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Abstract

Ischemic skeletal muscle conditions are known to augment exercise-induced in-
creases in blood pressure (BP). Aging is also a factor that enhances the pressor
response to exercise. However, the effects of aging on the BP response to ischemic
exercise remain unclear. We, therefore, tested the hypothesis that aging enhances
the BP response to rhythmic handgrip (RHG) exercise during postexercise muscle
ischemia (PEMI). We divided the normotensive participants without cardiovas-
cular diseases into three age groups: young (n = 26; age, 18-28 years), middle-
aged (n = 23; age, 35-59 years), and older adults (n = 23; age, 60-80 years). The
participants performed RHG exercise with minimal effort for 1 min after rest with
and without PEMI, which was induced by inflating a cuff on the upper arm just
before the isometric handgrip exercise ended; the intensity was 30% of maximal
voluntary contraction force. Under PEMI, the increase in diastolic BP (DBP)
from rest to RHG exercise in the older adult group (A13 + 2 mmHg) was signifi-
cantly higher than that in the young (A5 + 2 mmHg) and middle-aged groups
(A6 + 1 mmHg), despite there being no significant difference between the groups
in the DBP response from rest to RHG exercise without PEMI. Importantly, based
on multiple regression analysis, age remained a significant independent determi-
nant of both the SBP and DBP responses to RHG exercise during PEMI (p < 0.01).
These findings indicate that aging enhances the pressor response to ischemic
rhythmic exercise.
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1 | INTRODUCTION

During physical activity, the cardiovascular responses re-
flexively increase to match the systemic oxygen delivery
with the metabolic demand of active skeletal muscles. The
modulatory reflex mechanisms of the aorta and carotid ar-
teries (arterial baroreflex) (Raven et al., 2019), neural ac-
tivation originating from the higher motor center (central
command) (Williamson et al., 2002), and reflex activity
from active skeletal muscles (the exercise pressor reflex)
(Smith et al., 2006) adjust the autonomic nerve system to
regulate blood pressure (BP) during exercise. The exercise
pressor reflex, activated by mechanical (muscle mecha-
noreflex) and metabolic stimuli (muscle metaboreflex)
(Smith et al., 2006) of the working skeletal muscles, pri-
marily and substantially contributes to an increase in BP
in response to exercise (Smith et al., 2005, 2006).

The pressor response to systemic and local muscle exer-
cise is known to be exaggerated by aging (Daida et al., 1996;
Milia et al., 2015; Trinity et al., 2018). For example, Trinity
et al. (2018) demonstrated that the increase in BP via the
exercise pressor reflex to plantar flexion in older women is
greater than that in younger women, considering that the
age groups had equivalent metabolic responses in the work-
ing muscles. In addition, the pressor response to exercise
is exaggerated when the skeletal muscles are in an acute
ischemic or acidic condition (Cornett et al., 2000; Cristina-
Oliveira et al., 2020; Cui et al., 2008). For instance, Cornett
et al. (2000) showed that the BP response to rhythmic hand-
grip (RHG) exercise was augmented by forearm circula-
tory arrest. Hence, it is evident that aging and ischemia are
major factors that enhance the pressor response to exercise.
However, the synergistic effect of these two factors, that is,
whether ischemia further augments an aging-induced ex-
aggeration of pressor response to exercise, remains unclear.

An exaggerated pressor response is known to poten-
tiate acute risks of adverse cardiovascular events during
(Laukkanen et al., 2006) or after exercise (Laukkanen
etal., 2004), even in healthy adults. Furthermore, previous
evidence suggests that even in normotensive individuals,
repetition in an elevated pressor response to physical activ-
ities chronically affects the heart and blood vessel, leading
to an increased risk of future cardiovascular disease-
related death (Weiss et al., 2010). Thus, an exaggerated BP
response to physical activities in daily life could strongly
affect an individual's health and life expectancy. Hence, it
is worthwhile to reveal effect of aging on BP response to
ischemic exercise, because the older population is grow-
ing in many Asian and Western countries, and ischemic
situations may occur not only while performing physical
fitness exercises, but also during activities of daily life
(e.g., ascending many flights of stairs or lifting heavy ob-
jects without taking breaks).

