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Abstract

The aim of this study was to comprehensively describe the physiological responses to an

acute bout of mild cold in young lean men (n = 11, age: 23 ± 2 years, body mass index:

23.1 ± 1.2 kg/m2) to better understand the underlying mechanisms of non-shivering thermo-

genesis and how it is regulated. Resting energy expenditure, substrate metabolism, skin

temperature, thermal comfort perception, superficial muscle activity, hemodynamics of the

forearm and abdominal regions, and heart rate variability were measured under warm condi-

tions (22.7 ± 0.2˚C) and during an individualized cooling protocol (air-conditioning and water

cooling vest) in a cold room (19.4 ± 0.1˚C). The temperature of the cooling vest started at

16.6˚C and decreased ~ 1.4˚C every 10 minutes until participants shivered (93.5 ± 26.3

min). All measurements were analysed across 4 periods: warm period, at 31% and at 64%

of individual´s cold exposure time until shivering occurred, and at the shivering threshold.

Energy expenditure increased from warm period to 31% of cold exposure by 16.7% (P =

0.078) and to the shivering threshold by 31.7% (P = 0.023). Fat oxidation increased by

72.6% from warm period to 31% of cold exposure (P = 0.004), whereas no changes

occurred in carbohydrates oxidation. As shivering came closer, the skin temperature and

thermal comfort perception decreased (all P<0.05), except in the supraclavicular skin tem-

perature, which did not change (P>0.05). Furthermore, the superficial muscle activation

increased at the shivering threshold. It is noteworthy that the largest physiological changes

occurred during the first 30 minutes of cold exposure, when the participants felt less

discomfort.

Introduction

When humans are exposed to cold, they exhibit mainly two types of physiological responses in

order to protect their core temperature. They can i) rely on their body insulative properties by

changes in blood perfusion to decrease heat loss; and/or ii) increase their energy expenditure
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up to 3–5 fold above the resting energy expenditure (REE) [1], in order to counterbalance heat

lost (cold induced thermogenesis, CIT) [2].

Human CIT response has been studied broadly using different methods (cold air, water

immersions, water perfused garments, ice-blocks, among others), as well as different exposure

times [1]. CIT is typically divided into 2 main components: shivering thermogenesis and non-

shivering thermogenesis. Shivering thermogenesis increases heat production in response to

cold through muscular contractions. It is able to provoke a 5-fold increase in REE in humans,

being fundamental to avoid hypothermia and ensure human survival under extreme cold con-

ditions [3–5]. However, shivering thermogenesis is often uncomfortable and fatiguing, and

compromises locomotion. On the other hand, non-shivering thermogenesis is triggered

mainly by mild cold and can increase REE to an extent of� 30%, without inducing a large dis-

comfort [6]. Consequently, it has become an attractive target as a health-promoting stimulus

to counteract obesity and related comorbidities [7–10].

Through many decades, researchers have focused mainly on characterizing the metabolic

effects of severe cold exposure, especially in shivering thermogenesis [11]. Nevertheless, it

remains unclear how non-shivering thermogenesis is regulated and which are the mechanisms

involved during mild cold exposure. Important gaps, such as metabolic pathways and fuel

selection need to be further examined. Moreover, the relative contribution of different tissues

to non-shivering thermogenesis is still to be discerned. Brown adipose tissue (BAT), a thermo-

genic tissue with the ability to oxidize carbohydrates and lipids and to dissipate energy in the

form of heat, seems to play a key role in non-shivering thermogenesis [12–14]. Estimations

suggest that cold-activated BAT could account itself for 2.5–5% of the increase in REE [2].

However, there is an important fraction of body heat production that is missing. Recent find-

ings suggest that other tissues such as the skeletal muscle may also play a key role in non-shiv-

ering thermogenesis [7,15], yet more evidence is needed. Moreover, even less is known about

the role of subcutaneous white adipose tissue over non-shivering thermogenesis.

For a better understanding of the underlying mechanisms of non-shivering thermogenesis,

a comprehensive analysis of the cold induced physiological responses is required. Conse-

quently, in the present study we described the physiological responses to an acute bout of mild

cold exposure until shivering occurred in young lean men. Specifically, we analysed the

changes in energy expenditure and substrate metabolism, skin temperature and thermal com-

fort perception, superficial muscle activity, hemodynamics of the forearm and abdominal

regions, and heart rate variability. The changes on these variables were analysed at several tem-

perature time points during an individualized cooling protocol, which encompassed the whole

spectrum of non-shivering thermogenesis.

