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Abstract

Purpose This study tested the hypothesis that blood pressure responses would increase relative to force production in
response to prolonged bouts of muscular work.

Methods Fifteen individuals performed two minutes of static handgrip (SHG; 35% MVC), followed by three minutes
of post-exercise-cuff-occlusion (PECO), before and after thirty minutes of rest (control), or rhythmic handgrip exercise
(RHG) of the contralateral and ipsilateral forearms. Beat-by-beat recordings of mean arterial pressure (MAP), heart rate
(HR), and handgrip force (kg) were averaged across one-minute periods at baseline, and minutes 5, 10, 15, 20, 25, and 30 of
RHG. MAP was also normalized to handgrip force, providing a relative measure of exercise pressor responses (mmHg/kg).
Hemodynamic responses to SHG and PECO were also compared before and after contralateral RHG, ipsilateral RHG, and
control, respectively. Similar to the RHG trial, areas under the curve were calculated for MAP (blood pressure index; BPI)
and normalized to the time tension index (BPI,,,,)-

Results HR and MAP significantly increased during RHG (15.3 + 1.4% and 20.4 +3.2%, respectively, both p <0.01), while
force output decreased by up to 36.6+8.0% (p <0.01). This resulted in a 51.6 +9.4% increase in BPI ., during 30 min of
RHG (p <0.01). In contrast, blood pressure responses to SHG and PECO were unchanged following RHG (all p >0.07), and
only the mean HR (4.2+1.5%, p=0.01) and AHR (67.2+18.1%, p<0.01) response to SHG were exaggerated following
ipsilateral RHG.

Conclusions The magnitude of exercise pressor responses relative to force production progressively increases during, but
not following, prolonged bouts of muscular work.

Keywords Blood pressure - Metaboreflex - Handgrip - Cardiovascular

Introduction

As humans exercise, blood pressure increases via a com-
bination of efferent and afferent neural pathways. The
feed-forward pathway, referred to as “central command,”
directly stimulates sympathetic premotor neurons within the
ventrolateral medulla (VLM), eliciting robust increases in
sympathetic outflow, blood pressure, and heart rate (Padley
et al. 2007). In contrast, group III and IV afferent neurons
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originating at the skeletal muscle are sensitized by metabolic
perturbations and mechanical distortions of the exercising
muscle, leading to inhibition of baroreflex control at the
nucleus of the solitary tract (NTS; Boscan and Paton 2005;
Chen et al. 2009; Potts 2006; Potts et al. 1999), resetting the
baroreflex upwards and further augmenting sympathetic out-
flow. The combination of these neural pathways, collectively
termed the exercise pressor response, has been extensively
studied as a primary contributor to the regulation of blood
flow and oxygen transport during exercise in both animals
and humans.

While the contribution of these pathways to blood pres-
sure regulation during exercise is well understood, whether
exercise pressor responses change across prolonged bouts of
muscular work is less clear. A recent study by Dillon et al.
(2020) reported a high degree of repeatability in the blood
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pressure responses to successive bouts of handgrip exer-
cise (a common assessment of exercise pressor responses),
as well as repeated bouts of post-exercise cuff occlusion
(PECO; a common assessment of metaboreflex activation),
which supports the notion that these responses would remain
consistent across repeated trials. However, previous research
has also demonstrated progressive increases in peripheral
fatigue during muscular work (Alway et al. 1987; Decorte
et al. 2012), eliciting compensatory increases in central
motor drive and central command (Decorte et al. 2012;
Mitchell et al. 1981; Seals and Enoka 1989), which would
presumably augment blood pressure responses relative to
force production. Thus, it would be reasonable to assume
that the magnitude of the exercise pressor response would
increase relative to muscular work during prolonged bouts
of exercise. However, to the authors’ knowledge, no studies
have directly evaluated the time-course of this response dur-
ing prolonged bouts of rthythmic exercise in humans.

To that end, this study tested the hypothesis that blood
pressure responses to handgrip exercise would be signifi-
cantly augmented relative to force production during thirty-
minute bouts of rhythmic handgrip exercise (RHG). If true,
this would indicate that exercise blood pressure responses
are prone to progressive increases during extended bouts
of exercise, which would be an important consideration for
prescribing exercise durations in individuals susceptible to
acute bouts of extreme hypertension (i.e., individuals with
essential hypertension or peripheral artery disease). Sec-
ondarily, we also aimed to determine the time-course of
any potential alterations in these blood pressure responses
by comparing exercise pressor and metaboreflex responses
before and after thirty-minutes of ipsilateral RHG, contralat-
eral RHG, and control (rest). The contralateral and ipsilat-
eral RHG conditions were used as a method of partitioning
the centrally mediated contributions to the blood pressure
responses (i.e., central command and relay of afferent input
through the central nervous system) from the combined
effects of centrally- and peripherally mediated influences
(i.e., metabolic perturbations and peripheral fatigue), as
described previously (Stavres et al. 2020). We expected
exercise pressor and metaboreflex responses to be exagger-
ated following ipsilateral RHG, but not contralateral RHG
or control, indicating that prolonged muscular work exag-
gerates exercise pressor responses primarily via peripherally
mediated mechanisms.

