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• Categorization improves the prediction of thermal sensation from skin temperatures.
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Predicted energy use of dwellings often deviates from the actual energy use. Thermoregulatory behavior of the
occupant might explain this difference. Such behavior is influenced by thermal sensation and thermal comfort.
These subjective ratings in turn are linked to physiological parameters such as core and skin temperatures.
However, it is unclear which physiological parameters best predict thermoregulatory behavior.
The objective of this research was to study physiological parameters that potentially can be used to predict
thermoregulatory behavior. Sixteen healthy females (18–30 years) were exposed to two dynamic temperature
protocols: a gradual increase (+4 K/h, ranging from 24 °C to 32 °C) and a gradual decrease in ambient temper-
ature (−4 K/h, ranging from24 °C to 16 °C). During the experiments physiological responses, thermal sensation,
thermal preference and the intention of thermoregulatory behavior were measured. Thermal sensation is highly
correlated with thermal preference (r = −0.933, P b 0.001). The skin temperature of the wrist best predicts
thermal sensation (R2 = 0.558, P b 0.001) and therefore seems useful as a physiological parameter to predict
the intention of thermoregulatory behavior. When the subjects are categorized based on their thermal sensation
votes, more precise predictions of thermal sensation can be made. This categorization therefore can be of value
for the determination of the actual energy use of occupant in dwellings.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Predictions of the energy consumption of dwellings and related
potential energy savings are a necessity in the built environment. How-
ever, the actual energy use of dwellings often deviates from the energy
use predicted [1–3]. Thermoregulatory behavior of the occupant might
explain this difference [1,4,5]. To makemore realistic predictions of en-
ergy consumption in the built environment, a prediction of the thermo-
regulatory behavior of occupants is needed.

Thermoregulatory behavior is an important response in conjunction
with autonomic responses [6]. Moving from one environment to anoth-
er, avoiding the sun, changing clothes and adjusting the thermostat are
ity.nl

ghts reserved.
all examples of thermoregulatory behavior. These actions are initiated
to avoid thermal discomfort or displeasure, and obtain thermal pleasure
[7]. However, relatively little is known about which physiological
parameters drive thermoregulatory behavior.

Thermoregulatory behavior is influenced by changes in thermal
sensation and thermal comfort [8,9]. Thermal sensation can be
described as the subjective evaluation of a conscious feeling such as
being warm or cold [10,11]. Thermal comfort is the state of mind that
expresses satisfaction with the surrounding environment [10,11].
Moreover, several studies indicate that an acceptable thermal environ-
ment for general comfort is linked to thermal sensation limits. This phe-
nomenon is described by the standard predicted mean vote model
(PMV-model) with a seven-point thermal sensation scale ranging
from−3 to 3. Thermal sensation ranging between−0.5 and 0.5 is con-
sidered as acceptable [11,12]. Thermal sensation and thermal comfort in
turn are determined for a large part by physiological parameters, such

http://crossmark.crossref.org/dialog/?doi=10.1016/j.physbeh.2014.01.025&domain=pdf
http://dx.doi.org/10.1016/j.physbeh.2014.01.025
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Fig. 1. Timelines of the two experimental protocols: (A) protocol A and (B) protocol B. Q
represents the questionnaires that were being filled in, B represents the blood collection.
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as core and skin temperatures [9,13–17]. Wang et al. [14], for example,
found that thermal sensation is correlated to finger temperature and the
temperature gradient between the finger and the forearm. However,
regarding thermoregulatory behavior it is unclear which physiological
parameters are most influential in predicting this behavior. Deviations
in skin temperature from the thermoneutral level can cause thermal
discomfort, which is a stimulus or input for thermoregulatory behavior
[9,18,19]. Therefore, skin temperature may be a potential parameter
regarding the prediction of thermal behavior.

