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This paper studied the alterations in arterial stiffness and hemodynamic responses during resting state and immediately following
acute cycling intervention at different times across 12-week supervised exercise training. Twenty-six sedentary young males
participated in the exercise training program at moderate intensity. Arterial stiffness and hemodynamic variables of the right
common carotid artery were measured and computed during resting state and immediately following acute cycling intervention
at weeks 0, 4, 8, and 12. Across the 12-week exercise training, carotid arterial stiffness was decreased at weeks 8 and 12 and
hemodynamic variables were improved at week 12 during resting state. In response to acute cycling intervention, carotid arterial
stiffness exhibited an acute increase foremost at 8 weeks, and arterialmaximal andmean diameters showed acute decreases at weeks
0 and 4. Despite significant differences in arterial stiffness and hemodynamic variables between resting state and immediately after
acute intervention for each time period, these differences presented a progressive decrease across the 12-week exercise training. In
conclusion, long-term exercise training not only improved carotid arterial stiffness and hemodynamic alterations when at rest but
also negated the acute responses of carotid arterial stiffness and hemodynamic variables to acute cycling intervention.

1. Introduction

Common carotid arteries are the main conduits that supply
blood to the brain. The changes in the structure and function
of common carotid arteries are relevant to the occurrence
and development of atherosclerosis, coronary ischemia, and
stroke [1]. Carotid arterial stiffness is an independent pre-
dictor of these cardio- and cerebrovascular events [2, 3].
Hemodynamic variables, including blood pressure, blood
flow-induced wall shear stress (WSS), and oscillatory shear
index (OSI) not only play crucial roles in mediating arterial
stiffness but also are considered as important biomechanical
markers of the carotid arterial structures and functions [4].

Exercise training can modulate arterial stiffness and
directly induce systemic and local arterial hemodynamic
responses [5]. Cross-sectional comparisons between seden-
tary individuals and athletes, including runners, cyclists,
and basketball players [6–8], have demonstrated that arterial
stiffness and hemodynamic parameters, such as arterial
diameter, blood supply to the brain, and blood pressure
have been improved. Longitudinal investigations regarding
the effects of exercise training on sedentary individuals with
cardiovascular disease have also shown that acute and long-
term supervised exercise training change arterial stiffness and
arterial hemodynamics [9].
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Figure 1: Schematic presentation of acute cycling intervention and exercise training.

It has been reported that increased arterial stiffness
is observed after acute resistance training [10] and high-
intensity dynamic cycling [11], whereas a decrease or no
change in arterial stiffness is detected following a bout
of aerobic exercise of low to moderate intensity [12, 13].
Therefore, there is a significant relationship between exercise
intensity of long-term aerobic training and cardiovascular
improvement [10, 14, 15]. Extensive investigations [7–9, 16–18]
have demonstrated that arterial stiffness and hemodynamics
in well-trained athletes exhibit no obvious changes to acute
intervention, while those in matched control groups are
significantly altered in response to acute intervention. In
addition, some studies have documented that 4 weeks [19]
and 8 weeks of cycling [20] as well as 6 weeks of resistance
training [21] improve the arterial function and hemodynamic
responses. Aforementioned disparate findings may be due to
exercise modality, the differences in subjects, exercise dura-
tion time, or the time points of experimental measurement.

Therefore, to better evaluate the effects of exercise train-
ing on arterial stiffness and hemodynamics, the same types
of exercise modality and the same experimental subjects
need to be chosen in one study, and intensive measurement
time points should be set during long-term exercise training.
Furthermore, due to the fact that the majority of investiga-
tions [22, 23] mentioned above only focused on the effects
of acute exercise intervention alone or on the long-term
exercise training [9, 24], so the effects of arterial stiffness and
hemodynamic response to acute cycling exercise at different
times point during a period of exercise training are unclear,
which need to be further elucidated.

In order to solve the above problems, 26 young healthy
sedentary men were recruited, and four weekly measure-
ments across a 12-week period of supervised exercise training
were conducted. The stiffness and local hemodynamic forces
of the right common carotid artery were obtained at rest
and immediately after acute cycling exercise using the same
workload for each lab visit. The present study will supply
hemodynamic indicators induced by exercise training for
mediating the arterial function and structure, furthermore
achieving a better understanding of the arterial function and
hemodynamic response to acute exercise interventions with
the progression of exercise training.