Material and methods

Study participants

A total of eleven Caucasian male adults (age: 23 ± 2 years; body mass index: 23.1 ± 1.2 kg/m2;

lean mass index: 17.1 ± 1.2 kg/m2; fat mass index: 4.5 ± 0.9 kg/m2) participated in this experi-

mental trial (ClinicalTrials.gov, ID: NCT02365129). All participants were healthy, non-smok-

ers, and did not take any medication that could have altered their energetic or neuromuscular

responses to cold exposure. The study protocol and the informed consent were performed in

accordance with the Declaration of Helsinki (revision of 2013). The study was approved by the

Human Research Ethics Committee of the University of Granada (n˚ 924) and of the “Servicio

Andaluz de Salud” (Centro de Granada, CEI-Granada). The study was conducted between

March and April 2016.
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Procedures

The study protocol is shown in Fig 1. The participants were advised (i) not to change their

sleeping habits, (ii) to refrain from any moderate (within the previous 24 hours) or vigorous

physical activity (within the previous 48 hours), and (iii) not to drink alcoholic or stimulant

beverages (within the previous 6 hours). In addition, they were advised to arrive at the centre

in fasting conditions (at least 8 hours). The assessments took place between 8.30h - 16.00h,

except in the case of two participants who were assessed between 16.30h - 20.00h.

At their arrival, the participants confirmed that they followed all the pre-study conditions.

They voided their bladders and dressed in standardized clothes (sandals, shorts, and T-shirt,

clo-value: 0.20). Weight and height were measured (Seca, Hamburg, Deutschland). The partic-

ipants entered a warm room (22.7 ± 0.2˚C) where they lay on a reclined bed for 40 minutes.

They were not allowed to stand up, move or rub their bodies, or to fall asleep. Afterwards, they

entered an air-conditioned room (19.4 ± 0.1˚C) and lay on a bed in the same position. Fifteen

minutes after entering the cold room, the participants put on a temperature controlled water

perfused cooling vest (Polar Products Inc., Ohio, USA), which covered the clavicular region, as

well as their chest, abdominals, and back. Water temperature started at 16.6˚C, and decreased

~ 1.4˚C every 10 minutes until shivering occurred. The shivering threshold was determined

visually and by asking the participants if they were experiencing shivering. The cold exposure

protocol was recorded on video and trained researchers further confirmed shivering onset.

The participants lay quietly in the warm room to acclimate to the environmental tempera-

ture (22–23˚C) for 20 minutes. Then, from minute 21 to 40, gases exchange parameters, skin

temperature, hemodynamics of the forearm and abdominal regions, and heart rate variability

were recorded. When the participants were moved into the cold room, the same measure-

ments were made from minute one until shivering occurred. Electromyography was recorded

between minutes 31–40 in the warm room, and during the whole cold exposure. We also

assessed the thermal comfort perception in both warm and cold conditions.

Physiological measurements

Resting energy expenditure and substrate metabolism. Gases exchange parameters

were recorded by indirect calorimetry using a breath-by-breath technique metabolic cart

(CCM Express, Medgraphics Corp, St Paul, Minneapolis, USA). A neoprene face-mask

equipped with a directconnect™ metabolic low flow sensor (Medgraphics Corp, Minnesota,

Fig 1. Study protocol.

https://doi.org/10.1371/journal.pone.0196543.g001
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USA) was used for gases collection. Flow calibration was performed using a 3 L calibration

syringe at the beginning of every testing day. Furthermore, the metabolic cart was re-calibrated

every 30 minutes using two standard gas concentrations following the manufacturers´

instructions.

Raw data were obtained every 10 seconds using the Breeze Suite software (Medgraphics

Corp, St Paul, Minneapolis, USA). REE and respiratory quotient were calculated from the

readouts of oxygen consumption volume and carbon dioxide production volume. REE was

calculated according to the equation proposed by Weir [16], and substrate metabolism was

estimated following the equations reported by Frayn [17] and Schadewaldt et al [18].

REE ðkcal=dayÞ ¼ ð1:106� VCO2 þ 3:941� VO2Þ � 1:44

RQ ¼ VCO2 � VO2

Protein Oxidation ðPRO OxÞ ðg=dayÞ ¼ ð0:15� REEÞ � 16:74

Carbohydrate Oxidation ðg=dayÞ ¼ ½ð4:55 � VCO2 � 3:21 � VO2Þ � 1:44� � 0:459� PRO Ox

Fat Oxidation ðg=dayÞ ¼ ½ð1:67� VO2 � 1:67 � VCO2Þ � 1:44� � 0:307� PRO Ox

The changes over cold exposure in REE and substrate metabolism were calculated using the

warm period (WP) as baseline.