Between subpopulations differences exist in thermal perception and
therefore probably in thermoregulatory behavior as well. In females,
thermal dissatisfaction is more often expressed than in males [20–23].
Furthermore, females seem to be more sensitive than males to a devia-
tion of the temperature from thermoneutrality [24]. When the ambient
temperature changes, females might show changes in thermoregulato-
ry behavior sooner compared tomen.Moreover, until nowmost studies
on thermoregulatory behavior are performed in males. Therefore,
females are an interesting subpopulation to examine the physiological
parameters that lead to thermal discomfort and consequently to changes
in thermoregulatory behavior.

The objective of this study was to examine in females those physio-
logical parameters that can be used to predict the intention of thermo-
regulatory behavior under dynamic thermal conditions. Furthermore,
the underlying mechanisms and the influence of thermophysiology,
e.g. body temperatures, on thermoregulation were studied. The results
indicate that categorization of the subjects based on thermal sensation
votes improves the prediction of the intention of thermoregulatory
behavior.

2. Methods

2.1. Subjects

Sixteen healthy, female subjects (18–30 years) participated in the
study; their characteristics are presented in Table 1. All subjects were
studied between May and August 2012. They were taking oral contra-
ceptives and were not measured during their menstruation period to
standardize hormonal effects on thermoregulation [25,26]. The volun-
teers were given detailed information regarding the purpose and the
methods used in the study, beforewritten informed consent was obtain-
ed. The protocol was approved by the ethics committee of Maastricht
UniversityMedical Center+ and performed according to the Declaration
of Helsinki.

2.2. Experimental protocol

Each subject completed two experimental protocols in randomized
order (protocols A and B), which are presented in Fig. 1. In all protocols
ambient temperature was set at 24 °C during the first 45 min, which
served as baseline measurement. Ambient temperature increased with
4 K/h to 32 °C in protocol A. In protocol B, ambient temperature
decreased with 4 K/h to 16 °C.

Subjects arrived at the laboratory after overnight fasting and having
refrained from alcohol and caffeine for a period of 10 h. Tominimize the
influence of hunger on the responses to the questionnaire, subjects
Table 1
Subject characteristics.

Mean ± SD

Age (year) 23 ± 4
Height (m) 1.69 ± 0.06
Body mass (kg) 65.5 ± 7.9
BMI (kg/m2) 22.9 ± 1.9
Body fat (%) 28.2 ± 5.5
Muscle mass (kg) 44.7 ± 3.8
Body surface area (m2) 1.88 ± 0.56
were allowed to eat a small breakfast (one sandwich, ~180 kcal).
Furthermore, they were instructed to eat a weighed amount of biscuits
(~40 kcal/30 min) according to their weight, height and age, calculated
with the Harris–Benedict formula andmultiplied by an estimated phys-
ical activity level of 1.3 to maintain energy balance [27]. They were
allowed to drink lukewarm water at libitum.

After arrival at the laboratory, a catheter was inserted in a forearm
vein of the subject for blood sampling, a telemetric pill was ingested
and iButtons, a pressure cuff to measure blood pressure and a chest
strap to measure heart rate were attached. Subsequently, the subject
took place on an office chair behind a desk in a climate-controlled respi-
ration chamber. Total preparation timewas approximately 45min. After
preparation, protocol A or B started (Fig. 1).

Each trial was completedwithin fourmonths, and each subject com-
pleted both protocols within onemonth, with at least one day between
the protocols. The subjects wore standardized clothing; underwear,
cotton/polyester sweatpants, a pair of sport socks and a cotton T-shirt
(0.58 Clo), sat on a standard office chair (0.1 Clo) and were allowed to
do deskwork (1.2 METs) [28].
2.3. Experimental procedures