2. Methods

2.1. Ethical Approval. Ethical approval was obtained from the
Ethics Committee of Dalian University of Technology, and

the study was carried out in accordance with the Declaration
of Helsinki (1964). Informed consent was acquired from the
subjects prior to the onset of acute cycling intervention and
exercise training.

2.2. Subjects. A total of 32 youngmale subjects were recruited
from the community, and they consented to participate in the
present study. The entry criteria included being a nonsmoker
and having sedentary individuals who were not involved
in any regular planned exercise program [25]. None of the
subjects reported having been diagnosed with cardiovascular
disease, diabetes, respiratory problems, or any musculoskele-
tal disorders. Six of the subjects withdrew owing to a lack
of interest in the study during the 12-week training period.
Twenty-six subjects (age, 22.54 ± 2.56 years; stature, 1.75±
0.06 m; mass, 70.36 ± 6.54 kg; BMI, 22.53 ± 1.62 kgm−2)
completed the 12-week exercise training period, including
acute cycling intervention and hemodynamic measurements.

2.3. Study Design. The subjects visited the lab four times
during the supervised exercise training during weeks 0, 4, 8,
and 12. Subjects reported to the laboratory at the same time of
day, 3 hours after ameal. For eachmeasurement visit, subjects
were asked to refrain from caffeine and exercise before each
visit. During each visit, vascular ultrasound assessments were
conducted after the subjects lay in a supine position for more
than 15 min. Subsequently, the subjects performed an acute
leg cycling exercise after a 5-minute warm-up of cycling.
Finally, they resumed the supine position for an immediate
vascular ultrasound measurement.

2.4. Acute Cycling Intervention and Exercise Training. A
schematic presentation of acute cycling intervention and
exercise training is provided in Figure 1. The acute cycling
exercise was conducted once for 30 s on a bicycle ergometer
(Powermax-VIII, CombiWellness, Japan) at weeks 0, 4, 8, and
12 during the exercise training period. The workload was set
at 250 W and cadence was maintained at 60–70 RPM.

The supervised exercise training consisted of 60 min
sessions three times a week during the 12-week period on
a running track. Each session included a 10 min warm-up
and 5 min of stretching, followed by 30 min of running
at a moderate intensity of 60 to 70% of heart rate reserve
(American College of Sports Medicine-ACSM, 2000), a 10
min cool down period, and 5 min additional stretching.
During the supervised exercise training, the subjects wore a
heart rate monitor (Geonaute OR310, Decathlon, France).
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Figure 2: Images and extractions of arterial diameter and center-line velocity waveforms.

2.5. Vascular Ultrasound Measurement. The subjects lay in a
supine position for ≥15 minutes. Images of the right com-
mon carotid artery were obtained using Doppler ultrasound
(ProSound Alpha 7, Aloka) and 7.5-10.0 MHz linear-array
probe. Images were acquired 5-10mm below the carotid bulb.
The common carotid artery was assessed using a longitudinal
view.Thedistance from the nearwall to farwall lumen-intima
interface was continuously traced using eTracking software
and used to determine carotid artery diameters. Center-
line velocity waveforms were measured using range gated
spectral Doppler signals averaged along the Doppler beam.
An insonation angle ⩽ 60∘ was maintained for all measures
and sample volume was manually adjusted to encompass the
entire vessel. Synchronously, a cuff-type manometer (Patient
Monitor PM8000,Mindray) positioned on the upper-left arm
was used to record the heart rate, brachial systolic pressure
(𝑝𝑠 𝑚𝑒𝑎), and diastolic pressure (𝑝𝑑 𝑚𝑒𝑎). Eventually, the same
vascular ultrasound assessment procedure was performed
immediately following the acute cycling exercise. All heart
rate and blood pressure measurements were registered in
triplet, and the average of three values was adopted for
subsequent analysis.

2.6. Carotid Vascular Measurement. The Aloka in-built soft-
ware (using eTrack wall-tracking) detected center-line veloc-
ity (Figure 2(a)) and arterial diameter waveform (Figure 2(c))
to save only as images; therefore self-compiled program

in Matlab was used to extract blood vessel diameter (Fig-
ure 2(b)) and center-line velocity waveforms (Figure 2(d)).
Electrocardio signals were used to synchronize diameter
and center-line waveforms. 𝐷𝑚𝑎𝑥, 𝐷𝑚𝑖𝑛, and 𝐷𝑚𝑒𝑎𝑛 are the
maximal, minimal, and mean arterial diameters. 𝑉𝑚𝑎𝑥, 𝑉𝑚𝑖𝑛,
and 𝑉𝑚𝑒𝑎𝑛 are the maximal, minimal, and mean center-line
velocities.

