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Abstract

Purpose This paper investigates the relationship between

core temperature (Tc), skin temperature (Ts) and heat flux

(HF) during exercise in hot conditions.

Method Nine test volunteers, wearing an Army Combat

Uniform and body armor, participated in three sessions at

25 �C/50 % relative humidity (RH); 35 �C/70 % RH; and

42 �C/20 % RH. Each session consisted of two 1-h tread-

mill walks at *350 W and *540 W intensity. Ts and HF

from six sites on the forehead, sternum, pectoralis, left rib

cage, left scapula, and left thigh, and Tc (i.e., core tem-

perature pill used as a suppository) were measured. Mul-

tiple linear regressions were conducted to derive

algorithms that estimate Tc from Ts and HF at each site. A

simple model was developed to simulate influences of

thermal conductivity and thickness of the local body tissues

on the relationship between Tc, Ts, and HF.

Results Coefficient of determination (R2) ranged from

0.30 to 0.88, varying with locations and conditions. Good

sites for Tc measurement at surface were the sternum, and a

combination of the sternum, scapula, and rib sites. The

combination of Ts and HF measured at the sternum

explained *75 % or more of variance in observed Tc in

hot environments. The forehead was found unsuitable for

exercise in heat due to sweating and evaporative heat loss.

The derived algorithms are likely applicable only for the

same ensemble or ensembles with similar thermal and

vapor resistances.

Conclusion Algorithms for Tc measurement are location-

specific and their accuracy is dependent, to a large degree,

on sensor placement.

Keywords Non-invasive measurement � Heat strain �
Human � Heat transfer

Introduction

Heat illness and fatalities are a significant threat to military

operations. There were 362 incident cases of heat stroke

and 2,652 incident cases of other heat injury among US

Armed Force active component members in 2011 (Armed

Forces Health Surveillance Center 2012). The prevention

of heat illness is especially challenging for critical occu-

pations such as military, policemen, firefighters, and other

emergency workers, as sometimes they must work at high

intensity, often while wearing protective clothing and

equipment, without regard to environmental conditions.

The combination of high work intensity and protective

clothing, which reduces the capacity for heat loss to the

environment, significantly increases the potential for heat

injury. Heat-related illnesses are also common in non-

military populations, such as industrial workers (Donoghue

2004; Bonauto et al. 2007), sports (Howe and Boden 2007),

and agricultural workers (Centers for Disease Control and

Prevention 2008). There are various countermeasures and

strategies to manage the heat injury. One of them is to use a

physiological status monitoring (PSM) system to monitor

the heat strain status (Bernard and Kenney 1994; Wan

2006; Tharion et al. 2010). The PSM system measures

parameters such as heart rate, core temperature (Tc), and
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skin temperature (Ts) so that early symptoms of heat illness

can be detected and necessary interventions can be taken

before the injury occurs.

Core temperature is an important indicator of heat strain

status and is usually measured using rectal or esophageal

probes or ingested telemetry pills. One PSM system (Equi-

vital 1, Hidalgo Ltd. Cambridge, UK) uses telemetry tem-

perature pills (JonahTM Core Temperature Pill, Respironics,

Bend, OR) to measure Tc. However, fluid ingestion can cause

artifacts (Wikinson et al. 2008), and the use of disposable pills

creates a logistical burden in the field, and even in clinical

settings; thus, there have been on-going efforts to search for

non-invasive approaches to measure Tc for about 40 years

(Fox and Solman 1971; Yamakage and Namiki 2003; Dittmar

et al. 2006; Gunga et al. 2008, 2009; Kimberger et al. 2009;