Methods
Study design and participants

This study followed a within-subjects, repeated measures
design and required three total visits to the University of
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Southern Mississippi campus. A total of seventeen indi-
viduals were recruited for participation in this study, two
of whom were excluded for medical reasons. All remaining
participants arrived at each visit at least three hours post-
prandial, and having abstained from caffeine for eight hours,
alcohol for twelve hours, and intense physical activity and
over-the-counter medications for twenty-four hours. All sub-
jects were apparently healthy, defined as having no known
cardiovascular, metabolic, neurological, or renal disease, and
reported taking no medications. Of note, this study included
a multi-racial sample of subjects, with five White females
(33%), six Black/African American (B/AA) females (40%),
one White Hispanic female (7%), two White males (13%),
and one B/AA male (7%). This sample closely represents the
demographics of the surrounding Hattiesburg, MS region
(39% White, 55% B/AA, and 4% Hispanic or Latino). The
mean age of the sample was 21+ 2 years, with a BMI of
25.245.3 kg/m?, a resting blood pressure of 123 +9 mmHg
/77+9 mmHg (systolic and diastolic, respectively), and a
resting heart rate of 70 + 10 bpm. The protocols used in this
study were approved by the University of Southern Missis-
sippi Institutional Review Board (IRB # 21-339), and all
subjects provided written informed consent prior to partici-
pation. Of note, phase of menstrual cycle was not controlled
in this study, but was recorded in ten female participants.
Of the twelve female participants included in this study,
the contralateral condition occurred during the luteal phase
in six and follicular phase in three participants, the control
condition occurred during the luteal phase in four and the
follicular phase in five participants, and the ipsilateral condi-
tion occurred during the luteal phase in six and the follicular
phase in three participants. One participant reported a non-
occurring menstrual cycle.

Experimental protocol

As noted previously, this study required three total
research visits, each of which represented a separate
experimental condition. Each visit began with the assess-
ment of maximal voluntary isometric handgrip force
(MVC) of the non-dominant arm. Once the highest MVC
was recorded (the highest value achieved across three
attempts), participants performed a baseline assessment
of exercise pressor and metaboreflex responses. This
assessment began with a two-minute rest period, fol-
lowed by two minutes of static handgrip exercise (SHG;
assigned at 35% MVC) and three minutes of post exercise
cuff occlusion (PECO; occlusion pressures ~200 mmHg).
For the PECO trials, a 12 cm cuff was placed over the
proximal portion of the upper arm. Beat by beat blood
pressure and heart rate (HR) were collected continu-
ously throughout the assessment period (described in
more detail in the following section). Following baseline
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assessments, subjects then performed thirty minutes of
either contralateral or ipsilateral RHG or rested quietly
for thirty minutes (control). As referenced previously, the
contralateral and ipsilateral RHG conditions were used
as a method of partitioning centrally vs. peripherally
mediated influences on exercise pressor responses. This
method is based on the assumption that any changes in the
magnitude of exercise pressor or metaboreflex responses
would be influenced by a combination of peripheral fac-
tors, such as the accumulation of metabolic byproducts
and peripheral fatigue within the active skeletal muscle,
as well as central factors, such as changes in central com-
mand and the relay of afferent input through the central
nervous system. Thus, any changes in exercise pressor
or metaboreflex responses following contralateral RHG
would be subject to these centrally mediated factors, but
would be largely unaffected by localized metabolite accu-
mulation or development of peripheral fatigue. The con-
tralateral and ipsilateral conditions were performed in a
counterbalanced order, with the control condition always
occurring during the second visit. This counterbalancing
procedure assured that the ipsilateral and contralateral
condition were appropriately counterbalanced, and also
assured that the control condition was appropriately coun-
terbalanced with respect to the two experimental con-
ditions (i.e., occurred before the ipsilateral condition in
one participant but after the ipsilateral condition in the
next). In both trials, RHG exercise was assigned at 35%
of the participant’s MVC (assessed independently for the
contralateral arm) and was performed at a 3:1 work-rest
ratio controlled via a metronome (60 bpm). Lastly, after a
ten-minute washout period (allowing brachial blood pres-
sure to return to baseline), participants performed a final
assessment of exercise pressor and metaboreflex activa-
tion of the non-dominant arm.

