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Abstract

A multi-segmental mathematical model of human thermoregulation was tested for its capability to predict
individualized physiological responses. We compared the model predictions obtained for an average person with
measured individual responses of subjects exposed to mild cold. Secondly, body composition (BC) data, the resting
metabolic rate (MR), and the actual measured MR during the test were used as input into the model.

The data was obtained from 20 subjects (age: 19-36 years; BMI: 17-32 kg/m?). BC, MR, rectal and skin temperatures
were measured for 1h at 22 °C, followed by 3h at 15°C.

A mean bias of 1.8 °C, with a standard error of 0.7 °C, resulted for the mean skin temperature of an average person at
15 °C. When subjective BC and measured MR were incorporated the bias was —0.2+0.9 °C. For the hand-back skin
temperature the bias + standard error fell from 5.3+2.8°C for an average person to 2.0+2.5°C, when using
individualized characteristics. Trunk skin temperatures were not significantly affected by the adjustments.

In conclusion, this study shows that on a group level predictions of skin temperatures can be improved when adopting
individualized body characteristics and measured MR, but the predictions on an individual level were not improved.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In daily life humans are frequently exposed to
environmental conditions that deviate from thermo-
neutral conditions. Disturbances from thermo-neutral
conditions can lead to temporal changes in the body
heat content and to adjustments of the thermoregulatory
system. Even under mild environmental conditions,

*Corresponding author. Tel.: +31-43-3881-629; fax: +31-
43-3670-976.
E-mail address: markenlichtenbelt@hb.unimaas.nl
(W.D. van Marken Lichtenbelt).

individuals may differ in their physiological response
(Marken Lichtenbelt et al., 2002; Marken Lichtenbelt et
al., 2001). Inter-individual differences in the thermo-
regulatory responses to severe cold, for instance, have
been linked to age, the composition of the body and the
sex (Kaciuba-Uscilko and Grucza, 2001; Matsumoto
et al., 1999; Van Someren et al., 2002). Under mild cold
conditions comparably little information is available.
Recent research, however seems to indicate that the
body composition (BC) is an important factor (Ooijen
et al., 2004).

Since the 1960s various mathematical models have
been developed to enlarge our understanding of the

0306-4565/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jtherbio.2004.08.081


www.elsevier.com/locate/jtherbio

578 W.D. van Marken Lichtenbelt et al. | Journal of Thermal Biology 29 (2004) 577-581

principles of human thermoregulation (Stolwijk, 1971).
Other heat budget models have been used, for example,
to predict occupant comfort in buildings equipped with
heating and air conditioning systems (Fanger, 1973). A
promising potential application for mathematical mod-
els of human heat transfer and thermal comfort is in the
clinic (e.g. surgery/recovery (Sessler, 2000); accidental
hypothermia; pre-terms (Horn et al., 2002)) and in
health sciences (differences in metabolic efficiency
between subjects groups (Matsumoto et al., 1999)).

Most of the models available today are based on the
work of Stolwijk (1971), who modeled the body as a
composite of several cylinders representing the head, the
corpus, and the upper and lower extremities. Useful
refinements of this model have been implemented,
among others by Wissler and Huizinga (Huizinga
et al., 2001; Wissler, 1985). However, most thermo-
regulary models have been postulated on the basis of a
limited number of experiments and often the authors
have used their own experiments to validate their
models. Fiala et al. (1999) have developed a new model
based on the analysis of a large number of independent
experimental data.

The purpose of this study was to investigate possibi-
lities and potential of the model to also predict inter-
individual differences in human body temperature and
metabolic responses to cold. Firstly, we compared
predictions of the original model for a standard subject
with measured individual responses to mild cold.
Secondly, the model was adopted to incorporate
individualized characteristics (BC data, resting meta-
bolic rate (RMR)) and actual measured metabolic rate
(MR) during the test.