Kitamura et al. 2010; Zeiner et al. 2010; Huang and Chen

2010; Teunissen et al. 2011; Steck et al. 2011). Many of these

efforts are based on the zero heat flux (ZHF) principle pro-

posed by Fox and Solman (1971). The ZHF system consists

of a heat flux (HF) sensor, a heating disc, and a servo control

system. The power to the heating disc is regulated to reach

ZHF status, under which Tc is assumed to be equal to Ts

measured by the HF sensor. Although ZHF systems have

been widely used in cardiac surgery in Japan (Yamakage and

Namiki 2003), they are not suitable for sustained field

applications due to the power requirement. A ‘‘Double Sen-

sor,’’ one type of HF sensor, has been developed to monitor

heat strain of firefighters (Gunga et al. 2008). As several

coefficients in their equations are not published, it is not

possible to evaluate and use those equations. There also have

been attempts to develop a surrogate Tc using the insulated

skin temperatures for heat strain monitoring (Bernard and

Kenney 1994; Taylor et al. 1998) and for monitoring circa-

dian rhythm profiles (Gunga et al. 2009). A physiologically

based Dynamic Bayesian Network model has been proposed

to estimate internal temperature from the heart rate, acceler-

ometry, and skin HF (Buller et al. 2011).

Despite these efforts, non-invasive estimation of Tc

using HF sensors remains a challenge. The main reason is

that the accuracy and reliability of estimating Tc from Ts

and HF is inconsistent and can vary with the measurement

location (Taylor and Amos 1997; Yamakage and Namiki

2003), clothing (Bernard and Kenney 1994; Taylor et al.

1998), and environmental conditions (Taylor et al. 1998;

Gunga et al. 2008; Teunissen et al. 2011). There is a lack of

understanding about the interaction among measurement

location, properties of the body tissue, condition at skin

surface, and clothing. In comparison with the clinical set-

ting, monitoring Tc in the field is more difficult, as the

human body and the environment are in dynamic rather

than steady states. The purpose of the present study was to

investigate the relationship between Tc, Ts, and HF during

exercise in heat through a human study and theoretical

analysis. Physiological data were used to determine which

of the six locations used in the study were the most

promising for non-invasive Tc measurement and to derive

algorithms for Tc estimation from Ts and HF. A simple heat

transfer model was developed to identify and analyze

factors that affect the accuracy of Tc estimates, to gain

insight into the mechanisms underlying Tc calculation

based on measurements of HF sensors, and to guide algo-

rithm development.

Methods

Subjects

Nine active duty military personnel from the Natick Soldier

Center and Human Research Volunteer Program were

enrolled as test volunteers after being informed of risks and

purpose of the study, giving their written, informed con-

sent, and being medically screened. The study was

approved by the US Army Research Institute of Environ-

mental Medicine’s Scientific and Human Use Review

Committees. The volunteers were expressly assured that

they were completely free to withdraw from participation

in the study at any time. The characteristics (mean ± SD)

of the subjects were: age 22 ± 4 years, height

1.75 ± 0.10 m, weight 76.4 ± 10.7 kg, and body fat

23.4 ± 5.8 %. Percent body fat was determined by a Dual-

Energy X-Ray Absorptiometry (Model: GE Lunar DXA,

GE Healthcare, Waukesha, WI).

Clothing ensembles

The subjects dressed in an ensemble consisting of the

Army Combat Uniform (ACU), Interceptor Body Armor

(BA) with front, back, and side ballistic inserts, ballistic

collar, a Kevlar helmet, and running shoes. The thermal

resistance and vapor resistance of the ensemble were

0.24 m2 K W-1 (1.56 clo) and 34.99 m2 Pa W-1, mea-

sured at a wind speed of 0.4 m s-1. The total weight of the

body armor, including helmet, from size S to size XL,

ranged from 13.03 to 16.64 kg.

Experimental protocol

After arrival at the lab every morning, volunteers were

encouraged to use the restroom, questioned regarding any

health problems, and weighed wearing only undershorts.

After instrumentation and dressing, volunteers rested in the

dressing area for 30 min before entering the chambers. The

test scenario began with 10 min standing rest, then a

60-min walk on the treadmill at a light-moderate metabolic

rate of 347 ± 28 W (mean ± SD). The walk was followed
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by a 30-min break. The volunteers entered the dressing

area for weighing, and a restroom break, if needed. They

then returned to sit in the chamber where they were pro-

vided drinking water, and seated to complete the break.

