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Introduction

Abstract

The activation of cutaneous vasodilation and sweating are essential to the reg-
ulation of core temperature during exercise in the heat. We assessed the effect
of graduated compression induced by wearing stockings on cutaneous vasodi-
lation and sweating during exercise in the heat (30°C). On two separate occa-
sions, nine young males exercised for 45 min or until core temperature
reached ~1.5°C above baseline resting while wearing either (1) stockings caus-
ing graduated compression (graduate compression stockings, GCS), or (2)
loose-fitting stockings without compression (Control). Forearm vascular con-
ductance was evaluated by forearm blood flow (venous occlusion plethysmog-
raphy) divided by mean arterial pressure to estimate cutaneous vasodilation.
Sweat rate was estimated using the ventilated capsule technique. Core and skin
temperatures were measured continuously. Exercise duration was similar
between conditions (Control: 42.2 & 3.6 min vs. GCS: 42.2 &+ 3.6 min,
P = 1.00). Relative to Control, GCS increased forearm vascular conductance
during the late stages (=30 min) of exercise (e.g., at 40 min, 15.6 £ 5.6 vs.
18.0 £ 6.0 units, P = 0.01). This was paralleled by a greater sensitivity
(23.1 + 9.1 vs. 32.1 £ 15.0 units°C~, P = 0.043) and peak level (14.1 £ 5.1
vs. 16.3 &£ 5.7 units, P = 0.048) of cutaneous vasodilation as evaluated from
the relationship between forearm vascular conductance with core temperature.
However, the core temperature threshold at which an increase in forearm vas-
cular conductance occurred did not differ between conditions (Control:
36.9 £ 0.2 vs. GCS: 37.0 £ 0.3°C, P = 0.13). In contrast, no effect of GCS on
sweating was measured (all P > 0.05). We show that the use of GCS during
exercise in the heat enhances cutaneous vasodilation and not sweating.

athletes and general population engaged in exercise train-

The application of positive pressure to the lower limbs
while in the upright posture increases venous return
thereby enhancing cardiac output (Nishiyasu et al. 1998,
2007). A comparable response can be achieved with the use
of commercially available graduated compression stockings
(GCS) (Liu et al. 2008). These stockings are used for the
management of vein disorders such as venous thrombosis
and varicose veins, and have increasingly been employed by
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ing, to improve exercise performance and/or enhance the
restoration of physiological function following exercise
(e.g., reducing muscle soreness) (Ali et al. 2007; Goh et al.
2011; Bovenschen et al. 2013; Priego et al. 2015). It
remains unclear, however, how the use of GCS affects heat
loss responses during exercise especially in the heat.

At the onset of exercise, there is a rapid increase in rate
of metabolic heat production with stable levels achieved
within the first few minutes of exercise. However, it is
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not immediately matched by a similar increase in the rate
of heat loss thus giving rise to a pronounced increase in
body heat storage, and therefore body core temperature
during the early stages of exercise. The swift and sus-
tained activation of heat loss responses of cutaneous
vasodilation and sweating during exercise is therefore nec-
essary to prevent potentially dangerous increases in body
core temperature. Previous studies have shown that dur-
ing heat stress such as passively heated resting or exercise
in the heat, an increase in venous return or central blood
volume can enhance cutaneous perfusion, a response
which has been ascribed to an increase in baroreceptor
loading status (Nielsen et al. 1984; Nose et al. 1990;
Nagashima et al. 1998; Crandall et al. 1999; Gonzalez-
Alonso et al. 1999; Schlader et al. 2015; Paull et al. 2016).
In contrast, although some studies reported that barore-
ceptors may also modulate the heat loss response of
sweating during (Mack et al. 1988, 2001) and following
(Gagnon et al. 2008) dynamic exercise, the results are less
conclusive with some recent studies showing no effect
during heat stress at rest (McGinn et al. 2014; Schlader
et al. 2015; Paull et al. 2016). Indeed, we recently demon-
strated that GCS augments cutaneous vasodilation, but
not whole-body sweating (i.e., as evidenced by similar
changes in body weight — an indirect index of total sweat
loss — between GCS and no compression stockings) dur-
ing passive heating at rest (Fujii et al. 2017). However, in
order to delineate the influence of GCS on sweating, the
direct measurement of sweat rate is necessary. Also, given
that heat loss responses differ between rest and exercise
(Kondo et al. 2010; Simmons et al. 2011), the above
results obtained at rest (Fujii et al. 2017) may not neces-
sarily reflect responses during exercise in the heat.

Accordingly, in this study, we evaluated the hypothesis
that stocking-mediated graduated compression augments
cutaneous vasodilation but not sweating during exercise
in the heat.

Materials and Methods

Ethical approval

This study was approved by the Human Subjects Com-
mittee of the University of Tsukuba in agreement with
the Declaration of Helsinki. Written informed consent
was obtained from all subjects before their participation.

Subjects

Nine young males participated in this study. Individuals
with chronic diseases, taking prescription medication,
or were smokers were excluded from the study. The
subjects’ age, height, body mass, and peak oxygen
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uptake, presented in mean + standard deviation, were
24.7 £ 2.0 years, 1.72 = 0.03 m, 66.3 = 3.3 kg, and
52.0 + 6.0 mL kg~' min~", respectively. All subjects were
instructed to abstain from taking over-the-counter medi-
cations for at least 48 h prior to any experimental session,
as well as alcohol and caffeine consumption for at least
12 h. Subjects also refrained from performing intense
exercise the day prior to the study.

