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Abstract

Purpose Passive stretching reduces stiffness in the lower limb arteries of the stretched limb. To address this physiological
mechanism, we measured the change in shear rate in the posterior tibial artery during a single bout of one-legged passive
calf stretching compared with that in the non-stretched leg.

Methods The diameter, mean blood velocity, blood flow, and shear rate in the posterior tibial artery were measured using
Doppler ultrasound before (baseline), during, and after a one-legged passive intermittent calf stretching procedure (six rep-
etitions of 30-s static stretch with 10-s relaxation) in nine healthy young men.

Results In the posterior tibial artery of the stretched leg, the arterial diameter significantly decreased from baseline during
the stretching period (baseline vs. stretching period of the 6th set, 0.19+0.01 vs. 0.18 +0.01 cm, P <0.05) without any
change in shear rate and mean blood velocity. In contrast, during the relaxation period, the mean blood velocity (baseline
vs. relaxation period of the 5th set, 2.98 +0.54 vs. 6.25 +1.48 cm/s) increased, and consequently, the shear rate (baseline
vs. relaxation period of the 5th set, 66.75 +15.39 vs. 122.85+29.40 s7!) increased (each P <0.01); however, there was no
change in arterial diameter. In contrast, these values in the non-stretched leg were unchanged at all-time points.
Conclusions The stretching procedure increased the shear rate in the peripheral artery of the stretched leg during the relaxa-
tion period. This finding indicates that the local hemodynamic response (possibly through endothelial function), resulting
from an increase in shear stress, may contribute to stretching-induced attenuation of local arterial stiffness.
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Abbreviations Introduction

ANOVA Analysis of variance

NO Nitic oxide Some epidemiological studies suggest that poor trunk flex-
SE Standard error ibility is associated with high systemic and central arterial
Vinean Mean blood velocity stiffness; thus, measurement of trunk flexibility may be a

useful a marker of the risk of future cardiovascular events
(Yamamoto et al. 2009; Nishiwaki et al. 2014). Addition-
ally, in training investigations, it has been demonstrated
that 4 weeks or 6 months of static stretching intervention
52 Motoyuki Temitsu reduces systemic arterial stiffness (Nishiwaki et al. 2015;

iemitsu @fc.ritsumei.ac.jp Shinno et al. 2017). These findings indicate that habitual
stretching accompanied by prevention of arterial stiffening
may decrease the risk of cardiovascular diseases. Interest-
ingly, in our recent study, besides habitual stretching, it has
been demonstrated that one bout of passive intermittent leg
stretching acutely decreased pulse wave velocity as an index
of arterial stiffness, and this acute reduction in arterial stiff-
ness occurred only in the artery of the stretched leg but not
in the artery of the non-stretched leg (Yamato et al. 2017).
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However, the mechanism of static stretching-induced acute
attenuation of arterial stiffness remains unknown.

One possible mechanism may be an acute increase in
nitric oxide (NO) synthesis during stretching. Indeed, attenu-
ated arterial stiffness (during exercise) is associated with
vasodilation in the peripheral vasculature induced by an
increase in shear stress (e.g., shear rate) accompanied by
NO synthesis in endothelial cells (Higashi and Yoshizumi
2004; Zhou et al. 2014; Schmitt et al. 2005). Therefore, the
acute reduction in arterial stiffness caused by our stretching
procedure may be due to the acute increase in shear rate.
Indeed, Venturelli et al. (2019) did not measure shear rate,
but a 15-s relaxation after a 45-s static stretching increased
blood flow in the femoral artery of the stretched leg without
a change in arterial diameter, indicating the likely that shear
rate increases after this stretching procedure. Additionally,
Kruse et al. (2016) observed an increase in shear rate in the
popliteal artery immediately after a single bout of a 4-min
continuous passive calf stretch despite a reduction in shear
rate during stretching. However, the stretching procedure
in these previous studies was different from ours, which
decreased arterial stiffness. For example, hemodynamics
(e.g., heart rate, arterial blood pressure, and stroke volume),
which affects arterial stiffness, was changed during stretch-
ing in these previous studies but not in our previous study.
These hemodynamic responses also increase the shear rate
(Green et al. 2017; Carter et al. 2017). Therefore, it remains
unknown whether our stretching procedure, which decreases
arterial stiffness without a change in central hemodynamics,
increases the shear rate.

Given this background, we hypothesized that acute pas-
sive calf static stretching partially increases the shear rate in
the peripheral artery of the stretched leg, and consequently,
it may cause a reduction in arterial stiffness via local vaso-
dilation. In the present study, to test this hypothesis, we need
to exclude the effect of exercise-induced hemodynamics on
vasculature. Thus, we measured mean blood velocity (Vi,can)
blood flow, and shear rate in the posterior tibial artery of
the stretched and non-stretched legs in healthy young men
before, during, and after one-legged passive intermittent calf
static stretching previously described.