Active testing then continued with another 10 min standing

rest, a second 60-min walk on the treadmill at a moderate-

heavy metabolic rate of 536 ± 32 W, and a final 10-min

standing rest. The safety limit for Tc was set at 39.5 �C.

The volunteers could also withdraw from a test voluntarily,

or be removed by test staff, at any time.

The volunteers participated in the three chamber test

sessions. The three chamber conditions were warm [25 �C,

50 % relative humidity (RH)], hot-humid (35 �C, 70 %

RH), and hot-dry (40 �C, 20 % RH). Each session was

separated by at least 4 days to minimize acclimation

effects. Unless there was a make-up session, all chamber

sessions followed the same order of presentation: 25 �C,

50 % RH; 35 �C, 70 % RH, and 40 �C, 20 % RH.

Chamber air velocity (wind speed) was controlled at

*1.6 m s-1. The Pandolf equation, which calculates the

total metabolic rate according to body mass, external load,

walking speed, and grade (Pandolf et al. 1977), was used to

select combinations of treadmill speeds (0.9–1.8 m s-1)

and slope (0–5 % grade) that approximated the targeted

metabolic rates. In general, the metabolic target for the first

walk could be reached by adjusting treadmill speed with no

grade, whereas for the second walk, a slight grade was

introduced to hold down the treadmill speed. A make-up

session was scheduled if a volunteer was unable to com-

plete a session as planned.

Instrumentation

Core temperature was measured by a telemetry thermom-

eter pill (JonahTM, Core Temperature Pill, Respironics,

Bend, OR) used as a suppository to obtain a rectal tem-

perature (O’Brien et al. 1998). The Tc signals were recor-

ded by Vitalsense� physiological monitor (Mini-mitter,

Bend, OR). Five Ts and HF values were measured with

ceramic heat flow sensors (FMS-060-TH44018-6, CE

Concept Engineering, Old Saybrook, CT) on the surface of

the forehead, sternum, left rib cage, left scapula, and left

thigh. Data were recorded using a multi-channel data log-

ger (Grant SQ2040-2F16, Grant Instruments, Hillsborough,

NJ). A sixth HF sensor (see below) was placed over the left

pectoralis major muscle. The locations for the placement of

the HF sensors were selected on the basis of proximity to

important anatomical features, and the ability to consis-

tently place the sensors based on those anatomical land-

marks and the results of previous studies (Taylor and Amos

1997; Yamakage and Namiki 2003). In addition, minimal

interference to users and ease of placement were consid-

ered. All of the HF sensors were mounted on the skin

surface using an ECG foam adult monitoring electrode

(40493E, Philips Electronics, Andover, MA). A hole, the

diameter of the sensor, was cut in the center of the elec-

trode. This created an adhesive ring of foam material that

held the sensor in place, but allowed the top and bottom

surfaces of the ceramic disc to be fully exposed. All the

above measurements were recorded every 15 s. Heart rate

and the sixth HF disc were measured and recorded by a

PSM system (Equivital 1, Hidalgo Ltd., Cambridge, UK).

Metabolic rate measurements were obtained by collecting

expired air samples in Douglas bags for 2 min during rest

periods immediately prior to exercise, and at approxi-

mately 20 min into each exercise period. The samples were

then analyzed for oxygen uptake ( _VO2) using a metabolic

cart (True One 2400 Metabolic Measurement System,

Parvo Medics Sandy, UT). The metabolic rates were

measured to describe the intensity of exercise and to pro-

vide a measure of internal heat production.