Preliminary session

All subjects completed an incremental cycling bout until
exhaustion to determine their peak oxygen uptake. A cus-
tomized semirecumbent cycle ergometer (Model 818E,
Monark, Stockholm, Sweden) was employed for the
cycling. Initial work load was set at 60 W, which was
increased every 1 min by 15 W with a constant pedaling
rate of 60 rpm. The test continued until the subjects
could no longer maintain a pedaling rate of >50 rpm or
until volitional fatigue. Throughout the test, the subjects
breathed from a mask, which covered the mouth and
nose. A mass-flow sensor (hot-wire type) and a gas-sam-
pling tube (the sampling volume rate was below
0.2 L min ') were connected to the mask, and the
expired volume and gases were analyzed continuously
using an electric gas flow meter (Model RM300i, Minato
Medical Science, Japan). Peak oxygen uptake was deter-
mined as the highest value measured over a 1 min period.
The test was performed in an environmental chamber
(Fujiika, Chiba, Japan) regulated at 25°C and 50% relative
humidity.

Experimental session

Several days after completing the incremental maximal
exercise test, the subjects performed an exercise-heat
stress test. This test consisted of two trials performed on
separate days in a counter-balanced manner (each sepa-
rated by at least 4 days) wherein the participants exer-
cised in the heat while wearing either: (1) graduate
compression stockings (GCS) or (2) loose-fitting stock-
ings without compression (Control). The commercially
available GCS was provided by ALCARE Limited (REG-
UARD CG Tights EX33, ALCARE, Tokyo, Japan). The
stockings were water permeable, pantyhose type, covering
the lower limbs including the feet with the exception of
the toes and heels which remained exposed. Each partici-
pant was given their own custom-fitted stockings as
determined by the subject’s body mass and circumference
of both the waist and ankle. The same stockings were cut
and loosened and used for the Control condition. Our
recent work (Fujii et al. 2017) demonstrated that the
GCS induced graduated pressures of 26.4 &+ 5.3,
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17.5 + 4.4, and 6.1 £+ 2.0 mmHg at the ankle (upper
part of lateral malleolus), calf (head of fibula), and thigh
(mid-point of vastus lateralis), respectively, whereas the
loose-fitting stockings yielded negligible pressures at each
skin site (n =9). In this work, we applied the pressure
sensors (AMI3037-10, AMI Techno, Tokyo, Japan) under-
neath the stockings at the same locations on the right
limb as described above. These measurements were per-
formed during rest in a room maintained at 30°C and
50% relative humidity (Fuji Medical Science Co., Ltd).

To ensure that participants were euhydrated prior to
the start of the experimental trial, they were instructed to
drink 500 mL of water the night before. Further, on the
day of the experiment, the subjects consumed only a light
breakfast and 300 mL of water at least 2 h before each
trial. Upon arrival at the laboratory at 9:00 am, the sub-
jects voided their bladder, thereafter body mass with
shorts only was measured using a weight scale platform.
They then donned either the GCS or loose-fitted stock-
ings, and entered the environmental chamber regulated to
30°C and relative humidity of 50% (Fuji Medical Science
Co., Ltd, Chiba, Japan). They rested in a semirecumbent
position in the chamber for 60 min during which time
they were instrumented. The participants then performed
semirecumbent cycling at 60% peak oxygen uptake at a
pedaling rate of 60 rpm for 45 min or until body core
temperature reached ~1.5°C above baseline resting values.
Following the exercise, postexercise body mass was
recorded.

Measurements

Esophageal and skin temperatures were obtained every
1 sec using self-made copper constantan thermocouples,
the information of which was stored in a computer
through a data logger system (WE7000, Yokogawa, Tokyo,
Japan). Esophageal temperature was measured using a
temperature probe inserted via the nostril and positioned
in the esophagus at a depth equivalent to one quarter of
the subject’s height. Skin temperature was recorded at
seven sites (forehead, forearm, hand, feet, upper calf, front
thigh, and chest), and mean skin temperature was calcu-
lated using the method of Hardy and Dubois (1938).
Forearm blood flow was evaluated every 30 sec using
venous occlusion plethysmography with the aid of a mer-
cury-silastic strain gauge (Whitney 1953). Increases in
forearm blood flow in response to heat stress reflects pri-
marily increases in skin blood flow, since forearm muscle
blood flow remains relatively unchanged during exercise
(Johnson and Rowell 1975). The forearm was supported
and elevated approximately 0.1 m above heart level by
slings to maintain venous return. Pressure in the venous
occlusion cuff was maintained at ~45 mmHg, while the
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circulation to the hand was restricted using a wrist cuff
inflated to 220-230 mmHg. Forearm blood flow was
recorded twice each minute for a minimum of 10-20 sec
after the upper arm cuff was inflated. The wrist cuff was
released for ~1 min every 10 min so as not to cause
undue physical discomfort to the subject. During this per-
iod, forearm blood flow was not measured. To account
for the influence of changes in perfusion pressure on
blood flow, forearm vascular conductance was evaluated
as the forearm blood flow divided by mean arterial pres-
sure (diastolic arterial pressure plus one-third of the pulse
pressure). Arterial blood pressures were measured every
1 min via an automated sphygmomanometer (STBP-780;
Nippon Colin, Tokyo, Japan). In order to calculate fore-
arm vascular conductance, a single mean arterial pressure
measurement was used for each two corresponding fore-
arm blood flow recordings obtained in each 1-min per-
iod. Heart rate was recorded every 5 sec via a heart rate
monitor (HR monitor Vantage NV, POLAR, Kempele,
Finland).

