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The quality of local skin temperature prediction by thermophysiological models depends on the local skin blood
flow (SBF) control functions. These equations were derived for low activity levels (0.8 1 met ) and mostly in
sitting or supine position. This study validates and discusses the prediction of foot SBF during activities of
1 3 met in male and females, and the effect on the foot skin temperature prediction ( Tskin, foot ) using the
thermophysiological simulation model ThermoSEM. The SBF at the foot was measured for ten male and ten
female human subjects at baseline and during three activities (sitting, walking at 1 km/ h , preferred walking
around 3 km/ h ). Additional measurements included the energy expenditure, local skin temperatures (Tskin,loc ),
environmental conditions and body composition. Measured, normalized foot SBF is 2-8 times higher than the
simulated SBF during walking sessions. Also, SBF increases are significantly higher in females vs. males (preferred walking: 4.8 ± 1.5 versus 2.7 ± 1.4 , P < 0.05). The quality of Tskin, foot using the simulated foot SBF is
poor (median deviation is 4.8°C , maximumum deviation is 6°C ). Using the measured SBF in ThermoSEM
results in an improved local skin temperature prediction (new maximum deviation is 3.3°C ). From these data a
new SBF model was developed that includes the walking activity level and gender, and improves SBF prediction
and Tskin, foot of the thermophysiological model. Accurate SBF and local skin temperature predictions are beneficial in optimizing thermal comfort simulations in the built environment, and might also be applied in sport
science or patient's temperature management.

1. Introduction
The international energy agency reports that space heating and
cooling as well as water heating are responsible for almost 55% of the
global buildings energy use. Moreover, the report states that the energy
consumption of these sectors needs to be reduced by at least 25% by
2050 to meet the 2 °C target for climate global warming (IEA, 2013).
However, heating, ventilation and air conditioning systems should also
provide a healthy and comfortable thermal indoor environment for the
buildings' occupants. Among other solutions, localized heating and
cooling systems show a high potential for saving energy in office
buildings as compared to conventional systems while providing a
comfortable indoor thermal environment (Arens et al., 1991; Foda and
Sirén, 2012; Melikov et al., 1994; Verhaart et al., 2015; Veselý and
Zeiler, 2014). To predict the overall and local thermal sensation and

comfort of the users of these systems efficiently, human thermophysiological models and coupled thermal sensation models can be
used. Therefore, thermophysiological models such as UTCI-Fiala (Fiala
et al., 2012, 2001, 1999), ThermoSEM (Kingma, 2012; Kingma et al.,
2014; Severens, 2008; Severens et al., 2007), Berkeley Comfort Model
(Huizenga et al., 2001; Zhang et al., 2001) or Tanabe's model (Tanabe
et al., 2002) predict the mean and local skin temperatures, which are
then processed in thermal sensation and comfort models. Because of
their main application in the built environment, these models are designed and validated for mild cold to mild warm environmental conditions (approximately 15 °C to 35 °C , depending on clothing). Within
this environmental temperature range, the prediction of mean and local
skin temperatures need to be as accurate as possible. Validations of
thermophysiological models show high accuracies for mean skin temperatures, but deviations can be found in local skin temperatures

Abbreviations: BMI, Body mass index; BMR, Basal metabolic rate; EE, Energy expenditure; LDF, Laser Doppler Flowmetry; MRUM, Metabolic Research Unit
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especially at the extremities (Martínez et al., 2016; Psikuta et al., 2012;
van Marken Lichtenbelt et al., 2007; Veselá et al., 2015). To improve
the prediction of local skin temperatures, influencing factors of the local
heat balances in these models need to be re-evaluated.
One important component of these balances is the local skin blood
flow (SBF), which is a large thermoregulatory factor (Kellogg, 2006).
Local SBF is mainly controlled via the nervous system of warm and cold
sensitive neurons at the skin sites and in the hypothalamus (Boulant,
2005). Depending on the fire rate of these thermosensitive neurons, SBF
will be reduced or elevated through vasoconstriction or vasodilation to
avoid or increase heat loss, respectively (Mekjavič and Morrison, 1985;
Nakamura and Morrison, 2008a, 2008b). The modelling of local SBF
can be done using different approaches, for example Wissler's or Fiala's
empirical SBF models (Fiala et al., 2001; Wissler, 2008), the SBF model
by Tanabe where the SBF is a function of the external work and shivering heat production (Tanabe et al., 2002), Pennes' empirical blood
flow perfusion term in the Berkley Comfort model (Huizenga et al.,
2001; Pennes, 1948) and the neurophysiological approach by Kingma
et al. (2014). The validation of the neurophysiological approach by
Kingma et al. (2014), which was implemented in the thermo-physiological model ThermoSEM, showed improved forearm and abdomen
SBF and mean skin temperature prediction.
ThermoSEM including the neurophysiological approach for SBF was
developed and validated for several environmental conditions.
However, the activity levels were low at 0.8 1 met for most scenarios
and in sitting or supine position with low clothing insulation (Kingma
et al., 2014). Higher activity levels such as standing (about 1.5 met ) or
walking (2 4 met ) were not included in the model's validation. In the
most recent thermophysiological models, the overall activity level is
used to take different activities into account (Fiala et al., 2001;
Huizenga et al., 2001; Tanabe et al., 2002). However, during activities,
like walking, a local increase in muscle activity/metabolism takes
place, but also a large increase in local blood perfusion is observed
(Hinds et al., 2004; Joyner et al., 2001; Savard et al., 1988; Snell et al.,
1987). Yet, data on local (increased) metabolic rates and local increase
in blood perfusion during activities is lacking or incomplete (Veselá
et al., 2017a). Moreover, most models use an average, usually male,
person for simulation purposes. Havenith (2001) and van Marken
Lichtenbelt et al. (2004) show that the individual body characteristics
of human subjects, such as height, body mass, body fat percentage and
metabolism, improve the models quality in predicting individual skin
temperatures. Our final aim is to extend the thermophysiological model
ThermoSEM such that it includes both localized increase in tissue
perfusion and local increase in metabolic rates that depend on the type
of activity. In the present paper, our focus was on the local increase in
blood perfusion and its effect on the increase in local skin temperatures.
The main focus was hereby on the foot, since the largest deviations of
up to 10°C in skin temperature between simulation and measurements
were found at this body location (Veselá et al., 2015).
To verify and improve the foot skin temperature prediction of
ThermoSEM for light and medium activity levels as usually found in the
built environment (sitting, standing, walking at about 2 3 km / h ), the
influence of the SBF at the ankle is investigated. Therefore, local skin
temperatures and ankle SBF of twenty human subjects were measured
for activities reaching from 1 3 met for this study. The main objective
was to investigate the effect of the measured SBF on local skin temperature prediction based on individual characteristics in the thermophysiological simulation model ThermoSEM. Moreover, the influence
of walking activity level and gender was included in the neurophysiological approach.