2.7. Hemodynamic Computations. Hemodynamic parame-
ters were computed using (1)–(11) below, in which the blood
viscosity 𝜂 or blood density 𝜌 was determined as the same
values for all subjects, i.e., 𝜂 = 0.004 Pa⋅s and 𝜌 = 1050 kg/m3,
and the maximal harmonic number 𝑛= 20 was chosen for (3),
(4), and (8).

2.8. Calibration of Carotid Blood Pressure. There was a linear
relationship between the changes in vessel diameter and the
changes in blood pressure [26] within each cardiac cycle (the
coefficient of fit is above 0.97). Therefore, the waveforms of
blood pressure and the diameter in the carotid artery are
similar (see Figure 3). In this study, we considered the mean
value of the carotid arterial pressure𝑝𝑚 and diastolic pressure𝑝𝑑 to be approximately equal to themean value of the brachial
pressure 𝑝𝑚 𝑚𝑒𝑎 and diastolic pressure 𝑝𝑑 𝑚𝑒𝑎, as done in the
literature [27]. The mean carotid arterial pressure (pm) was
calculated using the following approximate equation:

𝑝𝑚 = 𝑝𝑚 𝑚𝑒𝑎 = 𝑝𝑑 𝑚𝑒𝑎 + 13 (𝑝𝑠 𝑚𝑒𝑎 − 𝑝𝑑 𝑚𝑒𝑎) (1)
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Figure 3: Arterial diameter and carotid blood pressure waveforms.

Therefore, the carotid artery blood pressure waveform
was calibrated using the brachial mean arterial pm and
diastolic pressure pd (pd mea). The maximal value of the
carotid artery waveform was calculated and assumed to be
the systolic pressure ps.

2.9. Flow Rate (FR). The FR was calculated for

𝑄 = 2𝜋𝑅02 ∫1
0
𝑦 ⋅ 𝑢 (𝑦) 𝑑𝑦 (2)

where R0 is the time-averaged value of the carotid artery
radius during one cardiac cycle, 𝑦 = 𝑟/𝑅0, in which r is the
radial coordinate, and 𝑢(𝑦)meets [28]

𝑢 (𝑦, 𝑡)
= +∞∑
𝑛=−∞

𝐽0 (𝛼𝑛𝑗3/2) − 𝐽0 (𝛼𝑛𝑗3/2𝑦)𝐽0 (𝛼𝑛𝑗3/2) − 1 𝑢 (0, 𝜔𝑛) 𝑒𝑗𝜔𝑛𝑡 (3)

where n is the harmonic number, J0 is the 0th-order Bessel
function of the first kind, 𝑗 = √−1, 𝛼𝑛 = 𝑅0√𝜌𝜔𝑛/𝜂 is the
Womersley number, 𝜌 is the density of blood, 𝜂 is the blood
viscosity, 𝜔𝑛 = 2𝑛𝜋𝑓 is the angular frequency, f is the base
frequency, and 𝑢(0, 𝜔𝑛) is the n harmonic component of the
measured center-line velocities and satisfies

𝑢 (0, 𝑡) = +∞∑
𝑛=−∞

𝑢 (0, 𝜔𝑛) 𝑒𝑗𝜔𝑛𝑡 (4)

In addition, 𝑄𝑚𝑎𝑥, 𝑄𝑚𝑖𝑛, and 𝑄𝑚𝑒𝑎𝑛 are the maximal,
minimal, and mean blood flow FR during one cardiac cycle.