Skin temperature and thermal comfort perception. Skin temperature was measured

with 26 iButtons (adapted from Schellen et al [19]) (DS-1922 L, Thermochron; resolution:

0.0625˚C; Maxim, Dallas, USA) attached to the skin on different body sites (Supporting infor-

mation, S1 Fig). Skin temperature was recorded at 1-minute intervals and the mean [20], prox-

imal [21], and distal skin temperature [22] were calculated. Furthermore, we calculated a

peripheral gradient (forearm minus fingertip) [23] for each side of the body as a proxy of

peripheral vasoconstriction. We also calculated the difference between the skin temperature of

the right side of the chest and the supraclavicular zone as a proxy of BAT activity [24], and the

whole-body gradient (distal minus proximal skin temperature) [21]. Equations used to deter-

mine the skin temperature parameters are shown in S1 Table. The analysis of all data recorded

by the iButtons and the calculation of equations were carried out with the Temperatus software

(http://profith.ugr.es/temperatus).

We used visual analogue scales to assess the thermal comfort perception, where 0 mm was

“not cold at all” and 100 mm was “maximum tolerable cold” in both warm and cold condi-

tions. The participants reported their thermal comfort perception in the whole body, as well as

in their hands, feet, abdomen, and supraclavicular zone.

Superficial muscle activity (Surface electromyography). Surface electromyography

(EMG) wireless electrodes (Trigno Wireless Delsys EMG System, Boston, Massachusetts,

USA) were placed on eight muscles (Vastus Medialis, Vastus Lateralis, Rectus Femoris, Rectus
Abdominis, Pectoralis Major, Deltoid, Trapezius, and Sternocleidomastoid) on the right side of

the body, following the current recommendations [25]. Raw EMG signals were amplified at a

gain of 909 (differential amplifier, 20–450 Hz) and sampled at 2 kHz. A raw EMG data analysis

was performed using Matlab (Version R2015a, The Mathworks, Natick, Massachusetts, USA).

EMG signals were band-pass-filtered (20–500 Hz, 4th order zero-lag Butterworth filter), and

the mean EMG root mean square (RMS) (mV) with a 50-ms moving rectangular window was

calculated to determine activation throughout the assessments. The raw EMG RMS (mV) data

were used for within-muscle changes in electrical activity comparisons throughout the cold

exposure. The number of EMG activity bursts was also quantified to provide burst shivering

rate (BSR) (bursts min-1) as a measure of the possible muscle activation during cold exposure.

A shivering burst was defined as an EMG RMS period lasting� 0.2 s at an amplitude greater
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than the intensity threshold and with a minimum inter-burst duration� 0.75 s [26]. Intensity

threshold was calculated by first averaging the EMG RMS activity and then averaging all EMG

RMS values remaining above. The periods comprising voluntary movement were excluded

from the analysis. The measurements were carried out in 6 out of the 11 participants.

Hemodynamics of the forearm and abdominal regions. We used a near infrared spatial

resolved spectroscopy (NIRSRS) device (Portamon, Artinis Medical System, the Netherlands), a

dual wavelength continuous system which simultaneously combines the modified Beer-Lam-

bert and spatial resolved spectroscopy. We attached one device to the left ventral forearm (as

representative of muscle tissue), in the medial point between the wrist and elbow joint, and

another one to the left side of the abdomen (as representative of subcutaneous white adipose

tissue), 2 cm from the umbilicus in the horizontal axis. Portamon provides the absolute value

of tissue saturation index expressed as percentages (TSI%), and the relative changes in the con-

centration of total haemoglobin (ΔtHb), oxy-haemoglobin (ΔO2Hb), and deoxy-haemoglobin

(ΔHHb), expressed in μmol.

Portamon light sources in both positions were situated at 30, 35, and 40 cm from the

receptor, which allows a measurement of approximately 4 cm3 of volume and a penetration

depth of approximately 2 cm [27]. Moreover, we assumed constant oxygen independent

light losses due to scattering in tissue. A differential pathlength factor of 4 was established for

the forearm [28,29] and for the abdomen (arbitrary value). The sample rate was set at 10 Hz

and data were analysed with the Oxysof software (Portamon, Artinis Medical System, the

Netherlands).

