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Flouris AD, Webb P, Kenny GP. Noninvasive assessment of muscle
temperature during rest, exercise, and postexercise recovery in different
environments. J Appl Physiol 118: 1310–1320, 2015. First published March
26, 2015; doi:10.1152/japplphysiol.00932.2014.—We introduced nonin-
vasive and accurate techniques to estimate muscle temperature (Tm)
of vastus lateralis (VL), triceps brachii (TB), and trapezius (TRAP)
during rest, exercise, and postexercise recovery using the insulation
disk (iDISK) technique. Thirty-six volunteers (24 men, 12 women;
73.0 � 12.2 kg; 1.75 � 0.07 m; 24.4 � 5.5 yr; 49.2 � 6.8
ml·kg�1·min�1 peak oxygen uptake) underwent periods of rest, cy-
cling exercise at 40% of peak oxygen uptake, and postexercise
recovery in three environments: Normal (24°C, 56% relative humid-
ity), Hot-Humid (30°C, 60% relative humidity), and Hot-Dry (40°C,
24% relative humidity). Participants were randomly allocated into the
“model” and the “validation” groups. Results in the model group
demonstrated that Tm (VL: 36.65 � 1.27°C; TB: 35.76 � 1.73°C;
TRAP: 36.53 � 0.96°C) was increased compared with iDISK (VL:
35.67 � 1.71°C; TB: 34.77 � 2.27°C; TRAP: 35.98 � 1.34°C) across
all environments (P � 0.001). Stepwise regression analysis generated
models that accurately predicted Tm (predTm) of VL (R2 � 0.73-0.91),
TB (R2 � 0.85–0.93), and TRAP (R2 � 0.84–0.86) using iDISK and
the difference between the current iDISK temperature and that re-
corded between 1 and 4 min before. Cross-validation analyses in the
validation group demonstrated small differences (P � 0.05) of no
physiological significance, small effect size of the differences, and
strong associations (r � 0.85–0.97; P � 0.001) between Tm and
predTm. Moreover, narrow 95% limits of agreement and low percent
coefficient of variation were observed between Tm and predTm. It is
concluded that the developed noninvasive, practical, and inexpensive
techniques provide accurate estimations of VL, TB, and TRAP Tm
during rest, cycling exercise, and postexercise recovery.

intramuscular; insulation disk; vastus lateralis; triceps brachii; trape-
zius

DURING EXERCISE, LARGE AMOUNTS of heat are produced in the
exercising muscles, leading to increased muscle temperature
(Tm) (22). This occurs within the first few seconds of repeated
muscle contraction, confirming that Tm is a robust indicator of
muscle metabolism. In this light, the strong link between Tm
and exercise performance is not surprising. Indeed, a number
of studies have shown that Tm is the most important factor in
determining the outcome of exercise performance, especially
during short-term high-intensity exercise (36–38, 41). In ad-
dition, a 2–5% variation (depending on the contraction type
and velocity) in performance has been proposed as a conse-
quence of a change in Tm by 1°C (41). Therefore, knowledge
of Tm during work and exercise is crucial to attain perfor-
mance enhancements. In addition, Tm data have both clinical

[in terms of assessing and refining postexercise recovery inter-
ventions (39)] and physiological [in terms of improving the
assessment of thermometrically derived mean body tempera-
ture (26)] value, representing a much-needed source of infor-
mation in human physiology.

At present, measurement of Tm is a time-consuming, inva-
sive, and expensive technique that requires trained staff and
represents a risk for disease contamination. Therefore, a
method for tracking Tm noninvasively would be useful, espe-
cially during exercise. We have been attempting to do this with
devices that make use of the zero heat flow approach, in which
insulation is applied to the skin to make the skin temperature
rise to match the temperature under the skin. In a previous
study, the original Deep Body Thermometer (20), as modified
in a commercial version (model PD11, Terumo, Tokyo, Japan),
was found to be unsuitable (2). This system employed a heater
to more rapidly establish zero heat flow across a thin sheet of
solid insulation, which unnaturally raised the temperature of
the tissues beneath. Next we tested the insulation disk (iDISK)
technique. Specifically, we measured skin surface temperature
of the vastus lateralis (VL) muscle beneath two 51-mm-diam-
eter unheated disks of flexible insulating material (neoprene)
(3). Our results showed that an iDISK with thicknesses of 3.2
and 4.8 mm reflects VL Tm at depths of 8 and 13 mm,
respectively (3). However, our measurements were conducted
in a small group of men resting in a thermoneutral (28°C)
environment, and we did not provide a means to calculate Tm
using the iDISK method. As such, the validity of the iDISK
technique to estimate on its own the temperature of different
muscles during rest, exercise, and postexercise recovery in
different environments remains to be determined.

