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ABSTRACT

Aim. Increased arterial stiffness is a risk factor for cardiovascular disease (CVD). Adult men with untreated
hypertension are at risk of future CVD. The study aimed to compare the effects of a submaximal exercise on
the recovery of the two descriptors of arterial pressure waveform, i.e. stiffness index (SI) and reflection index
(RI), between men with untreated hypertension (HA) and healthy peers.

Material and Methods. The study included 70 Caucasian men with untreated primary HA and 30 normoten-
sive men. Blood pressure, Sl and Rl were determined by photoplethysmography before and 6 minutes after
a submaximal (up to 85% of age-predicted maximal heart rate) exercise on a treadmill.
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Results. Baseline S| was higher in HA than control men (6.06 [0.66] vs. 6.61 [0.84] m/s; p=0.0019) and
remained significantly increased during post-exercise recovery only in HA men (7.59 [1.6] vs. 6.18 [0.85]
m/s; p<0.0001). Pre-exercise RI did not differ between HA and healthy men (50.74 [14.17] vs 48.9 [14.86]%).
Six minutes after the exercise, RI higher in HA patients than in healthy men (45.26[15.33] vs 36.2 [13.18]%;

p=0.0058).

Conclusions. Arterial stiffness is higher in men with HA both at rest and 6 minutes after exercise. Compared
with healthy men, those with HA have more increased arterial tone and impaired vasodilation but only during
the recovery. It suggests that untreated HA patients have abnormal mechanical properties of arterial pres-

sure waveforms during the post-exercise recovery.

Introduction

A submaximal exercise treadmill test (ETT) is an
effective and readily available method to assess
the blood pressure response (BP) during exer-
cise. Itis also an important diagnostic tool in car-
diovascular (CV) system evaluation [1,2]. Typical-
ly, exercise induces an increase in systolic blood
pressure (SBP) and no change or a mild reduction
in diastolic blood pressure (DBP), with a decline
of both during post-exercise recovery in healthy
people [3]. However, hypertension is accompa-
nied by a higher increase in SBP and no drop or
even a raise of DBP. Nevertheless, both SBP and
DBP decrease during recovery in patients with
HA, consequently, regular exercise is recom-
mended as a treatment for HA treatment [4-6].
Arterial stiffness is a recognised risk factor for
CV disease (CVD) and is influenced by age, hyper-
tension, male sex, diabetes, obesity and smoking
etc. [7-10]. Increased arterial stiffness is a marker
of subclinical organ damage in patients with HA
[11]. As such, the European Network for Non-in-
vasive Investigation of Large Arteries advises that
arterial stiffness is evaluated in large and medi-
um-sized arteries to estimate CVD risk, especial-
ly in hypertensive patients without evidence of
organ damage [12]. Furthermore, epidemiological
studies have revealed the predictive value of arte-
rial stiffness for fatal and non-fatal CV events in
patients with hypertension [13], renal failure [14],
type 2 diabetes [15] and in healthy people [16].
Arterial stiffness and other mechanical prop-
erties of arterial pressure waveforms, e.g. arte-
rial distensibility, tone or vasodilation, are mainly
assessed at rest, either in sitting or lying subjects.
Physical exercise, for example, induces several
hemodynamic and metabolic responses during
ETT. Post-exercise recovery is a resting phase

after ceasing physical effort and is accompanied
by several physiological adaptations like reduc-
tion in myocardial oxygen demand, SBP or heart
rate, removal of excessive heat or lactate produced
by working muscles [17,18]. These post-exercise
changes are believed to be beneficial, particu-
larly in people with CV risk factors and disease.
However, arterial mechanical properties have not
been extensively studied in hypertensive patients
in post-exercise recovery. For this reason, we
aimed to compare the effects of submaximal ETT
on the post-exercise recovery of two descriptors
of the arterial waveforms, i.e., the Stiffness Index
(S1) and the Reflection Index (RI) in hypertensive
and healthy men. Sl indirectly quantifies how stiff
the arterial wall is, i.e. it increases with more rigid
and thick arteries that become less distensible,
whereas Rl reflects the net peripheral arterial wall
tone and effects of vasodilation of smaller arter-
ies and arterioles [15].