2.10. Pressure-Strain Elastic Modulus (𝐸𝑝). The pressure-
strain elastic modulus (Ep) or Peterson modulus [29], which
is a measure of blood vessel elasticity, was applied using the
following equation:

𝐸p = 𝑝𝑠 − 𝑝𝑑𝑅𝑠 − 𝑅𝑑 ⋅ 𝑅𝑑 (5)

2.11. 𝛽-Stiffness Index (𝛽). As a means of adjusting the
arterial compliance for changes in distending pressure, 𝛽was
calculated as follows [30]:

𝛽 = ln (𝑝𝑠/𝑝𝑑)𝑅𝑠 − 𝑅𝑑 ⋅ 𝑅𝑑 (6)

2.12. Circumferential Strain (CS). CS was determined
through the following equation [31]:

CS = 𝑅𝑠 − 𝑅𝑑𝑅𝑑 (7)

2.13. Wall Shear Stress (WSS). WSS (𝜏𝑤), which is the
frictional force of blood flow acting upon the vascular
endothelium [32], was determined using [28]

𝜏𝑤 = 𝜂𝑅0
+∞∑
𝑛=−∞

𝛼𝑛𝑗3/2𝐽1 (𝛼𝑛𝑗3/2)𝐽0 (𝛼𝑛𝑗3/2) − 1 𝑢 (0, 𝜔𝑛) 𝑒𝑗𝜔𝑛𝑡 (8)

where 𝐽1 is a first-order Bessel function of the first kind, and𝜏𝑤 𝑚𝑎𝑥, 𝜏𝑤 𝑚𝑖𝑛, and 𝜏𝑤 𝑚𝑒𝑎𝑛 are the maximal, minimal, and
mean WSS waveforms during a cardiac period.

2.14. Oscillatory Shear Index (OSI). TheOSI index represents
the WSS acting in directions other than the direction of the
temporalmeanWSS vector andwas provided byKu et al. [33].

𝑂𝑆𝐼 = 12 (1 −
∫𝑇0 𝜏w𝑑𝑡∫𝑇
0

𝜏w 𝑑𝑡) (9)

where 𝑇 is the period of each cardiac cycle.

2.15. Peripheral Resistance (PR). PR, resistance to the flow
of blood, is determined by the vascular musculature and
diameter of the blood vessels and is responsible for the blood
pressure when coupled with the flow rate as follows:

𝑃𝑅 = 𝑃𝑚𝑒𝑎𝑛𝑄𝑚𝑒𝑎𝑛 (10)



BioMed Research International 5

+ +

∗

∗

∗

4 8 12 0
Training period (weeks)

20

40

60

80

100
Ep

 (k
Pa

)

(a)

+ + +

2

3

4

5

6



4 8 12 0
Training period (weeks)

∗

∗

∗

∗

(b)

Figure 4: Pressure-strain elastic modulus (𝐸𝑝) and arterial stiffness index (𝛽). Data are presented for at rest (e) as well as after cycling
(◻). + Significant difference between at rest and after cycling: P < 0.05. ∗ Significant difference from baseline within group: P < 0.05.
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Figure 5: Arterial diameters (D). Data are presented for at rest (e) as well as after cycling (◻). + Significant difference between at rest and
after cycling: P < 0.05. ∗ Significant difference from baseline within group: P < 0.05.

2.16. Dynamic Resistance (DR). DR is defined as the rela-
tionship between changes in blood pressure and alterations
in blood flow rate as

𝐷𝑅 = 𝑃𝑠 − 𝑃𝑑𝑄𝑚𝑎𝑥 − 𝑄𝑚𝑖𝑛 (11)

2.17. Statistical Analysis. All data are presented as the mean
(SD) and statistical significance was assumed to be P< 0.05.
Data are presented for an at-rest state (e) and postcycling
(◻). The repeated ANOVA was used to assess the differences
between the baseline and weeks 4, 8, and 12 during the 12-
week exercise training period. An ANCOVA with a baseline
score as a covariate was used for a statistical analysis to
compare the differences between at-rest and postcycling
intervention for each lab visit. Statistical analyses were
conducted using SPSS 19.0 (SPSS Inc., Chicago, IL, USA)
software.

3. Results

3.1. Arterial Stiffness and Diameter Responses at Differ-
ent Times during the Training Period. Figure 4 shows the

pressure-strain elastic modulus (Ep) and arterial stiffness
index (𝛽) when at rest and immediately following cycling
intervention at different points in time, i.e., weeks 0, 4, 8,
and 12. It can clearly be seen from Figure 4 that during the
12-week exercise training period, Ep and 𝛽 were significantly
decreased atweeks 8 and 12, respectively, comparedwithweek
0. In response to acute cycling intervention, Ep increased sig-
nificantly at weeks 0 and 4, whereas 𝛽 significantly increased
at weeks 0, 4, and 8 in comparison with those during an at-
rest state.