Our objective in the present study was to develop noninva-
sive and accurate techniques to estimate Tm of the VL, the
triceps brachii (TB), and the trapezius (TRAP) during rest,
cycling exercise at 40% of peak oxygen uptake, and postexer-
cise recovery using the iDISK technique. To ensure the validity
of the new methods, we performed our measurements in a
normal, a hot-humid, as well as a hot-dry environment. The VL
was chosen because it is the most important muscle of the leg
cycling action (1, 27). The TB was chosen given its relative
importance in cycling in terms of supporting the upper body (1,
27), while the TRAP was selected because it is continuously
active during cycling (35), and, when fatigued, it can attenuate
cycling performance (23). Based on previous data suggesting
that the iDISK can be used as an indicator of Tm during
steady-state rest in a thermoneutral environment (3), our hy-
pothesis was that the generated iDISK-based estimation mod-
els would provide valid noninvasive estimations of VL, TB,
and TRAP Tm during rest, cycling exercise, and postexercise
recovery.
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MATERIALS AND METHODS

Participants and Procedures

The study was conducted according to the principles expressed in
the Declaration of Helsinki and was approved by the University of
Ottawa Health Sciences and Science Research Ethics Board. A total of
36 healthy [nonsmoking; no history of respiratory, metabolic, or
cardiovascular conditions; 24 men; 12 women; 24.4 � 5.5 yr (range:
18–38 yr); 73.0 � 12.2 kg (range: 51.2–99.3 kg) body mass; 1.75 �
0.07 m (range: 1.60–1.88 m) body height; 49.2 � 6.8 ml·kg�1·min�1

(range: 33.5–63.1 ml·kg�1·min�1) peak oxygen uptake; 1.87 � 0.18
m2 (range: 1.54–2.20 m2) body surface area; means � SD] individ-
uals volunteered from the university population and the general
community. Participants were informed of all experimental proce-
dures, associated risks, and discomforts, and provided written consent.
As determined from skinfold thickness measurements using the Jack-
son and Pollock method (5), the thickness (mean � SD) of skin and
subcutaneous tissue at the Tm measurement sites were as follows: VL �
14.2 � 5.7 mm (range: 7.4–28.7 mm); TB � 11.5 � 4.7 mm (range:
4.2–21.8 mm); and TRAP � 15.9 � 7.0 mm (range: 8.3–29.4 mm) for
men; and VL � 20.4 � 5.9 mm (range: 10.4–28.5 mm); TB � 16.3 �
4.3 mm (range: 6.0–22.2 mm); and TRAP � 14.8 � 3.7 mm (range:
9.2–19.8 mm) for women.

Of the participants, 16 (11 men, 5 women) completed a trial in a
normal environment, 18 (13 men, 5 women) completed a trial in a
hot-humid, environment, while 19 (11 men, 8 women) completed
a trial in a hot-dry environment. A total of 17 participants completed
two trials (no participant underwent all three trials). One-way
ANOVA followed by post hoc t-tests incorporating a Bonferroni
adjustment demonstrated no statistically significant differences be-
tween volunteers participating in the three trials in relation to age,
body mass, body height, peak oxygen uptake, as well as skinfold
thickness of skin and subcutaneous tissue at the VL, TB, and TRAP
(P � 0.05).

To validate the ability of iDISK to estimate the temperatures of VL,
TB, and TRAP in an independent group of individuals, the partici-
pants in each trial were randomly allocated into the “model” (Normal:
n � 10; Hot-Humid: n � 13; Hot-Dry: n � 13) and the “validation”
(n � 6 in each trial) groups. As described in Statistical Analysis
below, the iDISK prediction model was created using data from the
model group, while its validity was assessed using data from the
validation group. Independent samples t-tests showed no differences
in relation to all aforementioned parameters between the two groups
(P � 0.05).

Experimental Design

The participants visited the laboratory on two different occasions
separated by a minimum of 3 days. On their first visit, participants
underwent an incremental peak oxygen uptake test on a cycle ergom-
eter. The peak oxygen uptake was measured from expired gases via
the open-circuit technique (AMETEK model S-3A/1 and CD 3A,
Applied Electrochemistry, Pittsburgh, PA). On their second visit to
the laboratory, participants completed the experimental trial of the
study. Following placement of all measuring equipment, participants
were exposed to one of three different environments in a random order
inside an environmentally controlled chamber: 24°C and relative
humidity (RH) of 56% (Normal); 30°C and 60% RH (Hot-Humid),
and 40°C and 24% RH (Hot-Dry). Mass airflow through the chamber
in all trials was 8.0–8.5 kg/min. Once inside the chamber, participants
rested for 30 min in the Normal and the Hot-Humid trials and for 60
min in the Hot-Dry trial seated in the semirecumbent position. At the
end of the rest period, the participants were asked to perform cycling
exercise at 40% of their peak oxygen uptake (determined during their
first visit to the laboratory) for 90 min in the Normal and the
Hot-Humid trials and for 60 min in the Hot-Dry trial on a cycling
ergometer. Following exercise, the participants were, once again,