2.3.1. Anthropometric measurements
The subjects' height and weight were measured using a stadiometer

(Seca, Germany) and scale (Mettler-Toledo, Germany), respectively,
from which BMI was calculated. Body composition was determined by
means of a DXA-scan (Discovery A, Hologic Inc., USA). Body surface
area was calculated using heights and circumferences (Seca, Germany)
of the different body components and limbs (head, neck, chest, abdo-
men, bottom and from the right sight of the body the upper arm, lower
arm, hand, upper leg, lower leg and foot).
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Fig. 3. Scales from the questionnaire: (A) continuous four-point sweating interval scale
and (B) continuous four-point shivering interval scale.
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2.3.2. Physical and physiological temperature measurements
Ambient temperature and relative humidity were measured at

1 min intervals using iButtons (DS1923, Maxim, USA), at 0.7 m and
1.1 m height. Core temperature was determined at 1 min intervals
using an ingestible telemetric pill (Core Body Temperature Sensor
HT150002, CorTemp, HQ Inc, USA). Skin temperature was measured at
1 min intervals using iButtons (DS1922L, Maxim, USA), placed on 14
sites on the body as prescribed by the ISO 9886 standard [29] with
two additional buttons placed at the under arm and the middle finger.
iButtons were attached with semi-permeable adhesive tape (Fixomull,
BSN Medical, Germany). Mean skin temperature was calculated as
average of the 14 positions, proximal skin temperature was calculated
as average of chest, abdomen, shoulder and lower back skin tempera-
tures. Distal skin temperature was calculated as average of wrist and
foot skin temperatures.

2.3.3. Subjective measurements
Every 15 min the subjects filled in a questionnaire. Thermal sensa-

tion was measured on a continuous seven-point ASHRAE thermal sen-
sation interval scale, which ranged from −3 cold to 3 hot [11].
Thermal comfort was assessed using a continuous four-point scale,
which ranged from very uncomfortable (−2) to very comfortable
(+2). The scale was split in two parts, which forced the subjects to
determine whether their perceived state was “comfortable” or “uncom-
fortable” (Fig. 2A) [16]. Thermal preference was measured on a continu-
ous seven-point interval scale, (Fig. 2B; from −3, much cooler, to 3,
muchwarmer) [30]. The importance of changing temperature wasmea-
sured on a continuous scale by asking, “how important is it to change?”
(Fig. 2C; from 0, not important, to 10, important).

To assess acceptability of the environment the question was asked,
“how do you perceive the thermal environment?” which could be an-
swered with “acceptable” or “unacceptable”. To assess the intention to
change the ambient temperature (behavioral intention) a separate
question was included; “do you want to change the temperature?”
which could be answered with “yes” or “no”. In order to obtain an indi-
cation about sweating and shivering a continuous four-point interval
scale was used (Fig. 3; from no to yes). All questionnaires were web-
based and presented in Dutch to the subjects.

2.3.4. Blood analysis
Per blood collection, 25mL of bloodwas taken for the following analy-

ses: plasma catecholamines, serum thyroid-stimulating hormone (TSH)
and free thyroxin (fT4). Plasma catecholamineswere determined using re-
agents fromRecipe (Recipe, Germany) and analyzedbyHPLCwith electro-
chemical detection. TSH was measured by electrochemiluminescence
immunoassay kit on a COBAS 6000 system (Roche Diagnostica). fT4 was
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Fig. 2. Scales from the questionnaire: (A) four-point thermal comfort scale [16], (B) con-
tinuous seven-point thermal preference interval scale [30], and (C) continuous scale for
the importance to change temperature.
analyzed by a solid-phase time-resolved fluoroimmunoassay fT4 kit on
an AutoDELFIA system (PerkinElmer).

2.4. Statistical analysis

Mean, distal and proximal skin temperatures, core temperature,
heart rate, thermal sensation, thermal preference, thermal comfort
and importance of the preferred change were analyzed using a one-
way repeated measures analysis of variance (ANOVA). The differences
between the two protocols were tested with a paired sample t-test.
Correlations between the different physiological parameters and the
subjective measurements were tested with a Spearman ranked correla-
tion. Stepwise regression analyses were used to study the relations
between physiological parameters and thermal sensation. All data
were analyzed using PASW Statistics 20.0 for Mac (SPSS, Chicago, IL).
Data are reported as mean ± SD, and significant effects are reported
for P b 0.05.