The maximal, mean, and minimal diameters at rest and
immediately following cycling intervention at different points
in time (weeks 0, 4, 8, and 12) are shown in Figure 5. It
is clear that during the 12-week exercise training period,
the maximal, mean, and minimal diameters immediately
after acute cycling were significantly increased at week 12
compared with week 0. In addition, the maximal and mean
diameters immediately after exercise at weeks 0 and 4 were
remarkably decreased in comparison to those during an at-
rest state.

3.2. Carotid Blood Flow Responses at Different Times during
the Course. Table 1 lists the changes in carotid blood flow
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Table 1: The changes in carotid blood flow at rest and after acute cycling across 12-week training.

Variable Condition Week 0 Week 4 Week 8 Week 12
HR At rest 72±7 71±7 69±6 67±6∗

Acute cycling 97±10 + 96±9 + 91±11∗ + 89±10∗ +
Vmax At rest 68±11 71±12 72±11 73±10

Acute cycling 92±22 + 94±18 + 94±17 + 95±13 +
Vmean At rest 23±5 24±5 25±6 26±4

Acute cycling 29±7 + 30±7 + 31±5 + 33±5∗ +
Vmin At rest 11±4 13±5 14±5 14±3

Acute cycling 15±6 + 16±7 + 17±6 + 18±8 +
Qmax At rest 11.64±1.78 12.02±2.17 13.76±2.29 14.49±2.41∗

Acute cycling 16.82±4.17 + 16.97±4.57 + 17.09±6.28 + 17.32±4.84 +
Qmean At rest 3.22±0.53 3.36±0.67 3.51±0.69 4.08±0.78∗

Acute cycling 4.40±0.89 + 4.44±1.43 + 4.34±1.35 + 4.38±1.16
Qmin At rest 0.56±1.64 0.62±2.05 0.63±1.38 0.75±1.49

Acute cycling -1.65±1.03 + -0.94±1.55∗ + -1.01±1.58∗ + -1.07±2.25∗ +
∗: significant difference from baseline at P<0.05; +: significance between at rest and after acute cycling at P<0.05; HR, heart rate (beats/min); Vmax, Vmean, and
V𝑚𝑖𝑛, maximal, mean, and minimal center-line velocity (CV, cm/s); Qmax , Qmean, and Qmin , maximal, mean, and minimal flow rate (FR, ml/s).

at different time periods during the exercise training course.
During the 12-week exercise training period, compared to
week 0, the HR at week 12 during an at-rest state and the
HR at weeks 8 and 12 immediately after acute cycling were
clearly decreased; in addition, Vmean at week 12 and Q𝑚𝑖𝑛 at
weeks 4, 8, and 12 immediately after exercise, and Q𝑚𝑎𝑥 and
Q𝑚𝑒𝑎𝑛 when at rest at week 12, were remarkably increased.
In response to acute cycling intervention, the HR,Vmax,
Vmean,Vmin,Qmax, andQmean increased significantly at dif-
ferent time periods, with the exception of Qmean at week 12,
whereasQmin decreased significantly at the fourmeasurement
times.

3.3. Hemodynamic Responses at Different Times during the
Training Period. As indicated in Figure 6, the mean pressure
during both states and the diastolic pressure immediately
after cycling at week 8, as well as the systolic, diastolic,
and mean pressure during both states at week 12, were
significantly reduced compared with those at week 0. After
the interventions of acute cycling, the systolic and diastolic
pressure at the four measured times, the diastolic pressure at
week 12, and the circumferential strains at weeks 0 and 4 were
remarkably elevated.

As shown in Figure 7, compared to week 0, the maximal
WSS andmeanWSS when at rest were significantly increased
at week 12. Additionally, the maximal WSS and mean WSS
and OSI were remarkably increased, and the minimal WSS
was clearly decreased after the acute cycling exercise at the
four measurement times.

Figure 8 demonstrates the dynamic resistance (DR) and
peripheral resistance (PR) at rest and immediately following
cycling intervention at four measured times (weeks 0, 4, 8,
and 12). As can be seen, the PR immediately after the acute
cycling exercise at week 8 and the DR at rest and the PR
during both states at week 12 were clearly reduced in contrast
with those at week 0. In addition, the DR at the fourmeasured

times was remarkably decreased, whereas the PR at week
0 was significantly increased, as induced through the acute
cycling exercise.

