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ABSTRACT

To date, the position and shape of the human thermoneutral zone (TNZ) remain uncertain. Indications exist that the individual TNZ might be influenced by age, body
composition and level of acclimatisation. The objective of the present study was to explore the individual metabolic TNZ, using dynamic thermal conditions to assess
both metabolic lower and upper critical temperatures (LCT and UCT) and, secondly, to test the effect of passive mild heat acclimation on the human metabolic TNZ.

A dynamic protocol consisting of two experimental conditions was designed: starting from a thermoneutral condition (28.8 + 0.3 °C), temperature gradually
increased to 37.5 * 0.6 °C during warming (UP) or decreased to 17.8 + 0.6 °C during cooling (DOWN). For six participants, temperature increased further to
41.6 = 1.0°C during UP. Eleven healthy men (19-31 y) underwent UP and DOWN twice, i.e. before and after passive mild heat acclimation (PMHA, 7 days at ~33 °C
for 6 h/day). Energy expenditure, body temperatures and heart rate were measured during UP and DOWN.

We show that the generally assumed LCT of approximately 28 °C for an average male person does not match the dynamically assessed LCTs in this study, as those
were considerably lower in most cases (23.3 + 3.2 °C pre-acclimation; 23.4 * 2.0 °C post-acclimation). Distinct inter-individual variation of the dynamic LCT was
evident (range pre-PMHA:9.7 °C; post-PMHA:5.4 °C). Regarding the metabolic response to increasing temperatures, only minor or no increases in energy metabolism
occurred. PMHA did not significantly change the positioning of the LCTs, but lowered Tcore (pre-PMHA: —0.13 = 0.13°C, P = 0.011; post-PMHA:
—0.14 = 0.15°C, P = 0.026) and affected skin temperature distribution.

The applied method allowed for the determination of individual dynamic LCTs, however, distinct metabolic UCTs were not evident in humans. For a better
understanding of the human UCT, future studies should incorporate individualised temperature ranges and also a measurement of evaporative heat loss, to allow for a

two-factor analysis of both metabolic and evaporative human UCT.

1. Introduction

The thermoneutral zone (TNZ) reflects the range of ambient tem-
peratures at which internal temperature regulation is solely achieved by
control of dry heat loss, which means that the metabolic rate is rela-
tively constant without regulatory changes in heat production or eva-
porative heat loss (IUPS, 2001; Jessen, 2001).

To date, the TNZ has mainly been studied in (small) animals (Gordon,
2012; Scholander et al., 1950a, 1950b; Speakman, 2013). According to
the Glossary of Terms for Thermal Physiology (IUPS, 2001), the lower
critical temperature (LCT) is defined as “the ambient temperature below
which the rate of metabolic heat production of a resting thermo-
regulating tachymetabolic animal must be increased by shivering and/or
non-shivering thermogenesis in order to maintain thermal balance”.
Hence, the relation between ambient temperature and metabolic rate
below the LCT can be described according to the classical Newtonian
cooling model for an endotherm (Scholander et al., 1950a).

For the upper critical temperature (UCT), a distinction between an
evaporative UCT and a metabolic UCT is recommended, defined by
either an increase of evaporative heat loss or an increase of metabolic
rate (IUPS, 2001). Gordon (1990, 1993, 2012) extensively investigated

* Correspondence to: Universiteitssingel 50, 6229 ER Maastricht, the Netherlands.

E-mail address: h.pallubinsky@maastrichtuniversity.nl (H. Pallubinsky).

https://doi.org/10.1016/j.jtherbio.2018.12.014

the thermoregulatory properties and TNZ of laboratory rodents (Fig. 1).
In the author's publications, a distinction has been made between two
different UCTs for mice and rats: on the one hand, the UCT can be
defined by an increase of evaporative water loss, and on the other hand,
by metabolic rate (Gordon, 2012). According to the author, evaporative
water loss again can be divided in two components: a passive compo-
nent characterised by passive evaporation and water loss via the skin,
and an active component characterised by active water loss through
sweating, panting or grooming moisture on the skin (Gordon, 1990,
1993, 2012). Whereas the evaporative UCT has been defined as the
ambient temperature where passive evaporative water loss increases
considerably and additional active evaporative water loss commences,
the metabolic UCT has been specified as the ambient temperature at
which the metabolic rate increases significantly from the basic meta-
bolic rate (Gordon, 2012).

With respect to the human TNZ, limited studies are available (Craig
and Dvorak, 1966; Hardy and DuBois, 1937, 1938, 1940; Hey and Katz,
1970; Hill et al., 2013). Few publications present data for the human
LCT (Ouellet et al., 2012; van der Lans et al., 2013; Yoneshiro et al.,
2011), but regarding the human UCT, hardly any information is
available. Data derived from the few human studies indicate that the
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Fig. 1. The thermoneutral zone. The thermoneutral zone (TNZ) reflects the
ambient temperature range wherein the energy expenditure is at basal level
(basal metabolic rate, BMR) and there are no thermoregulatory changes in
metabolic rate (non-shivering thermogenesis, NST; shivering thermogenesis,
ST; heat-related thermogenesis, HT). In the present paper, metabolic rate is
used to describe the TNZ. As shown in the graph, below the lower critical
temperature (LCT) and above the upper critical temperature (UCT), metabolic
rate (heat production) is expected to increase due to a respectively decrease or
increase of the ambient temperature. The graph is derived from animal studies
(adapted from (Gordon, 2012)).