Therefore, the aim of this study was to investigate the
effects of aging on cardiovascular response to dynamic ex-
ercise under ischemic muscle conditions. To accomplish
this aim, we measured BP and heart rate (HR) response to
RHG exercise during postexercise muscle ischemia (PEMI)
(Alam & Smirk, 1937; Cornett et al., 2000; Cui et al., 2008).
Although the resting BP linearly increases with advancing
age (Kotchenetal., 1982), itis unclear whether BP responses
to ischemic exercise and resting BP level would show a par-
allel change with advancing age. Nevertheless, nearly all
studies investigating the effect of aging on pressor response
to exercise only compared younger and older groups of
participants (Markel et al., 2003; Milia et al., 2015; Sidhu
et al., 2015; Trinity et al., 2018); few studies examined the
influence of an advancing age on the BP response to exer-
cise (Daida et al., 1996). Hence, the present study included
three age groups: young, middle-aged, and older adults. We
hypothesized that an advancing age incrementally potenti-
ated BP response to RHG exercise during PEMI.

2 | METHODS
2.1 | Sample size calculation and
participants

A priori statistical power analysis was performed to deter-
mine the sample size needed for the present study using,
G*power 3.1.9.7. We determined that a minimum sample
size of 81 was needed to achieve a power (1 — /) of more
than 0.80, which was required to reject the null hypoth-
esis, with a medium effect size (f = 0.25) and an error
probability of 0.05 (@), using a repeated measure two-way
analysis of variance (ANOVA) (number of groups = 3).

A total of 82 individuals with physically active lifestyles
were recruited to participate in the present study. Among
them, we excluded 10 who were considered to have hyper-
tension (SBP > 140 mmHg or DBP > 90 mmHg) (Umemura
et al., 2019) and included the remaining 72 normotensive
individuals as the study participants. To evaluate the effects
of aging, we divided the participants into three age groups
based on a previous study (Zhang et al., 2020): young
(n = 26, 14 men and 12 women, 18-34 years old), middle-
aged (n = 23, 11 men and 12 women, 35-59 years old), and
older adults (n = 23, 9 men and 14 women, 60-80 years
old). None of the participants had ever used antihyperten-
sive medications. Moreover, none of the participants had
diabetes (Kim et al., 2019), heart failure (Smith et al., 2006),
kidney disease (Park & Middlekauff, 2015), peripheral ar-
terial disease (Stone & Kaufman, 2015), or peripheral neu-
ropathy (Grotle et al., 2017), which are known to affect the
pressor responses to exercise. The characteristics of the
groups are shown in Table 1.
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From the day prior to conducting the experiments,
the participants were asked to avoid alcohol, caffeine,
and unusually long and/or high-intensity training ses-
sions. The participants did not consume any food for
at least 2 h before the experiments. This study was ap-
proved by the Chubu University Ethics Committee (No.
290077-3). All participants provided written informed
consent.

2.2 | Study design

To investigate the effect of aging on the cardiovascular
response to ischemic exercise, we compared BP and HR
responses to passive wrist movements (PWM) and RHG
exercise during PEMI between the groups.

The present study comprised two experiments.
Experiment (Exp.) 1 was performed to ensure that the
participants’ BP and HR remained consistent throughout
the 3 min period of PEMI (controlled rest during PEMI)
(Figure 1). Exp. 2, the primary experiment, was performed
to observe the BP and HR responses to 1 min of PWM, and
subsequently, 1 min of RHG exercise after a 1-min rest pe-
riod during the 3 min period of PEMI (Figure 1). Finally,
we also examined whether age remained a significant, in-
dependent determinant of pressor responses to ischemic
exercise using a multivariate analysis, because some clini-
cal parameters are known to affect cardiovascular response
to exercise, for example, sex (Smith et al., 2019; Trinity
et al., 2018), body mass index (BMI) (Limberg et al., 2018),
and arterial stiffness (Thanassoulis et al., 2012).

TABLE 1 Participant characteristics

Young (n = 26)

Mean + SE
Age (years) 22 +1(18-28)
Female/male ratio (%) 12/14 (46/54%)
Ratio of smoker (%) 5/26 (19%)
Height (cm) 166.4 + 1.9
Body mass (kg) 63.7 £2.2
BMI (kg/m?) 229+ 0.6
Body fat percentage (%) 233+ 1.7
Muscle rate (%) 72.6 + 1.6
CAVI 6.0 +0.1
MVC (N) 344 + 22
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2.3 | Experimental protocols

