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Effects of human menstrual cycle on thermoregulatory

vasodilation during exercise*
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Summary. To investigate the effects of the men-
strual cycle and of exercise intensity on the rela-
tionship between finger blood flow (FBF) and
esophageal temperature (T,,), we studied four wo-
men, aged 20—32 years. Subjects exercised at 40%
and 70% Vo, _ in the semi-supine posture at an
ambient temperature of 20°C. Resting T., was
higher during the luteal phase than the follicular
phase (P<0.01). There were no significant differ-
ences between the two phases in FBF, oxygen
consumption, carbon dioxide production, heart
rate or minute ventilation at rest and during exer-
cise, respectively. Each regression line of the
FBF-T., relationship consists of two distinct seg-
ments of FBF change to T (slope 1 and 2). FBF
increased at a threshold T, for vasodilation
([Tes0l) and the rate of FBF rise became greater at
another T, above this threshold ([T..,’]). For both
levels of exercise, [Teso] and [T’ ] were shifted
upward during the luteal phase, but the slopes of
the FBF-T,, relationship were almost the same in
the two phases of the menstrual cycle. Increasing
exercise intensity induced a significant decrease
in slope 1 of the FBF-T, relationship during the
follicular (P<0.01) and the Iluteal phases
(P<0.02), respectively. These results show that
the set-point temperature may be shifted towards
a higher level during the luteal phase of the men-
strual cycle during exercise and that, as in males,
the thermoregulatory vasodilator response is at-
tenuated by increasing exercise-induced vasocon-
strictor tone in proportion to exercise intensity
during both phases of the menstrual cycle when
heat storage is insufficient in women.
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Skin blood flow (SBF) increases in proportion to
the rise in core temperature (T,) during exercise.
This thermoregulatory response of the cutaneous
vessels has been shown to be affected by various
factors, such as the intensity of exercise (Hirata et
al. 1984a, b), the state of hydration (Nadel 1980),
the level of central blood volume (Vroman et al.
1985) and daily rhythms (Wenger et al. 1976). Ac-
cording to Stephenson et al. (1984), the T, thresh-
old for cutaneous vasodilation during exercise
shifts toward higher levels between 1200 and 2000
hours. Besides the shift of T, threshold, the slope
of SBF to T. tends to increase in the late after-
noon, which may mean that the peripheral re-
sponse to the vasoconstrictor signal might de-
crease and/or the noradrenergic outflow to the
vessels might be reduced during these periods of
the day.

In females, the periodic changes in T, asso-
ciated with the menstrual phases is well known
(Davis and Fugo 1948). Hirashita et al. (1984) also
observed periodic changes in T, threshold for cu-
taneous vasodilation during the menstrual phases.
However, the relation of SBF to T, during the dif-
ferent phases of the menstrual cycle has not been
adequately examined during heat load by exer-
cise. Therefore, the present study attempted to in-
vestigate the effects of the different phases of the
menstrual cycle and the increases in exercise in-
tensity on the relation of SBF to T. during heat
loads by exercise in women.
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Subjects and methods

Four sedentary healthy adult females with normal menstrual
cycles (ranging from 26—34 days) volunteered to serve as sub-
jects (Table 1). The study was carefully explained and in-
formed consent was given by all subjects. Each subject was
tested twice in the follicular phase, 6—11 days after the begin-
ning of menstruation, and twice in the luteal phase, 7-—9 days
after ovulation. The day of ovulation was considered to be that
on which the oral basal temperature was lowest in the cycle.
The order of testing was randomized so that two subjects had
their first test in the follicular phase and the two others were
tested first in the luteal phase.

Measurements. Finger blood flow (FBF) was measured by ve-
nous occlusion plethysmography using a mercury-in-Silastic
strain gauge (Whitney 1953). The strain gauge was wound
around the middie finger of the left hand at a tension of 10 g.
The venous occlusion cuff was 1.5 cm in width. The cuff was
set on the middle finger and inflated to 65 mmHg for 10s at
20-s intervals. To obtain undistorted plethysmographic records
during semi-supine bicycle exercise, the left forearm and hand
were supported by a sling. FBF was computed from the slopes
of plethysmographic curves, as shown in Fig. 1. Skin tempera-
tures were recorded at seven sites with attached copper-con-
stantan thermocouples (accuracy #0.01°C), and mean skin
temperature (T) was computed once per minute from the re-
cordings according to the following equation:

T =0.07T; +0.35T, + 0.14T5+0.05T, + 0.19T5 + 0.13 T, + 0.07
T,

where,

T,: Forehead, center of forehead
T,: Trunk, on center of sternum

Table 1. Characteristics of the subjects

Subject  Age Height Weight BSA Vo,
(years) (cm)  (kg) (m*)  (-min~Y)
MS 32 154 46 1.40 2.1
RH 29 163 52 1.55 2.6
YM 20 154 49 1.41 2.2
KY 20 160 45 1.39 2.1
Mean 253 1578 48.0 1.44 2.3
+SE +3.6  +26  x18 £005 %01

BSA, body surface area; I'/OZHW, maximal oxygen consump-

tion
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Fig. 1. Representative plethysmographic records during exer-
cise. Time moves from left to right. The straight lines on the
curve are drawn on the two points between the onset of ve-
nous occlusion and the tenth pulse. Slope=h-t~'; h, change
in finger volume for ¢ seconds; ¢, a given period of time in sec-
onds
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Ti: Arm, lateral lower arm

T,: Hand, palm of hand on proximal end of 1st metacarpale
Ts: Thigh, lateral mid-thigh

Te: Calf, lateral mid-calf

T,: Foot, end of 2 nd toe on side

T, was measured with an esophageal thermistor (YSI, 401) at
a depth determined by passing the thermistor through the nose
for a distance of one-fourth the subject’s height (Wenger et al.
1975). Heart rate (HR) was obtained from the ECG. Oxygen
consumption (¥o,) and carbon dioxide production (Vco,)
were determined from minute ventilation (Vg) and the frac-
tions of oxygen (Fo,, Fgo,) and carbon dioxide in the inspired
and expired air (Fico,, Feco,). Ve was recorded with a 100-1
twin-type spirometer (Fukuda Irika, Tokyo), expired air being
collected through a face mask, and Fgo, and Feco, measured
by polarograph type O,- and infrared CO,-analyzer (1H21A,
San-ei Sokki, Toyko), through which a small part of the ex-
pired air (200 ml - min~') was continuously pumped. All tests
were conducted in a climatic chamber (TBL-6-S, Tabai MFG
Co. Ltd., Osaka) at an ambient temperature (T,) at 20°+1°C
and a relative humidity of 50+ 3%.

Procedures. Before the tests, maximal oxygen consumption
(Vo,....) was assessed by no change in Vo, despite an increas-
ing exercise intensity, using a bicycle ergometer (Monark) in
the upright position. Subsequently, the relationship between
work load and Vo, was determined during exercise, with the
subject in the semi-supine posture and in a reclining chair be-
hind the pedals. The exercise intensity as a percentage of
Vo,... was determined from these data for each subject. The
subjects were familiarized with test procedures prior to partici-
pating. The subjects reported to the laboratory at 9:00 a.m.
after an overnight fast, and sat quietly in the climatic chamber
until the test began. They wore only two-piece swimsuits, and
were fitted with strain gauges to measure FBF, skin and eso-
phageal temperature sensors, ECG electrodes and a face mask.
After the subject had rested in the semi-supine posture for 15
min, the resting data were obtained for the last 5 min of the 20-
min rest period. The subject was tested on a bicycle ergometer
in the semi-supine posture. Exercise consisted of 30 min at
40% or 70% Vo,_ .

Data analysis. The rates of FBF increase to T, between the
next two points were calculated for all the points showing the
FBF —T,, relationship. The amount of increase in FBF in re-
sponse to the increase in T, between the two succeeding meas-
urements was calculated for all measured points. The rate of
the FBF increase to T, was divided into two distinct groups
(slope 1 and 2). In the slope 1 group, the rate of FBF increase
with increasing T,, was small. In the slope 2 group, the rate of
FBF increase with increasing T.; was larger than that in the
slope 1 group. The break point of the overall FBF—T,, rela-
tionship was determined as the point which was over 4.5 times
greater than the average rate of FBF increases in the slope 1
group. Regression analysis for points of FBF increase to T
was calculated for slope 1 and 2 groups, respectively; in one,
FBF rose slowly with increasing T, (slope 1, straight line) and
in the other the rate of FBF rose rapidly, while T, continued
to rise (slope 2, straight line; see Fig. 2). A threshold T, for
finger vasodilation ([T..]) was determined by the T, at which
FBF was nil on the slope 1 straight line. The rate of FBF rise
becomes greater at T, above the threshold Tes ([Teso’D). [Teso’]
was determined by T, of the cross point between slope 1 and 2
straight lines. The differences between the luteal and the folli-
cular phases, and between the two exercise intensities, were es-
tablished by paired ¢-test.
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Fig. 2. Schema of data analysis on finger blood flow (FBF)-eso-
phageal temperature (7,,) relationship

Results

As shown in Table 2, at rest T,, was significantly
higher during the luteal phase than during the fol-
licular phase (P<0.01). There were no differences
in resting Ty, Vo , VCO , R, V&, HR or FBF be-
tween the two phases of the menstrual cycle. During

exercise, Tes, Vo,, Vco,, R, Vg, HR and FBF in-
creased proportionally to the increase in exercise
intensity from 40% to 70% Vo,  during both
phases of the menstrual cycle. There were, howev-
er, no significant differences in T, T, Vo,»
Vco,» R, Ve, HR, or FBF during exercise be-
tween the two phases of the menstrual cycle.