HR
(bpm)

BP
(mmHg)

HG
(kg)

Fig. 1 Continuous recordings of heart rate (HR), beat-by-beat blood
pressure (BP), and handgrip force (HG) during a period of rhythmic
handgrip exercise (RHG). RHG was assigned at 35% of the maxi-

Instrumentation and data collection

Pressor responses were quantified by the absolute and rela-
tive blood pressure and HR responses during RHG, SHG
and PECO. HR responses were recorded using a one-lead
electrocardiogram and were calculated for each individual
R-R interval. Blood pressure was recorded from the non-
exercising arm via finger photoplethysmography (Finapres
Nano, AD Instruments, Colorado Springs, CO) and was
calibrated to brachial blood pressure collected prior to each
baseline timepoint (Tango M2, SunTech Medical, Morris-
ville, NC). Mean arterial pressure (MAP) was calculated as
the average of all samples recorded across each individual
cardiac (R-R) interval, while systolic (SBP) and diastolic
(DBP) blood pressures were calculated as the maximum and
minimum values within each individual cardiac interval,
respectively. Handgrip force was recorded using a stand-
ard handgrip dynamometer (Smedley Hand Dynamometer,
Stoelting, Wood Dale, IL), which provided visual force-
feedback to subjects via a video display. This video display
included a visual guideline (assigned at the 35% MVC value
for each participant), and participants were instructed to grip
with enough force for the real-time force tracing to touch
the established guideline, as illustrated in Fig. 1. All data
were sampled at 600-2000 Hz using a multi-channel data
acquisition system (PowerLab 8/35, AD Instruments, Colo-
rado Springs, CO) and stored for offline data analysis using
LabChart Version 8 Pro Software (AD Instruments, Colo-
rado Springs, CO). All testing was performed in the supine
position with the exercising arm resting in a neutral position
with the hand at hip level.

The magnitude of exercise pressor responses across a
prolonged bout of muscular work were calculated using the
following approach. First, MAP, SBP, DBP, HR, and mean
handgrip force (kg) were each averaged across one-minute

A

mal voluntary contraction, indicated by the green line on top of the
shaded area. Participants contracted at a 3:1 work-to-rest ratio, which
was maintained via a metronome
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bins at baseline (immediately prior to RHG), and again at
minutes 5, 10, 15, 20, 25, and 30 of each RHG trial. Delta
scores were then calculated as the changes in blood pressure,
HR, and handgrip force relative to the pre-exercise baseline,
and the ipsilateral and contralateral RHG trials were com-
bined to provide a single mean value for each time point.
MAP was also normalized to the mean handgrip force at
each time point (excluding baseline), providing a relative
measure of exercise pressor response magnitude (MAP
mmHg/kg).

To examine the recovery of exercise pressor responses
following this prolonged bout of RHG, MAP, SBP, DBP,
HR, and handgrip force were averaged across the SHG and
PECO trials performed before (pre) and after (post) con-
tralateral RHG, ipsilateral RHG, and control. As in the RHG
trials, delta scores were calculated as the relative changes in
blood pressure and HR from the two-minute period preced-
ing SHG in both trials. Furthermore, a blood pressure index
(BPI; mmHg*s) was calculated as areas under the curve for
both the SHG and PECO periods, providing an overall index
of the blood pressure response to each stimulus (the stimulus
being defined as the force output during handgrip exercise).
BPI responses during SHG were then normalized to the
area under the curve for handgrip force (time-tension index;
TTI), providing a relative index of exercise pressor response
magnitude for SHG (BPI,...; mmHg/kg). This approach of
normalizing blood pressure responses to force production
has been employed in previous studies of exercise pressor
responses (Stavres et al. 2022, 2023), and is supported by
recent data describing the moderating role of absolute force
output on the hemodynamic response to handgrip exercise
and PECO (Lee et al. 2021a, b). Of note, one participant did
not complete the ipsilateral trial (due to time-constraints),
resulting in 14 participants’ data being included in the ipsi-
lateral condition.

norm?

Statistical approach

To test the hypothesis that exercise pressor and metaboreflex
responses would be potentiated during a thirty-minute bout
of handgrip exercise, one-level repeated measures analyses
of variance (RMANOVA) were used to examine changes in
blood pressure and HR from baseline through minute 30 of
RHG. Changes in handgrip force and MAP, .., were also
compared between minutes 5, 10, 15, 20, 25, and 30 of RHG
using one-way ANOVA. Any significant effects of time were
examined further using post-hoc analyses employing a Sidak
correction for multiple comparisons.