Material and Methods

Study design and test subjects
The study population comprised 70 Caucasian
men with untreated primary arterial hypertension
and 30 healthy men aged 20 to 40 years. The pre-
liminary diagnosis of HA was based on BP mea-
surements according to the current European
Society of Cardiology and European Society of
Hypertension (ESH) Guidelines [11] and confirmed
or excluded in all subjects by ambulatory blood
pressure monitoring by an oscillometric method
(TM-2430, A&D Medical, Japan) using the same
recommendations.

The exclusion criteria were: (1) a history of
symptoms suggesting secondary hyperten-
sion; (2) coronary heart disease, diabetes, cere-
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brovascular disease, or thyroid disease, current
or past renal disease; (3) medications that may
significantly influence the analysed parameters,
including aspirin, steroids, statins, non-steroidal
anti-inflammatory drugs, or psychotic agents;
(4) body mass index (BMI) equal to or greater
than 40 kg/m2; (5) left ventricular hypertrophy,
cardiac arrhythmias, or atrioventricular conduc-
tion disturbances in the resting 12-lead elec-
trocardiography (ECG); (6) any abnormalities in
the serum concentration of sodium, potassium,
chloride, uric acid, or creatinine, and C-reactive
protein (CRP); (7) fasting plasma glucose above
7.0 mmol/l or glycated haemoglobin (HbAlc)
above 6.5%. All blood samples were analysed in
the Central Laboratory of the Clinical Hospital of
Transfiguration (Poznan, Poland) using standard
laboratory methods.

The study protocol was reviewed and approved
by an independent ethics committee (Bioeth-
ics Commission at Poznan University of Medical
Sciences, approval no. 258/08, issued 6 March
2008). Informed written consent was obtained
before the first study procedure.

Measurement of baseline characteristics

All individuals underwent anthropometric mea-
surements (weight, height) and BMI was calculat-
ed using the formula: BMI = weight [kg]/ (height
[m])%. Biochemical parameters were assessed in
fasting serum. All patients ate a standard break-
fast and ECG exercise testing was performed two
hours later (detailed below). None of the partici-
pants smoked before the test. BP measurements
were performed following the ESH guidelines on
HA [11]. The resting pulse pressure (PP) was cal-
culated as the difference between the systolic
and diastolic BP: PP = SBP - DBP.

Exercise test
The CardioTEST Alfa System B612 was used
for the ECG exercise test with CardioTEST soft-
ware and a Treadmill B612 model C with the 12
lead ECG module (Aspel, Poland). According to
the Bruce protocol, the test was conducted and
stopped when subjects achieved submaximal
exercise (85% of their maximum estimated heart
rate according to the formula 220 - age).

Exercise tolerance was estimated with the
metabolic equivalents (METs) computed auto-
matically by the applied software for the ETT. One
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MET is defined as the amount of oxygen con-
sumed while sitting at rest and is equal to 3.5 ml
02 per kg body weight x min [19,20]. The following
parameters were considered during the interpre-
tation of this test: (1) SBP, DBP and PP, and HR at
rest, at the peak of exercise and six minutes after
the exercise during recovery.

Evaluation of mechanical properties

of arterial pressure waveforms

Arterial stiffness was measured by digital vol-
ume pulse (DVP) photoplethysmography using
a Pulse Trace PCA2 (Micro Medical Ltd, Roch-
ester, UK). DVP was recorded in the subject's
right index finger. The measurements were per-
formed in triplicate (recorded for 30 s), an aver-
age was calculated and used for the analysis. All
the patient measurements were performed on the
same day by the same operator [21]. An explana-
tion of how Sl and Rl were derived and computed
from the DVP analysis is shown in Figure 1 [21].
Sl reflects the stiffness and arterial distensibility
[22], and the SI from DVP correlates highly with
aortic PWV measured by other methods [23]. Rl
reflects the vascular tone of small vessels and
estimates peripheral vasodilation [24]. Both rest-
ing and post-exercise measures Sl and Rl were
performed three times in the supine position; the
respective means were used for calculations. As
DVP should be applied during the resting condi-
tion, neither Sl nor Rl was measured at the exer-
cise peak like HR or BP parameters.