Table 1
Participants characteristics (10 males, 9 females).
Characteristics

Mean ( ± SD)
- all

Mean ( ± SD)
- male

Mean ( ± SD)
- female

P-values
male vs.
female

Age [yr]
Body mass [kg]
Height [m]
BMI [kg/m2]
Body fat [%] a
Surface area [m2]b

28.7
69.4
1.76
22.3
24.7
1.85

30.2
75.2
1.81
22.9
21.9
1.95

26.1
63.1
1.71
21.7
27.9
1.74

0.44
< 0.01
< 0.01
0.28
0.06
< 0.01

a
b

±
±
±
±
±
±

10.6
9.4
0.08
2.4
7.0
0.15

±
±
±
±
±
±

11.0
8.7
0.06
2.7
8.1
0.12

±
±
±
±
±
±

9.7
4.9
0.06
1.7
3.3
0.08

Measured via Bod Pod®.
Method by Du Bois and Du Bois (1916).

Maastricht University (MRUM) and took place from February to August
2016. The experiments described in this paper were part of a larger
study investigating the thermal challenges of modern day humans. The
medical ethical committee of Maastricht University Medical
Centre + authorized the experimental protocol. All participants in this
study signed a letter of consent prior to the experiments.
2.1.1. Subjects
The subjects had to meet the following inclusion criteria: Caucasian,
generally healthy, age between 18 and 60 years, BMI of 20 25 kg /m ²
and sharing an office with another participant of different gender. The
last criterion was required for the wider study. Hence, ten pairs of malefemale volunteers were recruited for this study (Table 1). One female
subject was excluded from the analysis, because no skin perfusion of the
ankle was recorded due to a malfunction of the LDF probe. As shown in
Table 1, there is a significant difference in body mass, height and body
surface area between the male and female test persons.
2.1.2. Measurement protocol
The recruited volunteers visited MRUM for one day. The chamber's
air temperature was set to 22 °C and was recorded using hygrochron
iButton® dataloggers (DS1923, Maxim Integrated, USA) at four heights
(0.1m , 0.6 m , 1.1m , 1.7 m above ground) along with the relative humidity (RH in %). The participants were asked to refrain from caffeine
or alcoholic beverages and food up to 12 h before the start of the experiments. After arriving at 8:30 a.m., the subjects swallowed a small
telemetric temperature pill (CorTemp™, USA), before they changed into
the standardized medium warm clothing combination consisting of
underwear, a t-shirt, a sweater, sweatpants, socks and sneakers (total
insulation about 0.8 clo , see also section 2.2.3 and Table S1). While
dressing, thermochron iButton® dataloggers (DS1922L, Maxim Integrated, USA) were attached on the test persons with medical tape on
14 positions plus on fingertip in accordance to EN-ISO 9886, 2004
(2004) as shown in Fig. S1, supplementary information. Furthermore,
skin perfusion was measured using Laser Doppler Flowmetry (LDF)
(PF4000 & PF5000, Perimed AB, Sweden). For practical reasons, the
participants were wearing regular footwear, and to avoid distortion of
the regular walking patterns, the SBF was measured at the ankles instead of the feet or toes.
With the sensors attached, the volunteers then performed the
measurement protocol as shown in Fig. 1. Firstly, they laid in supine
position on a stretcher for 30 min to measure baseline metabolic rate
(BMR). To ensure that the participants' thermal state was close to
neutrality, they were covered with a thin cotton blanket. Energy expenditure (EE) was measured during all parts of the experiments by
indirect calorimetry using a mask connected to an automated respiratory gas analyser. After the BMR measurement, the subjects were
given a light breakfast and changed into either the light clothing
combination consisting of underwear, a t-shirt, shorts, socks and
sneakers (total insulation about 0.5 clo) or left on the medium clothing
combination (0.8 clo , see section 2.2.3 and Table S1). The starting

2. Methods
2.1. Human subject experiments
The experiments were conducted at the Metabolic Research Unit of
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Journal of Thermal Biology 84 (2019) 439–450

S. Veselá, et al.

Fig. 1. Time line of measurement protocol.
Light gray areas represent times of defined
clothing, dark gray areas represent times of
defined activities, white areas represent any
kind of break (B) for taking measurements,
changing clothing or eating and drinking.
(The notation 1/2 and 3/4 refer to the two
parts of each experimental session divided
by a small break for taking measurements in
the morning and afternoon, respectively.).

clothing combination (light or medium) was randomized for all pairs of
subjects. Then, they switched to a treadmill where three activities took
place for a total 23 min each (Fig. 1a). After the first 10 min of each
activity, there was a small break (approximately 3 min) to perform
additional measurements, e.g. blood pressure, and thermal comfort
questionnaires (not evaluated in this paper). Because of this small
break, all activities were split into two subsections, which are separated
by the small white line in Fig. 1 and are numbered for further analysis
1/2 for the morning and 3/4 for the afternoon session. The activities
were sitting on a chair, walking at a speed of 1 km / h (Slow Walk) and
walking at preferred speed (Pref Walk). The slow walking period replaced a period of standing, which was found to be too hard on the
participants in pretests. Hence, the walking speed was set to the lowest
possible setting of the treadmills. In between the activities, the test
persons could take off the EE mask for a couple of minutes and get a
drink of water. The third activity was followed by a lunch break of
45 min. A light, standardized lunch of cheese and crackers was provided
to the subjects. Also, the participants were asked to change into the
second clothing combination. After the lunch break, the subjects performed the same three activities as before (Fig. 1b). However, due to
technical reasons the seated period had to be performed as the final
session. After the experiments, all sensors were detached and the volunteers’ anthropometric data was measured. These data included the
height, body mass, and body composition via Bod Pod® (Life Measurement Inc., Concord CA, USA).

