
Physiological Reports. 2020;8:e14353.	﻿	     |   1 of 10
https://doi.org/10.14814/phy2.14353

wileyonlinelibrary.com/journal/phy2

DOI: 10.14814/phy2.14353  

O R I G I N A L  R E S E A R C H

Changes in sleeping energy metabolism and thermoregulation 
during menstrual cycle

Simeng Zhang1  |   Haruka Osumi2  |   Akiko Uchizawa2  |   Haruka Hamada2  |   Insung Park1  |   
Yoko Suzuki1  |   Yoshiaki Tanaka2  |   Asuka Ishihara1  |   Katsuhiko Yajima3  |   Jaehoon Seol2  |   
Makoto Satoh1  |   Naomi Omi2  |   Kumpei Tokuyama1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited.
© 2020 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of The Physiological Society and the American Physiological Society.

1International Institute for Integrative 
Sleep Medicine (WPI-IIIS), University of 
Tsukuba, Tsukuba, Japan
2Graduate School of Comprehensive 
Human Science, University of Tsukuba, 
Tsukuba, Japan
3Department of Pharmaceutical Sciences, 
Faculty of Pharmacy and Pharmaceutical 
Sciences, Josai University, Sakado, Japan

Correspondence
Kumpei Tokuyama, International Institute 
for Integrative Sleep Medicine (WPI-IIIS), 
University of Tsukuba, 1-1-1 Tennodai, 
Tsukuba, Ibaraki, 305-8550, Japan.
Email: tokuyama.kumpei.gf@u.tsukuba.
ac.jp

Funding information
Fuji Medical Science Co.; Grant-in-Aid for 
Scientific Research, Grant/Award Number: 
16H01877, 16H03254 and 18K17919; 
Kao Research Council for the Study of 
Healthcare Science

Abstract
Women with ovulatory menstrual cycles show an increase in body temperature in the 
luteal phase, compared with follicular phase, particularly during the night. Several, 
albeit not all, studies reported higher energy expenditure in the luteal phase compared 
with follicular phase. Q10 of biological reactions lies between 2.0 and 3.0, predict-
ing a 7-12% increase in energy expenditure when body temperature rises by 1°C. In 
this study, temperature dependence of energy expenditure was assessed by comparing 
changes in sleeping energy expenditure and thermoregulation with menstrual cycle 
in 9 young females. Energy expenditure was measured using a metabolic chamber, 
in which sleep was recorded polysomnographically, and core body temperature and 
skin temperature were continuously monitored. Distal-to-proximal skin temperature 
gradient was assessed as an index of heat dissipation. In the luteal phase, a significant 
increase in average core body temperature (+0.27°C) and energy expenditure (+6.9%) 
were observed. Heat dissipation was suppressed during the first 2 hr of sleep in the 
luteal phase, compared with follicular phase. Rise in basal body temperature in the 
luteal phase was accompanied by increased energy expenditure and suppressed heat 
dissipation. The 6.9% increase in metabolic rate would require a Q10 of 12.4 to be at-
tributable solely to temperature (+0.27°C), suggesting that energy expenditure in the 
luteal phase is enhanced through the mechanism, dependent and independent of luteal-
phase rise in body temperature presumably reflects other effects of the sex hormones.

K E Y W O R D S
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1  |   INTRODUCTION

Women undergo modifications of body temperature during 
the menstrual cycle. After the postovulatory progesterone 
rise, core body temperature increases above the follicular 
phase values (Charloudian & Stachenfeld, 2014; de Mouzon, 

