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Abstract

Inter-individual differences in body temperature and resting metabolic rate (RMR), during comfortable temperature
and mild cold were studied. Sleeping metabolic rate (SMR) was measured overnight at 221C and RMR the following
morning at 221C and at 161C. Intestinal, rectal and skin temperatures were measured as well as the electromyography

(EMG). The SMR and the RMR corrected for body composition were significantly related (po0:001; r2 ¼ 0:57) which
means that individual levels of energy expenditure during the night remained during the day. At 161C, the RMR
increased without increase of EMG activity, indicating non-shivering thermogenesis. Gender differences exist for
intestinal, rectal, pectoralis and hand temperature ( po0:05). r 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Inter-individual differences in resting metabolic rate
(RMR) can, to a large extent be explained by body
composition (fat free mass (FFM) and fat mass (FM)).
However, the RMR adjusted for these covariates is still

subject to significant inter-individual variation (Bogar-
dus et al., 1986; Ravussin and Bogardus, 1989). These
differences in metabolic rate may be genetically deter-

mined and can have important health implications.
People with low metabolic rates have a higher risk of
weight gain.

Studies in animals and humans have shown that the
differences in metabolic rate are related to differences in
body temperature. In a study on the relation between

aerobic power and RMR in women, oral body
temperature correlated with RMR (kJ kg fat free
mass�1 h�1) (Smith et al., 1997). Another study showed
that in Pima Indians, the metabolic rate adjusted for

body composition was related to body temperature
(Rising et al., 1992).

Twenty-four hour energy expenditure was found to be
higher at mild cold compared to a comfortable environ-
mental temperature. However, there is a controversy in
results on the separate components of 24 h energy

expenditure (e.g. RMR, dietary induced thermogenesis,
activity induced energy expenditure) (Dauncey, 1981;
Valencia et al., 1992). Additionally, we found that the

average daily metabolic rate (ADMR) corrected for
body composition, correlates with core temperature and
that metabolic rate responds to changes in ambient

temperature (van Marken Lichtenbelt et al., 2000).
Moreover, experiments on short-term exposure to cold
(i.e. several hours or less) describe an increase in energy

expenditure, the discussion in this case is whether or not
non-shivering thermogenesis contributes to the process
(Paolone and Paolone, 1995; Huttunen et al., 2000;
Vybiral et al., 2000).

The aim of this study was to determine the magnitude
of inter-individual and gender differences in body
temperature (BT) and RMR, during comfortable

temperature and mild cold. The second goal was to
study the relation between BT and RMR and the change
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of BT and RMR in response to a decrease in ambient
temperature.

2. Materials and methods

2.1. Design

Subjects visited the university building for an over-
night stay and the following morning to conduct the

experiment. Body composition was determined on a
separate visit within one week of the experiment. During
the overnight stay at 221C, sleeping metabolic rate

(SMR) and intestinal temperature were measured.
During sleep, subjects were covered with a duvet
(375 g/m2). In the morning, RMR, intestinal, rectal

and skin temperatures were measured for 1 h at 221C
followed by three hours at 161C. The data were averaged
over the second half hour at 221C and over the second

and the last half hour at 161C. Subjects were lying supine
on a stretcher. Clothing had an isolative value of 0.71 clo
(Icl ¼ 0:109m2

1C/W) and consisted of sweatpants
(0.28 clo), a sweater (0.37 clo), socks (0.02 clo) and

panties and bra for women and briefs for men
(0.04 clo). The face, hands and ankles were exposed
directly to the mild cold.

2.2. Subjects

Subjects were 13 women and 12 men age, 19–36 years,

BMI 17–30 kg/m2, non-smoking and non-medicated
(Table 1).

Detailed information concerning purpose and meth-
ods used in the study was provided before written

consent was obtained. The Ethics Committee of
Maastricht University approved the study.

2.3. Measurements

Body composition was determined using underwater-
weighing and calculated according to Siri (1956). During

the night O2 consumption and CO2 production were

measured in a 14m3 respiration chamber as previously
described (Schoffelen et al., 1997). During the morning

tests, O2 consumption and CO2 production were
measured with an automated respiratory gas analyser
using a ventilated hood system (Omnical, Maastricht

University, The Netherlands). Gas analysers were
calibrated previous to the experiments. Energy expendi-
ture was calculated from these data according to Weir
(1990).