2. Methods
2.1. Measurements

2.1.1. Design

The experiments took place at the end of the summer,
in August and September. The subjects attended the
laboratory for an overnight stay including the following
morning to participate in the experiment. The subjects
were instructed to perform no exercise the day before the
measurement and they were in fasting condition. In the
morning, MR, intestinal, rectal and skin temperatures
were measured for 1 h at an ambient temperature of 22 °C
followed by 3 h during which the subjects were exposed to
15°C. Relative humidity was 50% and ventilation was
0.05m/s. The subjects were lying supine on a stretcher.
The clothing, with an overall insulation of I;=0.71clo
(Rg=0.109 m?°C/W), consisted of sweatpants (0.28 clo), a
sweater (0.37clo), socks (0.02clo) and panties and a bra
for women and briefs for men (0.04clo). In the experi-
ment, the face, hands and ankles were uncovered.

2.1.2. Subjects

Ten male and 10 female subjects between 19 and 36
years of age and BMI ranging from 17 to 32kg/m?
participated in the experiment. Percentage fat was
significantly higher (27+7%) in females compared to
males (16+8%). With respect to thermoregulatory
responses and MR, corrected for fat-free mass, there
were no significant gender differences. The subjects were
non-smokers and were not on medication.

The volunteers were given detailed information
regarding the purpose and the methods used in the
study, before written consent was obtained. The Ethics
Committee of Maastricht University approved the
study.

2.1.3. Methods

BC was calculated using the three-compartment
model according to Siri (1956), using underwater
weighing and deuterium dilution (Westerterp et al.,
1995).

During the morning tests, the O, consumption and
the CO, production were measured by indirect calori-
metry, using a ventilated hood system. MR was
calculated from this data according to Weir (1949).
RMR was defined as the MR in a thermo-neutral
environment, lying still and awake.

Rectal temperature was measured continuously by a
thermistor-probe (YSI probes, series 402, Yellow
Springs Instruments Co. Ltd., Ohio, U.S.A.) inserted
for 10 cm.

Skin temperatures were measured by surface thermis-
tors (YSI probes, series 409B), at the handback, upper
arm, chest at the m. pectoralis, abdomen anterior, back,
thigh anterior, and foot instep. Temperatures were
recorded continuously for 50s out of every minute and
saved every minute.

2.2. Modeling

The model we used was developed to predict human
physiological and perceptual responses in both steady
state and transient conditions (Fiala et al., 1999,2001).
The dynamic model of human thermoregulation consists
of a passive- and active-system model and predicts body
temperatures, regulatory responses and components of
the environmental heat loss in cold stress, cool, neutral,
warm and hot stress conditions. It consists of a passive
heat transfer part and an active thermoregulatory part.
The passive system of the model-—a multi-segmental (14
cylinders in combination with a sphere for the head),
multilayered (4-5 tissue layers per body element)
representation of the human body with spatial subdivi-
sions accounts for phenomena of human heat transfer
within the body and at its surface. Within the body
thermal effects of blood circulation, heat-generation,
-conduction and -accumulation are considered. At the
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surface the effects of convection, radiation, clothing
insulation, skin moisture-evaporation, -diffusion, and -
accumulation are taken into account.

The active system simulates the thermoregulatory
reactions of the central nervous system in response to
changes in the body temperature distribution. The body
can respond by extra heat production (shivering,
metabolic heat production), sweating, and vasomotion.

The thermoregulatory part of model was developed
based on regression analysis using a large number of
published experiments to mimic the ‘average’ human
thermoregulatory behavior.

The passive system represents a standard male subject
with the following characteristics: 73.5kg body weight,
1.71 m height, 14.4% fat, 1.86 m? skin surface area, 6%
wetted skin area ratio, 4.9 L/min cardic output, and
87.1 W basal MR.

The model requires input data on the thermal environ-
ment, the activity level, and the clothing insulation for
which the thermal state of the body will be predicted.

2.3. Model measurement comparisons

Firstly, we compared the predictions obtained for an
average subject with measured individual thermoregu-
latory responses to mild cold, using the standard input
procedures.

Secondly, we included in the model actual measured
MR throughout the cold exposure test, RMR, and/or
BC data (i.e. height, weight and percent body fat).

Table 1

579

We calculated the differences between predictions of
the model with measured results for each individual over
I min periods. These were used to calculate mean
differences and standard deviations (SD). The results
are provided as mean + SD over 30 min. time intervals,
i.e. the last 30 min in comfort (22 °C; 31-60 min) and the
last 30 min (211-240 min) in the cold (15 °C; Table 1).