Chest sweat rate was measured using the ventilated-
capsule method. Nitrogen gas was supplied at a rate of
12 L min~' to a capsule attached to the chest skin
(3.5 cm®). The humidity in the nitrogen gas obtained
from the capsule was then measured by a capacitance
hygrometer (HMP 45ASPF, Vaisala, Helsinki, Finland),
the information of which was used to calculate sweat rate.
Values were averaged over 30-sec periods.

From the gas analyzers (Minato Medical Science),
minute ventilation, tidal volume, respiratory frequency,
end-tidal CO, pressure, O, uptake, CO, output, and res-
piratory exchange ratio were recorded over 30-sec peri-
ods. Arterial CO, pressure was estimated using tidal
volume and end-tidal CO, pressure according to the
equation of Jones et al. (1979).

During the exercise, 6-20 point ratings of perceived
exertion (Borg 1975) were recorded every 5 min.

Data analyses

All data used for time-dependent data analysis (including
Fig. 1 and 2 and Tables 1 and 2) were averaged over each
5-min interval. As described in our previous work (Fujii
et al. 2012b), the baseline horizontal line and the regres-
sion line were derived from the relationship between body
core temperature and forearm vascular conductance using
data averaged over 30 sec. The slope of the regression line
was employed to determine the thermal sensitivity of the
cutaneous vasodilatory response. The threshold for cuta-
neous vasodilation was defined as the body core tempera-
ture at which the onset of cutaneous vasodilation
occurred as determined by the point at which the regres-
sion line crossed the baseline horizontal line. Peak value
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Figure 1. Time-course changes in esophageal (A) and mean skin (B) temperatures during baseline resting and exercise. *between conditions

(P < 0.05). Data are mean =+ standard deviation (n = 9). BL, baseline.
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Figure 2. Time-course changes in forearm vascular conductance (A) and sweat rate (B) during baseline resting and exercise. *between
conditions (P < 0.05). Data are mean = standard deviation (n = 9). BL, baseline.

of cutaneous vasodilation was assessed by averaging the
values over the last 5 min of exercise. A similar evaluation
was also performed for sweating. Figures 3A and 4A illus-
trate these measurements.

Statistical analyses

Data are presented as mean + standard deviation.
Time-dependent data were analyzed using a two-way
repeated-measures analysis of variance with two factors of
condition (Control and GCS) and time (baseline and

every 5 min of the 40-min exercise bout). For the time-
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dependent analysis, data for nine subjects were included
for all time points with the exception of the 40 min of
exercise whereby only eight out of the nine subjects com-
pleted the final 5 min. When a main effect or an interac-
tion was detected, post hoc multiple comparisons were
performed using two-tailed paired t-tests for the between-
condition difference with P value adjusted in order to
keep alpha level of P < 0.05. Two-tailed paired #-tests
were also used to compare variables between conditions
where applicable. Value of P < 0.05 was considered statis-
tically significant. Statistical analyses were performed
using the software package SPSS 24 (IBM, Armonk, NY).
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Table 1. Time-course changes in heart rate and mean arterial pressure.

Compression Stockings and Exercise Heat Loss Responses

Time into exercise (min)

BL 5 10 15

20 25 30 35 40

Heart rate, beats min~"

Control 61£8 125+£9 13911 142 £ 11 144 £ 11 147 £ 11 148 + 11 151 £ 12 153 + 13
Graduated compression 58 +7 126 £9 139+ 9 141 +£ 9 143 + 9 145+ 10 148 £ 11 150 £ 10 152 + 10

Mean arterial pressure, mmHg

Control 78 £ 5 94 + 8 99 + 6 9% + 5 9% + 5 95 +5 95 +5 95 +6 95 + 6
Graduated compression 77 + 5 9% +7 1007 97 + 8 95+ 7 94 + 6 94 + 5 92+ 6 92 +6

Data are mean =+ standard deviation (n = 9).

BL, baseline at rest. There was no between-condition difference throughout for both heart rate and mean arterial pressure (all P > 0.05).

Table 2. Time-course changes in respiratory variables.

Time into exercise (min)

BL 5 10 15

20 25 30 35 40

Minute ventilation, L min~"

Control 10.0 £ 1.6 454 + 5.3 544 + 55 56.5 + 5.1
Graduated 9.7 +£ 0.8 46.2 + 2.7 543 +£29 55.4 + 3.7
compression
Tidal volume, L
Control 0.6 £ 0.1 1.5+ 0.2 1.6 £ 0.2 1.6 £ 0.2
Graduated 0.6 + 0.1 1.6 £0.2 1.7 £ 0.2 1.6 £ 0.2

compression

Respiratory frequency, breaths min~'

Control 17 +3 31+ 5 34+ 6 36 +6
Graduated 16 + 2 30+ 5 33+ 6 35+ 6
compression

Estimated arterial CO, pressure, mmHg

Control 401 £22 435+25 424+28 419427

Graduated 4214+ 14" 443 421 431 +£ 2.1 424 + 1.8
compression
O, uptake, L min™
Control 0.27 £ 0.03 1.78 £ 0.24 2.02 +£0.20 2.07 +0.19
Graduated 0.27 £ 0.02 184 +£0.17 206 +0.18 2.06 + 0.18
compression
CO, output, L min