where 1 is a model constant representing all non-thermal effects on
SBF, 2 and 3 are model parameters for the cold and warm afferent
pathway, respectively, Hwarm is the neuron fire rate of temperature
sensitive neurons in the hypothalamus, Pcold and Pwarm are the neural
peripheral cold and warm drive, respectively. The function for the
neural regulation signal is based on the neural concepts described in
Mekjavič and Morrison (1985), Boulant (2005) as well as Nakamura
and Morrison (2008a, 2008b). Hwarm , Pcold and Pwarm are calculated as
described in Kingma et al. (2014) using the individual neuronal response characteristics as modelled by Mekjavič and Morrison (1985).
The SBF prediction using the neurophysiological approach was validated using two independent data sets of young male subjects, which
were dressed in shorts or light sportswear and were lying in supine
position (Kingma et al., 2014). The results of this validation showed
improved SBF prediction as compared to Fiala's model for abdomen,
forearm and similar SBF simulation for the hand. However, the model
was not validated for higher activities and higher clothing insulation.
2.2.1. Individualized ThermoSEM
In the default setting, ThermoSEM represents an average adult male
(73.5 kg , body surface area of 1.86 m² , body fat percentage of 14%, and
87.1W total basal metabolic heat). However, the default geometry of
ThermoSEM does not represent the participants of this study.
Especially, a large deviation in the fat percentage can be seen in
Table 1. van Marken Lichtenbelt et al. (2007) and Severens (2008,
2007) introduced a method to scale the default geometry of ThermoSEM to individual measurement. Firstly, the length of all body parts,
except the head, were scaled with a factor 1 which is the ratio of the
height of the actual person h to the height of the standard person h 0 .
The head was scaled with 1 . Secondly, 2 and 3 were introduced for
scaling the layer thicknesses (i.e. radii) of the body segments. The core
and muscle layers were scaled with 2 , and the fat layers were scaled
with 3 . The thickness of the inner and outer skin was not scaled. The
factors 2 and 3 were then calculated using an optimization routine to
match the total body mass and fat percentage of the considered subject.
The general scaling method of van Marken Lichtenbelt et al. (2007)
and Severens (2008) was adopted for this study. Additionally, differences in fat distribution between males and females were considered.
Fig. 2 shows the distribution of the local body fat for a typical male and
a typical female subject as compared to the standard (Fiala/ThermoSEM) configuration (Wölki, 2017; Wölki and van Treeck, 2013). The
data was obtained from body composition measurements of 190 male
and 133 female test persons. To produce similar relations in ThermoSEM additional factors were applied to 3 (Table 2). The resulting
body fat mass distribution of a lean male (1.80 m, 70.1 kg, 16.4% body
fat), the average male and average female human subject of this study
are also shown in Fig. 2. Most male and all female participants of our
study had a higher body fat percentage than in (Wölki, 2017), which
results in overall higher body fat mass for all body parts especially on
the thorax and abdomen. However, the distribution of body fat mass
shows a similar relation. Hence, the additional scaling factors of Table 2
are sufficient to account for differences in body fat distribution between

2.2. ThermoSEM and input parameters
The thermophysiological model ThermoSEM was evolved from
Fiala's thermoregulation model (Fiala, 1998; Fiala et al., 1999) with
modifications implemented by Severens et al. (2007) and Kingma et al.
(2014). In ThermoSEM, the human body is divided into 19 body parts
which are represented by 18 concentric cylinders and one concentric
semi-sphere. Each part consists of multiple tissue layers, e.g. bone,
muscle, fat or skin, with a specific geometry and characteristics. The
biggest difference between Fiala's model and the current version of
ThermoSEM is the implementation of a neurophysiological approach to
calculate the SBF (Kingma et al., 2014). The skin perfusion in Fiala's
model is a function of the central stimuli for vasodilation and vasoconstriction which in turn are functions of the difference between the
actual and set point mean skin temperature (Fiala, 1998; Fiala et al.,
1999). The model by Kingma et al. (2014) formulates SBF regulation as:
i

=

i, bas

where
Q10 is

(1)

× N × Q10

is the basal heat equivalent of SBF of a specific body part i ,
the local regulation effect of SBF (Q10-effect) with

i, bas

(Ti Ti, bas )

Q10 = 2 10
, Ti, bas the local tissue temperature under basal conditions and N is the neural regulation signal for SBF. The function for N
is:
N = max[0,

1

2 (Hwarm

Pcold)

3 (Hwarm

Pwarm)]

(2)
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Fig. 2. Comparison of body fat mass distribution between the typical male subject, standard Fiala-FE/ThermoSEM and typical female subject of the study by Wölki (2017)
(indicated by *) and this study's lean and average male and female subjects (Left body parts have the same value as right body parts.).

manikin was attached to the movement simulator and performed a
walking motion of 2.5km /h . Details on the measurements can be found
in Veselá et al. (2018, 2017b). The detailed local clothing area factor,
intrinsic dry thermal insulation and clothing moisture permeability are
given in Table S1 of the supplementary information. During BMR
measurements, an additional cotton sheet was provided to ensure
thermal neutrality. Since the additional clothing insulation provided by
the cotton sheet could not be measured and no local values were found
in the literature, an additional insulation of 0.07 m2K/W was added
based on whole-body covering items found in ISO 9920, (2009).