generally assumed human thermoneutral range lies between approxi-
mately 28°C and 32°C (Hardy and DuBois, 1937, 1938). In the re-
spective aforementioned studies, the upper critical value was based on
evaporation, not on the metabolic rate. It is, however, unsure, whether
the concept of a metabolic UCT is applicable in humans (Fig. 1). An
increase of metabolic rate might not be expected to occur when beha-
vioural thermoregulation is ruled out, as the contribution of sweating to
the metabolic rate is considered negligible. Additional energy con-
suming processes that might occur in the heat are increased cardio-
vascular workload and elevated breath rate. Moreover, Arrhenius law,
also called the Q10-effect, which postulates a temperature-dependence
of biochemical reaction rates in the body, might play a role for the
upper critical limit.

Importantly, earlier research and theoretical considerations suggest
that the TNZ differs remarkably between individuals, since its width and
positioning is likely to be influenced by a number of parameters,
whereof body composition, age, and gender (Kingma et al., 2012).
Furthermore, temperature acclimatisation might play a significant role,
as it has, for example, earlier been shown in hamsters that acclimation
shifts the thermoneutral zone significantly, resulting in changes of the
LCT (up to 7.5 °C difference in LCT between cold and heat acclimation)
(Zhao et al., 2014). The latter might be of great relevance for future
practical implications, in the light of climate change and the increasing
risk for overheating in the built environment (EEA, 2015).

Despite the earlier efforts to define the human TNZ, its determina-
tion remains problematic to this day. In many animal studies, the TNZ
has been measured at fixed ambient temperatures in order to establish
steady-state energy expenditure values for each temperature, which is
relatively easy to accomplish in small mammals (Aujard and Vasseur,
2001; Romanovsky et al., 2002; Speakman, 2013). However, due to the
great thermal mass and depending on the thermal history, it might take
hours to reach a steady state for the human body. Hence, one would
have to expose each individual participant to a specific temperature for
several hours until thermal balance is achieved and repeat this until
both metabolic LCT and metabolic and/or evaporative UCT are mani-
fested. Therefore, a stepwise temperature protocol for the study of the
human TNZ in ambient air is practically very challenging, complex, and
costly. Other techniques, for example incorporating a water-perfused
suit for superior conductivity and thus better temperature transfer, do
not necessarily reflect human physiological responses in ambient air
and the results of such experiments would thus be difficult to translate
to daily living circumstances. Therefore, an alternative method is
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needed to allow for evaluation of the critical physiological tempera-
tures in ambient air.

Being able to determine the individual TNZ and understanding the
impact of thermal acclimation on its limits, is of relevance to various
(scientific) fields. For example, it has recently been suggested that a
causal relation might exist between the time spent in thermoneutral
environments and increased adiposity (Johnson et al., 2011). Excur-
sions to ambient conditions outside the TNZ can increase energy ex-
penditure and improve glucose metabolism, and subsequently may re-
duce susceptibility to obesity and Diabetes type 2 (Hanssen et al., 2015;
Kingma, 2012). Our daily living environment, however, is often con-
trolled very tightly. These tightly controlled indoor ambient conditions
have their background in thermal comfort research. According to
Hensel (Hensel, 1981), the TNZ in resting humans is equal to the zone
of thermal comfort. However, in an earlier study, we showed that
thermoneutrality and thermal comfort are not necessarily the same
(Kingma et al., 2014). Moreover, indications exist that the TNZ might
be shifted by acclimation to warm or cold ambient conditions
(Pallubinsky et al., 2017; van der Lans et al., 2013). Although the
nature of this shift remains elusive and has, to the best of the authors’
knowledge, not yet specifically been studied in humans, it can be de-
ducted from both physiological and thermal perception studies that the
thermoneutral range is likely to be accustomed to the specific thermal
habitat of an individual (Brown et al., 2004; Kingma et al., 2012).

From both health and building energy-use perspectives, it could be
highly beneficial to extend the control range at which the indoor en-
vironmental temperature is regulated (Hill et al., 2013; van Marken
Lichtenbelt et al., 2017; van Marken Lichtenbelt and Kingma, 2013).
With regard to the constant and undeniable progress of global warming
and increasing indoor and outdoor temperatures, it is important to assess
the influence thereof on human physiology and health. In order to design
a more healthy, sustainable and comfortable indoor environment, it is
relevant to obtain more insight into the individual human TNZ and the
effect of acclimation to mildly elevated temperatures on the latter.

Also, with respect to the design of studies on metabolism, thermo-
regulation and cardiovascular aspects, it is relevant to control for the
ambient temperature as a factor of influence and to account for in-
dividual differences in the TNZ. Ideally, the ambient temperature that
participants are exposed to during an experiment should be individually
attuned to each person, depending on the goal of the respective study
(Kingma et al., 2012). However, to be able to account for thermal
neutrality and to potentially adjust the ambient conditions to an in-
dividual, it should be identifiable whether a person is actually situated
within their TNZ.