1

1

Control 0.24 £ 003 1.65+021 193+0.17 196 + 0.18
Graduated 024 £0.02 1.73+0.14 198 £0.18 195+ 0.18
compression

Respiratory exchange ratio

Control 0.88 £ 0.06 0.93 +0.05 0.96 +£0.03 0.95 + 0.03

Graduated 0.88 £0.02 094 £0.05 0.96 +0.03 0.95 + 0.02
compression

590+50 61.0+56 626+66 645+ 6.7 65.3 + 4.6
56.7 £ 4.9 58.5 £ 4.5 59.2 £ 43 61.1 £ 4.6 61.6 +£ 4.9

1.6 +£0.3 1.6 +£0.3 1.6 +£03 1.6+ 0.3 1.5+ 0.3
1.6 £0.2 1.6 £03 1.6 £0.3 16+04 15+04

38+ 9 40 £ 10 42 £10 43 £ 10 46 £ 10
37+8 38+8 39+ 8 41 £ 10 42 £ 10

411+26 403+23 400+25 393+25 389416
419+16 414+14 410+13 406+15 404+ 14"

2.11+£020 2.13+£020 2.16+0.21 217 +020 2.18+0.19
206 +£0.18 211 +£0.18 211 £0.17 215+ 0.16 2.14 £0.15

2.00+0.18 2.00+£0.177 202 +£020 2044020 2.01+£0.13
195+0.18 199 +0.18 198+ 0.17 2.00+0.16 198 £ 0.15

095+ 0.03 094 +£003 094 +0.03 094+ 0.04 092 +0.04
0.94 £ 0.02 094 +£0.02 094 +0.02 093 +£0.03 0.93 £ 0.03

Data are mean = standard deviation (n = 9). BL, baseline at rest.
'vs. Control (P < 0.05).

Results

Total exercise time did not differ between the Control
and GCS conditions (42.2 + 3.6 vs. 42.2 + 3.6 min,
P =1.00). A similar increase in esophageal temperature
was measured during exercise in both conditions (all

P > 0.15, Fig. 1A). Forearm vascular conductance at base-
line and between 30 and 40 min of exercise was greater
in the GCS in comparison to the Control conditions (all
P < 0.05, Fig. 2A). This greater exercise-induced forearm
vascular conductance was paralleled by an elevated sensi-
tivity and peak of cutaneous vasodilation as evaluated
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from the relationship between forearm vascular conduc-
tance and esophageal (both P <0.05,
Fig. 3C, D). to cutaneous vasodilatory
responses, there were no between-condition differences in
sweat rate during baseline resting or throughout exercise
(all P> 0.76, Fig. 2B). Similarly, no differences were

temperature
In contrast

2017 | Vol. 5 | Iss. 9 | e13252
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observed in the threshold and sensitivity of the sweating
response as well as peak sweat rate in relation to the
change in esophageal temperature (all P > 0.64, Fig. 4). A
lower mean skin temperature was measured between 20
and 35 min of exercise in the GCS as compared to the
Control condition (Fig. 1B). This was primarily associated

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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with a ~2.5°C lower calf temperature (all P < 0.05) as no
differences were observed between conditions for the
other skin sites (all P > 0.05).

Heart rate and mean arterial pressure did not differ
between conditions throughout the experiment (all
P > 0.20, Table 1). Similarly, no differences in respiratory
responses were observed between conditions (all
P > 0.05) with the exception that a higher estimated arte-
rial CO, pressure at rest and at 35 and 40 min of exercise
(all P <0.05) and a lower tendency of minute ventilation
during the latter period of exercise (P = 0.12, 0.12, and
0.06 for 30, 35, and 40 min into exercise, respectively) in
the GCS relative to the Control condition (Table 2). A
similar reduction in body weight following exercise was
measured between conditions (Control: 1.1 4+ 0.5 vs.
GCS: 1.0 £ 0.2 kg, P = 0.69). Rating of perceived exer-
tion during exercise did not differ between conditions (all
P> 0.24).

Discussion

We demonstrated for the first time that graduated com-
pression associated with the use of commercially available
stockings induced increases in cutaneous vasodilation
during exercise in the heat. This response was associated
with an increased sensitivity and peak level of the cuta-
neous vasodilation response as evaluated from the relation
of body core temperature with cutaneous perfusion. In
contrast to cutaneous vasodilation, no effect on the sweat-
ing response was observed with the use of graduated
compression stockings.

Cutaneous vasodilation

We observed that GCS augmented cutaneous vasodilation
during resting and exercise in the heat (Fig. 2A). The lat-
ter was the result of both an increase in the sensitivity of
the response and an elevation in the peak response
attained for a given change in body core temperature and
not due to differences in the onset threshold for cuta-
neous vasodilation (Fig. 3). Similar results were also
obtained in our recent study using passive heat stress at
rest (Fujii et al. 2017). This augmentation of cuta-
neous vasodilation is likely a consequence of a compres-
sion stockings-induced modulation of baroreceptor
loading status brought about by the increase in venous
return. In support of this possibility, increases in venous
return and central blood volume due to postural manipu-
lation (e.g., upright to supine) has been shown to aug-
ment cutaneous vasodilation during heat stress under
resting or exercising conditions (Johnson et al. 1974;
Gonzalez-Alonso et al. 1999). A similar pattern of
response during rest or exercise has been observed with

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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the application of positive pressure to the lower limbs
(McGinn et al. 2014; Paull et al. 2016), infusion of saline
(Nose et al. 1990; Crandall et al. 1999; Schlader et al.
2015), head-up water immersion (Nielsen et al. 1984),
and continuous negative-pressure breathing (Nagashima
et al. 1998).