Methods
Participants

Nine healthy young men (age 20.4 +0.2 years; height
170.4 + 1.7 cm; weight 63.5+2.7 kg, body mass index
21.8 +0.7 kg/m?; sit-and-reach test 40.2 +2.8 cm) were
recruited for voluntary participation in the study. All par-
ticipants had no habitual exercise (e.g., aerobic and/or resist-
ance training), and were non-smokers, free from known
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cardiovascular disease, and not using prescription or over-
the-counter medications. All volunteers provided written
informed consent before participating in the study, which
was approved by the Ethics Committee of Aino Univer-
sity and conducted in accordance with the Declaration of
Helsinki.

Experimental design

Participants were advised not to participate in any strenuous
physical activity and avoid alcohol or caffeine consumption
for 24 h before any of the scheduled experiments. Partici-
pants were also instructed not to eat or drink fluids other than
water for at least 6 h prior to the experiments. On the day of
the experiments, the participant’s height, body weight, and
sit-and-reach measurements were obtained (T.K.K.5112;
Takeikiki, Tokyo, Japan). Posterior tibial artery diameter,
Vieans and heart rate were measured in the supine position
after at least 30 min of rest. Participants were subjected to
passive calf intermittent static stretching on a randomly
selected leg by one researcher. The posterior tibial artery
diameter, V,,.,,, and heart rate were measured in the supine
position during stretching, relaxation, and 1, 5, and 10 min
after stretching. Diameter, V., and heart rate were meas-
ured for the last 5 s of each point, and 3-beat (approximately
2-3 s) averages were used. The room temperature was main-

tained at 24 °C throughout the experiment.
Stretching protocol

The participants underwent a single session of passive
calf intermittent static stretching on one leg as previously
described (Yamato et al. 2017). In each participant, the
stretched and non-stretched (control) legs were randomly
selected from the right or left leg. With each participant
placed in the supine position, the researcher passively moved
the ankle joint of the stretched leg slowly (for at least 5 s)
through the full range of motion. In contrast, the non-
stretched leg was not moved. The stretches were passively
held for 30 s at the end range (point of minimal discomfort),
followed by a 10-s relaxation period for six repetitions.

Measurement of peripheral hemodynamics
and heart rate

The measurements of posterior tibial artery diameter and
Vimean Were performed in the passively stretched leg and
non-stretched legs, behind the malleolus medialis of the
tibia using two LOGIQ e ultrasound system (GE Health-
care, Tokyo, Japan). Each LOGIQ e ultrasound system
was equipped with a linear array transducer operating at an
imaging frequency of 10 MHz. The posterior tibial artery

diameter was determined at a perpendicular angle along
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the central axis of the scanned area using B-mode imaging.
The blood velocity was measured using the PW mode of the
same probe at a frequency of 4.2 MHz. All blood velocity
measurements were obtained with the probe appropriately
positioned to maintain an insonation angle < 60°. The sam-
ple volume was maximized according to the vessel size and
centered within the vessel based on real-time ultrasound
visualization. The arterial diameter was measured, and V...
values was automatically calculated using available software
(LOGIQ e). Diameter and V,,.,, were used to calculate the
posterior tibial artery blood flow and shear rate. Blood flow
was calculated as V@ (vessel diameter/2)*x 60 (Kruse
et al. 2016; Wray et al. 2006), where blood flow is in millilit-
ers per minute, and shear rate (per second), a useful estima-
tor of shear stress that does not account for blood viscosity,
was defined as [4 X V.,,]/vessel diameter (Kruse et al. 2016;
Wray et al. 2006). Heart rate was automatically calculated
using the LOGIQ e software. In this study, the coefficient of
variation for interobserver reproducibility of arterial diam-
eter and V., were 2.1% and 9.4%, respectively.

mean

Statistical analysis

Values are expressed as mean + standard error (SE). A
two-way (leg X time) repeated-measures analysis of vari-
ance (ANOVA) was performed on the posterior tibial
artery diameter, V,,.,,, blood flow, and shear rate. One-way
repeated-measures ANOVA was performed on the heart
rate data. Fisher’s post hoc test was used where significant
values were found. Simple regression analysis was used
to assess the associations between the following: percent-
age change in arterial diameter from baseline or 1-4 sets
of relaxation period to stretching period and percentage
change in blood flow from 1 to 5 sets of stretching period
to relaxation period. We used the data from our previous
study (Yamato et al. 2017) to calculate the effect size,
which in turn was used to determine the sample size needed
for this study. To detect this effect size at 80% power and
with a two-tailed o of 5%, the sample size should set
eight participants using G*Power. Thus, nine partici-
pants were recruited to ensure a statistical power > 0.80.
A P-value < 0.05 was considered statistically significant.