Before the experimental procedures, participants were
asked to sit on a comfortable chair for several minutes. In
Exp. 1 (Figure 1), after the baseline rest measurements,
participants performed isometric handgrip (IHG) exer-
cise with their left arm (Figure 1), followed by a 3-min
session of PEMI at rest (Figure 1). In Exp. 2 (Figure 1),
after the first baseline measurements, participants per-
formed PWM (Figure 1), and subsequently, RHG exercise
(Figure 1) for 1 min each, without PEMI. After a suffi-
cient period of rest allowing the BP and HR to return to
the first baseline values, the participants performed IHG
exercise followed by a 3 min period of PEMI, similar to
that in Exp. 1. PWM and RHG exercise were performed
during the 2nd (PEMI + PWM) and the 3rd minute of
PEMI (PEMI + RHG), respectively, after a 1 min rest pe-
riod (PEMI + Rest) which we defined as the second base-
line. This protocol was based on a previous study (Hotta
et al., 2020). Exp. 1 and 2 were conducted on separate
days for most participants. For some participants, Exp.
1 was performed on the same day, at least 1 h after com-
pleting Exp. 2, which allowed the BP and HR to return to
the first baseline values of Exp. 2. Room temperature was
maintained at approximately 25°C for both experiments.

2.4 | IHG exercise and PEMI

The intensity of the IHG exercise was set at 30% of the
individual's maximum voluntary contraction (MVC)

Middle-aged Older adult

(n=23) (n=23)

Mean + SE Mean + SE p-value
47 + 2 (35-59) 69 + 1 (60-80) <0.01"
12/11 (52/48%) 14/9 (61/39%) 0.59*
1/23 (4%) 4/23 (17%) 0.30%
164.4 + 1.8 157.9 + 1.9 0.01°
64.1 + 2.7 524+ 1.8 <0.01*
23.7 +0.9 20.9 + 0.5 0.01*
254+1.9 224 +1.7 0.47
70.5 + 1.8 72.7 +1.8 0.61
7.0 + 0.1 8.5+0.2 <0.01"
316 + 18 247 £ 17 <0.01*

Abbreviations: BMI, body mass index; CAVI, cardio-ankle vascular index; MVC, maximum voluntary contraction.

*p < 0.05 versus young.

p < 0.05, age-group dependent.

“p < 0.05 versus young and middle-aged groups.

*p-value achieved using a chi-square or Fisher's exact test.
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force (Cui et al., 2008; Hotta et al., 2020; Park et al.,
2008; Williamson et al., 2002), which was determined
previously. Participants maintained their gripping force
using a visual feedback system. The IHG exercise was
performed for 2 min in the young and middle-aged
groups. However, this was reduced to 1 min for older
adults owing to cardiovascular safety concerns (Hotta
et al., 2020).

For PEMI, 5 s before the end of the IHG exercise,
a Hokanson cuff (SC5, Hokanson, Inc.) was inflated
using the Hokanson rapid cuff inflator (E20) and air
source (AG101) on the left upper arm at a pressure of
250 mmHg.

2.5 | PWM and RHG exercise

PWM and very low-intensity RHG exercise with mini-
mal force development were adopted to isolate the

FIGURE 1 Protocols of experiments (Exp.) 1 and 2. In

Exp. 1, after the baseline rest measurements (first baseline), the
participants performed isometric handgrip (IHG) exercise, followed
by a 3 min session of postexercise muscle ischemia (PEMI) without
any exercise (rest). During IHG, the participants held the grip

force transducer (shown in gray) in their left hand at 30% of their
maximum voluntary contraction. PEMI was induced using the
inflated cuff (shown in gray) on the left upper arm at a pressure

of 250 mmHg. In Exp. 2, after the first baseline measurements,

the participants performed passive wrist movement (PWM) and
then rhythmic handgrip (RHG) exercise sessions, each for 1 min
without PEMI. During PWM, the experimenter (shown in gray)
fully extended and flexed the participant's left wrist (shown in
white) at a rate of 60 repetitions/min. During RHG, the participant
fully flexed and extended their left hand to grip the force transducer
(shown in gray) at a rate of 60 repetitions/min using minimal
effort. After a sufficient period of rest, the participants performed
IHG exercise followed by a 3 min session of PEMI. Participants
performed PWM during the 2nd minute (PEMI + PWM) and

RHG exercise during the 3rd minute of the PEMI sessions

(PEMI + RHG), after the 1st minute of rest time (PEMI + Rest).
We defined the data measured during the 1st minute of PEMI as
the second baseline

involvement of muscle mechanoreceptors from the cen-
tral command and metaboreceptors (Park et al., 2008) and
to minimize the engagement of muscle metaboreceptors
(Batman et al., 1994) and the central command (Hotta
et al., 2020), respectively.