4. Discussion

Acute exercise intervention is an effective method for inves-
tigating the cardiovascular functional response to exter-
nal stimuli, whereas repeated episodic bouts of long-term
exercise training induce chronic functional adaptation, and
ultimately structural arterial remodeling [9]. However, the
majority of previous studies have been concerned with only
the effects of acute exercise intervention or long-term exercise
training. This is the first study to examine not only the alter-
ation in arterial stiffness and hemodynamics when at rest but
also arterial stiffness and hemodynamic responses after acute
cycling intervention at 4-week intervals across a 12-week
exercise training period at moderate intensity in vivo. The
main results regarding arterial stiffness and hemodynamics
at rest during the 12-week exercise training period can be
summarized as follows. (1)The carotid arterial stiffness was
decreased at week 8, whereas the arterial diameter was not
changed at week 8 or 12 when at rest. (2) Carotid blood flow
was improved at week 12, whereas a decrease in heart rate
occurred at week 12. (3) Systolic pressure, diastolic pressure,
dynamic resistance, and peripheral resistancewere decreased,
whereas the maximal WSS and mean WSS were increased,
at week 12. In addition, arterial stiffness and hemodynamic
responses to acute cycling intervention across the 12-week
exercise training program are as follows. (1) Arterial stiffness
was increased and the diameters were decreased the most
at week 8 of exercise training, with no significant changes
in arterial stiffness and diameters shown in week 12. (2)
Despite the significant differences in carotid blood flow and
the hemodynamic forces (BP, CS, WSS, OSI, DR, and PR)
between periods of at-rest and postcycling intervention for
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Figure 6: Blood pressure (P) and circumferential strains (CS). Data are presented for at rest (e) as well as after cycling (◻). + Significant
difference between at rest and after cycling: P < 0.05. ∗ Significant difference from baseline within group: P < 0.05.

each time period, a progressive decrease was presented across
the 12-week exercise training period.

Regular aerobic-endurance exercise, such as running
or cycling, has a positive effect on arterial stiffness [34],
whereas different time durations of exercise training, such
as 4 [19] and 8 weeks [20], have a different impacts on
arterial stiffness. Decreased carotid arterial stiffness in this
study was detected at week 8. A meta-analysis demonstrated
that the effect of aerobic-endurance exercise training on
arterial stiffness was enhanced with higher exercise intensity
[10]. In addition, several cross studies [8, 35] have indicated
that endurance-trained athletes have larger arteries than the
control subjects. Longitudinal studies have also reported
significant increases in the dimensions of the ascending and
abdominal aorta, as well as the femoral artery in a trained
limb, but not in an untrained limb after 6 weeks of one-legged
cycle exercise [36]. In addition, enhanced femoral artery
diameters were observed after 3 months of walking exercise
[37]. However, the 12 weeks of moderate-intensity exercise
training in this study did not induce a significant increase in
the carotid arterial diameters. Tinken’s group [18] examined
the time period of vascular adaptation of the conduit artery

function and vasodilator capacity while at rest during an 8-
week exercise training period. The differences in the above-
mentioned results regarding arterial stiffness and diameters
may have occurred from the use of different subjects, exercise
intensities, or intervention protocols applied.Moreover, long-
term aerobic-endurance exercise has been well accepted as
incurring a larger blood supply to the brain, as well as an
improved heart rate and blood pressure [38]. The results of
the present study have further confirmed these investigations.

On the other hand, hemodynamic alterations induced
through exercise training have been confirmed to play a role
in cardiovascular disease reduction [39].The cardioprotective
effect of exercise training may be mediated by improvements
in endothelial function [40], with the proposed mechanism
involving repeated increases in WSS [41]. Cell cultures, ani-
mal, and human studies have demonstrated that the increased
WSS upregulates the endothelial nitric oxide synthase activity
in the blood vessels [40, 42]. It has been reported that the
carotid blood flow and WSS decrease with age in healthy
individuals [43]. This finding has been confirmed by other
studies [44]. Althoughhemodynamic force, namely,WSS, has
been accepted as a crucial determinant of arterial function
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and vascular remodeling, no additional information is avail-
able concerning the impact of regular exercise training on
the WSS during a particular period of time. In the present
study, the increased maximal and mean WSS and blood
flow were significantly increased at week 12. Therefore, this
research demonstrated that long-term exercise training has a
significant impact on an improvement in WSS, which may
further lead to arterial remodeling, such as an increase in
arterial diameter.