Statistical analysis

Multiple linear regression analysis was conducted to derive

algorithms to predict the dependent variable Tc from two

independent variables, the Ts and HF, at each site, using the

data from all nine subjects (SigmaPlot for Windows version

11.0, Systat Software, Inc., San Jose, CA). The coefficient

of determination (R2) is used to evaluate the association

between Tc, Ts, and HF at each site. As these two inde-

pendent variables, Ts and HF, have different units, the

regression coefficients do not necessarily represent their

relative contribution to Tc. Thus, standardized regression

coefficients were calculated to determine the contributions

of each independent variable to predicting Tc. Furthermore,

the relative contribution of each independent variable to R2

was estimated as follows (Havenith et al. 1998; DeGroot

et al. 2006): standardizedcoefficientP
standardizedcoefficient

� R2 � 100 %. The variance

inflation factor (VIF) was also calculated to examine the

presence of the collinearity among the independent vari-

ables. If VIF exceeded 4.0, collinearity among these vari-

ables became suspect (Fox 1991).

Heat transfer analysis

The relationships between Tc, Ts, and HF are complex and

influenced by physical factors such as tissue thickness (e.g.,

skin, fat, bone) and tissue heat transfer characteristics (e.g.,

thermal conductivity, heat capacity). The relationships are

also influenced by physiological factors, such as sweat

evaporation and blood flow within the tissues. Figure 1a is

a simplified physical heat transfer model of a single layer

shell in a core–shell body (d is shell thickness), assuming

that the heat transfer-related properties are uniform within
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the core. Metabolic heat is generated in the core and is

transferred from the core (Tc) through the tissue to the skin

surface (Ts) by conduction, then dissipates from the skin to

ambient (Ta) at a heat loss rate of HF by convection,

evaporation, and radiation. The heat transfer process within

the tissue is described by Eq. (1):

qc
oT

ot
¼ k

o

ox

oT

ox

� �

ð1Þ

where T is the temperature (�C), t is time in second (s), x is

the distance from the core to the tissue in meter (m), q is

the density in kg m-3, c is the specific heat capacity in

J kg-1 �C-1, and k is the thermal conductivity in

W m-1 �C-1. The following tissue parameters were used

for the simulation: q is 1,059 kg m-3, c is

3,899 J kg-1 �C-1, k are 0.20–0.70 W m-1 �C-1 (Werner

and Buse 1988; Shitzer et al. 1996). The heat exchange at

the inner surface (core surface) and the skin surface are

defined by the boundary conditions, which differ between

the steady state and transient conditions.

Steady state conditions

In the steady state, Eq. (1) can be theoretically solved, and

the solution is:

Tc ¼ Ts þ HF
d

k
ð2Þ

where d is the shell thickness in m. Equation (2) indicates

that Tc can be calculated from Ts and HF when the d and k
of the tissue are known.

Transient conditions

The human body is rarely in a steady state condition; thus,

the heat transfer process is often dynamic. Therefore, it is

important to determine whether Eq. (2) can be applied to

transient conditions. Equation (1) can be numerically

solved using the partial differential equation solver in

MATLAB (Mathworks, Natick, MA). The solutions (i.e.,

transient temperature distributions over the tissue) reveal

dynamic relationships between Tc, Ts, and HF, thereby

providing an indication of how Eq. (2) behaves under

transient conditions.

Figure 1b is a schematic representation of the transient

temperature distribution in the tissue from the initial steady

state to a new steady state. Initially, the temperature over

the tissue is a uniform temperature of 33 �C; thus, the

initial condition is T(x, 0) = 33 �C. The transient process

begins when Tc (i.e., the temperature at x = 0) abruptly

rises by 1 �C to 34 �C. Thus, the boundary condition at

x = 0 is T(0, t) = 34 �C for t [ 0. For simplicity, the

following assumptions were made. The boundary condition

at skin surface (i.e., at x = d) is only convective heat loss.

The convective heat transfer coefficient (a) is set at

10 W m-2 �C, and the ambient temperature Ta is initially

33 �C. These initial and boundary conditions can be

mathematically described by:

t ¼ 0; T x; 0ð Þ ¼ 33 �C

t [ 0; x ¼ 0; T 0; tð Þ ¼ 34 �C

t [ 0; x ¼ d;�k
oT

ot
¼ a T x; tð Þ � Tað Þ

ð3Þ

The temperature distribution T(x, t) changes gradually

until it reaches a new steady state [i.e., T(x, end)]. During

this transient period, the Tc value predicted by Eq. (2) will

gradually converge on the true Tc. The response time is

defined as the time required for the predicted Tc to reach

the true Tc. It is the time lag between the predicted and true

Tc, indicating how quick the predicted Tc traces the true Tc.