For the PWM, the researcher fully extended and flexed
the participant's left wrist at a rate of 60 repetitions/min,
following the same method used in previous studies
(Hotta et al., 2020; Park et al., 2008). For the RHG exercise,
the participant fully flexed and extended their left hand at
a rate of 60 repetitions/min using minimal effort (Hotta
et al., 2020).

2.6 | Measurements

2.6.1 | BPand HR

We measured systolic BP (SBP) and diastolic BP (DBP)
on the participant's right upper arm during the latter
30 s of every minute using an oscillometric sphygmoma-
nometer (Tango+, Sun Tech Medical Instruments Inc.).
We assessed HR by recording an electrocardiogram
(Tango+).

To compare the HR and BP responses to PEMI + PWM
and PEMI + RHG between the groups, we used incremen-
tal (delta) values from the second baseline rest at the 1st
minute of PEMI (PEMI + Rest; Figure 1), since the met-
abolic status elicited by IHG exercise could have differed
between the groups (Markel et al., 2003).
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TABLE 3 Circulatory responses to isometric handgrip (IHG) exercise and rest, passive wrist movement (PWM), and rhythmic handgrip (RHG) exercise without and with postexercise

muscle ischemia (PEMI)

p-value

PEMI

Rec Age Stim. mode  Interaction

RHG

WM

PWM RHG IHG Rest P

Rest

n

0.004

0.232 <0.001

126 + 2*

142 + 3

137 + 3*
139 + 3*

135 + 3*
138 + 3*

136 + 3*

124 + 2*'

120 + 2*

116 + 2

Young 26

SBP (mmHg)

129 + 3*
135 + 4*

149 + 3+

139 + 4*

139 + 4*

142 + 3*

128 + 2*'

123 + 2*

119+ 2

23

Middle-aged

9 + 2%

157 + 5*4Y

138 + 4*

135 + 4*7Y
79 + 21

75 + 2*

124 + 3*

118 +2
68 + 2

23
26
23

Older adult
Young

<0.001

0.001 <0.001

79 £

I

91 + 2+

87 + 1*

89 + 2*

83 +2¥

DBP (mmHg)

89 + 2*¥

101 + 2%

98 + 2+¥Y

92 + 2*

92 + 2*Y
88 + 2%

*

89 + 2%

95 + 2
84

87 + 2*¥

Middle-aged
Older adult
Young

)

physilogical
Sockty

86 + 2*¥

*

E2

84 +2*Y 88 4 oY

79 + 2¥
66 + 2

23
64

26
23

<0.001

0.031 <0.001

+ 2%

76 + 21

+ 2%

HR (bpm)

AV

67 + 1*
67 + 2*

80 + 2#HY

sk

73 + 2+ 75422 67+1% 7142

1*

+

Middle-aged
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74 + 3*1 71+25Y  66+2%Y 694+ 2% 80 4 3V

+2

64+ 2

23

Older adult

Note: The young and middle-aged groups performed 2 min of IHG exercise whereas the older adult group completed it for 1 min. Thus, we adopted the value at the 2nd minute of IHG exercises in both the young and

*

middle-aged groups and the value at the 1st minute of it in the older adult group. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; Rec, recovery. *p < 0.05 versus Rest; *p < 0.05 PEMI + Rest

versus PEMI + PWM or PEMI + RHG; '}p < 0.05 PWM versus RHG; *tp < 0.05 PEMI + PWM versus PEMI + RHG; Yp < 0.05 versus young group.

forward-backward stepwise multiple regression analysis
was used to identify significant determinants explaining
the pressor response to ischemic exercise.

Data are expressed as mean =+ standard error (SE).
Statistical analyses were performed using R-4.0.2,
GraphPad Prism 8, and SPSS 25.0 software programs. The

level of significance was set at p < 0.05.

3 | RESULTS

The characteristics of the participants are summarized in
Table 1. The height and body weight of the older adult
group were significantly lower than that of the young
group, and that of the young and middle-aged group, re-
spectively. However, the estimated total skeletal muscle
and fat mass percentages were not significantly different
between the groups. The CAVI increased significantly
in an age-group-dependent manner. The MVC force in
the older adult group was significantly lower than that
in the young and middle-aged groups. Accordingly, the
mean grip force during IHG exercise in older adults
(70 £ 5 N) was also significantly lower than that in the
young (97 + 6 N) and middle-aged groups (91 + 5 N).
However, the relative values of MVC were not signifi-
cantly (p = 0.11) different between the groups (28% + 0%
in the young, 29% + 0% in the middle-aged, and 28 + 0%
in the older adult group).