To test the hypothesis that ipsilateral RHG would aug-
ment pressor responses to SHG and PECO, two-level
RMANOVA were used to examine changes in blood pres-
sure (including BPI and BPI, . ...) and HR across time
(baseline vs. post exercise) and conditions (contralateral
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vs. ipsilateral vs. control) during both handgrip and PECO.
Similar to the 30-min RHG trials, any significant interac-
tions or main effects of time or condition were further
examined using post-hoc analyses employing a Sidak cor-
rection for multiple comparisons.

Lastly, to examine the potential influences of biologi-
cal sex and race, each of the aforementioned ANOVA
and RMANOVA procedures were repeated with sex and
race included as independent between-factors group-
ing variables. Moreover, considering previous evidence
describing the moderating role of absolute contractile
forces in explaining sex differences in exercise pressor
and metaboreflex responses (Lee et al. 2021a, b), the
mean MVC (across both arms) was included as a covari-
ate in the models examining sex as a between-factors
comparison. Similar to the previous statistical analyses,
any significant main effects of condition, time, or interac-
tions were examined further using post-hoc comparisons
employing a Sidak correction. All data are presented as
means + standard deviation (SD), and significance was
accepted at p <0.05. All statistical tests were performed
using SPSS version 28.0 software (SPSS Statistics, IBM
Corp., Armonk, NY).

Results
Responses to fatiguing rhythmic handgrip exercise

When blood pressure and HR responses were com-
pared across time during RHG, results indicated signifi-
cant main effects of time for the mean and AHR (both
F=18.88, p<0.01; Fig. 2a, e), mean and AMAP (both
F=5.08, p<0.01; Fig. 2b, f), mean and ASBP (both
F=2.91, p=0.01; Fig. 2¢c, g), and mean and ADBP (both
F=6.02, p<0.01; Fig. 2d, h) responses. Post-hoc compari-
sons revealed significant increases in MAP (20.4 +3.2%,
p<0.01), SBP (17.5+3.2%, p<0.01), and DBP
(20.8 +£2.6%, p <0.01) during the first 5 min of exercise (all
p <0.01), which did not differ significantly from baseline or
minute 5 thereafter (Fig. 2). HR also significantly increased
at minute 5 (15.3+1.4%, p<0.01), and remained elevated
through minutes 10, 15, 25, and 30 (all p <0.01; Fig. 2a). In
contrast to HR and blood pressure, handgrip force progres-
sively decreased through thirty minutes of RHG (F'=10.18,
p <0.01; Fig. 2i, k), with maximum decreases occurring at
minutes 25 (-36.6 +8.0%, p <0.01) and 30 (-28.2+5.9%,
p<0.01). This decrease in handgrip force, coupled with
the increase in MAP, resulted in a progressively increasing
MAP,,, response (F=13.99, p <0.01), reaching maximum
increases of 51.6+9.4% at minute 25 and 32.2+7.2% at
minute 30 (both p <0.01; Fig. 2 j, I).
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Fig.2 Panels a—d Heart rate (HR; a), mean arterial pressure (MAP;
b), systolic blood pressure (SBP; c¢), and diastolic blood pres-
sure (DBP; d) compared from baseline (BL) through thirty minutes
of rhythmic handgrip exercise (RHG). Panels e-h represent delta
scores (A) for the same variables. Panels i, j represent handgrip force
(HG; i) and mean arterial pressure normalized to handgrip force

Responses to static handgrip and metaboreflex
activation

When the mean pressor responses to SHG were com-
pared across time and between conditions, results indi-
cated no significant main effect of time or condition for
any mean or relative blood pressure response (all p > 0.09,
Fig. 3a, d). In contrast, significant time by condition
interactions were observed for the mean HR (F=4.81,
p=0.01) and AHR (F=3.46, p=0.04) responses dur-
ing handgrip. These interactions can be explained by a
4.2 +1.5% increase in the mean HR response (p =0.01;
Fig. 3b) and a 67.2 + 18.1% increase in the AHR response
(p <0.01; Fig. 3e) following ipsilateral handgrip exercise,
which were not observed in the contralateral or control
conditions (all p >0.09). When the total BPI and BPI
responses were compared across time and between trials,
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respectively. *, significantly different from BL; T, significantly dif-
ferent from the 5-min time point; %, significantly different from the
10-min time point. Significance accepted at p <0.05. Data presented
as mean + standard deviation

results indicated no significant main effects of time, condi-
tion, or interactions (all p >0.07; Fig. 3c, f).