A short response time is essential to high accuracy of

predicted Tc. Thus, the response time is an indicator of

whether Eq. (2) is applicable to transient conditions.

Results

Typical results, including the observed Tc, Ts, and HF of

two sites, the forehead and sternum, at the 40 �C and 20 %

RH condition, are shown in Fig. 2. The term ‘‘observed Tc’’

refers to the rectal temperature measured by the telemetry

pill. After subjects moved from the preparation area to the

chamber, at time -10 min, due to the combined effect of

increasing ambient temperature and physical activity, Tc

and Ts began to rise. The HF initially dropped and stabi-

lized before beginning to rise. Heat flux values fluctuated

during the break period, as the subjects exited the chambers

to be weighed, used the restroom if necessary, then

shell 

Tc Ts

d
0 x

HF

Ta

T(x, 0)

T(x, end)

T

T(x, t)

d0
x

(b)(a)

Fig. 1 Schematic diagram of a shell layer in a core–shell body and

heat transfer through the shell. a The heat transfers from the core–

shell interface (Tc) through the shell (thickness d) to the skin surface

(Ts) by conduction, and from the skin surface to the external

environment (Ta) by convection, conduction, or radiation with total

heat loss rate HF. b Dynamic temperature distribution at location

x and time t T(x, t) from initial steady state T(x, 0) to new steady state

T(x, end)
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re-entered, sat down, and were given water. Then, after

being seated for approximately 20 min of the break period,

they stood for the second 10 min standing baseline period.

Results of the multiple linear regression analysis for all

conditions, including R2, regression coefficients, and stan-

dardized coefficients, are summarized in Table 1. The

dependent variable is observed Tc (�C), while independent

variables are HF (W m-2) and Ts (�C). In addition to the

six individual sites, Table 1 also includes the results for a

regression based on the unweighted average of Ts and HF

from the sternum, scapula, and rib (SSR), which yielded

the highest R2 value, 0.79.

Table 2 showed R2 values for each separate condition

and all conditions. Values of R2 for the sternum were the

highest for combined results of all conditions, and were

also the highest at 35 �C/70 % RH and 25 �C/50 % RH

conditions. At 40 �C/20 % RH condition, the R2 value for

the sternum was 0.75 and slightly lower than the R2 value

for the rib of 0.77. Values of R2 for the forehead were

consistently the lowest value. The R2 values for the

unweighted average of three measurement sites (i.e., SSR)

show slight improvements relative to the sternum. At

25 �C/50 % RH condition, most of the R2 values were

below 0.51. All VIFs were less than 1.40, indicating no

collinearity among the independent variables.

The results in Fig. 3 show the predicted response times

versus representative values for tissue thickness and ther-

mal conductivity. The thermal conductivities for the com-

mon ‘‘shell’’ tissues (i.e., bone, muscle, skin and fat) are

about 0.75, 0.51, 0.47, and 0.21 W m-1 �C-1, respectively

(Werner and Buse 1988). The response time represents

how quickly the Tc estimated by Eq. (2) responds to a

change in the Tc. Response times decrease as tissue

thickness decreases and as tissue thermal conductivity

increases. With a tissue thermal conductivity of

0.5 W m-1 �C-1, the response time is about 14 min for a

tissue thickness of 1 cm, and the time increased to 45 min

for a tissue thickness of 2 cm. With a tissue thickness of

1.5 cm, the response time was 19 min for a tissue with

thermal conductivity of 0.7 W m-1 �C-1 (e.g., bone), and

rose to 55 min for a tissue with thermal conductivity of

0.2 W m-1 �C-1 (e.g., fat).

Discussion

This study investigated factors that influence the relation-

ship between Tc, Ts, and HF in an attempt to develop a new,

non-invasive method for monitoring heat strain during

exercise in heat. The algorithms for Tc estimation at six

locations of the human body (forehead, sternum, pectoralis,

left rib cage, left scapula, and left thigh) were derived. A

simple heat transfer model was developed and demon-

strated influences of the body tissues and skin boundary

conditions on the relationship between Tc, Ts, and HF. The

primary findings are (1) algorithms are location-specific

and their accuracies vary with locations; (2) for the purpose

of monitoring heat strain, a good location appears to be the

sternum, and the forehead appears to be unsuitable; and (3)