The SMR was defined as the average metabolic rate
during at least 3 h of sleep with the lowest activity
according to radar. The RMR was defined as the

metabolic rate, lying still and awake.
Intestinal temperature was measured by an ingestible

telemetry pill (CorTemp, Human Technologies, Inc., St

Petersburg, FL) which was ingested before entering the
respiration chamber (O’Brien et al., 1998). Rectal
temperature was measured by a thermistor-probe (YSI

probes, series 402, Yellow Springs Instruments Co. Ltd.,
OH, USA) inserted to a depth of 10 cm. Skin
temperatures were measured by suface-thermistors
(YSI probes, series 409B, Yellow Springs Instruments

Co. Ltd., OH, USA) placed at the back of the hand,
upperarm, m. pectoralis, abdomen located at the liver, at
the back located at the liver, thigh, calf, foot and one

sensor placed above the clothing located at the liver.
Temperatures were measured at 1-min intervals. Skin
temperature was calculated according to Ramanathan

(1964). Proximal temperature was calculated, averaging
temperatures measured at the upper arm, chest located
at the m.pectoralis major, abdomen located at the liver,
back located at the liver and thigh. Distal temperature

was calculated, averaging temperatures measured at the
hand and foot. Temperature gradients were calculated
between core and skin, skin and ambient temperature

and between proximal and distal skin temperature. The
possible onset of shivering was detected using electro-
myography (EMG) (K-lab, Amsterdam, The Nether-

lands) at the m. pectoralis major (Bell et al., 1992;
Tikuisis et al., 1991).

2.4. Analyses

Data are reported as means7SD. For intra-individual
differences in body temperatures between the two
ambient temperatures and for inter-individual differ-
ences between genders, respectively paired and unpaired

t-tests were used. Regression analysis was used to study
the relation between energy expenditure and body
temperature. Residuals of SMR and RMR were

calculated as the difference between the measured and
predicted values of energy expenditure. Calculation of
predicted values of SMR and RMR was based on

multiple regression analysis including FFM and FM.
Analysis of covariance (ANCOVA) was used to

Table 1

Subject characteristics

Mean Males Females

n ¼ 25 n ¼ 12 n ¼ 13

Age (yr) 2675 2776 2573

Heighta (m) 1.7570.09 1.8370.04 1.6770.06

Weighta (kg) 70.4714.4 79.4714.4 62.278.4

BMI (kg/m2) 22.973.3 23.873.9 22.272.6

FMa (%) 2279 1678 2777

apo0:01 between males and females.
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compare energy expenditure corrected for FFM. Level
of significance was set at a ¼ 0:05:

3. Results

3.1. Energy expenditure

Absolute values of both SMR and RMR could be
explained by FFM for more than 85% (SMR r2 ¼ 0:86;
RMR r2 ¼ 0:85). Including FM or gender did not result

in a significant increase of explained variation, never-
theless, for comparability with other studies, FM was
included in multiple linear regression analyses for
calculations of residuals. Women had a lower SMR,

RMR and FFM than men. After adjustment for body
composition, no significant gender differences in
SMR and RMR were found. Residuals of SMR were

related to residuals in RMR (po0:001; r2 ¼ 0:57)
(Fig. 1). This means that individual levels of energy
expenditure during the night remained during

the day.
In the first hour at 161C, RMR increased on average

by 5% compared to 221C (po0:05) (Fig. 2). Although
the difference was smaller than during the first hour at

161C, during the last hour at 161C, the RMR remained
significantly elevated compared to 221C. During the
161C test, no possible onset of shivering was registered

by EMG and the subjects reported no sensation of
shivering.

3.2. Temperature

Intestinal temperature was not significantly different

from rectal temperature in this study. Intestinal, rectal
and m. pectoralis temperatures were higher in women
compared to men ( po0:01; po0:01; po0:05; respec-

tively) (Table 2). Skin temperature measured at the back
was slightly higher in women compared to men and
hand temperature was slightly lower, but the difference

was only significant during the last 2 h at 161C
( po0:05). No gender differences were found in the
remaining skin temperatures (i.e. upper arm, liver,
clothing, thigh, calf, foot). In spite of gender differences

in skin temperature at specific sites, the average of
proximal or distal skin temperatures was not signifi-
cantly different and neither was average skin tempera-

ture.
No significant change of intestinal or rectal tempera-

ture was measured when ambient temperature decreased

(Table 2). All skin temperatures decreased after the
decrease in ambient temperature ( po0:001). The
temperature decrease was larger as the distance from

the location to the core was larger. The increase in
temperature gradient between intestinal and distal
temperature was significantly larger than the increase
in temperature gradient between intestinal and proximal

temperature from 221C to 161C ( po0:001). Gradients

Fig. 1. Residuals of resting metabolic rate and FFM and FM

versus residuals of sleeping metabolic rate and FFM and FM

(r2 ¼ 0:59; po0:001).

Fig. 2. Resting metabolic rate versus FFM at 221C and 161C.