In addition to increased venous return, the higher
arterial CO, pressure associated with wearing GCS
(Table 2) may in part explain the augmented cutaneous
vasodilation. Indeed, changes in arterial CO, can mediate
changes in local vascular tone. For example, it has been
shown that hypercapnia can induce cutaneous vasodila-
tion during normothermic rest (Simmons et al. 2007)
while hypocapnia can attenuate cutaneous vasodilation
during heat stress at rest (Fujii et al. 2012a) and exercise
in the heat (Fujii et al. 2014), though the effect of CO,
on cutaneous circulation is not always observed (Wingo
et al. 2008). The precise mechanism(s) by which GCS
induced a higher arterial CO, pressure remains unclear.
It is plausible, however, that the slight reduction in min-
ute ventilation with GCS during the latter phase of exer-
cise may have contributed to the higher arterial CO,
pressure by attenuating CO, gas exchange. However, it
should be noted that the higher arterial CO, pressure
was also detected prior to the start of exercise during the
baseline resting period wherein minute ventilation was
comparable between conditions (Table 2). This suggests
that other factors are likely involved in the modulation
of arterial CO, pressure with the use of GCS. Future
investigations are required to elucidate
mechanisms.

Our results showed that the use of GCS reduced
mean skin temperature (Fig. 1B), albeit this was primar-
ily due to the marked reductions in lower calf skin tem-
perature (i.e., ~2.5°C). This lower calf skin temperature
potentially reflects a reduced cutaneous perfusion. Dur-
ing the occlusion of the leg using an inflatable cuff,
venous pressure increases to similar levels of cuff pres-

underlying

sure (Christ et al. 1997). In our recent experiment, we
measured calf pressure of 17.5 = 4.4 mmHg under the
GCS (Fujii et al. 2017). As such, calf venous pressure
in the current experiment may have increased to a simi-
lar extent, reducing perfusion pressure thereby attenuat-
ing the increase in cutaneous blood flow. Noteworthy,
thigh skin temperature was not similarly influenced by
the compression stockings despite an increased venous
pressure due to the GCS. Perhaps, the GCS-induced
thigh pressure of 6.1 £ 2.0 mmHg, measured in our
recent experiment (Fujii et al. 2017), was not high
enough to restrict cutaneous blood flow. Further study
is warranted to elucidate the relationship between
compression pressure and cutaneous perfusion under
stockings.
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Sweating

In contrast to cutaneous vasodilation, no effect of GCS
was observed on the sweating response at rest or during
exercise in the heat (Figs 2B, 4B, C, D). In keeping with
this, previous reports showed that increases in central
blood volume associated with saline infusion (Schlader
et al. 2015) and application of positive pressure to the
lower limbs (McGinn et al. 2014; Schlader et al. 2015;
Paull et al. 2016) have no effect on sweating during heat
stress at rest. While our measurements of local sweat rate
were limited to the chest only, it is likely that this
response reflects whole-body sweating as we found no
between-condition difference in the reduction in body
weight following exercise.

Heart rate and mean arterial pressure

Heart rate and mean arterial pressure were similar during
rest and throughout the exercise period (Table 1). This is
consistent with previous results (Iwama 1995; Houghton
et al. 2009; Rimaud et al. 2010; Lucas et al. 2012; Mor-
rison et al. 2014; Priego Quesada et al. 2015), though
lower mean arterial pressure may occur during heat stress
at rest (Morrison et al. 2014). Our observation that mean
arterial pressure did not differ between conditions is note-
worthy given that a greater cutaneous vasodilation can
lead to a reduction in total peripheral resistance and
therefore mean arterial pressure. It may be that the GCS
increased cardiac output without influencing heart rate,
thus counteracting the cutaneous vasodilatory effect. The
lack of an effect of GCS on heart rate is itself interesting
since an increase in venous return is known to lower
heart rate. Further studies are required to elucidate the
mechanisms underpinning these responses.

Limitations

We tested males only in this study. Thus, our results can-
not be simply applied to young females. Future studies
are warranted to evaluate if there are sex-related differ-
ences in the effect of GCS on cutaneous vasodilation and
sweating during exercise in the heat. In this study, we
assessed the influence of GCS on heat loss responses while
the participant exercised in a semirecumbent position.
Had the participants performed exercise in the upright
position such as during running or upright cycling,
changes in venous return would have differed thereby
potentially affecting heat loss responses differently.
Finally, it is important to note that we did not measure
cardiovascular parameters such as cardiac output, total
peripheral resistance, limb blood flow and other variables
that could provide additional information pertaining to
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the effect of GCS on cardiovascular responses. However,
it is not likely that GCS greatly affects active muscle
blood flow, since oxygen uptake during exercise did not
differ between conditions (Table 2). Also, we assessed
heat loss responses at one skin site region only. Therefore,
we are unable to determine if the GCS modulated heat
loss responses at other skin sites, if at all.