Ts and HF measured at the sternum explains *75 % or

more of variance in observed Tc in hot conditions.

Placement of the HF sensor is critical to the accuracy of

Tc measurement. Values of R2 vary with locations, as

shown in Tables 1 and 2. For instance, R2 values

change from 0.85 at the sternum to 0.47 on the forehead at

35 �C/70 % RH condition. Even though the forehead is the

most common location in a clinical setting where patients

are usually at rest (Yamakage and Namiki 2003; Dittmar

et al. 2006; Gunga et al. 2008; Kimberger et al. 2009;

Kitamura et al. 2010; Zeiner et al. 2010; Teunissen et al.

Fig. 2 Representative results for the core temperature (observed Tc),

skin temperature (Ts), and heat flux (HF) for the forehead and sternum

at 40 �C and 20 % RH (hot-dry) conditions for various rest and

exercise periods

Table 1 Multiple linear regression results

Location R2 Coefficients Standardized

coefficients*

Constant HF Ts HF Ts

Forehead 0.40 25.08 0.007 0.35 0.70 (18) 0.91 (23)

Sternum 0.75 20.08 0.015 0.48 0.42 (23) 0.92 (51)

Scapula 0.69 21.96 0.015 0.43 0.47 (24) 0.87 (45)

Pectoralis 0.60 23.76 0.003 0.40 0.21 (12) 0.81 (48)

Rib 0.70 26.51 0.018 0.31 0.66 (34) 0.70 (36)

Thigh 0.59 27.98 0.008 0.27 0.49 (24) 0.68 (34)

SSR 0.79 21.66 0.022 0.41 0.56 (31) 0.86 (48)

SSR combination of the sternum, scapula, and rib sites

* Percentage of total variance explained by that independent variable

in parentheses, the sum of the percentages of the total explained

variance equals the R2
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2011), the results of this study demonstrated that the

forehead is not suitable for monitoring heat strain during

exercise. The sensor adhering on the forehead often

becomes loose due to heavy sweating; thus, the measure-

ment is less reliable during intense exercise or heat expo-

sure. In addition, elevated evaporative heat loss on the

forehead may cause errors in Tc estimation (see analysis

below). This indicates that the level of physical activity

(i.e., anticipated sweat level) or application (i.e., rest or

exercise) should be taken into account when selecting a

sensor location. Of the six sites studied, the results in

Tables 1 and 2 indicated that most favorable locations were

on the upper torso, with the best location on the sternum.

In addition to the context of the activity, the algorithms

are also location-specific. Equation (2) includes a term d/k,

which represents properties of local tissues and indicates

that the location impacts the relationship between Tc, Ts,

and HF. As shown in Table 1, equations for each location

have different constants and coefficients. In a similar

manner, for the Double Sensor systems, different equations

were used, depending on whether the sensor was placed

inside a helmet (Gunga et al. 2008), or on the forehead

(Kimberger et al. 2009). Practical interpretation of this

finding is that a non-invasive method using the HF sensor

should be used only in the location for which the method

was developed to avoid introducing additional errors.