Testart, Lefevre, Pouly, & Frydman, 1984); higher mesor and 
lower amplitude of the 24 hr body temperature rhythm, mainly 
due to elevated nocturnal values in the luteal phase (Shechter, 
Boudreau, Varin, Diane, & Boivin, 2011). Although this luteal 
phase rise in basal body temperature has been used as a marker 
of ovulation for decades (de Mouzon et al., 1984), its relation 
to heat production and heat dissipation remains inconclusive.
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A majority of the studies, with indirect calorimetry over 
a 24 hr period and/or during sleep, reported higher energy 
expenditure in the luteal phase compared with follicular 
phase  (Bisdee, James, & Shaw, 1989; Hessemer & Bruck, 
1985; Horvath & Drinkwater, 1982; Howe, Rumpler, & Seale, 
1993; Meijer, Westerterp, Saris, & Hoor, 1992; Webb, 1986). 
On the other hand, some studies failed to detect differences in 
energy expenditure during the daytime (Bisdee et al., 1989; 
Bittel & Henane, 1975; Frascarolo, Schutz, & Jéquier, 1990; 
Howe et al., 1993; Stephenson & Kolka, 1985), except one 
study (Solomon, Kurzer, & Calloway, 1982). Inconsistency 
in the effect of menstrual cycle on energy metabolism during 
the daytime is likely due to the effects of meal and physi-
cal activity on energy metabolism, the so-called “masking 
effect”, which is essentially absent during sleep. Thus, the 
luteal-phase rise in core body temperature and energy expen-
diture was consistently observed during sleep.

Association of body temperature and energy expen-
diture has been pointed out since the earliest days of 
indirect calorimetry. From basal metabolic rate of patho-
logical conditions such as typhoid, malaria, erysipelas, 
etc., DuBois derived that a 1°C increase in temperature is 
associated with about a 13% increase in metabolic rate (Du 
Bois, 1921). The increase in energy expenditure at higher 
body temperature is plausible, since higher temperature 
stimulates metabolism manifested as Q10 effect, a param-
eter to measure the temperature dependence of a chemical 
reaction. In majority of the cases, Q10 of biological reac-
tions lies between 2.0 and 3.0, the rate of chemical reac-
tion becomes 7-12% faster when the temperature rises by 
1°C  (Hochachka & Somero, 1984). It remains unknown, 
however, whether the increase in body temperature in the 
luteal phase is plausible to explain the magnitude of the 
increase in energy expenditure.

With regard to heat loss, distal skin regions are considered 
the major sites as they are rich in arteriovenous anastomoses 
which regulate skin blood flow (Bergersen, 1993). Opening 
of arteriovenous anastomoses selectively increases the flow 
of warm blood to distal cutaneous vascular beds, which is 
monitored as distal minus proximal skin temperature gradi-
ent (DPG) (Kräuchi, Cajochen, Möri, Hetsch, & Wirz-Justice, 
1997; Kräuchi et al., 2014) and provides a valuable measure 
for internal heat conduction. An excellent correlation between 
skin temperature gradient and fingertip blood flow has been 
reported (Rubinstein & Sessler, 1990). Body heat loss in the 
evening via an elevated distal skin temperature is the crucial 
thermoregulatory function for induction of sleepiness and 
sleep (Kräuchi & Wirz-Justice, 2001). Decreased skin blood 
flow and thermal conductance in the luteal phase were ob-
served in one study (Frascarolo et al., 1990) but not in other 
studies (Kräuchi et al., 2014; Shechter et al., 2011). However, 
these studies did not focus on heat dissipation when it rapidly 
changes in the evening.

During sleep, the effect of menstrual cycle on body tem-
perature become larger, and masking effects of meal and 
physical activity on energy expenditure become smaller. The 
aim of this study was to assess the impact of menstrual cycle 
on energy metabolism and thermoregulation during sleep. 
Energy expenditure and DPG was measured to assess heat 
production and heat loss, respectively. To examine the plausi-
ble causal relation between body temperature and energy me-
tabolism, temperature dependence of energy expenditure was 
compared with metabolic cost of fever (Du Bois, 1921) and 
Q10 of biological reactions (Hochachka & Somero, 1984).

2  |   METHODS

2.1  |  Subjects

All subjects were recruited by advertisements. Inclusion crite-
ria were as follows: healthy female aged 18–25 years old with 
a regular menstrual cycle, standard body size (BMI < 25 kg/
m2), had no subjective sleep complaints, had not been diag-
nosed with sleep apnea syndrome, no sleeping pills, no shift 
work or transmeridian travel within 1 month before the study, 
no exercise habit more than two times a week for the past 
6 months, no drinking habit more than three times a week, 
and no smoking habit. Nine female subjects, who fulfilled 
inclusion criteria, participated in the study. The study con-
cepts were explained to all the subjects, who provided signed 
informed consent. The ethics committee of the University of 
Tsukuba (Ref No., Tai 29–29) approved this study.