Perspectives and significance

Previous studies showed that the use of GCS is effective
in preventing deep venous thrombosis (Coleridge Smith
et al. 1991; Ibegbuna et al. 1997). Additionally, they have
been shown to improve exercise performance during both
distance running (Kemmler et al. 2009) and maximal
cycling (Chatard et al. 2004), albeit these are not univer-
sal findings (Ali et al. 2007; Davies et al. 2009). Our
results provide new insights into the possibility that GCS
may also enhance heat dissipation. However, we show
that this was not paralleled by differences in body core
temperature. This latter response is consistent with previ-
ous findings that reported no effect of compression stock-
ings on body core temperature during exercise performed
in cool to hot ambient temperatures (i.e., 10 and 35°C)
(Houghton et al. 2009; Goh et al. 2011; MacRae et al.
2012; Noonan and Stachenfeld 2012; Barwood et al.
2013). Wearing the compression stockings can insulate
the skin thereby attenuating heat loss in the region cov-
ered by the stockings (Doan et al. 2003; Born et al. 2013;
Engel et al. 2016). This may in part offset any increase in
whole-body heat dissipation induced by the GCS thereby
resulting in no change in body core temperature. GCS
that uses materials with low insulative properties may be
required to maximize local heat loss. Further, it would be
important to evaluate whether improved heat loss associ-
ated with wearing GCS enhances exercise performance in
the heat. In addition, our results suggest that GCS
induces a higher arterial CO, pressure at rest and during
late stages of exercise in the heat. Since arterial CO, pres-
sure is tightly coupled with cerebral blood flow during
exposure to a heat stress at rest (Fujii et al. 2008; Broth-
ers et al. 2009; Nelson et al. 2011; Bain et al. 2013) and
during exercise in the heat (Nybo and Nielsen 2001; Ras-
mussen et al. 2006; Hayashi et al. 2011; Tsuji et al. 2015),
the higher arterial CO, pressure may lead to higher cere-
bral blood flow, which requires further scrutiny.

Conclusions

Our results suggest that graduated compression achieved
by wearing compression stockings augments cutaneous
vasodilation but not sweating during exercise in the heat.
We show that the augmented cutaneous vasodilation is

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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due to increased sensitivity and peak level of cutaneous
vasodilation and not a change in the onset threshold for
cutaneous vasodilation.

Acknowledgments

We thank Takashi Miura of ALCARE Limited (Tokyo,
Japan) for his support. We appreciate all volunteers for
participating in this study. The current affiliation of N.
Fujii is the University of Tsukuba, Institute of Health and
Sport Sciences, Tsukuba City, Japan.

Conflict of Interest

None decalred.

References

Ali, A., M. P. Caine, and B. G. Snow. 2007. Graduated
compression stockings: physiological and perceptual
responses during and after exercise. J. Sports Sci. 25:413—
419.

Bain, A. R, K. J. Smith, N. C. Lewis, G. E. Foster, K. W.
Wildfong, C. K. Willie, et al. 2013. Regional changes in
brain blood flow during severe passive hyperthermia; the
effects of PaCO2 and extra-cranial blood flow. J. Appl.
Physiol. 115:653—659.

Barwood, M. J., J. Corbett, J. Feeney, P. Hannaford, D.
Henderson, 1. Jones, et al. 2013. Compression
garments: no enhancement of high-intensity exercise in
hot radiant conditions. Int. J. Sports Physiol. Perform.
8:527-535.

Borg, G. 1975. Simple rating methods for estimation of
perceived exertion. Pp. 3946 in G. Borg, ed. Physical Work
and Effort. Pergamon, New York.

Born, D. P., B. Sperlich, and H. C. Holmberg. 2013. Bringing
light into the dark: effects of compression clothing on
performance and recovery. Int. J. Sports Physiol. Perform.
8:4-18.

Bovenschen, H. J., M. T. Booij, and C. J. van der Vleuten.
2013. Graduated compression stockings for runners: friend,
foe, or fake? J. Athl. Train 48:226-232.

Brothers, R. M., J. E. Wingo, K. A. Hubing, and C. G.
Crandall. 2009. The effects of reduced end-tidal carbon
dioxide tension on cerebral blood flow during heat stress. J.
Physiol. 587:3921-3927.

Chatard, J. C., D. Atlaoui, J. Farjanel, F. Louisy, D. Rastel, and
C. Y. Guezennec. 2004. Elastic stockings, performance and
leg pain recovery in 63-year-old sportsmen. Eur. J. Appl.
Physiol. 93:347-352.

Christ, F., J. Gamble, H. Baschnegger, and I. B. Gartside. 1997.
Relationship between venous pressure and tissue volume
during venous congestion plethysmography in man. J.
Physiol. 503(Pt 2):463—467.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Compression Stockings and Exercise Heat Loss Responses

Coleridge Smith, P. D., J. H. Hasty, and J. H. Scurr. 1991.
Deep vein thrombosis: effect of graduated compression
stockings on distension of the deep veins of the calf. Br. J.
Surg. 78:724-726.

Crandall, C. G., B. D. Levine, and R. A. Etzel. 1999. Effect of
increasing central venous pressure during passive heating on
skin blood flow. J. Appl. Physiol. 86:605-610.

Davies, V., K. G. Thompson, and S. M. Cooper. 2009. The
effects of compression garments on recovery. J. Strength
Cond. Res. 23:1786-1794.

Doan, B. K., Y. H. Kwon, R. U. Newton, J. Shim, E. M.
Popper, R. A. Rogers, et al. 2003. Evaluation of a lower-
body compression garment. J. Sports Sci. 21:601-610.

Engel, F. A., H. C. Holmberg, and B. Sperlich. 2016. Is There
Evidence that Runners can Benefit from Wearing
Compression Clothing? Sports Med. 46:1939-1952.