FBF increased in response to the rise in T,
during the follicular and luteal phases during ex-
ercise at 40% and 70% Vo,  (Fig. 3). [Teo] and
[Tes0’] were signiﬁcantly shifted upwards in the lu-
teal phase during exercise at both intensities (Fig.
3, Table 3). Although [T.so] at 70% Vo2 was
h1gher than at 40% Vo, _, there was no 51gnifi-
cant difference between the two intensities in
either phase of the menstrual cycle. [T,o] was sig-
nificantly higher at 70% Vo . than at 40% Vo
during both follicular (P<0 05) and luteal
(P<0.02) phases of the menstrual cycle.

As shown in Fig. 3 and Table 4, slopes 1 and 2
were the same during the follicular and the luteal
phases at both exercise intensities. However, an
increase in exercise intensity from 40% to 70%
Vo, ... induced a significant decrease in slope 1
during both phases of the menstrual cycle (Fig. 4,
Table 4). The differences in slope 2 between the
two intensities were not significant in either
phase.

Table 2. Temperature, metabolic, ventilatory and cardiovascular variables at rest and during exercise during the two different

phases of the menstrual cycle

Rest 40% Vo, 70% Vo,
F L Dif. F L Dif. F L Dif.
Tes, °C 37.50  37.67 0.17%%x  37.74*  37.94 020  37.94°  38.12¢ 0.18
+£0.07  £0.05 £0.06  +0.11 +0.08  +0.06
T, °C 30.02 3023 0.21 30.96°  31.39° 043  3192° 3108  —0.84
_ +0.14  £0.14 +£037  £0.29 +033 065
Vo,,1-min~' - m~2 0.118  0.116 —0.002 0.605¢  0.628¢  0.023  1.086°  1.085¢ —0.001
_ £0.009  +0.004 +0.043  +0.057 £0.058  +0.065
Veo,,1-min~! - m~2 0.090  0.089 —0.001 0.476¢ 0492 0016  0920°  0.899¢ —0.021
£0.007 £0.003 £0.035  +0.047 +0.039  +0.038
R 0766 0762 —0.004 0.788*  0.783* —0.005  0.849°  0.827° —0.022
. +£0.008  £0.007 +£0.018  £0.002 +£0.011  +0.013
Ve,1-min~"'-m~2 3.6 32 —04 13.5¢ 14.8¢ 13 26.6¢ 28.7¢ 2.1
+04 202 +1.1 +1.4 +1.6 0.8
HR, bpm 66.6 65.9 12089 117.3¢  —35 15774 15559 -22
£1.1  £13  —07 +3.2 +2.3 29 +£5.7
FBF, ml - 100 ml~" . min ! 1.8 1.6 403 48.3 8.0 74.5¢ 84.8° 10.3
£04 04 02 £9.7 +11.2 +3.1 +£18.7

Values are means =+ SE. Statistically significant from the corresponding rest values: * P<0.05; ®* P<0.02; ¢ P<0.01; ¢ P<0.001.
*+% P<0.01 for comparison of values for the follicular and the luteal phases

Dif., mean difference between the two phases; F, follicular phase; L, luteal phase; T, esophageal temperature; Te, mean skin
temperature; Vo, oxygen consumption; Veo,, carbon dioxide production; R, respiratory exchange ratio expressed as Veo,/ Vo, ;

Ve, minute ventilation; HR, heart rate; FBF, finger blood flow
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Fig. 3. Effects of the follicular and luteal phases during the
menstrual cycle on the individual relationship between finger
blood flow (FBF) and esophageal temperature (T} at 40%
(left) and 70% Vo, (right) in subject MS

Discussion

The resting T, was significantly higher (+0.17°C)
during the luteal phase than during the follicular
phase. The difference in T., between two phases
was similar during exercise, but was not statisti-
cally significant (Table 2). These results are in
agreement with those reported by Horvath and
Drinkwater (1982). There were no differences in
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Fig. 4. Comparison of mean slope 1 for follicular (F) and lu-
teal (L) phases of the menstrual cycle in four women (this
study) and the men in a previous study (Hirata et al. 1984b) as
a function of % Vo, __ at an ambient temperature of 20°C