3. Results

3.1. Physiological measurements

Mean, distal and proximal skin temperatures significantly increased
during protocol A (Table 2 and Fig. 4), and decreased significantly dur-
ing protocol B (Table 3 and Fig. 4). Significant differences between A
and B were found from 30 min after the start of the gradual change in
temperature onwards. No significant changes were found in core tem-
perature, heart rate and blood pressure during both protocols A and B
(Tables 2 and 3, Fig. 5). Furthermore, no significant difference in core
temperature was measured between A and B (Fig. 5). Heart rate was
significantly higher in protocol A compared to protocol B at the end of
the trial.

3.2. Blood parameters

Thyroid hormones were within normal range; TSH: 1.8 ± 1.0 mU/L,
T4: 12.4 ± 1.7 ρmol/L. However, for one subject (subject 14) TSH was
Table 2
Ambient temperature, body temperatures, heart rate and blood pressure at the
baseline (T = 0–45) and at the end (T = 165) for protocol A.

Protocol A

Baseline (T = 0–45) End (T = 165)

Mean ± SD Mean ± SD

Ambient temperature (°C) 24.9 ± 0.3 32.6 ± 0.6⁎

Mean skin temperature (°C) 33.2 ± 0.5 35.1 ± 0.3⁎

Proximal temperature (°C) 34.3 ± 0.5 35.8 ± 0.8⁎

Distal temperature (°C) 31.7 ± 1.2 33.8 ± 1.9⁎

Core temperature (°C) 37.3 ± 0.1 37.4 ± 0.2
Heart rate (bpm) 80 ± 9 86 ± 13
Systolic blood pressure (mm Hg) 111 ± 9 119 ± 33
Diastolic blood pressure (mm Hg) 72 ± 8 73 ± 23

⁎ Denotes a significant difference from the baseline (T = 0–45) of the measurement
(paired t-test, P b 0.05).
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above normal level (4.9 mU/L) and fT4 was normal. Plasma norepineph-
rine levels were similar at the start of both protocols A and B.
During protocol A norepinephrine levels did not change and were
602.7 ± 146.6 ng/L at the start and 568.9± 134.9 ng/L at the end. During
protocol B norepinephrine levels increased significantly from 559.3 ±
203.5u ng/L to 818 ± 235.9 ng/L (P b 0.05). Plasma epinephrine levels
were analyzedbut due tohigh variation coefficients (N10%) these analysis
could not be used.
3.3. Subjective responses

During protocol A, thermal sensation increased significantly and
thermal comfort decreased significantly (Table 4 and Fig. 6). The sub-
jects felt significantly warmer at the end of the protocol and the indicat-
ed sweating occurred. The number of subjects that assessed the thermal
environment as acceptable started to decrease at 105min and at the end
9 of the subjects still assessed the thermal environment as acceptable.
During protocol B, thermal sensation and thermal comfort decreased
significantly (Table 5 and Fig. 6). Themean rate of shivering intensity in-
creased during protocol B. At the end three subjects indicated a vote at
the shivering scale of “sometimes”. The number of subjects that
assessed the thermal environment as acceptable started to decrease
from 135 min onwards and at the end of the protocol 13 of the subjects
still assessed the thermal environment as acceptable. Thermal sensation
differed significantly between protocols A and B, immediately after the
gradual change in ambient temperature was initiated.
Table 3
Ambient temperature, body temperatures, heart rate and blood pressure at the
baseline (T = 0–45) and at the end (T = 165) for protocol B.