3. Results

Using the standard modeling procedure differences
between model and measurement are substantial, i.e. up
to 5.3+2.8 °C (handback) during the last 30 min interval
(Table 1). As an example, the deviation between
predicted and measured mean skin temperature is
plotted over time in Fig. 1. Adopting individual
characteristics (RMR and BC) and actual MR in the
model, improved the predictions of skin temperatures to
a notable extent for most body parts. For instance, the
improvement was substantial during the last 30 min in
the cold for mean skin temperature (from 1.8 to
—0.15°C) and the handback temperature (from 5.26 to
1.98°C) (Table 1). Also improved predictions of the
rectal temperature were obtained although the predic-
tions were already within the measurement error. The
SD did not change much. For the skin temperatures the
main improvements achieved were due to the combined
effect of correction for BC and actual measured MR.
The effect of a variable RMR in the model on predicted

Mean temperature difference (°C) and standard deviation between model and measurement for mean skin temperature and at four

body locations

Time Modeling Mean skin Foot anterior Hand posterior Abdomen posterior Rectal

interval

(min) procedure difference  SD difference SD difference  SD difference SD difference  SD
31-60 Standard 0.86 0.59 —1.17 1.53 1.62 2.05 0.52 0.75 0.32 0.33
211-240 1.78 0.67 2.63 1.67 5.26 2.76 —0.57 1.18 —0.13 0.43
31-60 RMR input 0.87 0.58 —1.20 1.53 1.68 2.05 0.53 0.75 0.36 0.32
211-240 1.67 0.66 2.48 1.62 5.13 2.78 —0.55 1.19 —0.02 0.37
31-60 MR input 0.14 0.59 —1.86 1.52 1.23 1.97 0.25 0.76 0.60 0.33
211-240 0.61 0.68 1.14 1.66 3.99 2.55 —0.69 1.20 0.62 0.44
31-60 BC input 0.12 0.76 —1.98 1.51 0.87 2.08 —0.10 0.93 —0.17 0.73
211-240 0.86 1.03 1.87 1.63 4.27 2.58 —1.30 1.49 —0.55 0.83
31-60 BC and RMR  0.12 0.77 —1.93 1.53 0.90 2.09 —0.09 0.92 —0.13 0.72
211-240 input 0.79 1.03 1.80 1.64 4.16 2.59 —1.25 1.48 —0.43 0.77
31-60 BC and MR —0.58 0.75 —2.59 1.49 0.04 2.10 —0.38 0.93 0.08 0.77
211-240 input —0.15 0.89 0.62 1.60 1.98 2.54 —1.33 1.40 0.09 0.87

RMR: resting metabolic rate; MR: metabolic rate; BC: body composition; SD: standard deviation.
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Fig. 1. (A) Mean difference (bold line) with SD (thin line)
between modeled and measured skin temperature plotted
against time, using the standard subject in the model (B) and
with input in the model of subject characteristics and actual
measured MR.

temperatures was negligible. The largest improvements
resulted from the inclusion of the measured MR
throughout the test.

The predicted skin temperature of the trunk were
found to be less sensitive changing individual character-
istics, as can be seen for the abdomen posterior in
Table 1. Results from the thorax anterior and abdomen
anterior showed similar results (not provided in here).

4. Discussion

In this study, the Fiala multi-segmental thermoregu-
latory model was used to predict the average human
physiological responses and showed discrepancies to
measured responses of individuals exposed to comfor-
table and mild cold environmental conditions. However,
corrections for individual characteristics of healthy
subjects showed that the model could be improved
substantially on group level (mean deviation). The effect
was largest on the exposed body elements, because the
variation in temperature is the largest on these parts.

Deviations on an individual level still remain large
(large SD).

Improvement of the model was the largest by
adopting the actual, measured metabolism throughout
the test. This is in itself not surprising since the model
gets adapted along the modeling process. However, it
indicates the necessity of improving the model with
respect to changes in energy metabolism in response to
mild cold.

When accurate predictions on an individual level are
needed or predictions in the clinic under special thermal
conditions (hypothermia, hyperthermia, anaeasthesia,
etc.) are needed, adaptations of the model are likely to
be necessary. Here, a model with more physiological
background could be used in place of the regression
model implemented in the active system part of the
model. The target for future research is beside a
correction for individual characteristics, also integration
of physiological based control-mechanisms in the model.
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