Acute exercise intervention induces immediate changes
in artery function and structure. A novel aspect of the
current study is detecting arterial stiffness and hemodynamic
responses to acute cycling interventions at different times
across the 12-week supervised exercise training period. Con-
siderable research efforts [45] have demonstrated that the
effects of acute exercise intervention in central stiffness are
dependent on the intensity of exercise. Continuous acute
exercise of moderate intensity and accumulative exercise
over time have both been shown to reduce arterial stiffness
[46], whereas acute high-intensity exercise has resulted in
decrease in common carotid artery dimensions and an
increase in stiffness [11]. It should be acknowledged that
exercise intensity is a relative concept for different subjects,
from beginners to experienced athletes, as well as individuals
at different time points during an exercise training session.
To gain a better understanding of how arterial stiffness
and hemodynamic responses differ at various points in
time during exercise training, the same intensity of cycling
intervention was adopted in this study. At 8 weeks of exercise
training, arterial stiffness increased, and the diameters were
decreased the most, whereas arterial stiffness and diameters
were not changed at week 12. Consequently, acute cycling
intervention was a relatively high-intensity stress for the
subjects who performed the exercise training during the first
8-week period, whereas the same intensity stimuli had no
significant impact for them with the remaining weeks of the
exercise training.

Beneficial alterations have been observed following aero-
bic exercise training, whereas potentially detrimental effects
occur with high-intensity acute exercise training. An acute
bout of high-intensity cycling was shown to result in a
significant increase in fluctuations of blood pressure and
blood flow [11]. High flow organs, for example, the brain
and eyes, are particularly sensitive to extra pressure and
flow pulsatility, which facilitate penetration of exaggerated
pulsatile energy into the microvascular bed [47]. This may
lead to repeated episodes of microvascular ischemia, and
tissue damage. In addition, these extracranial hemodynamic
responses induced by acute exercise may exert detrimental
effects on the carotid arteries and cerebrovascular circulation
[11]. A comparison of the at-rest state and immediately
after cycling intervention for each period of time measured
in the present study indicates that blood supply to brain
and hemodynamic forces (BP, CS, WSS, OSI, DR, and PR)
presented a progressive decrease across the training period.
Taken together, this research extends our knowledge that
long-term exercise training improves arterial stiffness when
at rest, particularly negating the hemodynamic responses to
acute cycling intervention for sedentary populations through

progressive long-term exercise training. Moreover, these
findings indicate that the arterial function and hemodynamic
responses to acute exercise intervention follow a particular
time frame. Exercise training at moderate intensity improved
the arterial function and hemodynamics at weeks 8 and
12, respectively. Recently, high-intensity interval training has
become increasingly popular among young individuals. The
results from previous studies [11, 47] as well as the present
research demonstrate that acute high-intensity exercise inter-
vention may have a detrimental effect on the carotid arterial
function and structure, particularly the brain for exercise
beginners. The findings in this study imply that long-term
exercise training with moderate intensity not only improves
the arterial hemodynamics when at rest but also enhances
the arterial adaptation to counteract the negative effects of
these extra cranial hemodynamic responses induced through
acute exercise. Furthermore, this paper suggests that seden-
tary people who wish to undertake high-intensity exercise
training may need to first undergo a period of moderate-
intensity exercise training of 8 to 12 weeks to decrease the
detrimental effects of high-intensity training on their carotid
arteries and cerebrovascular circulation.

5. Limitations

There are some limitations in the present study worth
addressing. First, participant recruitment may be misleading
for including onlymales and not including females. Literature
[48, 49] and results in our group [50] demonstrated that there
were significant differences between males and females in
arterial stiffness and hemodynamic variables at rest or after
acute exercise interventions. Cyclic changes in sex hormones
in women may affect carotid stiffness [51] although this
is not a universal finding [11]. Future research is needed
to explore possible acute and chronic effects of long-term
exercise and acute intervention on arterial stiffness and
hemodynamic response in females. Second, in this study, we
took arterial stiffness and hemodynamic responses of our
volunteers at rest state as the control. We did not recruit a
separate group of subjects and use their arterial stiffness and
hemodynamic response as the control.Third, carotid pressure
was not measured directly from the common carotid region.
We used the brachial mean and diastolic blood pressure to
calibrate the carotid waveform and computed the carotid
systolic blood pressure. Further research will be carried out
to achieve a better understanding of the arterial function and
hemodynamic response to acute exercise interventions with
the progression of exercise training through controlling the
limitations.