Fig. 1 Representative images A
of B-mode and ultrasound
dopplers for the posterior tibial
artery of the stretched leg at
baseline (a), during stretching
(b), and relaxation (c)

Baseline

All statistical analyses were performed using StatView 5.0
(SAS Institute, Tokyo, Japan).

Results

Posterior tibial artery diameter, V., blood flow,
and shear rate in passive stretching

Figure 1 shows the representative images of both B-mode
and ultrasound dopplers for the posterior tibial artery of
the stretched leg during baseline, stretching, and relaxa-
tion. Baseline diameter, V,,.,,, blood flow, and shear rate
of the posterior tibial artery did not differ between the
stretched and non-stretched legs (Figs. 2, 3, Table 1).
There were significant interactions between leg and time,
and main effect of time on the posterior tibial artery diam-
eter, V ..., blood flow, and shear rate (P < 0.0001, respec-
tively). In contrast, there were no significant differences in
the main effect of leg. Posterior tibial artery diameter in
the stretched leg was significantly decreased during each
passive stretching period (Fig. 2a, P <0.05) but not during
each relaxation period and after the stretching procedure
compared with that at baseline (Table 1). In contrast, the
posterior tibial artery diameter in the non-stretched leg
was not significantly altered at any time point (Fig. 2a,
Table 1). Posterior tibial artery V,.,,, blood flow, and
shear rate in the stretched leg were significantly increased
during each relaxation period compared with those at
baseline (Figs. 2b, c, 3, P <0.05). Additionally, the pos-
terior tibial artery blood flow was significantly increased
but not blood velocity and shear rate 1 min after the ses-
sion of passive stretching compared with that at baseline
(Table 1, P <0.05). In contrast, the posterior tibial artery
V eans Dlood flow, and shear rate in the non-stretched leg
were not significantly altered at any time point (Figs. 2b,
¢, 3 and Table 1).

The percentage change in arterial diameter at the
stretching period was significantly negatively corre-
lated with blood flow during the relaxation period in the
stretched leg (r=— 0.38, P <0.05; Fig. 4a). In contrast, in
the non-stretched leg, there was no significant relationship
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Fig.2 Vessel diameter (a), mean blood velocity (b), and blood flow
(c) of the posterior tibial artery before and during passive one-leg-
ged stretching. Data are expressed as the mean+SE. *P<0.05,
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Fig.3 Shear rate of the posterior tibial artery before and during
passive one-legged stretching. Data are expressed as mean=+SE.
*P<0.05, **P<0.01 vs. baseline
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increases during stretching; thus, this result provides one
possible mechanism that stretching-induced local hemo-
dynamic response (e.g., activation of endothelial function)
may contribute to the reduction in arterial stiffness in the
stretched leg. Importantly, this stretching procedure did
not change the hemodynamics, such as heart rate, which
causes an increase in the shear rate. Therefore, it is reason-
able that mechanical stress on the artery in the stretched
leg, not hemodynamic effects, increases the shear rate and
consequently causes activation of endothelial function that
contributes to reduced arterial stiffness.

It is well-established that increased shear stress acutely
causes the release of vasodilatory substances, such as NO,
from the endothelial cell via activation of endothelial NO
synthase (Higashi and Yoshizumi 2004; Zhou et al. 2014;
Schmitt et al. 2005; Corson et al. 1996). Indeed, in human
studies, flow-mediated dilation following ischemic cuff
occlusion that increases the shear rate and consequently
NO production is widely used as an index of endothelial
function (Green et al. 2014; Mullen et al. 2001; Nishiyama
et al. 2008; Pyke et al. 2004; Kooijman et al. 2008). Moreo-
ver, in vitro studies have shown that pulsatile flow only and
pulsatile flow and tube compression conditions caused a
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Table 1 Posterior tibial artery

. Baseline After stretching
vascular measures at baseline
and after stretching 1 min 5 min 10 min
Diameter, cm
Stretched leg 0.19+0.01 0.20+0.02 0.19+0.01 0.19+0.01
Non-stretched leg 0.19+0.01 0.19+0.01 0.19+0.01 0.19+0.01
Mean blood velocity, cm/s
Stretched leg 2.98+0.54 4.61+1.18 3.82+0.92 3.52+0.54
Non-stretched leg 2.51+0.51 3.20+0.76 2.90+0.56 2.83+0.60
Blood flow, ml/min
Stretched leg 5.01+£0.92 9.99+3.86 * 6.93+1.68 6.29+1.18
Non-stretched leg 3.95+0.58 579+1.98 4.60+0.74 4.62+0.92
Shear rate, s~
Stretched leg 66.75+15.39 92.50+19.69 82.08+22.74 75.89+14.36
Non-stretched leg 57.28+14.78 67.69+13.63 65.68+15.93 63.05+15.53
Heart rate, beats/min 60+3 59+3 60+3 60+3
Values are mean + SE
*P <0.05 vs. baseline
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Fig.5 Heart rate before and during passive one-legged stretching.
= 1200 Data are expressed as mean + SE
=
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£ 800 may affect NO production in endothelial cells. Moreover,
E 600 some previous studies have demonstrated that endothelial
E 400 dysfunction contributes to arterial stiffening (Kinlay et al.
> 2001; Wilkinson et al. 2002). Taken together, acute stretch-
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g - ing-induced reduction in arterial stiffness may be associated
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Fig.4 Relationship between the changes (%) in posterior tibial artery
diameter during the stretching period and blood flow during the relax-
ation period in the stretched leg (a) and non-stretched leg (b)