Fujii, N., Y. Honda, K. Hayashi, N. Kondo, S. Koga, and T.
Nishiyasu. 2008. Effects of chemoreflexes on hyperthermic
hyperventilation and cerebral blood velocity in resting
heated humans. Exp. Physiol. 93:994-1001.

Fujii, N., Y. Honda, S. Delliaux, B. Tsuji, K. Watanabe, A.
Sugihara, et al. 2012a. Effect of voluntary hypocapnic
hyperventilation on cutaneous circulation in resting heated
humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 303:
R975-R983.

Fujii, N., Y. Honda, T. Ogawa, B. Tsuji, N. Kondo, S. Koga,
et al. 2012b. Short-term exercise-heat acclimation enhances
skin vasodilation but not hyperthermic hyperpnea in
humans exercising in a hot environment. Eur. J. Appl.
Physiol. 112:295-307.

Fujii, N., Y. Honda, K. Komura, B. Tsuji, A. Sugihara, K.
Watanabe, et al. 2014. Effect of voluntary hypocapnic
hyperventilation on the relationship between core
temperature and heat loss responses in exercising humans. J.
Appl. Physiol. 117:1317-1324.

Fujii, N., N. Toshiya, B. Tsuji, N. Kondo, G. P. Kenny, and T.
Nishiyasu. 2017. Wearing graduated compression stockings
augments cutaneous vasodilation in heat-stressed resting
humans. Eur. J. Appl. Physiol. 117:921-929.

Gagnon, D., O. Jay, F. D. Reardon, W. S. Journeay, and G. P.
Kenny. 2008. Hyperthermia modifies the nonthermal
contribution to postexercise heat loss responses. Med. Sci.
Sports Exerc. 40:513-522.

Goh, S. S., P. B. Laursen, B. Dascombe, and K. Nosaka. 2011.
Effect of lower body compression garments on submaximal
and maximal running performance in cold (10 degrees C)
and hot (32 degrees C) environments. Eur. J. Appl. Physiol.
111:819-826.

Gonzalez-Alonso, J., R. Mora-Rodriguez, and E. F. Coyle.
1999. Supine exercise restores arterial blood pressure and
skin blood flow despite dehydration and hyperthermia. Am.
J. Physiol. 277:H576-H583.

Hardy, J. D., and E. F. Dubois. 1938. The technic of
measuring radiation and convection. J. Nutr. 15:461-475.

2017 | Vol. 5 | Iss. 9 | 13252
Page 9



Compression Stockings and Exercise Heat Loss Responses

Hayashi, K., Y. Honda, N. Miyakawa, N. Fujii, M. Ichinose, S.
Koga, et al. 2011. Effect of CO2 on the ventilatory
sensitivity to rising body temperature during exercise. J.
Appl. Physiol. 110:1334—-1341.

Houghton, L. A., B. Dawson, and S. K. Maloney. 2009. Effects
of wearing compression garments on thermoregulation
during simulated team sport activity in temperate
environmental conditions. J. Sci. Med. Sport 12:303—-309.

Ibegbuna, V., K. Delis, and A. N. Nicolaides. 1997. Effect of
lightweight compression stockings on venous
haemodynamics. Int. Angiol. 16:185-188.

Iwama, H. 1995. The effects of graduated compression
stocking on blood pressure and heart rate during spinal or
epidural anesthesia. J. Anesth. 9:383-384.

Johnson, J. M., and L. B. Rowell. 1975. Forearm skin and
muscle vascular responses to prolonged leg exercise in man.
J. Appl. Physiol. 39:920-924.

Johnson, J. M., L. B. Rowell, and G. L. Brengelmann. 1974.
Modification of the skin blood flow-body temperature
relationship by upright exercise. J. Appl. Physiol. 37:880—
886.

Jones, N. L., D. G. Robertson, and J. W. Kane. 1979.
Difference between end-tidal and arterial PCO2 in exercise.
J. Appl. Physiol. 47:954-960.

Kemmler, W., S. von Stengel, C. Kockritz, J. Mayhew, A.
Wassermann, and J. Zapf. 2009. Effect of compression
stockings on running performance in men runners. J.
Strength Cond. Res. 23:101-105.

Kondo, N., T. Nishiyasu, Y. Inoue, and S. Koga. 2010. Non-
thermal modification of heat-loss responses during exercise
in humans. Eur. J. Appl. Physiol. 110:447-458.

Liu, R, T. T. Lao, Y. L. Kwok, Y. Li, and M. T. Ying. 2008.
Effects of graduated compression stockings with different
pressure profiles on lower-limb venous structures and
haemodynamics. Adv. Ther. 25:465-478.

Lucas, R. A., P. N. Ainslie, S. A. Morrison, and J. D.
Cotter. 2012. Compression leggings modestly affect
cardiovascular but not cerebrovascular responses to heat
and orthostatic stress in young and older adults. Age
(Dordr) 34:439-449.

Mack, G., H. Nose, and E. R. Nadel. 1988. Role of
cardiopulmonary baroreflexes during dynamic exercise. J.
Appl. Physiol. 65:1827-1832.

Mack, G. W., D. Cordero, and J. Peters. 2001. Baroreceptor
modulation of active cutaneous vasodilation during dynamic
exercise in humans. J. Appl. Physiol. 90:1464—1473.

MacRae, B. A., R. M. Laing, B. E. Niven, and J. D. Cotter.
2012. Pressure and coverage effects of sporting compression
garments on cardiovascular function, thermoregulatory
function, and exercise performance. Eur. J. Appl. Physiol.
112:1783-1795.