When the responses to PECO were compared across time
and between conditions, results indicated significant main
effects of condition (F=3.65, p=0.04) and time (F=6.04,
p=0.02) for the mean HR response, and a condition by time
interaction for the AHR response (F=3.80, p=0.03). These
effects can be explained by a significantly attenuated mean
HR response following the ipsilateral trial (— 3.9+0.8%,
p<0.01; Fig. 4b), which was not observed in the contralat-
eral or control trials (both p >0.15), as well as a reversal of
the AHR response following the contralateral trial (»p =0.01;
Fig. 4e) which was not observed in the ipsilateral or con-
trol trials (both p >0.84). In contrast, no significant main
effects of time or condition were observed for any of the
mean or A blood pressure responses (all p>0.27; Fig. 4a,
d) or BPI responses (all p >0.23; Fig. 4c) during PECO.
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«Fig.3 Mean arterial pressure (MAP; a) and heart rate (HR; b)
responses to static handgrip (SHG), as well as the delta scores (A)
for MAP (d) and HR (e), compared before and after thirty minutes
of contralateral (Contra) forearm exercise, ipsilateral (Ipsi) forearm
exercise, and control. Panel c illustrates the total blood pressure index
(BPI), while panel f illustrates the normalized BPI (BPI ). *, sig-
nificantly different from pre-exercise (p <0.05)

To examine if changes in contraction intensity may have
influenced differences (or lack thereof) in PECO responses
across time and between conditions, a separate condition
(3) by time (2) RMANOVA was performed on HG and TTI
responses during SHG. Results indicated no significant main
effects of time (p >0.07) or condition by time interactions
(p>0.07) for HG or TTI. However, a main effect of condi-
tion was observed for both HG (F=3.53, p=0.04) and TTI
(F=3.39, p=0.04), explained by a significantly lower mean
HG force (9.4 +3.8 kg vs. 8.4+ 3.4 kg, pre vs. post, respec-
tively, p=0.01) and TTI (1145.4 +452.4 kg*s vs. 1009.6 vs.
404.6 kg*s, pre vs. post, respectively, p=0.01) following
ipsilateral RHG only.

Influence of biological sex and race

When race was included as a between-factors comparison
during the 30-min RHG comparisons, results indicated no
significant main effects of group, nor any significant time by
race interactions for any dependent variable (all p >0.27). In
contrast, a significant three-way (condition by time by race)
interaction was observed for the HR (F=5.01, p=0.01)
and AHR (F=3.74, p=0.03) responses during SHG com-
pared before and after RHG. When examined further, this
could be explained by significant decreases in the absolute
HR response to SHG following the contralateral condition
in B/AA participants (85+8 bpm vs. 80+ 8 bpm, pre vs.
post, respectively, p=0.02) that was not observed in White
participants (p =0.62), a significant increase in the absolute
HR response to SHG following the ipsilateral condition in
White participants (83 + 10 bpm vs. 87+ 13 bpm, pre vs.
post, respectively, p <0.01) that was not observed in B/AA
participants (p =0.39), and significant increases in the AHR
response following the contralateral (11 +6 bpm vs. 16 +5,
pre vs. post, respectively, p=0.04), control (10+6 bpm vs.
15+ 5 bpm, pre vs. post, respectively, p=0.2), and ipsilat-
eral (10+7 bpm vs. 18 +9 bpm, pre vs. post, respectively,
p <0.01) conditions in White participants that were not
observed in B/AA participants (all p>0.12). Likewise, a
significant three-way interaction was also observed for
the absolute HR response to PECO (F=7.59, p=0.01),
explained by a significant decrease in the absolute HR
response to PECO following the control condition in B/
AA participants (80 + 10 bpm vs. 75+ 9 bpm, pre vs. post,
respectively, p <0.01) that was not observed in White par-
ticipants (p =0.22), and a significant decrease in the absolute

HR response to PECO in the ipsilateral condition in White
participants (71 +9 bpm vs. 68 +7 bpm, pre vs. post, respec-
tively, p <0.01) that was not observed in B/AA participants
(p=0.056).

When sex was included as a between-factors compari-
son for the 30-min RHG comparisons, results indicated
significant time by sex interactions for absolute and AHG
force (both F=8.47, p<0.01), absolute and AMAP (both
F=3.93, p <0.01), absolute and ASBP (both F=4.81,
p <0.01), and absolute and ADBP (both F=3.64, p < 0.02).
However, covarying for mean MVC abolished each of these
time by sex interactions (all p > 0.24). Likewise, when sex
was included as a between-factors grouping variable in the
comparisons of pressor responses to SHG and PECO before
and after RHG, results indicated significant three-way (con-
dition by time by sex) interactions for the absolute DBP
(F=3.61, p=0.04) and AHR (F=4.21, p=0.02) response
to SHG, as well as the AHR response to PECO (F=3.45,
p=0.04). However, as was the case for the 30-min handgrip
trials, these interactions were completely abolished after
covarying for mean MVC (all p >0.09).