asked to rest for 120 min in the Normal and the Hot-Humid trials and
for 90 min in the Hot-Dry trial seated in the semirecumbent position
while remaining inside the environmental chamber. A Univariate
General Linear Model followed by post hoc t-tests incorporating a
Bonferroni adjustment demonstrated that the exercise stress resulted
in significantly increased rectal temperature (measured via a pediatric
thermocouple probe; Mon-a-therm General Purpose Temperature
Probe) among the protocol phases during the Normal (rest: 36.8 �
0.3°C; exercise: 37.3 � 0.3°C; postexercise recovery: 37.0 � 0.3°C),
the Hot-Dry (rest: 36.9 � 0.2°C; exercise: 37.5 � 0.4°C; postexercise
recovery: 37.3 � 0.3°C), and the Hot-Humid (rest: 36.9 � 0.3°C;
exercise: 37.7 � 0.5°C; postexercise recovery: 37.9 � 0.4°C) trials
(P � 0.05). The differences in phase (i.e., rest, exercise, and postex-
ercise recovery) duration between the Normal/Hot-Humid and the
Hot-Dry trials was to ensure the participants’ well-being, given the
increased heat load during the Hot-Dry trial.

All trials started at 0845, and clothing insulation was standardized
at �0.2 to 0.3 clo [i.e., cotton underwear, shorts, socks, sports bra (for
women), and athletic shoes]. Measurements of the targeted variables
were conducted using identical precalibrated equipment. The ambient
conditions outside the chamber were set to normal indoor conditions
for temperature (23–24°C) and RH (40–50%) during all measure-
ments. Participants were asked to refrain from intense exercise (run-
ning, swimming, cycling, weight lifting, etc.), other excessive stres-
sors, alcohol, and the use of over-the-counter medications for 48 h
before, and caffeine for 12 h before, the experimental session.

Physiological Measurements

iDISK technique. The iDISK technique is illustrated in Fig. 1. The
disk is created by cutting a circle through a piece of neoprene rubber
such as that used in a diver’s wetsuit. Both the thermistor/thermocou-
ple and the disk are securely fastened to the skin before the measure-
ment. The iDISK technique is based on the premise that minimizing
heat flow between the skin and the environment via a neoprene disk
will result in the temperature of the skin surface directly under the
insulated area increasing until a temperature similar to that of the
underlying tissues is reached. Indeed, local skin insulation results in
an attenuated temperature gradient between the skin surface and the
environment. Consequently, temperature at the skin surface directly
under the insulated area will increase due to thermogenesis taking
place in the muscle until reaching equilibrium with the underlying
tissues (Fig. 1).

In this study, iDISK temperature on the skin surface over the VL of
the dominant leg, the TB of the dominant arm, and the TRAP (on the
same side as the TB measurement along the medial plane) was
measured using 0.3-mm-diameter T-type thermocouples integrated
into heat-flow sensors (Concept Engineering, Old Saybrook, CT).
Thermocouples were attached using surgical tape (Blenderm, 3M, St.
Paul, MN). The sensors were placed within 5 cm from the location of
the muscle implants and were secured in its position with a piece of
Tegaderm surgical tape (3M Medical, St. Paul, MN). A foam neo-
prene iDISK was placed directly on top of the sensor (i.e., the sensor
being in the center of the disk). The disks of open cell foam neoprene
with cloth cover (such as those used in a diver’s wetsuit) were 50 mm
in diameter with a thickness of 4.8 mm. The disks were fastened to the
skin with a piece of Tegaderm surgical tape.

Tm. Regional Tm was measured using flexible multisensor intra-
muscular temperature probes (Physitemp Instruments, Clifton, NJ;
model IT-17:18, type T, time constant of 0.1 s) inserted into the VL
of the quadriceps femoris, the lateral head of the TB, and the upper
TRAP. The procedures for inserting the probe were identical for all
three sites as follows: using aseptic technique, the skin, subcutaneous
tissue, and muscle were anesthetized to a maximum depth of 40 mm
by infiltrating �3 ml of lidocaine with 2% epinephrine. Thereafter, an
18-gauge 45-mm non-radiopaque FEP polymer catheter (Medex Can-
ada, Toronto, ON, Canada) was inserted 3 cm at an angle of �45° and
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parallel to the long axis of the muscle into the anesthetized tract,
resulting in a depth of �2.24 cm from the skin surface. The catheter
stylet was then withdrawn, and the temperature probe was inserted
into the catheter shaft. The probe assembly, including the catheter
shaft, was secured to the skin with sterile, waterproof dressing (29,
31). The above procedures were based on the skinfold thickness
measurements to ensure that the Tm probes were always inserted at
least 1 cm into the body of each muscle (VL: 15.9 � 2.5 mm; TB:
14.6 � 3.0 mm; TRAP: 14.0 � 7.0 mm). The Tm probe of the VL was
inserted approximately midway between, and lateral to, a line joining
the anterior superior iliac spine and the superior aspect of the center
of the patella (29–31). The Tm probe of the TB was inserted
approximately midway between, and lateral to, a line joining the
greater tubercle of the humerus and the superior aspect of the olec-
ranon of the ulna (29, 31). The upper TRAP Tm probe was inserted
superior to the center point between the acromion process and supe-
rior angle of the scapula.