McGinn, R., G. Paull, R. D. Meade, N. Fujii, and G. P. Kenny.
2014. Mechanisms underlying the postexercise baroreceptor-
mediated suppression of heat loss. Physiol. Rep. 2:¢12168.

2017 | Vol. 5 | Iss. 9 | e13252
Page 10

N. Fujii et al.

Morrison, S. A., P. N. Ainslie, R. A. Lucas, S. S. Cheung, and
J. D. Cotter. 2014. Compression garments do not alter
cerebrovascular responses to orthostatic stress after mild
passive heating. Scand. J. Med. Sci. Sports 24:291-300.

Nagashima, K., H. Nose, A. Takamata, and T. Morimoto.
1998. Effect of continuous negative-pressure breathing on
skin blood flow during exercise in a hot environment. J.
Appl. Physiol. 84:1845-1851.

Nelson, M. D., M. J. Haykowsky, M. K. Stickland, L. A.
Altamirano-Diaz, C. K. Willie, K. J. Smith, et al. 2011.
Reductions in cerebral blood flow during passive heat stress
in humans: partitioning the mechanisms. J. Physiol.
589:4053—-4064.

Nielsen, B., L. B. Rowell, and F. Bonde-Petersen. 1984.
Cardiovascular responses to heat stress and blood volume
displacements during exercise in man. Eur. J. Appl. Physiol.
Occup. Physiol. 52:370-374.

Nishiyasu, T., K. Nagashima, E. R. Nadel, and G. W. Mack.
1998. Effects of posture on cardiovascular responses to
lower body positive pressure at rest and during dynamic
exercise. J. Appl. Physiol. 85: 160-167.

Nishiyasu, T., S. Hayashida, A. Kitano, K. Nagashima, and M.
Ichinose. 2007. Effects of posture on peripheral vascular
responses to lower body positive pressure. Am. J. Physiol.
Heart Circ. Physiol. 293:H670-H676.

Noonan, B., and N. Stachenfeld. 2012. The effects of
undergarment composition worn beneath hockey protective
equipment on high-intensity intermittent exercise. J.
Strength Cond. Res. 26:2309-2316.

Nose, H., G. W. Mack, X. R. Shi, K. Morimoto, and E. R.
Nadel. 1990. Effect of saline infusion during exercise on
thermal and circulatory regulations. J. Appl. Physiol.
69:609-616.

Nybo, L., and B. Nielsen. 2001. Middle cerebral artery blood
velocity is reduced with hyperthermia during prolonged
exercise in humans. J. Physiol. 534:279-286.

Paull, G, S. Dervis, J. Barrera-Ramirez, R. McGinn, B. Haqani,
A. D. Flouris, et al. 2016. The effect of plasma osmolality
and baroreceptor loading status on postexercise heat loss
responses. Am. J. Physiol. Regul. Integr. Comp. Physiol. 310:
R522-R531.

Priego Quesada, J. I, A. G. Lucas-Cuevas, M. Gil-Calvo, J. V.
Gimenez, I. Aparicio, C. Ortiz, et al. 2015. Effects of
graduated compression stockings on skin temperature after
running. J. Therm. Biol 52:130-136.

Priego, J. I, A. G. Lucas-Cuevas, 1. Aparicio, J. V. Gimenez, J.
M. Cortell-Tormo, and P. Perez-Soriano. 2015. Long-term
effects of graduated compression stockings on
cardiorespiratory performance. Biol. Sport. 32:219-223.

Rasmussen, P., H. Stie, B. Nielsen, and L. Nybo. 2006.
Enhanced cerebral CO2 reactivity during strenuous exercise
in man. Eur. J. Appl. Physiol. 96:299-304.

Rimaud, D., L. Messonnier, J. Castells, X. Devillard, and P.
Calmels. 2010. Effects of compression stockings during

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



N. Fujii et al.

exercise and recovery on blood lactate kinetics. Eur. J. Appl.

Physiol. 110:425-433.
Schlader, Z. J., D. Gagnon, R. A. Lucas, J. Pearson, and C. G.
Crandall. 2015. Baroreceptor unloading does not limit

forearm sweat rate during severe passive heat stress. J. Appl.

Physiol. 118: 449—454.

Simmons, G. H., C. T. Minson, J. L. Cracowski, and J. R.
Halliwill. 2007. Systemic hypoxia causes cutaneous
vasodilation in healthy humans. J. Appl. Physiol. 103:608—
615.

Simmons, G. H., B. J. Wong, L. A. Holowatz, and W. L.
Kenney. 2011. Changes in the control of skin blood flow

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Compression Stockings and Exercise Heat Loss Responses

with exercise training: where do cutaneous vascular
adaptations fit in? Exp. Physiol. 96:822-828.

Tsuji, B., Y. Honda, Y. Ikebe, N. Fujii, N. Kondo, and T.
Nishiyasu. 2015. Voluntary suppression of hyperthermia-
induced hyperventilation mitigates the reduction in cerebral
blood flow velocity during exercise in the heat. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 308:R669—-R679.

Whitney, R. J. 1953. The measurement of volume changes in
human limbs. J. Physiol. 121:1-27.

Wingo, J. E., D. A. Low, D. M. Keller, and C. G. Crandall. 2008.
Cutaneous vascular responses to hypercapnia during whole-
body heating. Aviat. Space Environ. Med. 79:1081-1085.

2017 | Vol. 5 | Iss. 9 | e13252
Page 11