Discussion

This study tested the overall hypothesis that prolonged mus-
cular work would exaggerate exercise pressor responses
evoked from the same muscles, both during and after
exercise. Our results partially support this hypothesis. As
illustrated in Fig. 2, blood pressure significantly increased
during 30 min of handgrip, and did not significantly
decrease, despite significant decreases in force production.
This resulted in a significant increase in exercise pressor
response magnitude (mmHg/kg; Fig. 2j, 1), which progres-
sively increased throughout the RHG period. However, in
contrast to the changes observed during exercise, no sig-
nificant differences were observed for the blood pressure
responses to SHG or PECO following RHG. Collectively,
these data would suggest that the magnitude of exercise
pressor responses increases during prolonged bouts of mus-
cular work, but quickly recovers thereafter. These findings
extend our understanding of blood pressure regulation dur-
ing exercise and expand on previous works describing the
interactions between acute bouts of exercise and the blood
pressure regulation. This will be discussed further in the
following sections.

Changes in exercise pressor response magnitude
during exercise

The observation that the magnitude of blood pressure

responses increases relative to force production during pro-
longed bouts of exercise expands on prior studies within this
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«Fig.4 Mean arterial pressure (MAP; a) and heart rate (HR; b)
responses to post-exercise cuff occlusion (PECO), as well as the delta
scores (A) for MAP (d) and HR (e), compared before and after thirty
minutes of contralateral (Contra) forearm exercise, ipsilateral (Ipsi)
forearm exercise, and control. Panel c illustrates the total blood pres-
sure index (BPI). *, significantly different from pre-exercise (p <0.05)

field, and there are a few key factors that may contribute to
this effect. The first, and most likely, is an increase in cen-
tral command occurring secondary to an accumulation of
peripheral muscular fatigue. As noted previously, it is well-
documented that intense exercise contributes to inhibition
of excitation—contraction coupling mechanisms (Allen et al.
2002; Potma et al. 1995; Rockenfeller et al. 2020), which
leads to an increase in the central motor drive (and thus,
central command) required to achieve the same absolute
force production (Decorte et al. 2012; Mitchell et al. 1981;
Seals and Enoka 1989). Seals et al. (Seals and Enoka 1989)
demonstrated this convincingly by reporting concomitant
increases in electromyographic activity of the forearm mus-
cles, muscle sympathetic nerve activity, and mean arterial
pressure across acute bouts of fatiguing isometric handgrip
exercise. Considering this evidence, it is most plausible that
the increase in MAP, .. observed in the present study can
be explained by muscle fatigue related increases in central
command that persist across repeated contractions.

Another potential factor could be an accelerated accumu-
lation of metabolic byproducts, thus increasing activation
of metabo-sensitive afferents. Handgrip intensities of >30%
MVC have been shown to significantly decrease skeletal
muscle oxygenation during exercise (Celie et al. 2012; Nell
et al. 2020), resulting from a combination of increased meta-
bolic demand and increased intramuscular pressure (Barnes
1980; Wigmore et al. 2004). The 3:1 work-rest ratio used in
the present study is also likely to maximize this time-under-
tension stimulus and limited washout periods, thus promot-
ing the accumulation of metabolic byproducts. In such case,
an increase in the excitation of metabosensitive afferents
would presumably lead to an increase in excitatory input at
the medulla (Potts 2006; Potts et al. 1999), further increasing
sympathetic outflow.

Lastly, we are also not able to discount any potential
influence of anticipatory responses, which can indepen-
dently elicit increases in blood pressure (Green et al. 2007).
It is interesting that force production does seem to recover
slightly from minute 25 to minute 30 of RHG, and this cor-
responds to a reciprocal decrease in MAP, . (Fig. 2). It is
also interesting that similar responses are observed for power
output at the end of a 5k time trial (Hureau et al. 2019;
Paradis-Deschénes et al. 2020). Therefore, while specula-
tive, it may also be possible that the participant’s perception
of the exercise also contributes to changes in the magnitude
of exercise pressor responses.