Protocol B

Baseline (T = 0–45) End (T = 165)

Mean ± SD Mean ± SD

Ambient temperature (°C) 25.0 ± 0.2 17.8 ± 1.8⁎

Mean skin temperature (°C) 33.3 ± 0.5 31.4 ± 0.8⁎

Proximal temperature (°C) 34.3 ± 0.4 33.5 ± 0.5⁎

Distal temperature (°C) 31.7 ± 1.3 27.2 ± 1.6⁎

Core temperature (°C) 37.3 ± 0.2 37.5 ± 0.2⁎

Heart rate (bpm) 76 ± 11 71 ± 14
Systolic blood pressure (mm Hg) 113 ± 9 118 ± 15
Diastolic blood pressure (mm Hg) 70 ± 8 70 ± 8

⁎ Denotes a significant difference from the baseline (T = 0–45) of the measurement
(paired t-test, P b 0.05).
3.4. Behavioral intention

The percentage of subjects that had the intention to change the
ambient temperature (behavioral intention) increased during protocols
A and B (Fig. 7). The importance to change the thermal environment in-
creased significantly, both during protocols A and B (Fig. 6). The impor-
tance to changewas larger at the end (T=165) in protocol A compared
to protocol B (Tables 4 and 5, Fig. 6). Thermal preference decreased sig-
nificantly during protocol A and increased significantly during protocol
B (Tables 4 and 5, Fig. 6). Immediately after the gradual change in ambi-
ent temperature was initiated thermal preference differed significantly
between protocols A and B (Fig. 6).

Thermal preference was significantly and highly correlated with
thermal sensation (R2 = 0.908, p b 0.001; Fig. 8), e.g. when a subject
indicated she was feeling slightly cool, she preferred to have it slightly
warmer. Therefore, thermal sensation can be used as an indicator of
thermoregulatory preference. When there was no behavioral intention
to change ambient temperature, thermal sensation had a mean vote
of−0.002 with a standard deviation of 0.544. For the standard predict-
ed mean vote-model (PMV-model), used in the built environment, a
thermal sensation between −0.5 and 0.5 is considered acceptable
[11,12]. This range, which is the acceptable thermal environment for
general comfort, correspondswith the thermal sensation votes. Further-
more, the results revealed that for all subjects, when they requested a
change, the comfort voteswere in the discomfortable range.Mean over-
all comfortwas 1.017± 0.490 for no intention to change and−0.193±
0.666 when there was an intention to change. There also exists a
significant correlation between the intention to change and thermal
comfort (r = −0.736).

3.5. Predicting thermoregulatory behavior

As described above, thermal sensation can be used to give an indica-
tion of the intention of thermoregulatory behavior. Core temperature
showed no correlation with thermal sensation (r = −0.099). Temper-
atures on several sites of the skin were significantly correlated with
Table 4
Thermal sensation, thermal preference, thermal comfort, importance to change and
sweating for protocol A.

Protocol A

Baseline (T = 0–45) End (T = 165)

Mean ± SD Mean ± SD

Thermal sensation 0.24 ± 0.49 2.14 ± 0.59
Thermal preference −0.27 ± 0.42 −2.12 ± 0.72⁎

Thermal comfort 0.99 ± 0.5 −0.62 ± 0.89⁎

Importance to change 1.21 ± 1.36 5.87 ± 2.99⁎

Sweating N.A. 6.69 ± 2.63

⁎ Denotes a significant difference from the baseline (T = 0–45) of the measurement
(paired t-test, P b 0.05).
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Table 5
Thermal sensation, thermal preference, thermal comfort, importance to change and
shivering for protocol B.

Protocol B

Baseline (T = 0–45) End (T = 165)