6. Conclusion

In the present study, a 12-week exercise training period at
moderate intensity decreased arterial stiffness and altered the
hemodynamic forces at different periods of time. In response
to acute exercise intervention, arterial stiffness increased
and the diameters decreased the most at week 8 of the
exercise training, whereas arterial stiffness and diameters
showed no significant responses at week 12. In addition, the
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hemodynamic responses presented a progressive decrease
across the 12-week exercise training period. In summary,
long-term exercise not only improves arterial stiffness and
hemodynamic alterations at rest state but also negates the
detrimental arterial stiffness and hemodynamic responses to
acute exercise intervention.
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Cardiovascular Therapy,” BioMed Research International, vol.
2014, no. 10, pp. 1209–1215, 2014.

[4] T. M. Tinken, D. H. J. Thijssen, N. Hopkins, E. A. Dawson, N.
T. Cable, and D. J. Green, “Shear stress mediates endothelial
adaptations to exercise training in humans,” Hypertension, vol.
55, no. 2, pp. 312–318, 2010.

[5] D. J. Green, “Exercise training as vascular medicine: direct
impacts on the vasculature in humans,” Exercise and Sport
Sciences Reviews, vol. 37, no. 4, pp. 196–202, 2009.

[6] M. Nishiwaki, K. Takahara, and N. Matsumoto, “Arterial stiff-
ness in young adult swimmers,” European Journal of Applied
Physiology, vol. 117, no. 1, pp. 131–138, 2017.

[7] H. B. Liu, W. X. Yuan, K. R. Qin, and J. Hou, “Acute effect of
cycling intervention on carotid arterial hemodynamics: basket-
ball athletes versus sedentary controls,” Biomedical Engineering
Online, vol. 14, no. S1, p. S17, 2015.

[8] D. J. Green, A. Spence, N. Rowley, D. H. J. Thijssen, and L. H.
Naylor, “Vascular adaptation in athletes: is there an “athlete’s
artery”?” Experimental Physiology, vol. 97, no. 3, pp. 295–304,
2012.

[9] D. J. Green and K. J. Smith, “Effects of Exercise on Vascular
Function, Structure, and Health in Humans,” Cold Spring
Harbor Perspectives in Medicine, vol. 8, no. 4, 2018.

[10] A. W. Ashor, J. Lara, M. Siervo et al., “Exercise modalities and
endothelial function: a systematic review and dose—response
meta-analysis of randomized controlled trials,” Sports Medicine,
vol. 45, no. 2, pp. 279–296, 2014.

[11] M. C. Babcock, W. K. Lefferts, W. E. Hughes et al., “Acute effect
of high-intensity cycling exercise on carotid artery hemody-
namic pulsatility,” Arbeitsphysiologie, vol. 115, no. 5, pp. 1037–
1045, 2014.

[12] J. Sugawara, S. Maeda, T. Otsuki, T. Tanabe, R. Ajisaka, and M.
Matsuda, “Effects of nitric oxide synthase inhibitor on decrease
in peripheral arterial stiffness with acute low-intensity aerobic
exercise,”American Journal of Physiology-Heart and Circulatory
Physiology, vol. 287, no. 6, pp. 2666–2669, 2004.

[13] C. M. McClean, J. Mc Laughlin, G. Burke et al., “The effect
of acute aerobic exercise on pulse wave velocity and oxidative
stress following postprandial hypertriglyceridemia in healthy
men,” European Journal of Applied Physiology, vol. 100, no. 2,
pp. 225–234, 2007.

[14] G. K. Birk, E. A. Dawson, A. M. Batterham et al., “Effects of
exercise intensity on flowmediated dilation in healthy humans,”
International Journal of Sports Medicine, vol. 34, no. 5, pp. 409–
414, 2013.

[15] T. M. Tinken, D. H. J. Thijssen, N. Hopkins et al., “Impact
of shear rate modulation on vascular function in humans,”
Hypertension, vol. 54, no. 2, pp. 278–285, 2009.
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