The heat transfer model developed in this study dem-

onstrated the impacts of tissue properties on the accuracy

of Tc measurements. Figure 3 indicates that a good location

for Tc measurement should have high tissue thermal con-

ductivity and thin tissue thickness (i.e., the distance from

the core to the surface). The forehead is theoretically a

good location, as it is close to the brain and the main

‘‘shell’’ tissue is bone that has heat conductivity among the

highest of all body tissues. The sternum is a good location,

as it is close to the heart and pulmonary blood vessels,

which are possibly the most representative sites for body

core temperature. The sternum tissues are mainly bone,

cartilage, and skin. Fat tissues, which have the lowest

thermal conductivity of the body tissues, are minimal in

these areas. An early study recommended that the forehead,

occipital region, and upper sternum were considered good

locations for Tc measurement in clinical settings (Yamak-

age and Namiki 2003). Two theoretical studies also showed

that accuracy of Tc measurement on skin surface is influ-

enced by the local tissue thickness (Kitamura et al. 2010;

Steck et al. 2011). Results of the heat transfer simulation

supported our finding from the human study that the ster-

num is a promising location for non-invasive Tc measure-

ment during exercise in heat.

The heat transfer model also reveals the potential impact

of boundary conditions near the sensor on Tc measurement

(i.e., the effects of evaporation and clothing). As shown in

Fig. 1, the HF is the total heat loss at skin surface and

includes convection/radiation (HFd) and evaporation (HFe).

In other words, the HF in Eq. (2) is supposed to be total HF

which equals to HFd ? HFe. However, an HF sensor

measures the heat loss (i.e., the heat flux) using only the

temperature difference (i.e., sensible heat loss). The sensor

does not capture the evaporative heat transfer driven by the

vapor pressure gradient (i.e., insensible heat loss). Thus, an

HF sensor measures only sensible heat loss (i.e., HFd), and

neglects evaporative heat loss (i.e., HFe). Therefore, the HF

measured by an HF sensor is actually less than the HF in

Eq. (2), which is the total HF. Thus, HFe is neglected in the

measurement and calculation, and could potentially

Table 2 Coefficient of determination (R2) for each condition and all conditions

Forehead Sternum Scapula Pectoralis Rib Thigh SSR

40 �C/20 % RH 0.47 0.75 0.72 0.73 0.77 0.61 0.81

35 �C/70 % RH 0.47 0.85 0.82 0.67 0.82 0.71 0.88

25 �C/50 % RH 0.30 0.51 0.42 0.40 0.37 0.39 0.49

All 0.40 0.75 0.69 0.60 0.70 0.59 0.79

SSR combination of the sternum, scapula, and rib sites

thermal conductivity

Tissue thickness (cm)
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Fig. 3 Theoretical response times as a function of the tissue

thickness, with various tissue thermal conductivities ranging from

0.2 to 0.7 W m-1 �C-1

2386 Eur J Appl Physiol (2013) 113:2381–2389

123



contribute to the error in Tc measurement. The error caused

by evaporation may be high when an HF sensor is placed

on open skin area, such as the forehead, where evaporation

is high. The forehead is considered to be a region with high

sweat production (Machado-Moreira et al. 2007). There-

fore, the evaporation of sweat is another reason that the

accuracy of Tc measurement at the forehead was low in our

study.

To reduce the influence of sweat evaporation, the HF

sensor should be placed in a location where evaporative

heat loss is minimal. In this study, the sensors on the torso

were covered by body armor, and in a previous study the

Double Sensor was covered by the helmet (Gunga et al.

2008). The low permeability of the body armor and helmet

reduces evaporative heat loss in the covered area and, thus,

likely reduces the error and increases the accuracy of Tc

measurement. Previous studies showed that relationship

between estimated Tc and observed Tc are dependent on the

ensemble worn over the sensors (Bernard and Kenney

1994). Therefore, it is likely that algorithms derived in the

study will be applicable only to the ensembles used in this

study or ensembles with similar thermal and vapor

resistances.

The algorithms are influenced by the environment to a

certain degree, as shown in Table 2. At the low stressful

temperature of 25 �C, R2 values were low, and the highest

was R2 of 0.51 at the sternum. However, at hot environ-

ments of 35 �C or 40 �C, the sternum R2 increased to 0.85

or 0.75, respectively. This indicated that the combination

of Ts and HF explained *75 % or more of variance in

observed Tc in hot environments. Our main focus was to

find non-invasive approaches to monitor heat strain, which

generally is more likely to occur in hot environments. For

those stressful conditions, an R2 of this magnitude suggests

that it is promising to use Ts and HF measured at the

sternum to monitor heat strain.