Thirty-nine participants participated in Exp. 1. Table 2
shows the BP and HR responses to the THG exercise and
the 3 min period of PEMI. PEMI significantly increased BP
as compared to rest, and BP did not significantly change
during 3 min of PEMI in any of the age groups. The HR
response to PEMI differed from the BP response. PEMI
significantly increased HR as compared to rest, only at the
3rd minute regardless of the group, and HR at the 2nd and
3rd minute of PEMI significantly increased as compared
to the 1st minute of PEMI in the older adult group.

Table 3 shows the changes in SBP, DBP, and HR ob-
tained from Exp. 2. BP and HR significantly and gradually
increased in response to PWM followed by RHG exercise
without PEMI as compared to the first baseline rest in all
the age groups, except for the DBP response of the middle-
aged group. Under the influence of PEMI, BP was signifi-
cantly elevated exclusively during PEMI + RHG, but not
during PEMI + PWM, as compared to the second baseline
rest (PEMI + Rest). In terms of the group comparison of
SBP, even though the first and second baseline rest periods
were not significantly different between the groups, the
values obtained during RHG exercise without and with
PEMI in the older adult group were significantly higher
than those obtained in the young group. Regarding DBP,
no significant difference was detected in PEMI + Rest
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between the young and older adult groups. However, DBP To evaluate the volitional effort sense during the RHG

during PEMI + RHG in the older adult group was signifi-  exercise, we measured the RPE; however, we failed to

cantly higher than that in the young group. Conversely, HR measure it for each participant in the young (i.e., n = 25)
during the IHG exercise, PEMI + Rest, and PEMI + RHG and middle-aged (i.e., n = 22) groups. During the RHG
in the middle-aged and older adult groups was signifi-  exercise without PEMI, the RPE did not differ between the
cantly lower than those in the young group. groups (p = 0.71). The RPE values in the young, middle-

The left side of Figure 2 shows the circulatory responses aged, and older adult groups were 11.2 + 0.4, 11.6 + 0.3,
to PWM from the first baseline rest, whereas the right side ~ and 11.6 + 0.3, respectively. The RPE during the RHG ex-
of Figure 2 shows the changes in the measurements from ercise was significantly augmented by PEMI, regardless
the second baseline (PEMI + Rest). No significant differ-  of the group (p < 0.01). The increment in RPE between
ence in response was detected between the groups to ei- the RHG exercise without PEMI and the PEMI + RHG

ther PWM without PEMI or PEMI + PWM. in the older adult group (A3.1 + 0.4) was significantly
Response from Response from
Rest to PWM PEMI+Rest to
PEMI+PWM
@ Age : P=0.735
60— Stim. mode : P= 0.001
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(p < 0.001) smaller than that in the young (A6.0 + 0.5) and
middle-aged groups (A5.0 + 0.4). The mean absolute force
and %MVC during RHG exercise without and with PEMI
were 22 + 3N (7% + 1%) and 16 + 3 N (5% + 1%) in the
young group, 17 + 2 (5 £ 0%) and 13 + 1 N (4 + 0%) in the
middle-aged group, and 15 + 2 N (6 + 1%) and 15 + 2 N
(6 + 1%) in older adult group, respectively. Age had no sig-
nificant effect (p > 0.22) on either the absolute or relative
values.

Figure 3 illustrates the most important result found in
the present study, and demonstrates the SBP, DBP, and HR
responses to RHG exercise similarly to Figure 2. The incre-
ment in SBP in response to RHG exercise without PEMI
from the first baseline rest to the RHG exercise in the older
adult group was significantly greater than thatin the young
and middle-aged groups (Figure 3a). Similarly, the incre-
ment in SBP from the second baseline (PEMI + Rest) to
PEMI + RHG in the older adult group was significantly
higher than that in the young group. Noticeably, the in-
crement in DBP from PEMI + Rest to PEMI + RHG in
the older adult group was significantly higher than that
in the young and middle-aged groups, despite there being
no significant difference between the groups in the DBP
response to RHG exercise without PEMI (Figure 3b).