In summary, the TNZ, based on metabolic rate, has been studied
thoroughly in animals. For humans, however, the understanding of the
TNZ, as well as possible individual differences remains limited
(Schlader, 2014). It is not clear if a metabolic UCT, as incorporated in
the TNZ model derived from rodent data, is at all existent in humans.
Therefore, the objective of the present study was to explore the human
metabolic LCT and to investigate the existence and positioning of the
human metabolic UCT. As described in the above, steady-state situa-
tions are not easily met and practically challenging, which is why we
chose to apply a pragmatic solution by measuring LCT and UCT during
dynamic temperature conditions. This novel, practical, approach has
been employed as, to the best of the authors’ knowledge, there is yet no
other method described in the literature explicitly to measure the
human thermoneutral zone. Moreover, considering the possible influ-
ence of temperature acclimation on the width and positioning of the
individual TNZ, we aimed to measure both individual LCTs and UCTs
before and after passive mild heat acclimation (PMHA).

2. Methods

Eleven healthy, white Western European male volunteers partici-
pated in this study (Table 1). Participants were given detailed
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Table 1
Participant characteristics.
Mean + SD

Age (year) 24.6 = 2.7
Height (m) 1.79 = 0.07
Area (m®) 1.90 + 0.13
Body mass (kg) 722 * 8.9
BMI (kg/m?) 22.6 = 2.9
Body fat% (%) 19.7 + 3.0
Fat mass (kg) 145 = 3.3

Data is presented as mean + SD, N = 11.

information regarding the purpose and the methods of the study before
written informed consent was obtained. The protocol was approved by
the ethics committee of Maastricht University Medical Center + and
designed and performed according to the Declaration of Helsinki
(Fortaleza, Brazil, 2013). The measurements were conducted in the
period of December 2014 till August 2015, as part of a larger experi-
ment. In the following, only those methods and results with importance
for the aim of this particular study are presented.

2.1. Experimental conditions

2.1.1. Passive mild heat acclimation and dynamic temperature protocols

Participants underwent a passive mild heat acclimation (PMHA)
protocol, i.e. without exercise, which reflects thermal challenges likely
to occur in everyday situations, for example, due to prolonged occu-
pancy of an overheated building (AECOM, 2012), during a holiday in a
warm country or during a warm summer or heat wave. Considering the
progress of global warming, the occurrence of those events is likely to
be more frequent, even in European oceanic and humid continental
climates (Koppen climate classification) (Frich et al., 2002; Meehl and
Tebaldi, 2004; Schér et al., 2004). PMHA consisted of 7 consecutive
days of PMHA at 33.3 = 1.6 °C for 4 h at acclimation day 2 and 6 h per
day for the remaining 6 days (Fig. 2). As the formal acclimation ter-
minated after day 8 of the study protocol, the UP protocol at day 9 was
regarded as an additional heat stimulus, which supposedly prevented a
possible decay of potentially acquired physiological adaptation before
the last DOWN measurement.

Before and after PHMA, subjects were exposed to two thermal
conditions: an increasing and a decreasing temperature ramp, respec-
tively UP and DOWN (Fig. 3). For both conditions, the protocol started
at a constant temperature of 28.8 = 0.3 °C for the first 60 min, which
served as a baseline measurement. Given the boundary conditions, this
baseline temperature has been assessed as neutral based on a literature
review of Kingma et al. (2012) for humans in a resting, semi-nude state.
It has been adjusted for the insulation of the stretcher on which parti-
cipants lay in supine position. The first 30 min of both conditions were
regarded as familiarisation period.

To cover a temperature range that expectedly includes the human
TNZ (which has previously been estimated to be positioned between
approximately 28 and 32 °C (Hardy and DuBois, 1938)), the ambient
temperature increased to 37.5 * 0.6 °C during UP over the course of
90 min and decreased to 17.8 = 0.6 °C during DOWN over the course
of 120 min (Fig. 3). For the last 6 study participants, an additional
30 min of ramp was added subsequently to the UP protocol to cover an

DOWN
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Fig. 2. Study timeline.
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Fig. 3. Dynamic temperature ramp protocols. Data is presented as mean *+ SD
over the course of 5min per time point. UP: N = 11 until t = 150 and N = 6
until t = 180, DOWN: N = 8 until t = 120, where after participants started to
drop out due to severe shivering. For DOWN pre, 2 out of 8 participants com-
pleted the full 180 min and for DOWN post, 3 out of 8 participants reached
t = 180. Baseline, T1 and T2 represent the respective intervals used for data
analysis.

even wider temperature range. This was due to the fact that during the
experiments, it appeared that the initially applied UP temperature
range did not induce increases of metabolic rate. Therefore, to test an
even broader temperature range, the UP ramp was extended for the last
six participants. On average, the final temperature that was reached for
these six participants during UP was 41.6 + 1.0 °C (averaged over the
last 10 min).

If severe shivering, paired with a noticeable increase of metabolic
rate, occurred during DOWN, the measurement was terminated pre-
maturely. Moreover, the measurement was terminated when partici-
pants reported strong discomfort, which only occurred during DOWN
(paired with shivering) but never during UP. Six DOWN measurements
were stopped early before PMHA and five after PMHA. Due to technical
problems with the climate chambers during DOWN in three cases, data
of these participants was excluded from analysis.

Air temperature and relative humidity (Hygrochron iButton,
DS1923, Maxim Integrated Products, USA,) were measured according
to EN-ISO 7726 (ISO, 2001) at 1-min intervals at 0.1 m, 0.6m, 1.1 m
and 1.7 m height. Relative humidity (RH) was allowed to drift with
changes in temperature, resulting in an average RH of 25.82 = 7.18%
during UP and 35.31 * 8.71% during DOWN.