Ta, HR, Vg, Vo,, Vco, or R between the two
phases at rest and during exercise. The studies of
some investigators (Jurkowski et al. 1981; Ste-
phenson et al. 1982) have shown no difference in
these parameters between the two phases at rest
and during exercise. Their results are confirmed
by our data. Horvath and Drinkwater (1982) have
reported that forearm blood flow in the recovery
period of exercise was higher during the flow

Table 3. Changes in threshold esophageal temperature for vasodilation [Teso] and for outward release of exercise-intensity-related
factor [T.so’] in the follicular and luteal phases during exercise at 40% and 70% Vo,

Subject 40% Vo, 70% Vo,
F L Dif. F L Dif.
MS 37.73 37.90 +0.17 37.64 37.95 +031
RH 37.29 37.38 +0.09 37.57 37.85 +0.28
[Tesol YM 37.12 37.43 +0.31 37.45 37.52 +0.07
°C KY 37.79 37.88 +0.09 37.78 37.98 +0.20
Mean 37.48 37.65 +0.17* 37.61 37.84 +0.22%
+SE +£0.16 +0.14 +0.05 +0.07 £0.11 £0.05
MS 38.04 38.08 +0.04 38.10 38.21 +0.11
RH 37.71 37.84 +0.13 37.99 38.14 +0.15
[Teso’] YM 37.60 37.98 +0.38 37.89 38.14 +0.25
°C KY 37.88 37.94 +0.06 38.01 38.15 +0.14
Mean 37.81 37.96 +0.15 38.00° 38.16° +0.16
+SE +0.10 +0.05 +0.08 +0.04 +£0.02 £0.03

Statistically significant from the corresponding values during exercise at 40% Vo _: 2 P<0.05; ® P<0.02.
* P<0.05 and ** P<0.02 for comparison of values for the follicular and the luteal phases.

Abbreviations are the same as for Table 2



K. Hirata et al.: Vasodilation during exercise and menstrual cycle

563

Table 4. Slopes of the regression lines of the finger blood flow (FBF)-esophageal temperature (T,,) relationship in the follicular

and luteal phases during exercise at 40% and 70% Vo,

Subject 40% Vo, 70% Vo, ...
F L Dif. F L Dif.
MS 106.3 116.8 + 105 52.5 66.9 + 144
RH 168.4 156.0 — 124 103.7 1143 + 106
Slope 1 YM 133.3 141.6 + 83 78.1 85.2 + 7.1
KY 124.5 109.0 — 16.4 86.1 82.3 ~ 38
Mean 133.4 130.9 —- 25 80.1¢ 87.2° + 71
+SE +13.0 + 10.9 £ 69 £10.6 £ 99 + 39
MS 288.6 256.2 ~ 324 3472 364.3 + 171
RH 296.4 655.3 +358.9 476.7 385.3 ~ 914
Slope 2 YM 191.6 208.2 + 16.6 197.2 201.4 + 42
KY 450.0 182.2 —267.9 403.8 205.1 ~198.7
Mean 306.7 325.5 + 188 356.2 289.0 ~ 672
+SE +£53.4 £111.0 +129.3 £59.3 £49.7 + 50.1

Slope: ml-100 ml~'-min~".°C~', Statistically significant from the corresponding values during exercise at 40% Vo,

b P<0.02 and ¢ P<0.01.
Abbreviations are the same as for Table 2

phase of the menstrual cycle than during the lu-
teal phase. In the present study, there was a ten-
dency for higher FBF during the luteal phase than
during the follicular phase, but the difference was
not significant.

FBF-T,, relationship. In the present study, we ob-
tained a similar FBF-T,, relationship to that in
our previous study in men (Hirata et al. 1984a, b).
There were two distinct FBF-T,, slopes during
both phases of the menstrual cycle during exer-
cise at both intensities. Change in FBF during ex-
ercise is the net result of the competition between
the thermoregulatory vasodilator and the exer-
cise-induced vasoconstrictor responses. The in-
crease in heat load during exercise attenuates the
exercise-induced vasoconstrictor response (John-
son and Park 1982). Therefore, exercise-induced
vasoconstrictor tone is relatively stronger in slope
1 than in slope 2, when heat storage is smaller, as
shown by a lower T, during exercise, whereas the
thermoregulatory vasodilator tone becomes rela-
tively stronger in slope 2 at higher T., above
[Teso’]l- There are many arteriovenous anastomoses
(AVAs) in particular regions of the human skin,
such as fingers and toe tips, eyelids, ear lobes and
lips (Sherman 1963). It is said that AVAs play an
important role in thermoregulation, and blood
flow through cutaneous AVAs is controlled by
thermoregulatory reflexes, mainly due to changes
in deep body temperature (Hales et al. 1978). As

the patency of AVAs provides a high blood flow,
the FBF-T., relationship in the present study
might be shown by the two distinct straight lines
instead of the smooth curve.