Table 2
Adjusted scaling of the fat layer for male and female subjects.
Body part

Scaling factors
Male

Face, Neck, Shoulders
Thorax
Abdomen
Upper arms
Lower arms
Upper legs
Lower legs
Hands, Feet

Female

3

3

3

3

3

3

3
3
3
3

3

×
×
×
×

0.98
0.98
1.05
0.999

3
3

3
3

×
×
×
×
×
×

1.04
1.02
1.05
0.99
1.14
0.99

2.2.4. Environmental parameters
The environmental parameters required in ThermoSEM are the air
temperature, radiative temperature, relative humidity and relative air
speed. The air and radiative temperature as well as the relative humidity at each time step t is the average of the data provided by the four
hygrochron iButtons (section 2.1.2). The average air temperature
during the experiments was typically 24°C ± 0.3°C and the relative
humidity 30% ± 1% . The air speed was measured using a hot-wire
thermal anemometer (FVA605TA10U, Ahlborn, Germany) and varied
between 0.15 ms 1 and 0.20 ms 1. These environmental conditions are
prescribed to the model as described by Schellen et al. (2013).

3

males and females in ThermoSEM.
2.2.2. Activity
If the activity is not constant, ThermoSEM requires an input file for
the activity level at each time step t. In the model, the average activity
during BMR measurements actBMR is equal to 0.8 met (Fiala et al., 1999).
The activity at each time point t (actt ) is then defined as the ratio of the
energy expenditure at the time point t (EEt ) and the average metabolic
rate during the BMR measurement (EEBMR ) times 0.8.

actt = 0.8 ×

EEt
EEBMR

2.2.5. Measured skin blood flow
To analyse the effect on local skin temperature prediction of measured SBF versus simulated SBF, the recorded perfusion response of the
LDF measurement needed to be imported in ThermoSEM. However,
using LDF for SBF measurements raises two issues: 1) Movement at the
site of measurement, as is the case in the two walking modes, results in
a Doppler shift associated with movement and not necessarily due to an
increase in skin blood perfusion. Since LDF does not discriminate directionality of flow, summation of artifacts can result in large signal
(Kirkpatrick et al., 1994), and 2) LDF does not provide absolute measurements of flow.
To estimate the SBF during walking without the movement artefacts, the 3 min of the LDF signal after the participants stopped walking
were evaluated. Based on the study by Snell et al. (1987) and the assumption that the reduction in the LDF for the foot is similar to the leg
SBF, we assume the mean of the 3 min directly after the movement
should give a good estimation for SBF during the movement. Furthermore, the moving mean was used to reduce the noise of single peaks
that occur during BMR, sitting or in the breaks between walking.
The resulting SBF signal cannot directly be used in ThermoSEM.
However, the individual perfusion responses can be imported by normalizing the data based on the average value during BMR

(3)

Therefore, the measured data of the energy expenditure is averaged
in 1 min intervals, and the average of the last 20 min during the BMR
session is calculated. Because the energy expenditure could not be
monitored during breaks, further assumptions had to be applied: 1) for
longer breaks, the average metabolic rate of the first sitting session is
used, 2) for short breaks during any walking sessions a linear decline to
the first value, when the mask is put back on, is implemented.
2.2.3. Clothing
During the experiments, the volunteers wore a light and medium
clothing combination. The light clothing ensemble consisted of underwear, shorts, a t-shirt, socks and sneakers. The medium ensemble included underwear, a t-shirt, a sweater, sweatpants, socks and sneakers.
The t-shirt, shorts, sweater and sweatpants were provided for the subjects and were available in different sizes. The participants wore their
own underwear and sneakers. The thermal clothing properties of both
ensembles were measured at Empa, St. Gallen, Switzerland using the
agile sweating thermal manikin SAM under two conditions: 1. the
manikin was in stationary (non-moving), upright position and 2. the
442
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measurement. In ThermoSEM, the normalized data is then converted
into absolute values by multiplying the data with the averaged, simulated perfusion during the BMR phase. Similar to the EE, the perfusion
could not be monitored during longer breaks. Since the subjects were
mainly seated during the morning (after BMR) and lunch break, the
averaged data of the first two sitting sessions was used to ensure a
continuous data set.

energy expenditure data for this particular sessions. For the activity
level (Fig. 4), no significant differences between male and female
subjects are found.
3.1. Comparison of measured and simulated local skin temperatures
The averaged differences between simulated and measured core,
mean skin and foot skin temperatures and their standard deviation of
the 19 subjects are depicted in Fig. 5 for all 7 sessions in the order of
performance. The results for the other body parts are included in the
Supplementary Information Fig. S2 . For the average core temperature
as well as mean, torso, arm, hand and leg skin temperature, the temperature difference is mostly close to 1°C , which is within the expected
measurement error of iButtons of ± 1°C (van Marken Lichtenbelt et al.,
2006). However, the standard deviations reach values from 0.8 °C to
1.7°C . The foot skin temperature differences ( Tskin, foot ) and their standard deviations have more extreme values, e.g. up to 6.0 ± 2.4°C for the
second preferred walking session. Even though Tskin, foot is increasing
over the day, there is no significant difference between stepwise increasing activity levels (Table S3, supplementary information). However, a significant difference between morning and afternoon sessions
can be seen (Table S3). In the following sections, the influence of SBF
on this finding is investigated. Further causes are debated in the discussion.

2.2.6. Simulation
The simulation in ThermoSEM was done continuously covering the
experimental boundary conditions from the beginning of the BMR
measurements to the end of the last sitting session in 1 min time steps.
2.3. Data analysis
To summarize the data of the human subject experiments as well as
the simulated results, the data was divided into the BMR measurement
and 6 activity sessions: Sitting 1/2, Slow Walk 1/2, Pref Walk 1/2,
Sitting 3/4, Slow Walk 3/4, Pref Walk 3/4. The data was averaged for
each part of the 6 sessions over the last 5 min.
The measured and simulated activity levels and SBF are summarized
for each session using Whisker-Box-Plots with outliers. An outlier is
defined as a data point lying outside of 1.5 times the interquartile range
and are displayed with a ‘+‘. The mean values are marked with an ‘x’.
Furthermore, a t-test was applied to the measured activity and SBF
to see if there are any significant differences between the male and
female subjects and the different activity levels. Similarly, the foot skin
temperature difference was assessed. Beforehand, the data was tested
for normality using the Shapiro-Wilk Original Test. For both tests, the
significance level was set to = 0.05. The calculations were performed
using the program Microsoft Excel.
To display the results on the effect of simulated versus measured
local skin temperatures efficiently, the differences between these skin
temperatures are shown.