During the measurements, participants were situated in a semi-su-
pine position on a stretcher with air-permeable fabric, wearing under-
pants only (0.05 clo (McCullough et al., 1989)). They were allowed to
watch television, but they were instructed to refrain from any move-
ment. During one of the measurement days, body composition was
determined by means of a DEXA-scan (Discovery A, Hologic Inc.).
Participants were advised to drink sufficient amounts of water the day
and morning before the measurement days (UP and DOWN) and also
during acclimation, to ensure euhydration.

2.1.2. Data analysis

The first 30 min of both conditions were excluded from the data
analyses since this was regarded as a familiarisation period. For the
analyses of energy expenditure, data was averaged over one minute. For
the comparisons of core temperature, skin temperatures, heart rate and
energy expenditure within each of the protocols and before and after
PMHA, three periods were selected during UP and two during DOWN:
baseline (t = 30-60 min, 28.81 = 0.40 °C ambient temperature), T1
(t = 105-115min, UP: 34.81 + 0.50°C, DOWN: 21.40 * 0.8°C am-
bient temperature) and T2 (t = 130-140 min, UP: 37.53 + 0.58°C
ambient temperature). Due to a technical problem with the applied
heart rate monitor, data of two participants was excluded from analysis
for both UP and DOWN.
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The commercially available software package PASW Statistics 21.0
for Mac (SPSS Inc.) was used for the statistical data analyses.
Differences in physiological parameters before and after passive mild
heat acclimation, i.e. core temperature, mean skin temperature and
proximal and distal skin temperatures, were tested using paired-sample
t-tests. Heart rate increments during the ramp protocols before and after
PMHA were tested using a repeated measures design and corrected for
multiple testing using the Bonferroni method. Correlations between
energy expenditure, physiological parameters, and body characteristics
were assessed using Pearson correlations. Significant effects are re-
ported for P < 0.05. Determination of the lower and upper critical
temperatures of the TNZ was performed using MATLAB 2012a for Mac
(The Mathworks Inc.).

2.1.3. Determination of the individual LCTs and UCTs

The main objective of this study was to explore the positioning and
width of the individual human TNZ, based on the individual metabolic
rate.

According to the Newtonian cooling model (Scholander et al.,
1950a) (assuming a constant body core temperature and ‘perfect’
thermoregulation), the steady state relationship between the ambient
temperature (Ta) and the metabolic rate (MR) that are needed to sus-
tain a stable body core temperature can be described by the application
of two linear functions:

(1) For ambient temperatures lower than the LCT: MR = -a; T, + b;
(2) For ambient temperatures between LCT and UCT (TNZ): MR
= constant

Function (1) describes a situation where the body increases its

metabolic rate to maintain stable core temperature (below LCT) and

function (2) is applicable when the body is capable of maintaining a

stable core temperature only by the modification of tissue insula-

tion (TNZ). Beyond the UCT, increased metabolic rate is in con-
tradiction with the Newtonian cooling model. Nevertheless, as the

metabolic rate is expected to increase above the UCT, we applied a

similar approach:

(3) For ambient temperatures higher than the UCT: MR= a5 T, + b,

Here, the LCT was assumed to be equal to the point of intersection
of function (1) and (2) and the UCT as the intersection of function (2)
and (3) respectively.

For each individual participant, the three functions were fitted
through the measured data points simultaneously. The ‘best fit’ for each
function was determined by the least squares method. For the de-
termination of metabolic LCT and UCT, energy expenditure relative to
the resting metabolic rate (RMR, as measured during baseline period)
was applied, and presented as a moving average over a triangular
window of 10 min. The resulting LCT and UCT were counter-checked by
subjective observation of the measured data for each individual dataset.

2.1.4. Physiological measurements

For both protocols UP and DOWN, participants arrived at the la-
boratory in the morning after an overnight fast (as of 22:00h at the
evening before). At all four days before the measurements took place
(day 0, day 1, day 6 and day 7), participants consumed the same
standardised evening meal, as chosen by them on the evening before
the first measurement day.

Upon arrival at the laboratory, participants ingested a telemetric pill
(Vital Sense, Philips Healthcare, NL) to measure core temperature. To
detect the signal of the telemetric pill, an Equivital apparatus was at-
tached to the participant's body using a chest strap (Equivital Hidalgo,
UK). The same device was used to record heart rate. Wireless skin
temperature sensors (iButton, Maxim Integrated Products, California,
USA) were attached to 14 ISO-defined body sites with semi-adhesive
tape (Fixomull stretch, BSN medical GmbH, GER) to measure mean,
proximal and distal skin temperatures. Proximal skin temperature was
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calculated as an average of the ISO-defined sites of scapula, lower back
paravertebral, upper chest and abdomen. For the distal skin tempera-
ture, skin temperatures of hand and instep were averaged. After pre-
parations, participants took place on a stretcher (approximately
0.15clo) in the climate chamber. A face mask was attached to measure
energy expenditure continuously by means of indirect calorimetry using
a facemask (Omnical, Maastricht Instruments, NL). Energy expenditure,
i.e. metabolic rate, was calculated according to Weir (1949), using the
measured consumed oxygen and produced carbon dioxide which were
multiplied by a factor 4.186 to convert data into kJ/min. Core tem-
perature, heart rate and skin temperatures and energy expenditure were
recorded at 1-min intervals. Physiological data for core and skin tem-
perature as well as cardiovascular parameters for the UP protocol have
been reported in an earlier publication (Pallubinsky et al., 2017).