Mean ± SD Mean ± SD

Thermal sensation 0.12 ± 0.39 −1.49 ± 0.91⁎

Thermal preference −0.22 ± 0.31 1.29 ± 1.07⁎

Thermal comfort 0.92 ± 0.46 −0.04 ± 0.92⁎

Importance to change 1.3 ± 1.6 4.3 ± 3.37⁎

Shivering N.A. 2.74 ± 2.74

⁎ Denotes a significant difference from the baseline (T = 0–45) of the measurement
(paired t-test, P b 0.05).
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thermal sensation (Table 6). The skin temperature of the wrist had the
highest correlation coefficient with thermal sensation (r = 0.751,
P b 0.001; Table 6 and Fig. 9A) and therefore seems useful as a physio-
logical parameter to predict the intention of thermoregulatory behavior.
However, when only the skin temperature of the wrist is used, the pre-
dictive value of thermal sensation is still rather low (R2 = 0.558,
Fig. 9A). To study the predictive value of a combination of skin temper-
atures, a stepwise regression analysis was conducted. Core temperature
and skin temperaturemeasured at 16 sites on the bodywere included in
the analysis. Skin temperatures of the wrist, head, underarm and chest
were retained in this order in the regression model as predictors of
thermal sensation (R2 = 0.606, P b 0.001). These skin temperatures to-
gether have a higher correlation (r = 0.778, P b 0.001) with thermal
sensation than skin temperature of the wrist alone.
3.6. Subject categories

Based on the thermal sensation votes of the individual subjects differ-
ent categories with respect to thermal preference were distinguished.
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ronment for general comfort).



Table 6
Relation of different skin temperatures with thermal sensation.

Skin temperature Spearman correlation coefficient

Head 0.682
Chest 0.509
Abdomen 0.448
Wrist 0.751
Upper leg (ventral) 0.564
Shin 0.555
Foot 0.452
Neck 0.521
Shoulder 0.640
Lower back 0.437
Upper leg (dorsal) 0.298
Calf 0.401
Upper arm 0.654
Elbow 0.617
Underarm 0.675
Finger 0.726
Underarm–finger difference −0.352
Distal 0.657
Proximal 0.609
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Fig. 10.Neutral ambient temperature range of thedifferent test subjects (squares: limits of
the neutral ambient temperature range, circles: median of the neutral ambient tempera-
ture range, and dashed lines: boundaries of the PMV-model for an acceptable thermal en-
vironment for general comfort).
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Some individuals accepted larger temperature ranges than others, some
preferred high temperatures, others low temperatures. When using the
PMV neutral thermal sensation votes (ranging from −0.5 to 0.5, Fig. 8)
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Fig. 9. Correlations between wrist skin temperature and thermal sensation with the
regression line and the prediction intervals (P b 0.001). A: for all the subjects together;
B: after categorization representing small range preference subjects; and C: after categori-
zation representing broad range preference B subjects.
as reference values in theory four categories can be distinguished, of
which three were evident in this study (Fig. 10):

• Narrow range preference (subjects 1, 5, 6, 7, 12, 13 and 15)
• Broad range preference (subjects 2, 3, 4, 8, 10, 11, 14 and 16)
• Cool preference (subject 9)
• Warm preference (no subjects)

These categories were based on the width of the indicated neutral
temperature range and the median of this range (Fig. 10). According
to the PMV-model [11], neutral ambient temperature ranges from
21.70 °C to 25.47 °C given a certain set of boundary conditions (clo =
0.68, activity level = 70 W/m2, air velocity = 0.05 m/s, relative
humidity = 51.6%). We defined the categories as follows; subjects in
the broad range preference category were those who had a broader in-
dicated neutral temperature range; small range preference subjects had
a smaller indicated temperature range. When the median was lower
than 21.70 °C, the subject had a preference for cool environments and
if it was higher than 25.47 °C, the subject had a preference forwarm en-
vironments. Between the categories, body composition did not differ
significantly.

These categories were used to study the prediction of thermal
sensation. Despite the smaller number of subjects included in each
analysis, there was an improvement in the relation between wrist
skin temperature and thermal sensation for the small range preference
subjects (R2= 0.687 compared to R2= 0.558 for thewhole group, both
P b 0.001; Fig. 9). This improvement was not seen for the broad range
preference subjects (R2 = 0.537, P b 0.001). The multiple regression
prediction of thermal sensation by skin temperature of the head, under-
arm, chest and wrist improved for both categories (R2 = 0.738 for the
narrow range preference group and R2 = 0.669 for the broad range
preference group compared to R2 = 0.606 for the whole group, all
P b 0.001). Therefore, when categories were used, a better correlation
was found between physiological parameters and thermal sensation
and thus possibly a better prediction of thermoregulatory behavior
from thermal sensation and the physiological parameters can be made.

