can lead to conflicting results and misleading clinical
inferences. Moreover, arterial stiffness measures that incorporate the
arterial segments of the lower limbs, such as carotid—dorsalis pedis,
brachial-ankle PWV and CAVI will potentially capture a different
response than measures assessing only central stiffness, and this needs
to be considered when reporting the effects of acute exercise on
arterial stiffness. Furthermore, as Alx is a measure of wave reflection
that is greatly influenced by changes in heart rate (HR), it is important
to consider whether adjustments for HR have been performed. In this
context, our findings have demonstrated opposing effects of acute
exercise on Alx and Alx correct for HR (AIx75), and therefore this
needs to also be considered when evaluating changes in systemic
stiffness after acute exercise.

In the young populations evaluated herein, we observed a transient
increase in central stiffening immediately following aerobic exercise.
However, such an increase in central stiffening may be a cause for
concern in older, more at-risk populations with whom acute periods
of strenuous exercise have been associated with a temporary increase
in risk for CV events.®® To our knowledge, no studies to date have
assessed the effect of acute aerobic exercise on arterial stiffness in a
population with CV disease. On the other hand, a limited number of
studies have been conducted in a population with CV risk factors,
such as hypertension, dyslipidemia and T2DM.2867-74 However,
owing to heterogeneity of the patient populations, and use of different
measurement methodologies and exercise modalities, it is not feasible
to systematically assess the overall effect of acute aerobic exercise on
arterial stiffness in such CV risk populations.?%¢7-7* Nevertheless, the
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only study that investigated cfPWV, the ‘gold-standard’ measure of
central arterial stiffness, observed significantly elevated cfPWV imme-
diately after maximal cycling exercise in newly diagnosed, untreated,
hypertensive subjects.”® In line with our findings in a healthy
population, these results underline the necessity of vigilant patient
evaluation pre-exercise testing or prescription of strenuous exercise in
at-risk populations. To confirm the above-mentioned observations,
future studies will need to be conducted specifically in patient
populations with CV risk factors and CV disease.

Limitations

This review is somewhat limited by the comparability of the included
studies. Importantly, there was no standardization of the protocols or
methods used between studies. The duration, intensity and modality
of exercise varied greatly between protocols. Thus, it was not feasible
to evaluate the exercise dose response on arterial stiffness post-
exercise. Factors that impact vessel hemodynamics and/or exercise
capacity, such as smoking status and the intake of caffeine, alcohol or
flavonoid-containing foods differed between protocols, or were
altogether not reported. This was also the case in some studies for
sex, BMI, and baseline physical activity. The majority of the identified
studies enrolled young adults, which may limit the generalizability of
summarized findings, yet this allowed us to assess of the normal
physiological arterial response to acute aerobic exercise without the
presence of confounding CV risk factors. The timing and duration of
arterial stiffness measurements post-exercise also varied substantially,
as did the methods used to quantify arterial changes. cfPWV is
considered the 'gold-standard' in the measurement of arterial
stiffness,”® and, thus, other measures, such as [-stiffness index,
compliance or CAVI may not be comparable in the assessment of
exercise effects. With such limitations, a meta-analysis investigating the
overall effect of acute aerobic exercise on arterial stiffness could not be
conducted.

CONCLUSION

To our knowledge, this is the first systematic review investigating the
effect of acute aerobic exercise on arterial stiffness. Herein, we
evaluated relevant results obtained from 43 observational studies.
Acute aerobic exercise was shown to have varying effects on arterial
stiffness, according to the arterial segment being assessed and the time
at which the measure was performed post-exercise. Arterial stiffness of
the central and upper body peripheral arterial segments is increased
relative to resting values post-exercise (0-5min), and thereafter
(>5min) decreases to a level at or below resting values. In the lower
limbs there is a decrease in arterial stiffness immediately post-exercise
(0-5 min), which persists well into the recovery period post-exercise
(>5min). Owing to differences in methodologies and protocols of
included studies, a meta-analysis on the effect of acute aerobic exercise
on arterial stiffness was not feasible. Future studies evaluating arterial
stiffness parameters should include assessment of central, upper body
and lower body arterial segments when possible, and follow standar-
dized post-exercise timeline protocols.
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