2.2  |  Protocol

Sleeping energy metabolism was measured in the follicular 
and luteal phase, and the two trials were conducted with a 
randomized repeated-measures design. Subjects notified the 
investigators when the menses started, and this was consid-
ered day 1 of the menstrual cycle. Measurement was carried 
out between day 9 to day 13 of their menstrual cycle for the 
follicular phase (10.4 ± 1.2 days), and day 21 to day 24 for 
luteal phase (22.7 ± 0.9 days). None of the subjects had a 
history of taking contraceptive pills.

One week before the experiment, subjects kept a regular 
sleep/wake schedule of eight hours sleep duration, which was 
subsequently confirmed by Actigraph recording. Subjects were 
also instructed to refrain from beverages containing caffeine 
and alcohol for 3 days before the experiments. To get used to the 
polysomnographic (PSG) recording system and the whole room 
indirect calorimetry, the experiment was preceded by an adap-
tation night in the metabolic chamber a few days in advance.

On the day of the experiment, the subjects ate dinner 5 hr 
before habitual bed time. After wearing all the sensors and 
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voiding urine, the subjects entered the whole room indirect cal-
orimeter, in which subjects were instructed to maintain a sitting 
posture until their habitual bed time (23:00-24:00 hr), and slept 
for 8 hr.

Urine samples collected during the indirect calorimetry 
were saved for measuring urinary nitrogen excretion. The 
body composition was measured using the bioimpedance 
method (BC-118E, TANITA Co., Tokyo, Japan) after the 
subjects exited the whole room indirect calorimeter.

Chronotype and habitual sleep quality of all the sub-
jects were assessed by the Morningness–Eveningness 
Questionnaire (MEQ)  (Horne & Ostberg, 1976) and the 
Pittsburgh Sleep Quality Index (PSQI)  (Buysse, Reynolds, 
Monk, Berman, & Kupfer, 1989), respectively.

2.3  |  Sleep recording

Sleep was recorded polysomnographically (PSG-1100, Nihon 
Kohden, Tokyo, Japan). Six electroencephalogram (EEG) 
(F3/M2, F4/M1, C3/M2, C4/M1, O1/M2, and O2/M1), two 
electro-oculograms, and one submental electromyogram were 
recorded. Assessments of eye movement by electrooculogram 
and muscle tone by submental electromyogram were used to 
identify sleep onset and rapid eye movement sleep (stage R). 
The records were scored every 30  s to stage N1, stage N2, 
stage N3, and stage R. Wake after sleep onset was also re-
corded according to the standard criteria (Berry et al., 2016). 
Sleep onset latency was determined by the length of time that 
it took to fall asleep after lights out and classified as stage W. 
The fast Fourier transform was conducted on the recorded 
EEG by 5 s to obtain a frequency resolution of 0.2 Hz as previ-
ously described (Park et al., 2017). The power content of the 
delta band (0.75–4.00 Hz) for each 30 s epoch of sleep in μV2 
was reported.

2.4  |  Energy metabolism

Indirect calorimetry was performed with a room-size in-
direct calorimeter (Fuji Medical Science Co., Ltd., Chiba, 
Japan). The calorimeter room measures the size with 
2.00 m × 3.45 m × 2.10 m, having an internal volume of 14.49 
m3. The chamber is furnished with an adjustable hospital bed, 
desk, chair, washing basin, and toilet. The air flow in the cham-
ber was ventilated at a rate of 80 L/min. The temperature and 
relative humidity of the chamber were controlled and maintain 
with 25.0 ± 0.5°C and 55.0 ± 3.0%, respectively. Concentrations 
of oxygen (O2) and carbon dioxide (CO2) in the chamber were 
measured by online process mass spectrometry (VG Prima 
δB, Thermo Electron Co., Winsford, UK). Precision of mass 
spectrometry, defined as the standard deviation for continuous 
measurement of calibration gas mixture (O2 15%, CO2 5%), 

was < 0.002% for O2 and CO2. Hourly average of O2 consump-
tion (VO2) and CO2 production (VCO2) rates were calculated 
using algorithm for improved transient response  (Tokuyama, 
Ogata, Katayose, & Satoh, 2009).