4. Discussion

In this study physiological responses, thermal comfort, thermal
sensation, thermal preference and their relation to thermoregulatory be-
havior were studied. Subjects were exposed to two dynamic protocols: a
gradual increase (+4 K/h) and a gradual decrease in ambient tempera-
ture (−4 K/h). Skin temperatures were significantly related to the



186 C.M.C. Jacquot et al. / Physiology & Behavior 128 (2014) 180–187
intention of thermoregulatory behavior. Importantly, the results indicate
that categorization of the subjects in at least two classes (narrow ambi-
ent temperature range preference, broad ambient temperature range
preference) improves these correlations substantially. For reliable and
accurate predictions of thermoregulatory behavior in the built environ-
ment such a categorization seems to be crucial.

Changes in mean, distal and proximal skin temperatures are
correlated with changes in thermal sensation and comfort. The highest
correlationwas seenwithwrist skin temperature and thermal sensation
(r = 0.751, P b 0.001). Finger skin temperature also correlated with
thermal sensation (r = 0.726, P b 0.001). Wang et al. [14] found a
high correlation between finger temperature or finger-forearm temper-
ature gradient and thermal sensation (respectively r = 0.78 and r =
0.80). In this study a similar correlation was found between finger tem-
perature and thermal sensation (r = 0.73). The range of ambient tem-
peratures was nearly the same in both studies, ranging from 17 °C to
31 °C in the study of Wang et al. [14] and 16 °C to 32 °C in this study.
However, Wang et al. studied their subjects in uniform, steady state
conditions at 31 °C, 28.2 °C, 25.5 °C, 19 °C and 17 °C and this study
was performed with temperature drifts ranging from 24 °C to 32 °C
and from 24 °C to 16 °C. Not only finger temperature is correlated to
thermal sensation, but also several other skin temperatures are.
Schellen et al. [23] found in females that skin temperatures from the
hands, forearms and upper arms were significantly related to thermal
sensation. Contrary, Zhang et al. [31] observed that body parts such as
the back and the chest are dominant in their influence on thermal sen-
sation compared to the hand and the foot. According to our study skin
temperatures at several sites were correlated with thermal sensation.
The relation between thermal sensation based on the skin temperatures
of the head, underarm, chest and wrist is in line with the above-
mentioned studies. The improvement in predictive value from using
only the skin temperature of the wrist (R2 = 0.558) to using four sites
(R2 = 0.606) is trivial and probably of no practical significance. In the
context of the built environment, such as individual controlled climate
systems, monitoring distal skin temperatures such as the wrist instead
of proximal sites is of much greater applicability.

Interestingly, with respect to whole body thermal sensation, our re-
sults reveal a larger discomfort in the upward ramp (A) in comparison
to the downward ramp (B). Other studies show that subjects are more
sensitive to colder temperatures and often prefer temperatures higher
than neutral [32]. However, in a study by Schellen et al. [33] no differ-
ences in thermal comfort were found between the upward and the
downward ramp. Although the difference is significant, the difference
is relatively small (−0.04 vs. −0.62 scale units) and fits within the
comfort boundaries as defined in the standards.

In addition to the correlation of physiological parameters with ther-
mal sensation, our results showed that thermal sensationwas correlated
with thermal preference (Fig. 10). In this research thermal preference
was assumed to be an indicator of the intention of thermoregulatory
behavior. The requested change, another indicator of the intention of
thermoregulatory behavior corresponded to the limits set in the built en-
vironment according to the PMV-model (thermal sensation boundaries
between−0.5 and0.5) [11,12]. That is, themajority of the cases that pre-
ferred no change of the thermal environment were within these bound-
aries (Fig. 8). The two indicators of the intention of thermoregulatory
behavior, thermal preference and the requested change, are highly corre-
lated to thermal sensation. Thus, predicting thermal sensation from sev-
eral physiological parameters, i.e. head, underarm, chest and wrist skin
temperature, gives an indication about the intention of thermoregulato-
ry behavior. This has great potential in the built environment to enable
the development of innovative monitoring and control techniques.