Heart rate variability. We used a Polar RS800CX (Polar Electro Oy, Kempele, Finland)

heart rate monitoring system at 1000 Hz-frequency. The Polar RS800CX wirelessly receives

heart rate data from a chest strap worn by participants. The data were analysed with Kubios

HRV, version 2.2 software (Kuopio, Finland). We selected a low artefact correction level and

applied smooth priors filter method with a lambda = 500 to remove trend components. Since

the RR interval time series is an irregularly sampled series, a cubic spline interpolation rate of

4 Hz was used to convert the RR series into equidistantly sampled. Then, frequency bands

were established at 0–0.04 Hz (very low frequency), 0.04–0.15 Hz (low frequency), and 0.15–

0.4 (high frequency), and the spectrum estimation was calculated with the Fast Fourier Trans-

formation (window width = 256 s, window overlap = 50%). We deleted the time intervals

which did not meet a normal distribution, were unimodal, or presented outliers. The time and

frequency domain parameters of heart rate variability were calculated. Concerning time

domain parameters, we measured the mean length of all RR intervals, the percentage of conse-

cutive normal RR intervals differing more than 50 ms, the square root of the mean squared

sum of the differences of successive NN intervals, and the standard deviation of all RR length

intervals. Regarding the frequency domain parameters, we measured the absolute and normal-

ized power of high frequency and low frequency, as well as the low-high frequency ratio. High

frequency seems to be an indicator of the parasympathetic nervous system tone, whereas low

frequency is thought to be controlled by both sympathetic and parasympathetic systems [30–

33]. Low frequency-high frequency ratio has been suggested as a measurement of sympathova-

gal balance [34], although it remains unclear [35].

Body composition. Body fat and lean mass were measured by Dual Energy X-ray Absorp-

tiometry (HOLOGIC, QDR 4500 W) 48 hours after the completion of measurements. We also

measured adipose tissue thickness at the abdomen and the forearm in triplicate using a skin-

fold caliper (British Indicators Ltd, UK). The measurements were taken at the same place

where the Portamon diodes were placed, since adipose tissue thickness affects in vivo NIRS

measurement [36].
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Statistical analysis

The data were analysed in 4 time periods (Fig 1): (i) WP; (ii) 31% and (iii) 64% of the individu-

al’s cold exposure time until shivering occurred; and (iv) shivering threshold (ST). We used

several temperature points along the mild cold exposure (31% and 64% of cold exposure and

ST) to have a representative period of each third of the individualized cooling protocol. Mea-

surements in each period were an average of 5 minutes. In the WP, we analysed the data of

skin temperature, hemodynamics of the forearm and abdominal regions, and heart rate vari-

ability recorded between minutes 36–40. For REE and substrate metabolism analyses, we

selected the 5 continuous minutes with the lowest mean coefficient of variance of oxygen con-

sumption and carbon dioxide production volume, respiratory quotient, and minute ventila-

tion between minutes 21–40. Similarly, the 5-minute period selected to analyse EMG was the

one with the most stable values between minutes 31–40 during the WP. In the cold period, we

analysed the 5 minutes immediately after the 31% or 64% of the individual’s time exposed to

cold until shivering occurred. Finally, the ST period comprised the previous 5 minutes to shiv-

ering onset.

The changes over time in data of normally distributed variables (REE and substrate metabo-

lism, skin temperature, thermal comfort perception, EMG RMS, hemodynamics of the fore-

arm and abdominal regions, and heart rate variability) were analysed with a repeated measures

analysis of variance (ANOVA). Pairwise comparisons were performed using the Bonferroni

post-hoc tests. The changes over time in EMG BSR were analysed with Friedman Test, since

they did not follow a normal distribution. Adjusted significance was chosen for Friedman test.

The level of significance was set at P<0.05. Statistical Package for the Social Sciences (SPSS,

version 22) was used to perform the statistical analysis (IBM, NewYork, USA).

Results

Mean time ± standard deviation at which 31% and 64% of cold exposure and ST started was

28 ± 8 min, 59 ± 17 min, and 88 ± 26 min, respectively, after the beginnig of the cold exposure

(Fig 2A). Fig 2B shows the room air and cooling vest temperature across periods.

Resting energy expenditure and substrate metabolism

REE increased from WP to 31% [mean difference (95% confidence interval): 263 kcal/day (24,

551), P = 0.078] and 64% [235 kcal/day (47, 423), P = 0.014] of cold exposure and ST [500 kcal/day

(64, 936), P = 0.023; respectively] (Fig 3A). However, REE did not show any significant change

from 31% and 64% of cold exposure to ST (P>0.05). Fat oxidation increased from WP to 31% and

64% of cold exposure [41 g/day (14, 68), P = 0.004; 40 g/day (13, 67), P = 0.005; respectively],

whereas there was no change in carbohydrates oxidation (P>0.05, Fig 3B and 3C).

Skin temperature and thermal comfort perception

Skin temperature. The mean, proximal, and distal skin temperature significantly

decreased across all periods (all P�0.05), whereas the right supraclavicular skin temperature

did not show any significant change (P>0.05) (Fig 4A). The peripheral gradient (forearm

minus fingertip) increased in both arms from WP to 31% and 64% of cold exposure and ST

(all P�0.001) (Fig 4B). Moreover, the supraclavicular gradient increased across all periods,

whereas the whole-body gradient decreased (all P<0.05, all P�0.001, respectively; Fig 4C).