Energy expenditure and macronutrient oxidation were 
calculated from VO2, VCO2, and urinary nitrogen excre-
tion  (Ferrannini, 1988). Rate of urinary nitrogen excretion 
(N), an index of protein catabolism, was assumed to be con-
stant during the calorimetry. Respiratory quotient (RQ) was 
defined as a ratio of VCO2 to VO2.

2.5  |  Thermometry

Core body temperature was continuously recorded using an in-
gestible core body temperature sensor that wirelessly transmits 
core body temperature to the recorder (CorTemp, HQ Inc, FL, 
USA). The sensor is accurate to ± 0.1°C, which was calibrated 
using hot water before use and swallowed 4 hr before bedtime.

Skin temperatures were continuously monitored at eight 
sites: midforehead, 1 cm above the navel (stomach), right in-
fraclavicular area, midthigh on the right musculus rectus fem-
oris, the center of the middle back of the left and right hand 
(later averaged) and middle of the left and right foot instep 
(later averaged). Thermistor probes (ITP082-24, Nikkiso-
Thermo Co., Tokyo, Japan) connected to data logger (N543, 
Nikkiso-Thermo Co.) were fixed to the skin with thin air-per-
meable adhesive surgical tape (Transpore Surgical Tape, 
3M Science, Tokyo, Japan). Skin temperatures were divided 
into proximal and distal. The average proximal temperature 
was calculated by the equation; 0.093 forehead  +  0.347 
thigh + 0.266 infraclavicular area + 0.294 stomach. The aver-
age distal temperature was calculated from the mean of both 
hands and feet. The difference between distal and proximal 
skin temperatures was calculated as DPG  (Kräuchi et al., 
2014).

2.6  |  Q10 effect

The temperature dependence of energy expenditure was pre-
sented as Q10 = (R2/R1) 

[l0/(T2-Tl)], in which R1 and R2 were en-
ergy expenditure and T1 and T2 were body temperature in the 
follicular and luteal phase, respectively  (Bennett, 1984).

2.7  |  Assay

Estrogen and progesterone in urine were measured by RIA 
(LSI Medience Corporation, Tokyo, Japan) and fluorescence 
enzyme immunoassay (PROG III, Tosoh Bioscience, Inc., 
San Francisco), respectively. Urinary nitrogen was measured 
using the Kjeldahl method.



4 of 10  |      ZHANG et al.

2.8  |  Statistics

Data in the text and figures were given as means ± SD of the 
experimental condition. To compare time course of energy 
metabolism and body temperature between the follicular and 
luteal phase, two-way repeated measures analysis of variance 
(ANOVA) with post hoc pair-wise comparisons using the 
Bonferroni correction was performed. Differences in sleep ar-
chitecture between the follicular and luteal phase was analyzed 
using a paired t-test. Statistical analysis was performed using 
SPSS statistical software (Version 26.0, SPSS Japan, Tokyo, 
Japan), with the level of statistical significance set at 5%.

3  |   RESULTS

Physical characteristics, chronotype and habitual sleep qual-
ity of the subjects are shown in Table 1. Urinary excretion 
of estrogen and progesterone were higher in the luteal phase 
compared with those in the follicular phase (Table 2). Sleep 
architecture was comparable between the follicular and luteal 
phase (Figure 1, Table 3). Delta EEG power, which has been 
viewed as a measure of intensity of non-REM sleep, gradu-
ally declined during the night (Figure 2). Effect of phase of 
menstrual cycle and interaction between time and menstrual 
cycle in delta EEG power were not statistically significant.