3. Results

First, the results for the individual critical temperatures observed
during the dynamic temperature protocols will be presented, followed
by results for the effect of PMHA on critical temperatures and ther-
mophysiological parameters.

3.1. Individual critical temperatures

Table 2 provides an overview of all observable LCTs and UCTs. The
individual critical temperatures were assessed before and after PMHA.
Fig. 4 shows examples of the energy expenditure curve of five re-
presentative participants, as measured during UP and DOWN, before
and after PMHA.

Overall, in most participants, the LCT was observable as a strong
inflection point in the relation between energy metabolism and air
temperature, and, except for one occasion, LCTs could be calculated by
the application of the functions as described in the above (Fig. 4,
Table 2). As for the UCT, most participants did not exhibit a clear in-
flection point of energy expenditure with increasing ambient tem-
perature. Few participants show a gradual small increase, mostly
starting from the baseline temperature. However, several participants
did not show an increase of metabolic rate during UP at all (Fig. 4). One
participant showed no detectable increase of energy expenditure at all -
neither during UP, nor during DOWN (Table 2, Fig. 4D).

Due to the very few identifiable UCTs, only LCTs could be statisti-
cally analysed to evaluate the effect of PMHA. There was no significant
influence of PMHA on the positioning of the LCT (P = 0.962). RMR as
measured during baseline was 4.82 = 0.52kj/min before PMHA and
4.79 * 0.61kj/min after PMHA. RMR was not significantly altered by
PMHA (Schellen et al., 2012).

Table 2

Critical temperatures before and after PMHA.
Participant ID LCT pre ['C] LCT post [°'C]  UCT pre UCT post

['Cl ['cl

1 / /
2(A) 20.4 24.0 / /
3 / /
4 (B) 19.2 21.2 29.0 29.8
5(0) 24.6 25.0 / /
6 22.8 221 / /
7 (D) / / / /
8 / /
9 (E) 22.9 21.2 / 31.2
10 28.9 23.4 / /
11 24.3 26.6 / /
Total 233 = 3.2 234 = 20 n/a n/a

Slash = no detectable inflection point, grey field = no data obtained, LCT
lower critical temperature, UCT upper critical temperature. The letters next to
the participant numbers refer to the graphs shown in Fig. 4.
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and post (right hand side) PMHA.

203



H. Pallubinsky et al.

Table 3
Body temperatures during UP and DOWN before and after PMHA.

Journal of Thermal Biology 79 (2019) 199-208

Protocol UP

Baseline pre T1 pre T2 pre Baseline post T1 post T2 post
Core temperature [°C] 36.80 + 0.27 36.74 = 0.25 36.87 + 0.22 36.72 + 0.18 36.62 + 0.23 36.73 + 0.26
Mean skin temperature [°C] 33.89 + 0.50 35.08 = 0.42 35.72 + 0.37 33.97 = 0.30 35.08 = 0.30 35.79 = 0.25
Proximal skin temperature [°C] 34.41 += 0.49 35.60 = 0.35 36.18 + 0.28 34.30 = 0.43 35.38 = 0.38 36.03 = 0.32
Distal skin temperature [°C] 32.44 = 0.75 32.11 + 0.52 34.97 + 0.52 33.18 = 0.55 34.60 + 0.49 35.48 + 0.46
Protocol DOWN Baseline pre T1 pre Baseline post T1 post
Core temperature [°C] 36.71 = 0.19 36.78 = 0.26 36.72 = 0.14 36.80 = 0.28
Mean skin temperature [°C] 33.86 + 0.54 30.89 = 0.71 33.97 + 0.23 31.03 + 0.50
Proximal skin temperature [°C] 34.26 + 0.61 31.58 + 0.85 34.25 + 0.25 31.41 + 1.03
Distal skin temperature [°C] 32.36 + 0.64 27.81 = 0.45 32.99 + 0.82 28.31 + 0.83

Data is presented as mean + SD.
* P < 0.05 for changes post PMHA.
** P < 0.01 for changes post PMHA. N = 11 for UP, N = 8 for DOWN.

To assess the influence of individual characteristics and body
composition on the results of the LCT position, the correlation with age,
fat percentage, fat mass, lean mass, height, weight, and BMI were
analysed for LCT and UCT, both before and after PMHA. No significant
correlations (P > 0.05) were found between demographic character-
istics and the positioning of the LCT before or after PMHA.

3.2. Body temperatures

After PMHA, core temperature was significantly decreased during

(—=0.14 = 0.15°C, P = 0.026) but not at baseline (—0.12 + 0.23°C,
P = 0.115, Table 3 and Fig. 5). No significant change of core tem-
perature was observed during DOWN at baseline or T1 (Table 3, Fig. 5).
Average mean skin temperature after acclimation was not significantly
different from the pre-measurement at any time point. However,
average proximal skin temperature significantly decreased at T1
(—=0.22 = 0.29°C, P = 0.029) and average distal skin temperature
increased at baseline (+0.74 + 0.77°C, P =0.009), and T2
(+0.51 = 0.63°C, P =0.022) and tended to be higher at T1
(+0.49 = 0.76 °C, P = 0.057) upon warmth exposure during UP post
PMHA (Table 3, Fig. 5).
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Fig. 6. Heart rate during UP before and after PMHA. Data is presented as
mean *+ SD over the course of 5min per time point. N = 9 until t = 150 and
N = 6 until t = 180.