Statistical analysis

The Shapiro-Wilk test was used to evaluate the
normality of the distribution of continuous data,
which were presented as the mean and standard
deviation (SD). Paired t-tests were conducted for
comparisons between rest, submaximal exer-
cise and post-exercise recovery for healthy men
and HA patients. Independent t-tests were con-
ducted to determine differences between the two
groups for each phase, i.e. either rest or sub-
maximal exercise or post-exercise recovery. Sta-
tistical analyses were performed using the Med-
Calc® Statistical Software version 19.5.3 (Med-
Calc Software Ltd, Ostend, Belgium; https://www.
medcalc.org; 2020) and two-sided tests, with the
significance set at p < 0.05.



Net wave
—

Forward wave

Arterial pressure waveform

S| = body height/PPT
in m/s

RI = Dp/Sp x 100
in %

Time [s]

Figure 1. Schematic representation of arterial pressure waveform, its systolic peak (Sp), diastolic peak (Dp), the distance
between the two peaks (peak-to-peak time — PPT). The Stiffness Index (Sl) is obtained from subject height divided by the time
between Sp and Dp, whereas the Reflection Index (RI) is determined as the ratio of the height of the Dp to the Dp [33]

Statistical analysis

The Shapiro—Wilk test was used to evaluate
the normality of the distribution of continuous
data. Their summary is presented as the mean
and standard deviation (SD). The comparisons
between rest, submaximal exercise and post-
exercise recovery were made with the paired
t-test for healthy men and HA patients. The Com-
parison between these two groups for the same
phase, i.e. either rest or submaximal exercise or
post-exercise recovery, was made in the t-test for
independent (unpaired) data. Statistical analyses
were performed using the Statistica 10 software
(StatSoft Polska, Sp. z 0.0., Krakow, Poland). The

results were carried out using two-sided tests,
and significance was set at p < 0.05.

Results

Baseline characteristics

Baseline clinical characteristics of all subjects
are shown in Table 1. Men with HA were signifi-
cantly older (app 3.3. years) but the mean age dif-
ference of 3 years does not seem to be of clini-
cal relevance in our relatively young group. HA
patients had a higher BMI of about 4.3 kg/m? and
body weight of over 14 kg, and their achieved 2.5
less METs during submaximal exercise.

Table 1. Baseline clinical characteristics of healthy men and hypertensive sub-
jects. Data are presented as mean and standard deviation (SD). Comparisons are
made with the unpaired t-test between healthy and HA men BMI, body mass in-
dex: MET. metabolic eauivalent

Healthy men Hypertensive men
N=30 N=70
Mean SD Mean SD P-value*®
Age, years 24.37 2.43 28.13 5.27 0.0003
BMI, kg/m? 23.21 2.16 27.56 3.77 <0.0001
MET 13.12 2.56 10.62 2.37 <0.0001
Waist, cm 82.13 6.63 93.71 11.40 <0.0001
Weight, kg T4.47 7.90 88.87 13.22 <0.0001
Height, m 1.79 0.07 1.79 0.06 0.8085

Abbreviations: BMI, body mass index; MET, metabolic equivalent
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Comparison of resting hemodynamic and

arterial pressure waveform descriptors between
healthy men and patients with hypertension
Figure 2 shows that the resting SBP, DBP, PP and
HR were higher in HA patients than in healthy
men.

The BP and HR during resting conditions,
submaximal exercise and post-exercise recov-
ery in healthy and hypertensive men are shown in
Table 2. HR, PP and SBP significantly increased
during submaximal exercise, then declined dur-
ing recovery in both healthy men and those with
hypertension. In HA men, DBP was higher at the
peak of the submaximal exercise than at rest and
declined during the recovery but was still high-
er than at rest. In contrast, neither submaximal
exercise nor post-exercise recovery affected DBP
in healthy men.

Compared with rest, Sl was higher during post-
exercise recovery only in HA patients, whereas RI
declined both in healthy and hypertensive men
(Table 2). HR, SBP, PP significantly increased in

8.0
@ Hypertensive men
@ Healthy men
7.5
7.0

Sl [m/s]

5.5

55+

50—

45

RIT]

40

354

| n.s.

6.5 I

submaximal exercise and post-exercise recovery
both in HA and healthy subjects. In contrast, DBP
significantly declines in post-exercise recovery
only in HA compared to healthy men. Sl did not
change in healthy subjects during post-exercise
recovery, whereas S| was significantly higher
in HA patients. Rl significantly dropped in both
groups during post-exercise recovery.