Core body temperature was significantly higher in the 
luteal phase compared to that in the follicular phase. There 
was a significant effect of time in core body temperature, 
but interaction between the time and phase of menstrual 
cycle was not statistically significant (Figure 3). Proximal 
skin temperature in the luteal phase was higher than that 
in the follicular phase, and there was a significant effect 
of time. Main effect of menstrual cycle on distal skin 

temperature was not statistically significant, but effect of 
time and interaction of time and menstrual cycle were sig-
nificant. During the 4th hour of sleep, distal skin tempera-
ture in the luteal phase was significantly higher than that in 
the follicular phase. Gradient between distal and proximal 
skin temperature in the luteal phase was larger than that in 
the follicular phase. It was significantly larger during the 
first 2 hr of sleep in the luteal phase compared to that in 
the follicular phase. There was a significant effect of time 
in DPG; the temperature gradient decreased with the lapse 
of sleep time.

T A B L E  1   Characteristics of the study population

Age, years 23.3 ± 1.1

Body weight, kg 53.9 ± 9.3

Height, cm 161.8 ± 5.5

MEQ 48.5 ± 5.5

PSQI 5.6 ± 2.3

Values are means ± SD.

T A B L E  2   Urinary excretion of steroid hormones*

  Follicular Luteal p-value

Estrogen, ng/10 hr 6,798 ± 3,748 15,922 ± 6,655 0.001

Progesterone, 
ng/10 hr

1,277 ± 340 2,127 ± 932 0.015

Note: Values are means ± SD.
*Excretion during the 10 hr of indirect calorimetry. 

F I G U R E  1   Cumulative display of sleep architecture in nine 
subjects. The percentage of subjects in each sleep stage was shown; 
stage W (black), stage N1 (gray), stage N2 (light blue), stage N3 
(blue), and stage R (red)
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T A B L E  3   Sleep architecture

  Follicular Luteal

Total bedtime, min 480 480

Total sleep time, min 451 ± 27 451 ± 25

Wakefulness, min 19 ± 20 21 ± 24

Sleep latency, min 11 ± 14 8 ± 10

Sleep efficiency, % 95 ± 6 94 ± 5

Stage 1, min 42 ± 28 46 ± 28

Stage 2, min 240 ± 42 230 ± 29

SWS, min 92 ± 27 96 ± 31

REM sleep, min 77 ± 15 79 ± 19

REM sleep latency, min 108 ± 36 108 ± 35

SWS latency, min 26 ± 17 25 ± 17

Note: Values are means ± SD.
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Energy expenditure showed a significant effect of time 
and it was significantly higher in the luteal phase compared 
to that in the follicular phase. Interaction between time and 
phase of menstrual cycle in energy expenditure was not sta-
tistically significant (Figure 4). From the differences in the 
average body temperature (+0.27°C) and energy expenditure 
(+6.9%) between the follicular and luteal phase, Q10 was es-
timated as 12.4 (Figure 5).

Respiratory quotient was significantly higher in the lu-
teal phase than that in the follicular phase. Effect of time 
was significant but interaction between time and phase of 
menstrual cycle in RQ was not significant. Differences in 
RQ between the follicular and luteal phase was significantly 
correlated with differences in urinary excretion of proges-
terone (r2 = 0.416) but not correlated with that of estrogen 
(r2 = 0.079). Carbohydrate oxidation was significantly higher 
in the luteal phase than in the follicular phase. Effect of time 
was significant but interaction between time and phase of 
menstrual cycle in carbohydrate was not significant. Fat ox-
idation showed significant effect of time, but the effect of 
phase of menstrual cycle or interaction between time and 
phase of menstrual cycle was not statistically significant.

4  |   DISCUSSION

This study confirmed a nocturnal increase in core body tem-
perature in the luteal phase compared with follicular phase. 
Luteal-phase rise in core body temperature was accompanied 
with elevated heat production and suppressed heat loss dur-
ing sleep.