The algorithms developed in this study are simple and

use only Ts and HF measured using an HF sensor. Linear

equations using those two variables were chosen to esti-

mate Tc, because they were consistent with the result of

heat transfer analysis [i.e., Eq. (2)]. The simple computa-

tion does not require any additional inputs or measure-

ments. The Double Sensor is, in principle, an HF sensor,

but the Tc calculation algorithm requires inputs for the

thermal conductivities of human tissues and the heat

transfer coefficient from the skin surface to the ambient air

(10–30 W m-2 K-1) (Gunga et al. 2008). The dual-heat-

flux sensor requires the derivation of a thermal resistance

ratio, which is influenced by environmental conditions, to

calculate Tc (Kitamura et al. 2010). The ZHF-based system

requires those extra components plus a power supply,

which results in a more complicated system than an HF-

based system.

The preceding analysis indicates that a non-invasive

measurement of Tc based on skin surface measurements

may be influenced by multiple factors such as measurement

site, evaporation, and clothing. It is worth exploring

options that could attenuate these influences to improve the

methodology. One option would be to use three sensors at

three locations such as sternum, scapula, and rib. The

results in Tables 1 and 2 show the improvement provided

using three sensors versus one sensor. For field applica-

tions, this would increase reliability, as Tc could still be

obtained, even if only one sensor is functional. Another

option would be to use the recently developed dual-heat-

flux sensor (Kitamura et al. 2010). It consists of two

materials with two thicknesses, and actually measures two

heat fluxes and four temperatures. In theory, the dual-heat-

flux sensor does not require parameters of body tissues for

Tc measurement. This type of sensor could potentially

reduce the influence of local tissue properties on Tc mea-

surement, thus improving accuracy.

A limitation of this study is that the experiments were

conducted only in one ensemble. As analyzed in the

analysis, the clothing impacted the relation among Tc, Ts,

and HF. Therefore, the algorithms developed in this study

are likely to be applicable only for monitoring heat strain in

military or police training, or tactical operations where the

ensembles worn had the same or similar thermal properties

to the one in this study (i.e., a standard uniform and body

armor). Further studies are needed to determine how

clothing affects these algorithms and to develop an

ensemble correction factor to make these algorithms

applicable to a series of ensembles. It will also be neces-

sary to conduct human studies or field studies to determine

if these algorithms are suitable for a wider range of con-

ditions or operational settings. Another limitation is that

the results were compared mainly with results collected in

clinical settings which might not be comparable to soldiers

in the field. Most published studies focus on clinical

applications. One study did focus on field application for

fighters (Gunga et al. 2008), but the sensor location dif-

fered from the present study, and the equation coefficients

were not published. Therefore, it was not possible to use

these data for comparison purposes.

Conclusion

The relationship between Tc, Ts, and HF was analyzed by

applying heat transfer analysis to human experimental data.

Algorithms were derived to estimate Tc from Ts and HF

measured at forehead, sternum, pectoralis, left rib cage, left

scapula, and left thigh. The heat transfer simulation dem-

onstrated the influences of local body tissue properties (i.e.,

thermal conductivity and thickness) on the relationships
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between Tc, Ts, and HF. Algorithms for Tc measurement are

location-specific and their accuracy is dependent, to a large

degree, on sensor placement. For the sites studied, the best

locations appeared to be the sternum, or a combination of

the sternum, scapula and rib sites. The combination of Ts

and HF measured at the sternum explained *75 % or more

of variance in observed Tc in hot environments. The fore-

head, which is the most common location for non-invasive

Tc measurements in a clinical setting, was found to be

unsuitable for use during exercise in the heat due to

sweating and evaporative heat loss. The derived algorithms

are likely applicable only for the same ensemble or

ensembles with similar thermal and vapor resistances.
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