Thermal comfort perception. A significant increase in thermal discomfort was observed

in the whole body and in each body part reported from WP to 31% and 64% of cold exposure

and ST (all P<0.05, Fig 5).
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Superficial muscle activity (EMG)

RMS did not show significant differences across periods in any muscle (P > 0.05). BSR in Vas-
tus Lateralis, Rectus Femoralis, and Pectoralis showed an increase from WP and 31% of cold

exposure to ST (all P<0.05). BSR of Sternocleidomastoid increased from WP to ST (P<0.05).

The results (n = 6) are shown in Fig 6.

Hemodynamics of the forearm and abdominal regions (NIRSRS

parameters)

TSI% increased from WP to 31% of cold exposure [2.89% (5.5, 0.3), P = 0.032] in the abdomi-

nal region (Fig 7), whereas no differences were found in ΔtHb, ΔO2Hb, and ΔHHb across peri-

ods (P>0.05). No changes were observed in TSI%, ΔtHb, ΔO2Hb, and ΔHHb in the forearm

region through all periods (P>0.05, Fig 7).

Heart rate variability

All frequency domain parameters of heart rate variability were similar across periods (P>0.05,

Fig 8). Furthermore, time domain parameters did not change (P>0.05, S2 Table).

Discussion

In the present study, we extend previous findings on the potential of mild cold exposure to

increase REE and to prompt fat-oxidative metabolism in young lean men. As shivering came

closer, skin temperature (mean, proximal and distal) and thermal comfort perception

decreased, except the supraclavicular skin temperature, which did not change. Furthermore,

superficial muscle activation increased in the ST, when shivering was reported by the partici-

pants and visually determined by the researchers. It is noteworthy that the largest physiological

Fig 2. Mean time of the study periods (A), and room-air and cooling vest temperature (B). Values are mean ± standard deviation. ST: shivering threshold, WP:

warm period, 31% and 64%: percentage of the individual’s time exposed to cold until shivering occurred.

https://doi.org/10.1371/journal.pone.0196543.g002
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changes occurred between WP and 31% (� 30 minutes) of the individual’s cold exposure time,

when the participants reported less discomfort.

Shivering threshold

Most studies examining the effect of acute cold exposure on human metabolism have used a

standardized and non-individualized cooling protocol (e.g. similar duration, intensity, and

type of cold stimulus for every participant), in order to make experiments replicable. However,

when non-individualized cooling protocols are applied, inter-individual differences are not

considered, which is likely to affect the cold induced physiological responses. Furthermore,

given the fact that non-shivering thermogenesis shows a high inter-individual variability [1],

to individualize the cooling protocol to every participant becomes relevant.

The complex nature of shivering makes it difficult to determine its onset and regulation in

humans [37]. In this experiment, “shivering threshold” was used as the end-point of the cool-

ing protocol, in which shivering was self-reported by the participants and visually determined

by the researchers. The use of a self-reported shivering threshold might not be considered as a

valid method to establish shivering onset, since conscious thermal perception and localization

are regulated by the thalamus and cerebral cortex, whereas shivering is controlled by the pre-

optic area of the hypothalamus [5,37]. In addition, the visual determination of shivering

threshold by researchers is not an objective measurement. Hence, the shivering threshold was

only considered an indicator of shivering onset that allowed us to individualize the cooling

protocol for every participant. Nevertheless, to the best of our knowledge, no studies have

compared yet whether the use of a subjectively determined shivering threshold differs from

the onset of shivering determined by EMG. To note also is that shivering might be a combina-

tion of both voluntary and involuntary muscular contractions, and consequently EMG could

also present inaccuracies in determining the onset of shivering. Furthermore, although other

methods such as temperature clamping have been proposed [38], the use of shivering thresh-

old has been extensively used and accepted as a valid method to maximize non-shivering ther-

mogenesis and activate BAT [21,39–43]. Most important, the participants from this study

underwent the same cooling protocol 48 hours after, replicating all conditions, and the time at

which shivering threshold took place did not change (unpublished observations). Conse-

quently, despite its limitations, shivering threshold may a potential and reliable method to

determine shivering onset.