To address causal relation between the increased energy 
expenditure and core body temperature in the luteal phase, 
this study compared the magnitude of the increase in core 
body temperature and energy expenditure, that is, heat pro-
duction. An association of body temperature and energy ex-
penditure was reported in 1921 from indirect calorimetry of 

patients having a fever without shivering such as typhoid, 
pulmonary tuberculosis and malaria. DuBois derived that a 
1°C increase in body temperature is associated with about 
a 13% increase in metabolic rate  (Du Bois, 1921), and at-
tributed the increase in energy expenditure to Q10 effect. 
Compared to the follicular phase, average body temperature 
(+0.27°C) and energy expenditure during sleep (+6.9%) 
was significantly higher, and the association between body 

F I G U R E  2   Time course of delta EEG power during sleep 
in the follicular and luteal phase. Hourly average ± SD was shown 
for follicular (gray) and luteal phase (black). p values of two-way 
ANOVA were shown as pg for the main effect of menstrual cycle, pt 
for the main effect of time and pi for the interaction, respectively
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temperature and metabolic rate (26.0% per °C) was some-
what higher than that reported in patients having a fever (13% 
per °C). Temperature coefficient (Q10) derived from a 0.27°C 
increase in body temperature and a 6.9% increase in energy 
expenditure was 12.4, which was higher than the temperature 
dependency of chemical reaction rate at 2.0-3.0 (Hochachka 
& Somero, 1984). The present data indicate that the increase 
in energy expenditure in the luteal phase is not attributable 
solely to the increase in body temperature, and energy expen-
diture is enhanced through the mechanisms, dependent and 
independent of rise in body temperature in the luteal phase.

Circulating ovarian hormones change across the men-
strual cycle, which affect a wide range of physiologic 

functions. The increase in urinary excretion of estrogen and 
progesterone in the luteal phase was confirmed in this study. 
The increase in energy expenditure in the luteal phase has 
been proposed as a result, at least in part, of an increase in 
progesterone secretion  (Howe et al., 1993; Solomon et al., 
1982; Webb, 1986). In studies where increases in energy ex-
penditure were registered, a concomitant increase in proges-
terone or its metabolic products in urine was observed (Howe 
et al., 1993; Webb, 1986). Energy expenditure during sleep 
was correlated with progesterone concentration level in the 
blood, while there was no significant association between 
energy expenditure and estradiol  (Howe et al., 1993). The 
use of oral contraceptive agents, a combination of proges-
terone and estradiol analogue increased the basal metabolic 
rate (Diffey, Piers, Soares, & O'Dea, 1997). Treatment with 
depot-medroxyprogesterone acetate, a potent progestin with 
a nuclear receptor-binding affinity of at least twice that of 
progesterone, increased the resting metabolic rate and body 
temperature  (Steward, Bateman, Slentz, Stanczyk, & Price, 
2016).

Heat loss occurs through the entire body surface, but changes 
in the peripheral skin temperature in the evening are larger than 
those of the proximal skin temperature. Decrease in core body 
temperature prior to sleep is accompanied with an increasing 
distal skin temperature and a reduction in DPG  (Cajochen  
et al., 2005; Kräuchi & Wirz-Justice, 2001) . Progesterone, which 
has been shown to be hyperthermic in women (Charkoudian  
& Stachenfeld, 2016; Charloudian & Stachenfeld, 2014), shifts 
the onset of the reflex cutaneous vasodilator response to a 
higher core body temperature, while estrogen may have op-
posite effects  (Charloudian & Stachenfeld, 2014). Decreased 
skin blood flow and thermal conductance were observed in 
the luteal phase (Frascarolo et al., 1990). Consistent with this 
notion, heat dissipation assessed by DPG in this study was 

F I G U R E  4   Energy expenditure, respiratory quotient, 
carbohydrate oxidation, and fat oxidation. Hourly average ± SD was 
shown for follicular (gray) and luteal phase (black). Gray bar at the 
bottom indicates sleep period. p-values of two-way ANOVA were 
shown as pg for the main effect of menstrual cycle, pt for the main 
effect of time and pi for the interaction, respectively

0.0 

0.2 

0.4 

0.6 

0.8 

C
ar

bo
hy

dr
at

e 
ox

id
at

io
n(

kc
al

/m
in

)