Another interesting question posed by these findings is
whether this response is beneficial, detrimental, or irrel-
evant to exercise performance. It is generally understood
that the exercise pressor response is necessary for maintain-
ing adequate blood flow to working muscles, and without
an in-tact pressor response, working muscle are prone to
accelerated peripheral fatigue responses (Amann et al. 2010,
2011, 2015; Hureau et al. 2019). Therefore, it would be rea-
sonable to suspect this increase in exercise pressor response
magnitude to facilitate oxygen transport to the active mus-
cle during exercise, thus promoting exercise tolerance and
performance. However, we must also consider two other
factors that run counter to this argument. First, prior evi-
dence has demonstrated that the vascular beds of the active
skeletal muscle, which typically experience net vasodila-
tion via functional sympatholysis (Dinenno and Joyner 2004;
Moynes et al. 2013; Tschakovsky and Hughson 2003), are
still subject to the influences of sympathetic vasoconstric-
tion. Therefore, it would also be reasonable to suspect that
an over-exaggeration of sympathetic responses (leading to
exaggerated blood pressure responses) would restrict active
muscle blood flow, thus accelerating peripheral fatigue and
impairing exercise tolerance. Second, feedback from group
IIT and IV muscle afferents have been shown to inhibit cen-
tral motor drive to active muscles (Amann and Dempsey
2008; Amann and Dempsey 2008; Amann et al. 2009), thus
limiting force production (relative to motor drive). Thus,
if the exaggeration of exercise pressor response magnitude
is explained by an increased activation of metabosensitive
afferents, this may also contribute to a concurrent decrease in
force production. How these three potential factors interact
with one another to influence exercise performance during
prolonged muscular work is worthy of further investigation.

Post-exercise responses

In contrast to the changes observed during exercise, no
changes in exercise pressor or metaboreflex responses were
observed following ipsilateral or contralateral RHG. This
generally agrees with previous work from our group report-
ing a preservation of exercise pressor responses following
non-fatiguing locomotor exercise (Stavres et al. 2020), and
the work of others demonstrating highly repeatable blood
pressure responses during successive bouts of SHG (Dil-
lon et al. 2020). Likewise, a recent study from Zambolin
et al. (2023) reported no significant differences in cardio-
vascular responses to isometric knee extension or PECO
two days following exercise induced muscle damage (via
eccentric exercise), but did report significant associations
between indices of pain and effort (i.e., rating of perceived
exertion and subject pain responses) and the change in MAP
during exercise. The authors postulate that the association
between indices of pain and MAP changes are indicative of
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a positive relationship between afferent activity and blood
pressure responses to exercise in the presence of exercise
induced hyperalgesia (a.k.a. delayed onset muscle sore-
ness, or DOMS). This would also be supported by other
works reporting an upregulation of P2X4 gene expression
following eccentric exercise (Zambolin et al. 2022), as well
as a mechanosensory role of acid sensing ion channels (par-
ticularly ASIC3 subunits) in mediating DOMS (Matsubara
et al. 2019). On the other hand, other studies have dem-
onstrated no changes in blood pressure responses to acute
capsaicin infusion following EIMD (Queme et al. 2013).
Collectively, this may indicate that exercise induced mus-
cle damage elicits acute increases in the activity of ASICs
and purinergic signaling pathways, which may contribute to
increases and mechanical nociception. Indeed, recent studies
have supported a role of ASICs in contributing to both the
mechanoreflex (Butenas et al. 2022) and baroreflex function
(Lu et al. 2009). In contrast, the lack of change in capsaicin
responses reported by Queme et al. (2013) likely reflects
no significant influence of exercise induced muscle damage
on metaboreflex responses. While the RHG protocol in the
present study was likely not sufficient to elicit muscle dam-
age, the lack of changes in metaboreflex responses would
nevertheless agree with the present findings.

In contrast to the lack of change in blood pressure
responses, the absolute and AHR responses to SHG were
significantly exaggerated following ipsilateral RHG only
(Fig. 3a, c¢). Considering prior evidence indicating that cen-
tral command influences HR responses to a greater degree
than changes in vascular tone (Nobrega et al. 1994), this
exaggerated heart rate response may represent a compensa-
tory increase in central command secondary to a residual
level of peripheral fatigue. It is also worth noting that AHR
responses were significantly elevated following the ipsilat-
eral RHG condition in White, but not B/AA participants.
This may indicate differences in the influence of acute
exercise on the relative contributions of HR and peripheral
vasoconstriction to blood pressure regulation between B/AA
and White individuals, with White individuals relying more
heavily on increases in HR to reach target blood pressure
values following prolonged ipsilateral limb exercise. This
would agree with prior evidence indicating that sympathetic
vasoconstriction is more pronounced in B/AA individuals
compared to White individuals (Barbosa et al. 2018; Ray
and Monahan 2002).