To estimate the degree of tissue acidosis, we measured
the blood La levels of nine participants in the young
group, eight in the middle-aged group, and six in the
older adult group. No significant differences between the
groups were detected at rest (p = 0.83) (1.1 + 0.1 mmol/L
in the young, 1.1 + 0.1 mmol/L in the middle-aged, and
1.1 + 0.1 mmol/L in the older adult group). IHG ex-
ercise significantly (p < 0.001) increased the blood La
(2.7 +0.4mmol/L, 2.5+ 0.4 mmol/L,and 1.7 + 0.3 mmol/L
in the young, middle-aged, and older adult groups, respec-
tively) and PEMI + RHG further increased it significantly
(p < 0.001; 3.7 = 0.5 mmol/L, 3.8 + 0.8 mmol/L, and
3.3 + 0.4 mmol/L in the young, middle-aged, and older
adult groups, respectively). However, the changes in blood
La were not significantly different between the groups be-
cause no significant interaction (p = 0.69) or effects of age
(p = 0.53) were detected.

Table 4 shows single correlations between BP responses
to PWM and RHG exercise and other parameters. Age
was significantly correlated with the SBP response to
RHG exercise and PEMI + RHG and the DBP response to
PEMI + RHG. The SBP response to RHG exercise as well
as the SBP and DBP responses to PEMI + RHG were sig-
nificantly associated with the CAVI. In addition, DBP at
rest, sex, and the MVC were significantly associated with
the SBP response to RHG exercise and PEMI + PWM, and
the DBP response to PWM and PEMI + RHG. No signifi-
cant correlation was detected between smoking and any BP
responses to PWM or RHG exercise with or without PEMI.

We used the parameters that were significantly cor-
related with the BP response to exercise as candidates for
independent variables in the multiple regression analyses.
Importantly, the multiple regression analysis showed that
age was a significant independent determinant of the SBP
response to RHG exercise and PEMI + RHG and the DBP
response to PEMI + RHG (Table 5).

4 | DISCUSSION

The major findings from the present study are as follows.
First, we confirmed that SBP and DBP did not significantly
change during 3 min of PEMI. Second, the SBP response to
RHG exercise without PEMI in the older adult group was
significantly higher than that in the young and middle-aged
groups. This result is in accordance with previous studies
(Daida et al., 1996; Milia et al., 2015; Trinity et al., 2018).
Likewise, the SBP response to PEMI + RHG in the older
adult group was significantly higher than that in the young
group. Third, and most importantly, the DBP response to
RHG exercise during PEMI in the older adult group was
significantly higher than that in the young and middle-
aged groups, despite the DBP response to RHG exercise
without PEMI not being significantly different between
the groups. Fourth, these findings were supported by the
result of the multiple regression analysis, which indicated
that aging was a significant, independent enhancing factor
for BP response to PEMI + RHG. Therefore, the present
study is the first to show that aging increases the pressor
response to ischemic rhythmic exercise, although BP re-
sponse was not exaggerated clearly in proportion to age.

4.1 | Potential mechanisms that may
contribute to the augmented DBP response
to ischemic exercise in older adults

Although the present study could not elucidate the mech-
anisms causing the ischemia-revealed effect of aging on
DBP response to exercise, several potential mechanisms
can be proposed.

Trinity et al. (2018) demonstrated that aging augments
the pressor response to exercise when the metabolic re-
sponse in the working muscles is the same between dif-
ferent age groups, implying the possibility that aging
increases the sensitivity and/or activation (gain) of the
exercise pressor reflex. In the present study, we did not
evaluate the metabolic perturbations elicited by exercise.
It was assumed that the metabolic disturbances during
exercise in the older adult group would diminish or be
equivalent to those of the young and middle-aged groups
because: (1) herein, the duration of the IHG exercise in
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the older adult group was shorter than that in the young
and middle-aged groups; (2) aging skeletal muscles have a
higher oxidative capacity (Miljkovic et al., 2015), and (3)
the blood La response was not statistically different be-
tween the groups; however, La is not the only metabolite
that stimulate the exercise pressor reflex and the sample
sizes of La in all three groups were small. Nevertheless,
the present study demonstrated that ischemia potentiated
the aging-related increase of DBP response to exercise.
Previous animal and human studies have suggested that

young middle older

(23) (23) (26) (23) (23)

acute acidosis and/or a few metabolites increase the mus-
cle mechanoreflex (Adreani & Kaufman, 1998; Cui et al.,
2008; Hotta et al., 2019); however, the mechanism for this
remains unclear. Hence, we speculate that aging exag-
gerates the acid-induced increase in the muscle mecha-
noreflex, which may lead to aa greater DBP response to
ischemic exercise in older adults.