RMR at 221C (kJ/min)=0.062FFM (kg)+1.353 (r2 ¼ 0:85;
po0:001). RMR at 161C (kJ/min)=0.060FFM (kg)+1.737

(r2 ¼ 0:71; po0:001). The RMR was significantly higher at an

ambient temperature of 161C compared to 221C (D5%, po0:05;
ANCOVA) The slopes of the lines are comparable (p > 0:75;
ANCOVA).
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between proximal and distal temperature were signifi-
cantly higher in women compared to men during the last
2 h at 161C ( po0:05). Although temperature gradients
between core and skin and between skin and environ-

ment were slightly smaller in women, no significant
gender differences were found (Table 2). All calculated
gradients increased significantly after the decrease in

ambient temperature ( po0:001) for both women and
men separately as for the complete group. The increase
in temperature gradient between skin and environment

was significantly smaller in women during the first hour
at 161C ( po0:05). After including both gender and body
fat percentage in multiple regression analysis, gender
was still a significant explaining variable. Adjusted

means after correcting for body fat percentage were
3.841C and 4.601C for women and men respectively.

3.3. Relation of energy expenditure versus body
temperature

No relationships were found between the calculated
residuals of energy expenditure and body temperatures.

A negative relationship was found between absolute
values of RMR and temperature gradients between core
and skin (r2 ¼ 0:37; po0:001). In search for a relation-

ship between heat production and heat loss, the RMR
was compared with body surface area (BSA) and the
gradient between skin and ambient temperature. Step-
wise regression with RMR as dependent variable and as

independent variables, BSA and the gradient between
skin and ambient temperature, showed a significant
contribution of the temperature gradient in addition to

BSA at 221C and the last hour at161C (respectively
r2¼0:84; r2¼0:70; po0:001). When ambient temperature
decreased from 221C to 161C, both the temperature

gradient at the skin and the RMR increased. However,
these changes were not related.

4. Discussion

Energy expenditure being explained for 85% by FFM
is in concordance with previous literature (Bogardus

et al., 1986; Ravussin and Bogardus, 1989). Earlier
studies indicate individual RMR differences after
correction for body composition (Ravussin and Bogar-

dus, 1989). The relationship between residuals of SMR
and RMR shows that subjects with a relatively high
energy expenditure during the night have a relatively

high energy expenditure during the day which is an
individual characteristic. As no sign of shivering was
reported after the decrease in ambient temperature, the
increase in RMR indicates the existence of non-shivering

thermogenesis during short-term exposure to a mild cold
environment (Vybiral et al., 2000).

Higher intestinal and rectal temperatures in women

compared to men are in agreement with the findings of
Kim et al. (1998). Nine out of 13 female subjects were in
post-ovulative state or using oral contraceptives on the

measurement day, which could explain higher intestinal
and rectal temperatures in women compared to men due
to higher levels of (natural or synthetic) progestins. The

slightly lower hand temperature at an ambient tempera-
ture of 221C was not significant. This means that the
results of Kim et al. (1998) who found a significantly
lower hand temperature in women at room temperature

were not reproduced in this study. The relative high skin
temperatures measured at the back and m. pectoralis
site, in women compared to men could be caused by a

relatively short distance to the core; however, a similar
difference was not found for skin temperature near the
liver.

Glickman-Weiss et al. (1999) found in men with
low and high FM no significant difference in rectal
temperatures caused by a significantly greater aerobic
metabolic rate in the low fat group. In women,

however the high fat group maintained a higher rectal

Table 2

Skin, intestinal and rectal temperatures of men and women at 221C and 161Ca

221C 161C

M F M F

Tintestine 36.770.4 37.370.6** 36.770.5 37.670.5**

Trectum 36.670.2 37.070.3** 36.670.3 37.170.2**

Tpectoralis
b 33.571.2 34.370.5* 32.371.6 33.470.8*

Tback
b 33.770.9 34.270.7 32.971.2 33.770.8

Thand
b 31.672.4 30.372.4 27.573.6 25.072.8

Tskinave

b 32.370.8 32.470.4 30.571.0 30.870.5

Tproximal
b 32.770.7 32.970.4 31.270.8 31.670.5

Tdistal
b 30.571.8 29.671.5 26.172.8 24.971.7

Tskin-amb
b 9.971.1 9.870.7 13.371.6 12.370.8

aNote:*po0:05; ** po0:01 males versus females.
bpo0:01 221C versus 161C (for the complete group as well as for males and females separately).
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temperature than the low fat group that did not have an
accompanying higher RMR. This suggests that women

have a lower capacity to increase the RMR. We found
no significant gender difference in RMR increase.
However, we did find a smaller increase in temperature

gradient between skin and environment in women
compared to men during the first hour at 161C, as
gender was still a significant explaining variable after
correcting for body fat percentage. This indicates a

gender difference in vasoconstriction in response to a
decrease in ambient temperature.

In summary, it appears that individual levels of energy

expenditure during the night remained during the day.
We found an increase in RMR without an increase in
EMG activity in response to a decrease in ambient

temperature, indicating non-shivering thermogenesis.
Further we found gender differences in body tempera-
ture, and in temperature distribution in reaction to a

decrease in ambient temperature indicating a difference
in thermoregulation between genders.
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