rapid release of NO followed by a sustained increase (Dai
et al. 2002). Thus, in the present study, the increase in shear
rate as a result of acute passive intermittent static stretching

The mechanism of stretching-induced increase in shear
rate should be considered. Similar to the previous studies
(Venturelli et al. 2019; Kruse et al. 2016), in the present
study, the V., of the posterior tibial artery in the stretched
leg decreased during the stretching period but significantly
increased during the relaxation period (Fig. 2). This large
increase in blood velocity contributes to an increase in the
shear rate because there is no change in diameter during the
relaxation period. Additionally, heart rate and blood pressure

did not change during and/or after passive calf intermittent
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static stretching protocol used previous study (Yamato et al.
2017). Thus, this increase in blood velocity may be associ-
ated with mechanical microvascular compression in the mus-
cle caused by stretching. This concept is supported by previ-
ous studies (Venturelli et al. 2019). Intermittent pneumatic
leg compression increased blood flow in the treated limb
during cuff deflation, whereas cuff inflation has an opposite
effect (Sheldon et al. 2012; Roseguini et al. 2010). Moreo-
ver, in animal studies, as the length of the muscle increased,
the diameters of the arterioles, feed arteries, and capillary
arteries decreased, with decreased blood flow of feed arter-
ies and capillary arteries (Poole et al. 1997; Welsh and Segal
1996). These findings suggest that the loss of microvascu-
lar blood volume and decrease in arterial diameter during
each stretching period may induce reactive hyperemia in the
relaxation period after each stretching period. Indeed, in the
present study, an increase in blood flow during the relaxa-
tion period was significantly associated with a decrease in
diameter during the stretching period (r=— 0.38, P <0.05;
Fig. 4a). Moreover, in the stretching protocol used in the
present study, the heart rate remained unchanged throughout
the stretching procedure; therefore, it is likely that stretch-
ing-induced muscle compression, and not change in cen-
tral hemodynamics, mechanically elevates V., during the
relaxation period and consequently increases the total shear
rate in the stretched leg during the stretching protocol.
This study has some limitations. First, although the pre-
sent study used the stretching procedure similar to our pre-
vious study (Yamato et al. 2017), we did not measure the
arterial stiffness index in this study. Therefore, the effect
of arterial stiffness in this study may be the same, since
the stretch procedure was repeatable. Second, we did not
measure NO production in the posterior tibial artery of the
stretched leg. Further studies are needed to examine the cir-
culating NO level in the stretched leg. Third, in this study,
we did not evaluate several other factors, including central
and peripheral hemodynamics (e.g., cardiac output, sympa-
thetic nerve activity, speed of passive movement). Stroke
volume, heart rate, and cardiac output measurements using
ultrasonography may be necessary to obtain an accurate
assessment of the central hemodynamic response. Moreover,
a previous animal study showed that muscle length-induced
vasomotor responses, which were triggered by norepineph-
rine release from the perivascular sympathetic nerves, were
independent of the central nervous system (Welsh and Segal
1996), while a previous human study evaluated the effects
of the movement speed and range of motion associated with
leg blood flow on passive leg movement-induced hyper-
emia (Gifford et al. 2019). Therefore, local hemodynamic
responses may be affected by perivascular sympathetic nerve
activity via increased peripheral muscle length, and move-
ment speed and range of motion may also have some impact
on passive leg movement. Finally, we could not assess the
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continuous shear rate throughout the stretching procedure in
this study. Since we passively moved the ankle joint of the
stretched leg slowly (using at least 5 s) through the full range
of motion, we measured blood flow after the completely
stretched and returning base position. Therefore, beat-to-
beat blood velocity was not measured during and after the
stretching period. Therefore, to examine the total shear rate,
it is necessary to continuously measure the blood velocity.

Thus, passive calf intermittent static stretching mechani-
cally reduced arterial diameter during stretching and conse-
quently increased the shear rate during the relaxation period
in the artery of the stretched leg. This finding suggests that
the mechanical effect of acute passive stretching on artery
(decrease in diameter)-induced increase in shear rate may
be associated with the reduction in arterial stiffness after
the stretching.
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