Resting and post-exercise SBP, DBP, PP and
HR were higher in HA patients than in healthy men
(Table 2 and Figure 2). At the peak of submaximal
exercise, SBP and DBP were higher while HR was
lower in HA men. Also, Sl but not Rl was signifi-
cantly higher in men with HA than in healthy sub-
jects (Table 2 and Figure 3).

Effects of the submaximal exercise and post-
exercise recovery on hemodynamic and

arterial pressure waveform descriptors in

healthy men and patients with hypertension

HR, PP and SBP significantly increased during
submaximal exercise, then declined during the

| <0.0001

| 0.0058

30 T
Rest

1
Recovery

Figure 3. Comparisons (unpaired t-test) of the stiffness index and reflec-
tion index derived from the Digital Volume Pressure analysis of arterial
pressure waveforms between healthy and HA men
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post-exercise recovery both in healthy men and
those with hypertension (Table 2, Figures 2-3). In
HA men, DBP was higher at the peak of the sub-
maximal exercise than at rest and declined dur-
ing the recovery but was still higher than at rest.
In contrast, neither submaximal exercise nor
post-exercise recovery affected DBP in healthy
men. Compared with rest, SI was higher dur-
ing post-exercise recovery only in HA patients,
whereas Rl declined both in healthy and hyper-
tensive men.

Comparison of hemodynamic and arterial
pressure waveform descriptors between

healthy men and patients with hypertension

at the peak of submaximal exercise and 6
minutes of the post-exercise recovery

Figure 2 shows that SBP and DBP were higher
at the peak of submaximal exercise and during
recovery in HA men than healthy individuals. PP
was significantly higher in HA patients only dur-
ing the recovery. In contrast, HR was lower in HA
men at the peak of the exercise, and then it was
higher during the recovery in HA patients. Fig-
ure 3 reveals that compared to healthy men, SI
was higher and RI was lower in HA patients.

Discussion

In addition to significant BP and HR changes, we
found that the arterial wall mechanical properties
are modified by submaximal exercise both in HA
and healthy men. After submaximal exercise, Sl
increased in HA men, with no change in healthy
individuals. Although no difference in the resting
Rl was found between healthy subjects and HA
patients, Rl significantly decreased during post-
exercise recovery in both groups. It is noteworthy
that RI decline during post-exercise recovery was
deeper in healthy than HA patients.

The results of the Baltimore Longitudinal
Study of Aging [25] and the study by Kaess et
al. demonstrated that higher arterial stiffness in
normotensive individuals might predict hyper-
tension development [26]. In our investigation,
HA patients had higher baseline SI compared to
healthy individuals of the same age, in line with
the results reported by Millasseau et al. [10]. SI
increased in HA patients but not in the normoten-
sive group.

Journal of Medical Science 2021;90(1)

Regular physical activity is beneficial for the
CV system, including BP and HR [4]. In older
adults with multiple CV risk factors, short-term
improvements in the arterial stiffness induced by
a regular aerobic exercise were attenuated over
the long term of no activity [27]. Nevertheless,
in pre- and hypertensive subjects, arterial stiff-
ness was not modified by aerobic training unless
the exercise was associated with a substantial
reduction in SBP and/or prolonged duration of
the intervention [28].

To date, only a few studies have examined
the impact of a single bout of physical activity
on arterial stiffness. Sharman et al. studied the
effects of a stable, low-intensity exercise at the
level of 60% of the predicted maximal heart rate in
healthy people of different ages as with and with-
out hypercholesterolemia [29]. All participants
exercised on an ergometric stationary bicycle for
10 minutes with the ergometer resistance adjust-
ed to maintain a steady-state heart rate. The aor-
tic pulse wave timing, the augmentation index and
PP amplification at 2-minute intervals were mea-
sured during exercise and 10 minutes after com-
pletion. The exercise caused no significant differ-
ences in the aortic pulse wave timing, however, the
augmentation index decreased and the PP ampli-
fication declined during the exercise regardless of
the presence or absence of hypercholesterolemia
or participant age. Hu et al. found that PP, which is
related to the arterial stiffness and stroke volume,
remained increased 3 minutes after an aerobic
exercise on a cycle ergometer in healthy people
[30]. Heffernan et al. found no statistical differ-
ence in the pulse wave velocity 15 and 30 minutes
after exercise in young white and Afro-American
healthy men regardless of race [31]. Tabara et al.
observed no significant change in the augmenta-
tion index of healthy and sedentary elderly sub-
jects who underwent mild-to-moderate aerobic
exercise (dancing and hopping) for 30 minutes,
followed by a 5-minute cooldown [32].