It is generally accepted that the extent of the central
command involvement is associated with volitional ef-
fort sense during exercise (Williamson et al., 2002). The
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TABLE 5 Summary of multiple regression analysis

Variables included in

the model p R p-value
SBP response
to RHG
Age 0.389 0.140 0.001
DBP Rest — — N.S.
CAVI — — N.S.
to PEMI + PWM
Sex — — N.S.
MVC — — N.S.
to PEMI + RHG
Age 0.416 0.161 <0.001
CAVI — — N.S.
DBP response
to PWM
Sex 0.272 0.061 0.021
SBP Rest — — N.S.
MVC — — N.S.
to RHG
SBP Rest 0.334 0.099 0.004
to PEMI + RHG
Age 0.359 0.117 0.002
MVC — — N.S.
CAVI = - N.S

Note: The independent variables that significantly correlated with systolic
(SBP) and diastolic blood pressure (DBP) responses to passive wrist
movement (PWM) or rhythmic handgrip (RHG) exercise without and with
postexercise muscle ischemia (PEMI) in Table 4 were selected for these
analyses. # and R* represent the standardized regression coefficient and

a measure for the model prediction, respectively. The variance inflation
factors of all the independent factors were <5. CAVI, cardio-ankle vascular
index; SBP and DBP Rest, SBP and DBP measured at rest; N.S., not
significant.

present study showed that, although the RPE response
to ischemic exercise was the smallest in the older adult
group as compared to the other age groups, the DBP re-
sponse to ischemic exercise was the greatest in the older
adult group. Therefore, it is reasonable to assume that the
difference in the sense of effort associated with the central
command between the age groups did not have a major
influence on the pressor response. However, further re-
search is required because we did not directly evaluate the
engagements of the central command, and because the
RPE might be affected by age (Morishita et al., 2013).

In healthy young adults, the carotid baroreflex has been
reported to attenuate the muscle metaboreflex-induced
pressor response (Ichinose et al., 2017). Conversely,
aging has been suggested to decrease baroreflex func-
tion (Carrington & White, 2002). One of the reasons for
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the impaired function is age-related vascular stiffening
(Lipman et al., 2002). As the CAVI increased in an age-
group-dependent manner, it is plausible, although specu-
lative, that age-related stiffening of the arterial wall might
have resulted in a blurred baroreflex, which in turn might
have induced the exaggerated DBP response to ischemic
exercise observed in older adults.

It is reasonable to wonder why the synergistic effect of
aging and ischemia was observed only for the DBP response,
although it is not unusual that SBP and DBP responses to
exercise are not altered parallelly (Brett et al., 2000). First,
as compared to SBP, DBP is more influenced by changes in
peripheral vascular resistance (Rowell, 1993). Previous ev-
idence suggests that peripheral vasomotor activation is an
important mechanism for determining the exercise pressor
reflex in older adults (Sidhu et al., 2015). Thus, we believe
that ischemia-augmented aging-induced peripheral vaso-
motor activation, resulting in the significant enhancement
of DBP response to ischemic exercise in older adults in
the present study. Further research involving stroke vol-
ume and blood flow measurement to calculate the cardiac
output and peripheral resistance is required to validate
our theory. Second, the SBP response to exercise without
PEMI was not significantly different than that of exercise
with PEMI in all age groups, indicating that the ischemic
and/or exercise duration or intensity was insufficient to
further augment an age-related increase in SBP response.
Third, we measured BP every 1 min and SBP was evaluated
earlier than DBP in the present study; thus, the SBP may
have been evaluated before the continuous hemodynamic
alterations evoked by the effect of aging and ischemic exer-
cise was reflected in SBP, leading to underestimation of the
between-group differences in SBP responses. Future stud-
ies using beat-to-beat monitoring systems to measure BP
continuously are warranted to clarify this technical issue.

4.2 | Methodological considerations for
IHG exercise, PWM, and RHG exercise

It can be questioned whether a 1 min period of IHG exer-
cise in the older adult group was enough to evoke signifi-
cant metabolite production. Some previous studies have
shown that PEMI followed by a 1 min period of IHG exer-
cise induced the muscle metaboreflex (Hotta et al., 2020;
Markel et al., 2003). We also confirmed that BP was up-
regulated by PEMI as compared to rest in the older adult
group and that this upregulation was not significantly dif-
ferent between the groups in the present study. Therefore,
it is evident that a 1 min period of THG exercise was
enough to produce significant metabolites during PEMI.
In terms of the shorter duration of IHG exercise in the
older adult group, in this study, the BP and HR responses
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during and after IHG exercise in the older adult group were
underestimated as compared to those in the young and
middle-aged groups. However, this may not be avoidable,
even if the duration of IHG exercise was the same between
the groups, because aging causes the skeletal muscle fibers
to change to the oxidative fiber type (Miljkovic et al., 2015);
thus, fewer metabolites stimulate thin-fiber muscle affer-
ents during exercise (Markel et al., 2003; Trinity et al., 2018).
Despite this, the DBP response to ischemic exercise was
significantly enhanced by aging, suggesting that the effect
of aging on this response to ischemic exercise is powerful.
However, the difference in the duration of IHG exercise did
not allow us to directly compare the pressor response be-
tween the groups. Future studies involving the same dura-
tion of THG exercise for all age groups are, thus, warranted.