0.7 

0.8 

0.9 

1.0 

R
es

pi
ra

to
ry

 q
uo

ti
en

t

0.5 

0.7 

0.9 

1.1 

1.3 

1.5 
E

ne
rg

y 
ex

pe
nd

it
ur

e(
kc

al
/m

in
) Follicular Luteal

0.0 

0.2 

0.4 

0.6 

0.8 

–1 0 1 2 3 4 5 6 7 8 F
at

 o
xi

da
ti

on
(k

ca
l/m

in
)

Sleep

Pg = 0.033, Pt < 0.001, Pi = 0.382

Pg = 0.024, Pt < 0.001, Pi = 0.475

Pg = 0.007, Pt < 0.001, Pi = 0.519

Pg = 0.367, Pt < 0.001, Pi = 0.495

Time (hour)

F I G U R E  5   Association between body temperature and energy 
expenditure during sleep. Averages ± SD of 9 subjects was shown for 
follicular (□) and luteal phase (◼), respectively. Individual data were 
also presented for follicular(◯) and luteal phase(●), respectively

Core body temperature ( )

E
ne

rg
y 

ex
pe

nd
itu

re
 (

kc
al

/m
in

)

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

36.0 36.2 36.4 36.6 36.8 37.0 37.2 



      |  7 of 10ZHANG et al.

downregulated in the luteal phase, particularly during the first 
2 hr of sleep, when nocturnal melatonin secretion occurs. A 
major component of the nocturnal decline of the core body 
temperature in males and the follicular phase in females is due 
to the hypothermic effects of melatonin  (Cagnacci, Soldani, 
& Yen, 1993; Strassman, Qualls, Lisansky, & Peake, 1991). 
Daytime administration of exogenous melatonin increased pe-
ripheral skin temperature and decreased core body temperature 
of follicular phase female, but the response to melatonin was 
not observed in the luteal phase (Cagnacci, Soldani, Laughlin, 
& Yen,1996; Cagnacci, Soldani, Romagnolo, & Yen, 1994). 
The possible mechanism of progesterone to suppress hypother-
mic effects of melatonin  (Cagnacci et al.,1996) is consistent 
with the lack of effect of menstrual cycle on the average of 
DPG over 24 hr (Kräuchi et al., 2014; Shechter et al., 2011). In 
addition to suppressing hypothermic effects of melatonin, a di-
rect influence of progesterone on the thermoregulatory center 
in the hypothalamus  (Charloudian & Stachenfeld, 2014) and 
BAT activity (Quarta, Mazza, Pasquali, & Pagotto, 2012) has 
been postulated.

It is obvious that an increase in heat production enhances 
body temperature. The accumulated increase in energy expen-
diture over 8 hr of sleep in the luteal phase above the follicu-
lar phase (+27.4 kcal) was sufficient to raise body temperature 
by 0.27°C in a 54 kg female (15 kcal). Plausible causal relation 
among the ovarian steroids, thermoregulation and energy metab-
olism is as follows; elevated progesterone level suppresses heat 
dissipation to increase core body temperature, and the increase 
in core body temperature enhances energy expenditure by a 
magnitude of which can be explained by Q10 effect. In addition, 
changes in ovarian hormones, probably progesterone, stimulate 
energy expenditure independent of the luteal phase rise in body 
temperature. Conversely, the extra heat produced by enhanced 
energy expenditure further increases core body temperature.

Carbohydrate store is an important determinant of volun-
tary food intake  (Flatt, 1987; Stubbs, Harbron, Murgatroyd, 
& Prentice, 1995). One previous study (Melanson, Saltzman, 
Russell, & Roberts, 1996) examined the hypothesis that de-
creased carbohydrate storage, caused by decreased fat oxida-
tion and increased carbohydrate oxidation, is an underlaying 
mechanism of luteal phase hyperphagia (Buffenstein, Poppitt, 
McDevitt, & Prentice, 1995). The previous study, which as-
sessed the resting metabolic rate, did not detect differences 
in substrate oxidation and RQ. On the other hand, this study 
could detect an increase in carbohydrate oxidation during sleep 
in the luteal phase. It is of note that reproducibility of energy 
expenditure during sleep is higher than that of the resting met-
abolic rate (Schoffelen & Plasqui, 2018).