3.3. Heart rate

Before PMHA, heart rate (HR) significantly increased from baseline
to T1 (A3.6 £ 0.94, P = 0.019), from baseline to T2 (A6.9 *+ 1.1,
P =0.001) and from T1 to T2 (A3.3 * 0.6, P = 0.03) (Fig. 6). After
PMHA, HR increased significantly from baseline to T1 (A2.4 = 0.8,
P = 0.039) and from baseline to T2 (A3.6 = 0.9, P = 0.007), but not
from T1 to T2 (Fig. 6). No significant change of HR during DOWN was
observed, neither before or after PMHA.

Regarding the effect of PMHA, heart rate was not significantly af-
fected by PMHA during UP, neither in thermoneutral conditions, nor
during warming (Fig. 6A). During cooling, heart rate was significantly
lower post-PMHA at T1 of DOWN (A—4.1 + 2.0, P = 0.004, N = 6).

4. Discussion

The objective of the present study was to explore the human me-
tabolic LCT and to investigate the existence and positioning of the
human metabolic UCT, using a novel, dynamic approach with in-
creasing and decreasing thermal conditions. Moreover, this study aimed
to assess the effect of passive mild heat acclimation on the (dynamic)
human TNZ, to evaluate the impact of acclimation to elevated tem-
peratures on the critical temperatures.

The results of this study show that for the great majority of parti-
cipants, a clearly observable and distinct increase of metabolic rate was
evident when temperatures decreased, allowing for the calculation of
the individual dynamic LCTs. However, during warming, several par-
ticipants showed only a very slight and gradual increase of energy
metabolism, whereas others did not exhibit observable changes of the
metabolic rate at all. Hence, a clear inflection point for the metabolic
UCT was not identifiable and therefore not quantifiable in most cases.
The latter supports the hypothesis that there might not be a distinct
metabolic UCT in humans, other than reported in other species
(Gordon, 2012; Scholander et al., 1950b), at least not in the measured
range of temperatures reaching up to 42 °C.

Interestingly, there appeared to be considerable differences in me-
tabolic response to decreasing ambient temperatures between the in-
dividuals, denoted by the wide range of LCTs observed both before and
after PMHA (temperature range: pre: 9.7 °C, post: 5.4°; Table 2).
However, the results show that repeated measurements lead to a
characteristic metabolic response over time within the same individual
for both UP and DOWN protocols (Fig. 4).

With respect to the effect of PMHA on the TNZ, or at least on the
LCT, no changes of the metabolic rate, neither basal nor during
warming or cooling were evident after acclimation. Although the LCT
remained unaffected by PMHA, core temperature decreased upon
PMHA and skin temperature distribution changed towards warmer
distal parts and cooler proximal parts, indicating enhanced heat loss
mechanisms.
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4.1. Assessing the individual thermoneutral zone in humans

The TNZ for small mammals has been described in detail by
Scholander et al. (1950a) and later modified by Gordon (2012). How-
ever, hitherto, the width and positioning of the human TNZ has been
difficult to measure. An earlier study by Mekjavic et al. (1991) estab-
lished that core temperature thresholds for shivering and evaporative
heat loss are significantly different from each other. This indicates that
a so-called ‘null-zone’ exists, a core temperature range with a magni-
tude of ~0.6 °C, at which no sweating or shivering occurs. Importantly,
the present study aimed to identify the metabolic TNZ, which is not
assessed by measuring the critical ambient temperatures at which core
temperature changes, but those at which changes of the metabolic rate
are observed. With respect to the metabolic TNZ, several attempts have
been made to determine the critical limits (Craig and Dvorak, 1966;
Hardy and DuBois, 1937, 1938, 1940; Hey and Katz, 1970; Hill et al.,
2013), whereof one in water (Craig and Dvorak, 1966) and one in
naked babies (Hey and Katz, 1970), but structural and sufficient data is
lacking.

One of the major issues concerning determination of the human TNZ
is the great thermal mass of the human body. Hypothetically, in order
to determine the metabolic rate characteristic for a specific ambient
temperature, an individual would have to remain in that particular
ambient condition until thermal equilibrium is achieved. However, in
order to test a wide range of ambient temperatures (e.g. 18-42°C), a
person would have to remain in a resting and fasted state for many
hours, which is extremely time consuming and practically very difficult.
Using the example of a range from 18 °C to 42 °C, assuming one mea-
surement day per tested temperature would be needed, a total of 24
measurement days per subject would be required to assess the entire
temperature range. Additionally, circadian physiological changes, such
as increasing and decreasing core temperature during the course of the
day, might affect energy expenditure, which would further complicate
the procedure. Consequently, in order to bypass these practical issues,
we explored a dynamic approach to test the human TNZ, consisting of
two temperature ramp protocols as described in the methods section
above (2.1.1).