All the mentioned studies and our results
show different effects of exercise on mechanical
properties of arterial pressure waveforms dur-
ing recovery. There are several reasons for this,
such as the use of different exercise protocols,
for instance, the exercise treadmill in our study,
ergometric stationary bicycle in studies by Shar-
man et al. [29], Hu et al. [30] and Heffernan et al.
[31]. Also, the intensity and duration of the exer-



cise were different, e.g. mild aerobic, submaximal
or exhaustion, endurance or resistant with some
lasting up to six minutes and others to thirty min-
utes. Moreover, the mechanical properties of arte-
rial pressure waveforms were made with various
methods (applanation tonometry, photoplethys-
mography) and parameters (pulse wave veloc-
ity, augmentation index, PP, PP augmentation,
aortic pulse wave timing Sl and Rl). Additionally,
the measurements were taken at different post-
exercise recovery phases between 10 to 30 min-
utes or after the heart rate returned to the pre-
exercise baseline level. Finally, various groups
were investigated, healthy young or older people,
hypertension, hypercholesterolemia or other risk
factors, both genders or men only. Consequent-
ly, it is not surprising that there is no agreement
on the effects of exercise on the arterial pressure
waveform mechanical properties. Therefore, our
findings cannot be easily compared with other
studies on post-exercise recovery.

We show that baseline SI, directly associated
with arterial stiffness, was higher in the HA than
in healthy men, and it was still increased during
the post-exercise recovery. In contrast, pre- and
post-exercise S| remained unchanged in healthy
men. Moreover, RI, related to the vascular tone
of small arteries/arterioles and arterial vasodila-
tion, remained reduced during the post-exercise
recovery both in healthy people and HA men.
Nevertheless, the degree of RI reduction dur-
ing recovery appears to be attenuated in men
with untreated primary HA. During the recovery,
the decline of RI suggests that the tone of small
arteries is reduced, possibly due to improved
arterial vasodilation.

Exercise is a physiological challenge that trig-
gers a series of hemodynamic changes. We dem-
onstrate that some exercise effects on BP profile,
HR and mechanical properties of arterial walls
are still visible 6 minutes after the exercise is
stopped. We compared the post-exercise effects
only in healthy men and subjects with untreated
HA. The employed model can be easily repro-
duced and applied to different clinical scenarios
or to investigate the effects of various pharma-
cological agents, for instance, used in the treat-
ment of HA, as well as research the long-term
effects of regular endurance and resistant train-
ing on Sl and Rl in HA patients. According to the
most recent ESC guidelines on sports cardiology

and physical exercise, regular endurance train-
ing should last a minimum of 30 minutes a day
at least five times a week and resistance train-
ing should be taken for a minimum of 15 minutes
and be repeated at least three times a week in HA
patients [4]. However, the consequences of such
recommendations on the mechanical properties
of arterial walls are unknown.

Some limitations of the present study must
be acknowledged. First, the study was performed
on men, thus the results cannot be extrapolated
to women. Another limitation is that all studied
participants were relatively young to make gen-
eral conclusions for a wide age range. All patients
with HA were untreated to avoid potential interac-
tions of pharmacological agents on our results.
However, as already mentioned, our model can
be easily transferred to pharmacological stud-
ies in HA patients. Finally, we only applied indi-
rect measures of arterial mechanical properties.
Nonetheless, the photoplethysmographic DVP
has been extensively used both in research and
clinical studies in different groups of patients,
including those with HA [33].

Conclusions

This study demonstrated that young and middle-
aged hypertensive men exhibit higher baseline
and post-exercise arterial stiffness parameters
than similar age normotensive individuals. Fur-
thermore, vascular tone declines but vasodila-
tion improves during the post-exercise recov-
ery, although the magnitude of these changes is
attenuated in patients with HA. This model can
be easily applied to study the effect of pharmaco-
logical antihypertensive therapy on the mechani-
cal properties of arterial walls.
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