Resting energy expenditure and substrate metabolism

We observed a mean total increase in REE of 31.7% since the participants were exposed to

mild cold until they shivered, which concurs with previous literature [1,2]. The increase in

REE from WP to 31% of cold exposure accounted for a large part of total REE increase

(16.7%). Regarding substrate metabolism, previous studies [44,45] have shown that mild cold

exposure is likely to induce an increase in fat oxidation, whereas carbohydrate oxidation

decreases. In line with these reports, we observed a large increase in fat oxidation (72.6%) from

WP to 31% of cold exposure, whereas CHO remained unchanged along the cold exposure. To

Fig 3. Resting energy expenditure (A), respiratory quotient (B) and substrate metabolism (C) across study

periods. Values are mean ± standard deviation (n = 10). Repeated measures analysis of variance was performed, using

Bonferroni post-hoc tests for pairwise comparisons. Common letters show significant differences (P�0.05) between

two specific periods. CHO: carbohydrates, REE: resting energy expenditure, RQ: respiratory quotient, ST: shivering

threshold, WP: warm period, 31% and 64%: percentage of the individual’s time exposed to cold until shivering

occurred.

https://doi.org/10.1371/journal.pone.0196543.g003
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note is that a plateau on REE and substrate metabolism was observed from 31% to 64% of cold

exposure, which could indicate an initial adaptation to cold or a shift in the metabolic pathway.

Taking all findings together, it seems that non-shivering thermogenesis accounted for a large

part of CIT, especially during the initial moments of cold exposure, that is around the first 30

minutes in our cooling protocol. Furthermore, superficial muscle increased its shivering activity

during the last minutes of cooling, clearly contributing to the increase of REE. Although shiver-

ing thermogenesis has been reported to increase REE up to 5 times [3,4], we observed a lower

increase in REE since our cooling protocol was designed to finish at the onset of shivering.

Skin temperature and thermal comfort perception

Skin temperature decreased in most of the measured body anatomical points along the cold

exposure, but the skin temperature of the supraclavicular zone did not. The skin temperature

at the supraclavicular zone is an indirect marker of BAT activity or volume during cold expo-

sure [21,46,47]. Therefore, it is plausible that BAT accounted for a part of non-shivering ther-

mogenesis. This assumption is supported by the increase of the supraclavicular gradient,

which is an indirect marker of the heat loss capacity of the supraclavicular zone [24]. In addi-

tion, an increase in the gradient of the right arm used as a proxy of peripheral vasoconstriction

[23] above 4˚C indicated that a cold-induced peripheral vasoconstriction took place from WP

to 31% of cold exposure [48,49]. The largest skin temperature changes were observed from

WP to 31% of cold exposure, the period of cold exposure in which the participants felt less dis-

comfort either in the whole body or in each body part.

Superficial muscle activity

As expected, a general increase in superficial muscle activation was observed as shivering came

closer, noticing an increase in the BSR from the WP and 31% of cold exposure to ST. Although

Fig 4. Skin temperature and body gradients across study periods. Panel (A): skin temperature, Panel (B): proxies of

peripheral vasoconstriction in both arms, Panel (C): body and supraclavicular skin temperature gradients. Values are

mean ± standard deviation. Repeated measures analysis of variance was performed, using Bonferroni post-hoc tests for

pairwise comparisons. Common letters show significant differences (P<0.05) between two specific periods. Symbol �

shows significant differences among all periods (P<0.05). ST: shivering threshold, WP: warm period, 31% and 64%:

percentage of the individual’s time exposed to cold until shivering occurred.

https://doi.org/10.1371/journal.pone.0196543.g004

Fig 5. Thermal comfort perception measured by visual analogue scales across study periods. Visual analogue scales measured thermal comfort from “no cold at all”

(= 0 mm) to “maximum tolerable cold” (= 100 mm). Values are mean ± standard deviation (n = 11). Repeated measures analysis of variance was performed, using

Bonferroni post-hoc tests for pairwise comparisons. Common letters show significant differences between two specific periods (P<0.05). Symbol � shows significant

differences among all time periods (P<0.05). ST: shivering threshold, WP: warm period, 31% and 64%: percentage of the individual’s time exposed to cold until

shivering occurred.

https://doi.org/10.1371/journal.pone.0196543.g005
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changes were not statistically significant (P>0.05), most muscles had a minimum or noticeable

burst shivering rate during 64% of cold exposure when shivering was not reported by partici-

pants or visually detected by researchers. This finding suggests that tests designed to analyse

the non-shivering thermogenesis and that are not controlled by electromyography are partially

influenced by superficial muscle activity. The increase of CIT across cold exposure may also be

explained by the shivering activity of deeper central-located muscles, which was not deter-

mined in this study [15]. Further studies should quantify both superficial and deep muscle

activity by electromyography during cold exposure to understand better the actual contribu-

tion of muscle to CIT. Of note is also that deltoid showed a different trend in shivering to the

rest of muscles, showing a high muscle BSR during the 31% of cold exposure. This trend

seemed to be cause of voluntary movement by the participants rather than the thermal strain

caused by the cooling protocol.