In the literature, the metabolic TNZ for males in air has been sug-
gested to range between 28 and 32 °C, as mentioned earlier (Hardy and
DuBois, 1937, 1938). Hill et al. (2013) has reported a lower LCT of
26-27 °C for naked humans. Furthermore, a study using a biophysical
model has suggested that the steady state human TNZ might even span
from 26 °C to 33 °C (Kingma et al., 2014). However, the ranges listed
above are from experiments that were conducted with a very limited
number of subjects and were not all specifically designed to uncover the
human TNZ. Importantly, sex has been suggested to have a significant
influence on both LCT and UCT, considering the fact that females are
more susceptible to heat loss due to a larger surface to mass ratio and
also have a lower metabolic rate (up to —35%) (Byrne et al., 2005).
Hence, the female TNZ, or at least the LCT, might be shifted to higher
ambient temperatures. Apart from sex, also body composition and age
are strong determinants for the width and positioning of the individual
TNZ (Kingma et al., 2012).

4.1.1. LCT

As for the LCT, the applied protocol indeed allowed for the eva-
luation and calculation of the critical inflection points of metabolic rate
during decreasing temperatures (Table 2). For 1 out of 8 participants,
metabolic rate did not increase and it was therefore not possible to
determine an LCT, neither before nor after PMHA for this particular
participant (Table 2, Fig. 4D).

The great majority of LCTs measured in the present study were si-
tuated at considerably lower temperatures than those reported in the
literature (Table 2). All but 2 calculated LCTs, for both pre- and post-
PMHA, were lower than 26 °C (group average: 23.3 * 3.2°C before
and 23.4 + 2.0°C after acclimation). Possible explanations might, on
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the one hand, lie in the insulation of underwear (0.05clo) and the
stretcher (0.15clo) used during the ramp protocols. The estimated in-
sulation value for underwear and stretcher together approximates
0.2clo, which might lower the anticipated LCT by as much as 3 °C.

On the other hand, the dynamic nature of our protocols might have,
to some extent, caused the low LCT values in this study. During the
ramps, temperature drifted with approximately 10 K/h. During static
exposure to a certain low temperature, heat loss may be higher than
heat production, which, over time, might results in extra heat produc-
tion by NST or ST. The relatively short time span spent in one specific
temperature due to the temperature ramp, therefore, assumedly shifts
this metabolic increase to lower temperatures. In other words, the body
might not face the same amount of heat loss when a specific ambient
temperature is reached during the dynamic protocol as under static
conditions at the same ambient temperature. In conclusion, the LCTs
obtained in the present study must be considered as ‘dynamic metabolic
LCTs’, as they might differ from hypothetical static values. The benefit
of a dynamic protocol for the assessment of the human TNZ is, however,
that it is relatively easy to implement (compared to tedious static
protocols) and it may, moreover, be a more realistic approach for the
comparison with every-day life situation, which often are not static. For
scientific purposes, characterisation of subjects and environments, and
for comparisons between studies, standardisation of such dynamic
protocols are desirable.

4.1.2. UCT

Interestingly, as opposed to the clearly observable LCTs, the in-
crease of metabolic rate was much less pronounced or even completely
absent during warming. Several participants exhibited a slight gradual
increase of metabolic rate (for example Fig. 4B (pre and post), but for
other participants, the metabolic rate was not affected by the increasing
ambient temperatures (for example Fig. 4A and D). Hence, using the
calculation methods applied in this study, it was only possible to
quantify one complete set of UCTs before and after PMHA (Table 2,
Fig. 4B) and for one more participant after PMHA only (Table 2,
Fig. 4E).

When considering the difference between humans and non-primate
mammals, the latter only have eccrine sweat glands (the type of sweat
glands primarily involved in thermoregulation) on their hand palms
and foot soles (with only very few exceptions, for example horses).
Therefore, their capacity for active evaporative water loss through
sweating is much smaller than those for humans, considering the fact
that humans have eccrine sweat glands spread over the greatest part of
their skin surface (Gordon, 1993, 2012). Non-primate mammals, how-
ever, can still employ other mechanisms to actively wet the surface of
their skin for cooling purposes, such as grooming moisture on the skin
or panting. However, these behavioural activities inevitably affect the
metabolic rate, which is why they also play a role for the metabolic
UCT. On the contrary, as already mentioned in the introduction, the
human evaporative UCT is predominately determined by active
sweating and not by other behavioural (metabolically costly) strategies
for active evaporative water loss as engaged by, for example, mice and
rats.

Which mechanisms actually cause the metabolic increase in those
humans that show a slight increase of metabolic rate during warming
(which is much less pronounced when compared with the distinct in-
flection of metabolic rate at the LCT) is not completely understood. As
sweating is a largely energy-neutral process, it can be concluded that
sweating is not likely to influence the metabolic response to increasing
ambient temperatures. Possibly, a combination of increased heart- and
ventilation rate due to increasing ambient temperatures partly accounts
for the increase of energy expenditure in humans. Heart rate indeed
increased significantly during warming in this experiment (Fig. 6), but
breath rate was not measured. Another possible factor of influence for
the gradual and slow increase of energy expenditure during warming
might be found in the Q10 effect. According to the Arrhenius law, a 1 °C
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change in mean body temperature might account for an increase of the
energy expenditure of as much as 8% (assuming Q10-factor = 2.3)
(Fiala et al., 1999). Hence, if observed, the increase of energy ex-
penditure during warming might have been due to a combination of
several factors, but the exact magnitude and mechanism of the energy
expenditure increase remains uncertain.