Menopause reduced fat oxidation  (Santosa & Jensen, 
2013), and estrogen therapy over a 12-month period in-
creased fat oxidation (dos Reis, de Melo, Meirelles, Vezozzo, 
& Halpern 2003). In animal experiments, carbohydrate ox-
idation is reduced by estrogen supplementation  (Kendrick, 

Steffen, Rumsey, & Goldberg 1987; Rooney et al., 1993). 
Thus, the increased RQ during the luteal phase in this study 
is unlikely due to a higher level of estrogen. Although the 
effect of progesterone on substrate oxidation has not been 
well described in the literature, correlated changes in RQ and 
urinary excretion of progesterone during the menstrual cycle 
suggests a role of progesterone to shift the oxidized substrate 
from fat to carbohydrate.

An increase in the circulating level of melatonin (Cain et al., 
2010) and heat loss precede sleep onset  (Kräuchi, Cajochen, 
& Wirz-Justice, 2005). A rapid decline in core body tempera-
ture associated with peripheral heat loss increased the likeli-
hood of sleep initiation and facilitates entry into the deeper 
sleep stage (Campbell & Broughton, 1994; Kräuchi, Cajochen, 
Werth, & Wirz-Justice, 1999; Zulley, Wever, & Aschoff, 1981), 
and sleep onset evokes a further decrease in core body tempera-
ture  (Barrett, Lack, & Morris, 1993). Despite the differences 
in thermoregulation, sleep architecture was similar between 
the follicular and luteal phase in the present study. Although 
some studies have found that rapid eye movement (REM) sleep 
has an earlier onset, and the percentage of REM sleep tends 
to decrease in the luteal phase (Baker, Driver, Paiker, Rogers, 
& Mitchell, 2002; Baker, Driver, Rogers, Paiker, & Mitchell, 
1999; Baker et al., 2001; Driver, Dijk, Werth, Biedermann, & 
Borbély, 1996; Lee, McEnany, & Zaffke, 2000; Lee, Shaver, 
Giblin, & Woods, 1990; Parry et al., 1999), sleep homeosta-
sis is maintained across the menstrual cycle; percentages of 
slow wave sleep (SWS), sleep continuity and sleep efficiency 
remain stable at different phase of menstrual cycling  (Baker  
et al., 2001; Driver et al., 1996; Dzaja et al., 2005; Moline, 
Broch, Zak, & Gross, 2003). Energy expenditure during sleep is 
related to sleep stages (Kayaba et al., 2017), and thermoregula-
tory response is suppressed during REM sleep (Bach, Telliez, & 
Libert, 2002). In this study, there was no significant difference 
in sleep architecture between the follicular and luteal phase, 
suggesting that differences in energy expenditure and thermo-
regulation between the follicular and luteal phase is not a con-
sequence of the effect of menstrual cycle on sleep architecture.

The following summarizes the key limitations in our study. 
Dietary intake has a significant impact on energy metabolism. 
While subjects limited tea, coffee, alcohol, and vigorous exer-
cise 24 hr prior to the measurement, the precalorimetry feed-
ing was not standardized. Cyclical fluctuations in food intake  
occur in women across the menstrual cycle  (Buffenstein  
et al., 1995). Possibility that hyperphagia stimulates energy ex-
penditure in the luteal phase remained to be evaluated. Causal 
relations between body temperature and energy expenditure 
during the daytime may be different from that during sleep. 
This study assessed energy metabolism and thermoregulation 
from immediately preceding and throughout the entirety of 
the sleeping period. To obtain the whole picture of association 
among heat production, heat dissipation, and core body tem-
perature, evaluation over 24 hr is warranted.
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5  |   CONCLUSIONS

Core temperature was found to be elevated by an average 
of ~ 0.27°C across the night in midluteal relative to the late 
follicular phase, in conjunction with  ~  6.9% elevation in 
metabolic rate, but the Q10 effect per se was only a minor 
contributor. Difference in energy expenditure in the follicular 
and luteal phase presumably reflects other effects of the sex 
hormones.
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