Fig 6. Electrical muscle activity (mV) and burst shivering rate (min-1) of eight different muscles across study periods. Panel (A): root mean square, Panel (B): burst

shivering rate. Values are mean ± standard deviation (n = 6). Repeated measures analysis of variance (Bonferroni post-hoc tests) and Friedman test (adjusted

significance) were respectively performed for EMG RMS and EMG BSR. Common letters show significant differences between periods (P< 0.05). BSR: burst shivering

rate, RMS: root mean square, ST: shivering threshold, WP: warm period, 31% and 64%: percentage of the individual’s time exposed to cold until shivering occurred.

https://doi.org/10.1371/journal.pone.0196543.g006
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Hemodynamics of forearm and abdominal regions (NIRSRS parameters)

The use of NIRS to study changes in oxidative metabolism during cold exposure is relatively

recent [50,51]. Several authors have used NIRS parameters such as regional blood oxygen satu-

ration as a proxy of tissue oxidative metabolism [50], and total haemoglobin as an index of

blood volume or tissue vasculature [51]. However, the use of different types of devices and the

lack of quantification hampers inter-studies comparisons. In the present study, TSI% (an indi-

cator of the oxygen saturation of regional vasculature) increased from WP to 31% of cold

exposure in the abdominal region (used as a proxy of subcutaneous white adipose tissue oxy-

genation), whereas ΔtHb (an index of blood volume) did not change. Consequently, since

blood volume was constant and oxygen saturation of regional vasculature increased, abdomi-

nal subcutaneous white adipose tissue oxidative metabolism decreased from WP to 31% of

cold exposure. This finding suggests that subcutaneous white adipose tissue is not involved in

the observed increase of REE during cold exposure.

Heart rate variability

Cold exposure increases sympathetic nervous system activity, inducing norepinephrine release

and prompting a range of physiological responses as well as brown adipose tissue activation

[52–54]. Consequently, it was of interest to determine whether heart rate variability parame-

ters will change in response to mild cold, and more specifically, whether low frequency-high

frequency ratio would increase since it has been proposed as an indirect marker of sympatho-

vagal balance [34]. Studies focusing on the effect of acute cold exposure over heart rate vari-

ability are scarce. Several experiments have suggested that cold exposure is related to changes

in the autonomic sympathetic response [55] or to a higher sympathetic nervous system pre-

dominance over parasympathetic system in humans [56]. Nevertheless, in the present study

we did not find significant changes in any heart rate variability parameter, probably due to the

high inter-individual variability of these parameters. Furthermore, there is still controversy

regarding whether the low frequency-high frequency ratio actually reflects sympathovagal bal-

ance [35], which could explain why no changes in this parameter were either observed.

Comprehensive insight

There is controversy regarding the underlying mechanisms of CIT during mild cold exposure.

Whether shivering or non-shivering thermogenesis act together or independently, and to what

extent each component contributes to CIT still remains unclear [1,2]. Several authors have

proposed BAT as one of the main mediators of non-shivering thermogenesis [13,14], whereas

others suggest that muscle is more predominant [7,15]. It has also been postulated that BAT

and muscle contribute synergistically to non-shivering thermogenesis [57]. Less is known,

however, about the role of subcutaneous white adipose tissue over non-shivering thermogene-

sis. Despite the need of more evidence, we observed that the largest increase of non-shivering

thermogenesis in humans would normally happen during initial moments of cold exposure, as

we observed in the 31% of cold exposure. Since BAT is mainly fuelled by triglycerides obtained

by BAT intracellular lipolysis and plasma non esterified fatty acids [12,13,15,58], the large

increase in fat oxidation (72.6%) from WP to 31% of cold exposure suggests that BAT is active.

Fig 7. Tissue saturation index (%) and relative changes in the concentration of total haemoglobin (ΔtHb), oxy-haemoglobin (ΔO2Hb), and

deoxy-haemoglobin (ΔHHb) in the abdominal and forearm regions across study periods. Panel (A): abdominal region, Panel (B): forearm region.

Values are mean ± standard deviation (n = 9). Repeated measures analysis of variance was performed, using Bonferroni post-hoc tests for pairwise

comparisons. Common letters show significant differences between two specific periods (P<0.05). ST: shivering threshold, WP: warm period, 31% and

64%: percentage of the individual’s time exposed to cold until shivering occurred.

https://doi.org/10.1371/journal.pone.0196543.g007
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Fig 8. Frequency domain parameters of heart rate variability across study periods. Panel (A): absolute power, Panel

(B): normalized power, Panel (C): low frequency—high frequency ratio. Values are mean ± standard deviation (n = 7).
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The decrease of skin temperature in most measured anatomical points, but not in the supracla-

vicular zone, supports this assumption. These findings add further evidence indicating that

BAT acts as a non-shivering thermogenesis effector during mild cold exposure [13].