It might therefore be concluded that the human (dynamic) LCT can
be defined based on metabolic rate, whereas the human UCT should not
be assessed based on energy metabolism, but by the evaluation of both
the evaporative and metabolic UCT.

4.1.3. Individual variation of the LCT

Our data suggests that despite the relatively narrow inclusion cri-
teria and comparable participant characteristics in the present study,
metabolic responses to both decreasing and increasing temperatures
varied greatly between the individuals. The latter suggests that para-
meters other than body size, age, gender and acclimation are very likely
to influence the individual TNZ, for example thermoregulatory capacity
of the individual. One could speculate that there might be, on the one
hand, the more ‘insulative type’, reacting predominantly with vaso-
constriction and blood redistribution when exposed to cold, and there
might also be the ‘metabolic type’, reacting with more pronounced/
earlier increase of (non-)shivering thermogenesis (van Marken
Lichtenbelt et al., 2002). Other than that, also psychological factors
(e.g. positive or negative emotions (McFarland, 1985; Ziegler and Cash,
1938) might play a modifying role. The fact that no significant corre-
lations could be obtained between the calculated LCTs and demo-
graphic characteristics such as height, weight, BMI, %body fat and fat
mass supports the assumptions mentioned above. Future studies should
try to elucidate which other parameters can affect the human TNZ, and
to what extent.

4.1.4. Passive mild heat acclimation and the human TNZ

Other than previously shown in hamsters and suggested in the lit-
erature (Kingma et al., 2012; Zhao et al., 2014), passive acclimation to
mild heat did not affect the critical temperatures (LCTs) observed in the
present study. Although LCTs remained unaffected, typical physiolo-
gical adjustments to regular heat exposure were evident: core tem-
perature and proximal skin temperatures decreased whereas distal skin
temperature increased. Together, these adjustments are beneficial for
increased heat loss to the environment. Despite the fact that metabolic
changes did not occur, heat acclimation has been shown to affect eva-
porative heat loss (i.e. water loss, (Pallubinsky et al., 2017)), and thus
might potentially shift the evaporative UCT. The latter has, as pre-
viously mentioned, not been assessed in the present research, but
should be incorporated in future human TNZ studies. Moreover, more
prolonged acclimation to heat or cold might still lead to significant
shifts of the human (metabolic) critical temperatures and should also be
addressed in future research.

4.2. Limitations

It was not possible to detect critical temperatures for all partici-
pants, which was due to one or more of the following reasons: Firstly,
we encountered a technical problem with the air conditioning in our
respiration chamber in three cases, which is why the data of the DOWN
protocol of these three participants had to be excluded from analysis.
Secondly, the ambient temperatures applied during the temperature
ramps were, at least in some cases not extreme enough to induce a
metabolic response. It remains unclear whether there is a measurable
increase of the metabolic rate at even higher ambient temperatures.
With respect to future studies of the human TNZ, it is essential to ensure
that the applied temperature protocols are sufficiently broad to allow
for an assessment of the full metabolic response for all individuals.
Moreover, the present study only assessed the metabolic responses to
dynamic thermal conditions in young healthy men, which might not
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reflect thermal responses of other individuals, for example, women and
elderly people.

4.3. Future perspectives

In order to adequately measure the TNZ, future studies should also
incorporate a measure of evaporative water loss, additionally to the
assessment of energy expenditure, for the identification of the eva-
porative UCT. Moreover, in order to adequately measure the full me-
tabolic as well as evaporative response, future studies should attune the
protocol to each individual, as such that for every measured participant,
the critical temperatures (LCT and UCT, metabolic and evaporative) are
reached and thus made identifiable. Moreover, next to heart rate, also
breath rate should be assessed to investigate their involvement in the
metabolic response to increasing ambient temperatures. Additionally, a
slower increase of the ambient temperature should be tested to evaluate
the influence of the temperature slope (i.e. the effect of time in the
respective ambient condition) on the metabolic response as well as the
width and positioning of the human TNZ.

Future research is needed to gather important yet unavailable in-
formation on the TNZ of women, and, for example, older age groups
and obese persons or patients with type 2 diabetes mellitus (T2DM).
The latter is of great significance as an increasing proportion of the
World population suffers from obesity and metabolic diseases such as
T2DM. Presumably, these conditions influence the range and position of
the TNZ, due to, for example, altered thermophysiology and changes of
body composition.

4.4. Conclusion

The results of the present study show that the generally assumed
LCT of approximately 28 °C, which has earlier been indicated in the
literature, does not match with the dynamically assessed LCTs in this
study, as those were considerably lower in most cases. PMHA did not
significantly change the positioning of the LCT, indicating that the re-
latively mild and passive acclimation to heat does not affect energy
metabolism. Substantial individual variation of the positioning of the
dynamic LCT was evident between the participants, both before and
after PMHA. The latter could not solely be explained by age or body
composition, as these parameters did not correlate with the obtained
LCTs.

As for the measured metabolic UCT, a distinct inflection point was
not evident for the great majority of participants.

In conclusion, the applied dynamic method allowed for the de-
termination of individual dynamic LCTs, however, distinct inflection
points of the metabolic rate in increasing temperature were absent in
most cases. Suggestions for protocol adjustments for the determination
of the dynamic metabolic and evaporative UCT are discussed.
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