3.2. Measured versus simulated SBF
Fig. 6 shows examples of an LDF recording at the ankle for one male
participant during the last 5 min of the subsessions BMR, sitting 2, and
the last 5 min and subsequent 3 min of the subsessions slow walking 1
as well as preferred walking 1 and 3. The graphs of the other subsessions can be found in the supplementary information in Fig. S3. The
LDF signal is very different for BMR and sitting sessions compared to
walking sessions. During BMR and sitting, the signal is at one level with
occasionally appearing larger peaks. For all walking sessions, it can be
seen that the signal during walking is much higher than in the nonmoving case with a high frequency of peaks and lows due to movement
artefacts. The LDF signal after motion is stopped is similar to the one of
the BMR and sitting session. For further analysis of all subjects, the
moving mean of the LDF signal is used to reduce noise by occasional
peaks and the values are normalized using the average of the BMR
measurement.
The results for the normalized, measured foot SBF are summarized
in Fig. 7. The mean values for the sitting session 1/2 and sitting session
3/4 are 0.7 and 0.9 for males and 1.2 and 1.7 for females, respectively.
For both the male and female subjects, the normalized SBF increases for
the slow walking session and again for the preferred walking session.
This increase in SBF for increased, prescribed activity is significant (p-

3. Results
The averaged energy expenditure and activity level is presented in
Fig. 3 and Fig. 4, respectively, using Whisker-Box-Plots for the male and
female subjects separately. As expected, the energy expenditure and
activity level increase with higher level of movement. In fact, the difference between increasing activity steps is significant in all cases for
both, the energy expenditure and activity level (Table S2, supplementary information). Between the male and female participants, there are
significant differences for the energy expenditure for all activities except the second preferred walking session. In fact, also for the first
preferred walking sessions the p-value is close to the significance level
= 0.05. This result is most probably due to the large variance of the

Fig. 3. Whisker-Box-Plot for average energy expenditure [W] of ten male (M) and nine female (F) subjects.
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Fig. 4. Whisker-Box-Plot for average activity level [met] of ten male (M) and nine female (F) subjects as calculated in Eq. (3).

for the male subjects, the difference between the periods of slow
walking and preferred walking is smaller than for the females. For all
sessions, there is a significant difference ( = 0.05) between the normalized foot SBF of the male and female participants (Fig. 7).
The normalized, simulated SBF for the default SBF settings
(Kingma's neurophysiological model) and individual geometry in
ThermoSEM are depicted in Fig. 8. The mean normalized, simulated
foot SBF hardly differs for the sessions. Also, no differences can be
found between male and female subjects. Moreover, the values are all
below 1, which means that ThermoSEM predicts less SBF in the sessions
with activity as compared to the basal situation.
All in all, the simulated foot SBF generally underestimate the
measured foot SBF. The ratios of the mean normalized, measured SBF to
the mean normalized, simulated SBF are summarized in Table 3. The
magnitude for this underestimation corresponds to the activity level,
but is different for male and female subjects. The ratio of the mean foot
SBF of the walking sessions reaches values from 1.8 to 4.2 for males and
4.5 to 7.9 for females.

Fig. 5. Comparison of the core temperature, mean and foot skin temperature
differences of all subjects (simulated - measured) using the standard SBF model
(Kingma et al.) in ThermoSEM.

value < 0.05) for most performance steps (Table S4, supplementary
information). However, for slow walking 3/4 to preferred walking 3/4
it is not significant (p-value of 0.09 for male and females), which is
probably due to the large variations in between the subjects. In general,

Fig. 6. Individual recording of LDF signal at the ankle and its moving mean.
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Fig. 7. Whisker-Box-Plots for normalized, measured foot SBF for ten male (M) and nine female (F) subjects with outliers (+).

3.3. Changes in skin temperature prediction for prescribed measured SBF

resulting in positive values, which in absolute measures are sometimes
higher than the original Tskin, foot . The significant difference between
the morning and afternoon sessions for sitting and slow walking can be
seen for both genders and in the original and adjusted simulation (Table
S3, supplementary information). In fact, the magnitude of Tskin, foot
increases during the course of the day. Since this effect is not seen in
other body parts, it might be due to the clothing of the foot during the
experiments as will be elaborated in the discussion section.

Fig. 9 and Fig. 10 compare simulation results for the difference in
simulated and measured core, mean skin and foot skin temperatures
( Tskin = Tskin . simulated Tskin, measured ) of the ThermoSEM simulation using
a) the SBF for all body parts which is completely determined by the
original thermoregulation model ThermoSEM (Kingma's neurophysiological model), named “original simulated SBF model” and b) the
ThermoSEM model with the adjusted foot SBF, named “prescribed
measured SBF model”. The model is adjusted in such way that the
computed SBF for the foot resembles the measured local SBF (see section 2.2.5). The results for the other body parts can be found in the
supplementary information, Fig. S4.
Apart from the feet, Tskin, loc is mostly the same for both simulations
(Fig. 9 and Fig. S4). The core temperature difference is larger than the
expected measurement error of ± 0.27 °C (Bongers et al., 2018) for the
original and adjusted simulation with a mean difference of 1 °C to 1.3°C
and a standard deviation for all subjects of 0.4°C to 0.7°C depending on
the activity. The individual recording and simulation results as well as
the individual residual mean squared deviation are shown in the supplementary information in Fig. S5, Fig. S6 and Table S5. A slight increase (about 0.05°C ) can be seen for the simulation with the prescribed
measured SBF. However, the difference of simulated minus measured
core temperature is almost constant over the course of the simulation.
Hence, on average the increase in core temperature due to activity is
represented correctly by the simulation, even though the absolute values are not a precise representation of reality.
Running the adjusted ThermoSEM model lowers Tskin, foot by about
1–2.7°C (Figs. 9 and 10). The standard deviation is mostly unchanged at
1.5 3°C . A slight difference can be seen between male and female foot
Tskin (Fig. 10). Especially, for female subjects, Tskin, foot is overcompensated in the simulation with the prescribed, measured SBF