In the present study, we attempted to isolate the effect
of the muscle mechanoreflex on the pressor response by
utilizing PWM (Park et al., 2008). The pressor response
occurred during PWM; however, no significant difference
was observed in the pressor response to ischemic PWM be-
tween the groups. Accordingly, the mechanism underlying
the ischemia-enhanced aging-induced augmentation in
DBP response to exercise could not be explained based on
the between-group differences in the muscle mechanore-
flex. On the other hand, a significant age-related increase
in DBP response was observed during very low-intensity
ischemic RHG exercise performed with minimal effort to
minimize the effects of the central command (Hotta et al.,
2020) and additional muscle metaboreflex (Batman et al.,
1994). This may have been due to technical differences in
the PWM and RHG exercise; the RHG exercise-activation
of the muscle mechanoreflex is greater than that of PWM
because PWM was not an exercise, but just a movement.
However, the effects of central command and the muscle
metaboreflex on the ischemia-augmented the influence of
aging on the pressor response to RHG exercise could not
be ignored. In addition, we did not evaluate the between-
group differences in the baroreflex function changed
during ischemic exercise. Accordingly, the present proto-
col could not conclude which neural factor played a key
role in the observed response.

4.3 | Limitations and strengths

We did not examine any influences of sex on the effect of
aging on the pressor response to ischemic exercise in the
present study due to the following reasons: (1) inadequate
statistical power for comparing two (female and male)
times three (young, middle-aged, older adults) groups
(total six groups); and (2) we did not gather information re-
garding the menstrual cycle and menopausal status of the
female participants. However, it is well known that female

hormones have an influence on the exercise pressor reflex
(Smith et al., 2019). In fact, the sex-specific impact of aging
on the BP response to exercise has been reported (Trinity
et al., 2018). Further research is needed in the future.

We also acknowledge the following as limitations.
First, we did not assess the degree of pain that affects BP
during PEMI. However, evidence suggests that afferent
input signals elicited by noxious stimuli decrease with age
(Taguchi et al., 2010). Thus, it cannot be presumed that
the BP response to ischemic exercise in the older adult
group was greater than those of the middle-aged and
young groups as a result of the greater pain experienced
by the older adult participants. Second, the present study
did not evaluate daily physical activity levels. Because the
cardiopulmonary fitness level is suggested to be linked to
the exercise pressor reflex (Mizuno et al., 2015), we cannot
exclude the possibility that a greater pressor response to
ischemic exercise in the older adult group was attributed
to a lower level of daily physical activity. The skeletal mus-
cle and fat mass percentages evaluated using BIA were
not significantly different between the groups; however,
BIA is affected by acute fluid consumption (Dixon et al.,
2009), and we did not control the participants’ water in-
take before BIA measurement. In addition, all participants
led physically active lives. In fact, the mean BMI in the
older adult group was lower than that of the older adult
population (Tarui et al., 2020). Therefore, there is a small
possibility that the fitness level of the older adult group
was lower than that of the young and middle-aged groups:
we did not attempt to compare fitness levels between the
groups. Third, in the present study, some participants
were active smokers, and BP response is affected by smok-
ing (Papathanasiou et al., 2007). However, no significant
differences in the proportion of smokers in the three age
groups suggests that the effect of smoking on the BP re-
sponse would be minimal in the present study.

Despite these limitations, this study has several
strengths. First, while nearly all the studies investigating
the effect of aging on pressor response to exercise have
compared young and old age groups (Markel et al., 2003;
Milia et al., 2015; Sidhu et al., 2015; Trinity et al., 2018),
the present study compared three age ranges, which lent
additional insight into the potential age threshold when
the BP response to ischemic exercise starts becoming exag-
gerated. Second, by performing an additional multivariate
analysis, we found that aging was a significant indepen-
dent determinant of the BP response to ischemic exercise.

5 | CONCLUSION

The present study demonstrates that aging enhances the
pressor response to ischemic rhythmic exercise.
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