However, as previously mentioned, the skeletal muscle has also been postulated as a possi-

ble contributor to non-shivering thermogenesis and might account for a part of non-esterified

fatty acids clearance, especially in proximal deep muscles such as “Longus colli” [15]. Skeletal

muscle seems to mainly contribute to glucose turnover, even when shivering is minimized

[15]. Nevertheless, the increase in fat oxidation is such that it is not plausible to think that BAT

itself could account for all of it. This leads to the idea that muscle increases its fat oxidative

metabolism via mitochondrial uncoupling [7] or by low intensity shivering [59]. Hence, BAT

and muscle might contribute to non-shivering thermogenesis synergistically, especially at the

beginning of mild cold exposure. In addition, the plateau observed in REE and substrate

metabolism from 31% to 64% of cold exposure, followed by changes in the trends of substrate

metabolism (despite not being statistically significant) might indicate a shift in the metabolic

pathway. This metabolic shift could reflect changes in the relative contribution of BAT and

skeletal muscle to non-shivering thermogenesis [5], being BAT contribution higher at the

beginning when thermal stress was lower, and increasing muscle contribution (and conse-

quently CHO oxidation) as shivering came closer.

UCP-1 and other brown fat cell genes, characteristic of beige adipocytes, have shown to be

prominent in subcutaneous white adipose tissue depots of rodents [60]. Thus, we hypothesized

that subcutaneous white adipose tissue would increase its oxidative metabolism during cold

exposure as shown by Muzik et al. [50]. However, the oxidative metabolism of the abdominal

region seemed to decrease. This might be explained by the fact that abdominal subcutaneous

white adipose tissue depots seem to present a higher resistance to browning [60–62] or that

they mostly represent depots of pure white adipocytes. In any case, caution must be paid since

NIRS measurement is only a proxy of oxidative metabolism and has not been validated yet in

subcutaneous white adipose tissue.

Despite the fact that mild cold exposure has been suggested to play a central role counter-

acting obesity at long term [2,11,63], we only observed a small increase in CIT (~20.83 kcal/h),

and consequently its contribution to cause a negative energy balance may be negligible. Neverthe-

less, mild cold exposure seems to have an important role in counteracting body fat accumulation

and in obesity related comorbidities [7–10]. Finally, it is noteworthy that the largest physiological

changes in metabolism and thermoregulation occurred during the initial moments of the cold

exposure. This occurred specifically from WP to 31% (first� 30 minutes) of the cold exposure,

when the participants showed the lowest discomfort perception across cold exposure. This finding

provides practical guidelines for future uses of mild cold as a health promoter stimulus, so that the

effect of cold in a short time can be maximized while increasing adherence.

A limitation to consider in the present study is that despite the use of the supraclavicular

skin temperature as a surrogate marker of BAT activity or volume [21,46,47], we cannot

exclude that it is in fact registering the temperature of large blood vessels (i.e. aorta) close to

the skin in this area. In addition, we did not measure core temperature, which might have pro-

vided useful information to determine whether mild cold exposure actually elicited any ther-

mal benefit. It is also noticeable that the use of superficial EMG only allowed us to study the

contribution of superficial muscles to CIT. Regarding NIRSRS parameters, the in vivo

Repeated measures analysis of variance was performed, using Bonferroni post-hoc tests for pairwise comparisons. No

significant differences were found across study periods (P>0.05). ST: shivering threshold, WP: warm period, 31% and

64%: percentage of the individual’s time exposed to cold until shivering occurred.

https://doi.org/10.1371/journal.pone.0196543.g008
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scattering properties of the biological tissues and the unknown contribution of myoglobin to

the NIRS signal were inherent limitations. On the other hand, we provide a comprehensive

insight of the physiological changes that occur during an acute bout of mild cold exposure,

using an individualized cooling protocol designed to determine the shivering threshold. We

used several temperature points along the cold exposure (31%, 64% of cold exposure and ST)

to better analyse the physiological changes through the whole spectrum of non-shivering ther-

mogenesis. This fact is noteworthy, since experiments normally consider only 2 different con-

ditions (warm and cold), lacking important information [1].

In conclusion, non-shivering thermogenesis seems to develop an important role increasing

CIT during mild cold exposure, being accompanied by a higher fat oxidative metabolism. Both

skeletal muscle and BAT might contribute synergistically to NST increase, whereas the subcu-

taneous white adipose tissue does not seem to be a key player. Furthermore, we observed that

the largest physiological changes occurred during the first 30 minutes of cold exposure, when

the participants felt less discomfort during the cold exposure. However, more evidence is

needed to understand the underlying mechanisms of non-shivering thermogenesis during

mild cold exposure.
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