3.4. Improvement of the model
The results in the previous sections show that (1) the normalized,
simulated SBF is 2–8 times lower than compared to the normalized,
measured SBF, (2) there is a significant difference in foot SBF between
males and females, and (3) the local skin temperature prediction is
improved by up to 3°C (new max deviation = 4°C ), when the measured
foot SBF serves as input data in ThermoSEM. To make the predictive
SBF model also suitable for higher activity levels, there is a need to
adjust the neurophysiological SBF model (equation (1) and (2)) by including the increase in activity level compared to BMR (0.8met ), the
gender of the simulated person and the interaction of these two parameters in equation (2). Therefore, an extended neural regulation signal
Nnew is introduced:

Nnew = max[0,
+

5 gen +

1

2 (Hwarm

6 (act

0.8) gen]

Pcold )

3 (Hwarm

+ Pwarm ) +

4

(act

0.8)
(4)

where (act 0.8) is the increase activity level in met, gen represents the
gender of the simulated person. For this study, the default gender is
chosen to be “male” (gen = 0). The value for gender “female” is chosen
to be gen = 1. The parameters 1 to 6 are the model's parameters to be

Fig. 8. Whisker-Box-Plots for normalized, simulated foot SBF for ten male (M) and nine female (F) subjects with outliers (+).
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Table 3
Ratios of mean normalized, measured SBF and mean normalized, simulated SBF for the feet.

SBFnorm, measured
SBFnorm, simulated

M Sit
1/2

F Sit
1/2

M Slow Walk
1/2

F Slow Walk
1/2

M Pref Walk
1/2

F Pref Walk
1/2

M Slow Walk
3/4

F Slow Walk
3/4

M Pref Walk
3/4

F Pref Walk
3/4

M Sit
3/4

F Sit 3/
4

1.0

1.8

1.8

4.5

3.5

7.0

2.5

5.0

4.2

7.9

1.1

2.2

Table 4
Mean, standard error and ratio of mean and standard error of regression coefficients for the feet.
Coefficient
1
2

3
4

5
6
a

mean

SE

mean/SE

3.5268
−0.1414
0.3979
0.2873
−0.2085
0.2573

0.2392
0.0111
0.0323
0.0124
0.0094
0.0127

14.7432a
−12.6956a
12.3368a
23.0798a
−22.1114a
20.3262a

= |mean/SE| is above significance level (> 2.13).

significance of the coefficients is tested using the t-statistics with a
confidence level of 95%. The critical value of the t distribution is 2.13
for our data. Hence, the absolute value of the ratio of the mean of the
fitted coefficients and the standard error SE should be larger than 2.13
for the parameters to be significant. In Table 4, the mean of the fitted
coefficients, their standard error (SE), and the ratio of the coefficients
mean and standard error for the feet are shown. All coefficients are
significant for the regression equation. Hence, the SBF of the foot is
estimated using the following equation for the neural regulation signal:

Fig. 9. Comparison of the core, mean skin and foot skin temperature differences
of all subjects (simulated - measured) using the originally simulated SBF
(shaded area) versus the prescribed measured SBF (filled area) in ThermoSEM.

determined for each body part.
As an example, the new neural regulation signal equation is determined for the foot using the k-fold cross validation scheme as described by Kingma et al. (2014). In this method, the coefficients 1 to 6
are iteratively fitted for n-1 subjects for n iterations, meaning that always one subject is left out at each iteration. Then, the root mean
squared residual is calculated for the left-out subject. After all iterations, the n sets of coefficients are averaged. For the regression analysis,
the measured, normalized foot SBF of this study had to be transferred to
the equivalent absolute values in ThermoSEM (see section 2.2.5). Because of missing data points in core or skin temperatures for four
subjects, which are needed to calculate Hwarm , Pcold and Pwarm , 15 subjects were included in the analysis. Moreover, the data was averaged
over the last 5 min for each subsession (sitting 1, sitting 2, slow walking
1, etc.), resulting in 12 data points for each participant. Hence, the
regression analysis included 180 data points. Furthermore, the

Nnew = max [0, 3. 5268 + 0. 1414(Hwarm + Pwarm)
0. 3979(Hwarm + Pwarm) + 0. 2873(act
+ 0. 2573(act

0. 8) gen]

0. 8)

0. 2085gen
(5)

The simulations of the experiments were re-run using the new
neurophysiological equation (5) for the foot SBF and the standard
neurophysiological model (equation (2)) for all other body parts. The
resulting Tskin, foot using the new foot SBF equation, as shown in Fig. 11,
has improved clearly for the male subjects. These values are similar to
the situation where the measured foot SBF were explicitly prescribed in
ThermoSEM. In fact, for the male participants a slight improvement
(lower Tskin, foot ) can be seen compared to the result from the measured
SBF. For the female subjects, the foot skin temperature is now

Fig. 10. Comparison of the local skin temperature differences of the foot for male and female subjects (simulated - measured) using the originally simulated SBF
(shaded area) versus the prescribed measured SBF (filled area) in ThermoSEM.
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Fig. 11. Comparison of foot skin temperature differences for male and female subjects (simulated - measured) using the originally simulated SBF (equation (2))
versus the newly simulated (equation (5)) SBF.

overestimated by 1.5 4°C in the first sitting, slow walking and preferred walking sessions. This observation can already be seen for the
results using the prescribed measured SBF, but is now more pronounced, which might be due to the exclusion of subjects and the regression method.