Nevertheless, it is debatable if thermal sensation, thermal preference
and the behavioral intention would reflect thermoregulatory behavior,
as the subjects during our experiments perceived no actual control
over the environment. Fromother studies it is known that both satisfac-
tion and thermal comfort seem to be influenced byoccupant's perceived
control over the surrounding environment [34]. Further research is nec-
essary to examinewhether changes in the beforementioned physiolog-
ical parameters lead to actual changes in thermoregulatory behavior.

This research extends to the current view on differences between
sexes in thermal perception and therefore thermoregulatory behavior
[20–24] by adding categories (narrow range preference, broad range
preference) within a subpopulation. Our study indicates that when cat-
egorization was used, the correlation of the physiological parameters
with thermal sensation improved. Only one cool preference subject
and no warm preference subjects were found in this study. Neverthe-
less in other thermal conditions, such as more extreme temperatures,
these categories can be important. For example Luck and Wakeling
already indicated “warm-preference subjects” in their study, but no
further notion was given to this observation [35]. Every category
seems to exert different thermoregulatory behaviors and this could
lead to a different energy use in a dwelling. Secondly, other subject-
groups such as males and elderly, or subjects with different levels of
cold/heat acclimatization are expected to show different responses.
This is subject for future investigation. Nevertheless, in designing indoor
climate systems the knowledge on categories can be used for the devel-
opment of (individual controlled) heating or cooling systems. To make
more realistic predictions of the energy use of these buildings, categori-
zation can also be useful. Moreover, addressing the category or individ-
ual needs in heating and cooling systemsmay lead to a reduction of the
energy use in buildings [38].

Van Marken Lichtenbelt et al. [36] described inter-individual differ-
ences in the thermoregulatory responses to cold, linked to age, the
composition of the body and sex. Body composition is an important
factor in differences in thermoregulatory response. In this study body
composition did not significantly differ between the categories. There-
fore, body composition cannot explain the difference in the thermoreg-
ulatory response between the different categories. In this research
female subjects were consciously chosen as the study population, as
they express thermal dissatisfaction more often and seem to be more
thermal sensitive thanmales [21–24,37]. In other groups or for compar-
ison between groups body compositionmay explain differences in ther-
mal response. Thyroid hormone concentrations, which are involved in
thermoregulation, were within normal range. It is therefore unlikely
that differences in thyroid status can explain the differences between
categories. Plasma norepinephrine levels did not change during proto-
col A and increased during protocol B. This change was the same for
both categories and in line with other research [38]. This could also
not explain the differences between categories either.

A possible explanation for the existence of categories can be differ-
ences in acclimatization [39]. This can affect both the thermoneutral
zone (TNZ) and the thermal comfort zone (TCZ). The TNZ is defined as
the range of ambient temperatures without regulatory changes in
metabolic heat production or evaporative heat loss. The TCZ is defined
as the range of ambient temperatures that is experienced as comfort-
able. For the TCZ, indications exist that the ambient temperature range
wherein a subject is feeling thermally comfortable is larger compared
to the TNZ [40]. In future research it is important to determine the
boundaries of both the TNZ and the TCZ for the different categories,
i.e. narrow range preference, broad range preference, cool preference
andwarm preference. Using categories can be helpful to makemore re-
alistic predictions of the energy use of buildings. Furthermore, it would
be interesting to examine the existence of these categories in different
groups of humans, e.g. in lean and obese. This will lead to better predic-
tions of energy use and realistic calculations of energy consumption in
the built environment.
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