Many investigators have reported that the re-
lationship between SBF and T, is greatly affected
by various factors such as day-night cycle (Ste-
phenson et al. 1984; Wenger et al. 1976), fever
(Nadel 1977), the state of hydration and osmolar-
ity (Nadel 1980), posture (Johnson et al. 1974),
heat acclimation (Roberts et al. 1977) and exercise
intensity (Hirata et al. 1984a, b). An upward shift
of the threshold T, for forearm vasodilation has
also been obtained in febrile conditions, dehydra-
tion and hyperosmolar conditions and change in
posture from supine to upright without a change
in the slope of the SBF-T,, relationship. The re-
sults of these investigations coincide with those
for the menstrual cycle obtained in the present
study. As shown in Fig. 3, an upward shift of
[Tesol was observed during the luteal phase of the
menstrual cycle at both exercise intensities
(P>0.05). [Tes¢'] also shifted upwards during the
luteal phase. However, there were no differences
in the slopes of the FBF-T,, relationship (sensitiv-
ity) between the two phases of the menstrual cycle
during exercise at 40% and 70% Vo, . There was
no evidence for a shift of sympathetic tone in HR
or T, (Table 2). Therefore, there may be no dif-
ference in noradrenergic outflow to the cutaneous
vessels between the two phases of the menstrual
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cycle during exercise. The upward shifts of [Tes0]
and [T.o'] during the luteal phase can be ex-
plained by the shift of the setpoint to a higher
level (Cunningham and Cabanac 1971), and
would be concerned with the changes in central
blood or plasma volume (Johnson et al. 1974;
Nadel 1980; Vroman et al. 1985).

Effects of exercise intensity on FBF-T,
relationship

In this study, increasing exercise intensity from
40% to 70% Vo,  induced a significant decrease
in slope 1 durlng both phases of the menstrual cy-
cle. The average slopes of the FBF-T, relation-
ship were 133.4 and 80.1 at 40% and 70% Vo
during the folllcular phase, and 130.9 and 8§73
mi-100 ml~'-min~'-°C~' at 40% and 70%
Vo, ... during the luteal phase, respectively (Fig.
4). The present results in women coincide with
our previous results in men (Hirata et al. 1984a,
b). Ata T, of 15°—25°C, slope 1 of FBF-T rela-
t1onsh1p significantly decreased with increasing
exercise intensity from 20% to 45% Vo .AtaT,
of 20°C, the average slopes of the FBE- T, rela-
tionship were 54.5, 43.8 and 33.1 ml- 100
ml~"-min~"- °C~" at 20%, 35% and 45% Vo, _,
respectively (Fig. 4). The slopes of the FBF-T,, re-
lationship were about 3.5 times steeper in women
than those in men at 40% Vo . These resulis
may have suggested either lower sympathetlc tone
or greater inhibition of noradrenergic outfiow
with increasing T,, in women than in men. Ro-
berts et al. (1977) have shown that the slope of the
SBF-T,; relationship becomes steeper following
heat acclimation. Therefore, a higher blood flow
sensitivity to T., in women would be concerned
with the degree of heat acclimation. To explain
the great sex differences in slope 1 at a given exer-
cise intensity, further investigations will be neces-
sary. Despite the higher blood flow sensitivity to
Tes in women, [T.,o] and [T, o’] were higher in wo-
men than in men. These results may support the
conclusion that women have a higher core tem-
perature than men for a given heat load (Brouha
et al. 1960; Dill et al. 1973).

The present study and our previous studies
(Hirata et al. 1984a, b), have shown that for the
smaller heat storages at T, below [T..,’] induced
by exercise in the rather cool environment at T,
from 15 to 25 °C, exercise-induced vasoconstric-
tor tone in proportion to exercise intensity is al-
ways sufficiently larger than thermal vasodilator
tone. However, at a T, of 30°C and for greater
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heat storages at T, above [T, o] induced by exer-
cise, the thermal vasodilator tone would always
be sufficient to mask the existence of an intensity-
related exercise-induced vasoconstrictor tone.
Therefore, we could not find any intensity-related
change in slope 2 of the FBF-T,, relationship (Fig.
3, Table 4).
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