the foot skin temperature being 2.5°C or less. Hence, it could be expected that Tskin, foot is slightly higher than Tskin at other body parts.
However, this reasoning does not explain the change in Tskin, foot between morning and afternoon sessions. For the difference between
morning and afternoon session, the effect of circadian rhythm may have
played role. Kräuchi et al., 1999; Kräuchi and Wirz-Justice, 1994 and
van Marken Lichtenbelt et al. (2006) showed that distal skin temperatures can vary between 1 °C to 5°C during the course of a 24-h period.
However, in the time period of our experiments, which was from about
8:30 to 14:00 h, the variations were lower at 0.5°C at maximum for
Tskin, foot (Kräuchi and Wirz-Justice, 1994) Also, the difference in
Tskin, loc between the morning and afternoon sessions was less than 1°C
for all other body parts. Hence, the effect of circadian rhythm might
only have had a minor part of the differences in Tskin, foot of the morning
and afternoon session. Another reason could be that the thermal
properties of some shoes of the participants did not match the measured
(average) thermal properties which were included in the thermophysiological model's input parameters. Shoes with higher dry and
evaporative resistance values could lead to heat and sweat accumulation in the shoes, causing the temperature to rise over time (Gavin,
2003; Kuklane et al., 1999). Also, the swelling of the feet or legs after
longer periods of sitting or wearing footwear might play a role
(Kristjuhan, 1995). Due to this tissue swelling, the blood perfusion
would be hindered resulting in different skin temperatures between the
morning and afternoon sessions. However, this assumption is not supported by the SBF measurements as shown in Fig. 7 which are very
similar for the morning and afternoon session. Hence, future studies
may consider that participants take off shoes during breaks, to reduce
heat accumulation. Standardized footwear might also be an option to
this issue, but could be too costly because of the variety of shoe sizes
and may not provide a suitable fit and comfort to the participants.
The foot skin temperature was not only affected by foot SBF, but
also by total blood flow into the foot (warming from the foot core).
Thus, plethysmography would have been another method to cover the
total blood flow, since it measures the total blood flow in the deep layer
tissues and in the superficial tissue layer. However, exercise would have
to be interrupted for that. The blood flow in the deeper tissue layers is
generally related to the metabolic functions of the extremity and has a
constant and modest blood flow (Lotens, 1989). In the extremities most
effects are caused by the change in the SBF, which can be measured by
LDF. The blood flow in the deeper tissue layers was not directly measured but included in the ThermoSEM model. The effects of (partly)
cooling by other body parts on the core temperature of the feet (Tc, foot ) is
taken into account by the counter current heat exchange coefficients

4. Discussion
The results showed that the prediction of local skin temperatures by
a thermophysiological model could be improved for higher activity
levels, if the neurophysiological SBF model includes the activity level
and gender of the subjects. For the most accurate prediction of SBF, the
model might be extended by further factors such as blood pressure,
hormonal changes or local muscle activity levels (Kingma et al., 2014).
At the current stage these factors are indirectly included in the constant
1 of the neurophysiological model (see equation (2) and equation (4)).
However, it is important to weigh the contribution to accuracy of a
variable against the effort it takes and the possibility to obtain it. For
example, the whole simulation model would probably benefit from
measurements of local muscular heat production due to activity e.g.
using EMG. However, even though this value might be measured in the
laboratory, users of the simulation model might not be able to access
the data. In contrast, the estimation of the whole-body activity level is
well-document in the literature and standards (EN-ISO 8996, 2004;
Parsons, 2014). In future research, an indirect method, e.g. measuring
local blood perfusion and local skin temperatures and a detailed heat
transfer model might be used to reconstruct the local metabolic rates.
An alternative implementation would be that the neurophysiological
model is maintained in pure form and then a unique set of weights on
the afferent neurophysiological input is required based on the activity
pattern (i.e. a table of weights based on act ).
The skin temperature predictions for the foot showed the largest
Tskin and standard deviation of all body parts of up to 6.0 ± 2.4°C .
Furthermore, Tskin was up to 4.5°C different for morning and afternoon
sessions of the same activity. Both effects were most dominant in the
original simulation, but could still be seen when the simulation was run
with the measured SBF or the new neural signal equation for foot SBF.
This observation might suggest that the large deviation was not only
due to a simulation inaccuracy, but also due to a systematic effect or an
error in measurement. In the study by van Marken Lichtenbelt et al.
(2007), which validated an earlier version of an individualized ThermoSEM model for male subjects lying in a neutral and mildly cold
environment, the mean skin temperature difference at the foot and
hand was reported to be the highest compared to other body parts with
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(CCX) in the ThermoSEM model. The warming from the foot core depends on Tc, foot and the thermal insulation of its surrounding tissue,
which is affected by the local skin perfusion.
To avoid the artefacts in the LDF signal during walking, the LDF
data was evaluated for the 3 min directly after the subjects stopped
moving. In Snell et al. (1987), the leg SBF was relatively constant for
the recorded 2: 20 min after the prescribed exercise with a peak at about
1 min after the exercise. Hence, we assumed that the mean of the LDF
signal of the 3 min gives a sufficient estimate for the foot SBF. Also, the
small breaks during an activity where designed to be about 3–4 min, to
avoid a large changes in energy expenditure and SBF. In some cases,
these small breaks were shorter or had error values, due to adjustments
of the probe. For these occurrences, a shorter period of stable LDF signal
was evaluated. For future studies, a second probe on the other foot and
more repetitions of the same session, could improve the interpretation
of the LDF signal.
In the literature, no direct comparison for the increase in ankle SBF
due to walking at moderate speeds was found. In the studies by Hinds
et al. (2004), Joyner et al. (2001), Savard et al. (1988) and Snell et al.
(1987), the increase in leg SBF was between 20 and 50-fold compared
to a resting scenario. However, the level of exercise was with 80–100%
of the subjects’ leg maximal performance capacity much higher compared to the slow and preferred walking scenario of this study. Hence, a
mean 3-5-fold increase in foot SBF seems to in reasonable relation,
especially since Joyner et al. (2001) show a more steep increase in SBF
with elevated walking speeds.
In this study, the variances in the measured foot SBF were very large
(Fig. 7). To some extent, the range of participants’ characteristics might
have caused these variations. Also, local basal SBF changed due to a
circadian and ultradian rhythm of the course of 24 h (Yosipovitch et al.,
2004). Since this effect might be overshadowed by the prescribed activities, it most likely only has had a minor effect of the foot SBF during
walking. Three main reasons can be identified that might have caused
the high variances and influenced the results. Firstly, the menstrual
phase of the female subjects during the experiments were not considered due to organizational reasons. Bartelink et al. (1990) show that
the peripheral perfusion changes significantly during the menstrual
cycle, which also cause significant skin temperature differences in the
same environmental conditions. Hence, this might be one of the reasons
for the larger variance in females than males for the measured foot SBF.
Secondly, the study by Snell et al. (1987) showed a significant difference in maximal leg SBF for untrained and trained participants. When
recruiting the subjects for our study, this aspect was not considered.
The statue and background of the subjects (e.g. daily use of bicycle)
may suggest slight difference in fitness. Hence, some variation might
due to this issue. Thirdly, even though the experimenters paid great
attention to the fixation of the probes, it is possible that the LDF probe
on the ankle became looser during the walking session, causing measurement artefacts. Because of the walking movement, the probe was
exposed to higher forces than for measurements at seated or lying
postures. These issues on the high variance in SBF might be reduced in
future studies by using a second probe on the other foot or other
measured body part, and more repetitions of the same session with
adjusting the probe in between.
Another difference between male and female subjects can be seen in
the increase of the ratios of mean normalized, measured SBF and mean
normalized, simulated SBF of the foot. For males, the values varied
from 1.8 to 4.2 and for females from 4.5 to 7.9. This observation raises
the question on whether the smaller change in males is due their generally higher foot skin temperature (about 0.8°C for this study) and
higher absolute SBF. Local foot temperatures will affect the (local)
thermoregulatory responses and therefore, the SBF (Brengelmann and
Savage, 1997). However, it is not clear to what extend this can explain
all these differences or if other effects also play a role.
For all simulations and participants in this study, the core temperature was underestimated by 1.2°C 1.3°C on average (Fig. 9).