Regarding metaboreflex responses, a recent study by Lee
et al. (2023) demonstrated significantly attenuated metabore-
flex responses 24-h following high-volume eccentric exer-
cise. In this study, muscular weakness was implicated as
the primary contributor to attenuated PECO responses (con-
firmed via reduced MVC and potentiated twitch), which, at
first glance, would run counter to our findings. However,
there is a key distinction that supports the findings of both
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studies. In the study by Lee et al. (2023), eccentric exer-
cise was used as a method of eliciting muscle weakness,
which the authors hypothesized would translate to reduc-
tion in peak force output, thus reducing the absolute work-
load of the relative exercise stimulus preceding PECO. By
reducing the absolute intensity of the muscular stimulus, the
metabolic stimulus during PECO was also reduced, which
supports an uncoupling of relative intensities and metabolic
perturbations. In other words, assigning 35% MVC may not
always elicit the same metaboreflex response, particularly
if the absolute workload differs considerably across trials.
This notion is also supported by other work from the same
authors, in which differences in PECO responses between
males and females are abolished by covarying for MVC (Lee
et al. 2021b). This same argument could be inverted in sup-
port of our findings. In the present study, force production
was assigned as 35% of the pre-exercise MVC, and therefore,
the same absolute intensity was assigned pre- and post-RHG.
If the absolute workload preceding PECO is, in fact, the pri-
mary contributor the magnitude of metaboreflex responses
(at least compared relative workloads), we should expect to
see similar PECO responses before and after RHG.

Practical implications

From a practical standpoint, the findings from this study may
be useful for improving exercise programming, particularly
for resistance exercise in individuals in whom acute hyper-
tensive insults are contraindicated. As noted previously, it
is generally understood that blood pressure increases during
exercise in an intensity-dependent manner. Understanding
this, current exercise professionals can modulate blood pres-
sure responses by reducing workloads and increasing over-
all volume (i.e., sets and repetitions). However, the results
from the present study would suggest that the relationship
between muscular work and blood pressure is altered dur-
ing a single bout of exercise, and it may be possible that the
blood pressure responses to the same absolute workload (i.e.,
bench press or squat) become exaggerated as fatigue devel-
ops. A possible method of circumventing these issues is to
prescribe exercise modalities that allow individuals to adjust
workloads in real-time, thus compensating for fatigue and
potentially avoiding substantially exaggerated blood pres-
sure responses.

These findings may also have practical implications in
clinical settings. Certain clinical populations, such as indi-
viduals with peripheral artery disease (Luck et al. 2017,
Stavres et al. 2019), diabetes (Regensteiner et al. 2009;
Scott et al. 2008), and metabolic syndrome (Dutra-Marques
et al. 2021; Stavres et al. 2023) demonstrate significantly
exaggerated blood pressure responses to exercise. It may be
possible that some of these patient populations demonstrate
a steeper incline in the exercise pressor response magnitude
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during continuous exercise, contributing to the observed
exaggeration in blood pressure responses during exercise.
If so, it would then be important to know if this exagger-
ated response facilitates or inhibits exercise tolerance, as
described above. Ultimately, it would be important to under-
stand if exercise tolerance can be improved by modulation
of exercise pressor responses, particularly in these clinical
populations.

Limitations

As is the case with any study, certain limitations must be
considered while interpreting these findings. First, the lack
of MSNA and peripheral blood flow recordings limit the
interpretation of these results. Including peripheral blood
flow measures would have permitted the calculation of
vascular conductance/resistance, which allow for a deeper
examination of the contributors to the reported changes in
blood pressure and heart rate. Likewise, MSNA data would
have permitted the calculation of sympathetic-blood pres-
sure transduction, providing a more comprehensive descrip-
tion of the overall sympathetic responses to RHG, SHG,
and PECO. The lack of neuromuscular assessments is also
a limitation to this study. Specifically, peripheral fatigue
was not quantified using potentiated twitch techniques or
neuromuscular stimulation, nor was voluntary activation
quantified or electromyography data collected. Therefore,
while we cannot make direct inferences regarding periph-
eral fatigue, given the ~37% decrease in force output dur-
ing RHG, we can infer that the difficulty of the exercise
increased throughout the 30-min trial, whether that be due
to psychological discomfort or physiological alterations.
Lastly, menstrual cycle was not controlled in this study, and
therefore, may have contributed to variations in the pressor
responses observed in female participants.

Perspectives and significance

This study tested the overall hypothesis that exercise pres-
sor responses would be exaggerated during and after a pro-
longed bout of muscular work. Our results indicate that
blood pressure responses are exaggerated relative to force
production throughout thirty-minutes of RHG, but no dif-
ferences in blood pressure responses to SHG or PECO are
observed following exercise. From these results, we con-
clude that exercise pressor response magnitude significantly
increases during prolonged exercise, but recovers quickly
thereafter. This information should be taken into considera-
tion when prescribing exercise to individuals susceptible to
acute bouts of severe hypertension.
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