There was a slight increase in core temperature difference due to the
implementation of the measured SBF compared to the simulated SBF of
0.05°C . In general, the values were larger than could be excepted from
the accuracy of the CorTemp pill of ± 0.27°C (Bongers et al., 2018). One
reason for the relatively large core temperature difference was found in
the individualization of ThermoSEM (subjects' geometry), which accounts for approximately 0.7°C . This effect might be due to the fact that
the model was developed for an average male human, and parameters,
such as the basal blood perfusion rate, are scaled with the volume of the
body parts. Probably, the scaling should not only be based one-to-one
with the geometry, but corrected by some unknown factor. Kingma
et al. (2014) also identified the counter current heat exchange as a
source for deviations in core temperature. In their study, increased
counter current heat exchange coefficients led to a higher core temperature by 0.2°C . Moreover, Kräuchi et al., 1999, Kräuchi and WirzJustice, 1994 showed that the core temperature changes during a 24-h
period (circadian effect). The difference in core temperature between 8
o'clock and 14 o'clock was about 0.4°C for resting subjects. In contrast,
this study considered active participants. The influence of activity on
the core temperature might exceed the influence of the circadian effect.
Hence, the influence of the circadian effect on the core skin temperature difference cannot be quantified. In summary, further research on
the physiological individualization of ThermoSEM and on counter
current heat exchange is needed to provide further improvement of the
core temperature prediction.
The new neurophysiological model of the foot SBF mostly led to
improved foot skin temperature prediction. This result is promising for
developing an extended set of new neural regulation signal equations
that include activity levels above 1 met and gender differences in SBF,
especially since the largest deviations in Tskin were seen for this body
part. In future research, the SBF measurements should be extended to
additional body sites, especially at upper and lower extremities, since
they are part of the moving process. Additionally, one or two locations
at the torso might be included for comparison to the SBF of the neurophysiological model by Kingma et al. (2014).
In this study, the measurements were performed at a uniform and
constant ambient temperature (T = 24°C ), at activity levels in the range
1 3 met (sitting – walking) and subjects wearing light and medium
clothing ensembles including sneakers. In contrast, the original neurophysiological model was developed on a measurement protocol which
included temperature changes, but only in supine position and with low
clothing insulation and only socks instead of shoes (Kingma et al.,
2014). To have a complete adjusted neurophysiological model, future
research could also include a combination of increased activity levels
and different ambient temperatures.
Overall, although some issues have been raised, the results showed
that by including the walking activity level and gender in the neural
signal model for the skin blood flow, the local skin temperatures can be
predicted more accurately. Ideally, the improvements implemented
through future studies will predict individual local skin temperatures
within the error of the skin temperatures measurement (e.g. with
iButtons), which would practically be ± 1°C (van Marken Lichtenbelt
et al., 2006). At the current stage, individual results were deviating
from this aim by up to 6 °C for the feet and up to 4°C for all other body
parts. However, the average was much closer to the ideal value. Hence,
the current version including the improved neurophysiological model
of the foot would be applicable to a group of people rather than to
individuals, which is the case, for example, in the built environment.
Apart from applications in the built environment, an advanced
thermophysiological model including a precise SBF model might also be
applied to other research areas of human physiology such as sport
science and medical purposes. In sport science, a thermoregulation
model might be used to investigate athletes' heat stress before a training
unit or competition (Havenith, 2001; Havenith and Fiala, 2016). The
use of precooling or percooling can reduce this heat stress and improve
performance (Bongers et al., 2015; Eijsvogels et al., 2014; Luomala
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et al., 2012). A thermophysiological model can be used to preselect
promising cooling strategies, without the time and monetary investment of human subject experiments. In medicine, the prediction and
observation of a patient's temperature can be critical for the success of
medical surgeries. The studies by Droog et al. (2012) and Severens et al.
(2007) give examples of applying a thermophysiological model to the
human temperature management during kidney dialysis and open-heart
surgery, respectively.
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5. Conclusions
The accuracy of local skin temperature and local thermal sensation
prediction using human thermophysiological models largely depends
on the precision of their local heat balances. Local skin blood flow is a
major part of these balances. This study reveals that the skin blood flow
and local skin temperature prediction using current neurophysiological
model can be improved when walking activity levels above 1 met and
gender differences are included in the neurophysiological model. A
precise thermophysiological model including accurate skin blood flow
prediction can help to optimize the energy consumption and thermal
comfort in the built environment. Additionally, it might be applied to
other research areas in human physiology such as sport science and
patient's temperature management.
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