Data Preparation

All temperature data were collected using a HP Agilent data
acquisition module (model 3497A) at a sampling rate of 15 s. These
data were simultaneously displayed and recorded in spreadsheet
format with LabVIEW software (version 7.0, National Instruments).
Initial data preparation included computing 1-min mean values from
all the iDISK and Tm data recorded every 15 s. All subsequent
analyses were conducted using these 1-min mean values. Measure-
ments taken on the body surface demonstrate a response delay in
relation to internal changes (12, 15). This was confirmed in the present
study since initial assessment of iDISK data revealed a response delay
in relation to Tm during the rest, exercise, and postexercise periods.
To account for the delay, dummy variables were calculated represent-
ing the difference between the current values and those collected at
either 1, or 2, or 3, or 4 min before (example for 1-min change: iDISK
at time t minus iDISK at time t � 1). These variables were also
evaluated as potential valuable indicators and are henceforth referred
to as “lag” (iDISKlag). This methodology was previously used by our
group to derive accurate noninvasive estimations of finger blood flow
from finger temperature (6, 14).

Statistical Analysis

Analysis for each muscle was conducted separately for the rest,
exercise, and postexercise recovery phases and comprised five steps.
In step 1, the mean difference between iDISK and Tm in the model
group was assessed using paired-samples t-tests. In step 2, linear
associations between iDISK and Tm in the model group were assessed
using Pearson’s product-moment correlation coefficient. In step 3, the
iDISK prediction model was created using data from the model group.

Specifically, a stepwise multiple linear regression analysis was intro-
duced to generate models for rest, exercise, and postexercise recovery
using the iDISK, iDISKlag1, iDISKlag2, iDISKlag3, and iDISKlag4 data
(independent variables) obtained from the model group to predict Tm
(dependent variable). This procedure allowed for the optimal model
determination through the assessment of change in the coefficient of
determination (R2). In step 4, paired-samples t-tests and Pearson’s
correlation coefficients were employed to assess mean differences and
associations between the measured Tm and the predicted Tm (predTm)
in the model group. In step 5, the validity of the prediction model was
assessed using data from the validation group via paired-samples
t-tests, Pearson’s product-moment correlation coefficients, as well as
calculation of standardized mean difference statistics, 95% limits of
agreement, and percent coefficient of variation, as previously de-
scribed (7, 14, 17–19). Following the above procedures, a generalized
linear mixed model was introduced to evaluate variations in the
prediction error (i.e., the difference between Tm and predTm) among
the two groups (i.e., model and validation), the three exercise protocol
phases (i.e., rest, exercise, and postexercise recovery), and the three
environments (i.e., Normal, Hot-Humid, and Hot-Dry). In this anal-
ysis, the statistics used to interpret each main or interaction effect
were P value, observed power (PO), and partial �2 statistic. All
statistical analyses were conducted using the SPSS 20.0 for Windows
(IBM, Armonk, NY) software package with the level of significance
set at P � 0.05. All values are reported as means � SD.

RESULTS

Analysis for VL

Results in the model group. Figure 2, A, C, and E, illustrates
mean � SD Tm and iDISK across the three trials (i.e., Normal,
Hot-Humid, and Hot-Dry) during rest, exercise, and postexer-
cise recovery in the model group. The iDISK values were
lower than the Tm values, but there were significant correla-
tions between them during rest, exercise, and postexercise
recovery (Table 1). The results of the stepwise multiple regres-
sion analysis are presented in Table 2, demonstrating that the
models providing the strongest prediction with the least
amount of independent variables for rest, exercise, and postex-
ercise recovery periods were:

VL predTm during rest � iDISK · 0.597 � iDISKlag2 · 0.439
� iDISKlag3 · 0.554 � iDISKlag4 · 0.709 � 14.767

VL predTm during exercise � iDISK · 0.599
� iDISKlag4 · 0.311 � 15.63

Fig. 1. Schematic representation of the insu-
lation disk (iDISK) technique (left) and ap-
plication of the iDISK on the vastus lateralis
(right). Minimizing heat flow (red arrows)
between the skin and the environment via an
insulated neoprene disk attenuates the tem-
perature gradient between the skin surface
and the environment. Consequently, temper-
ature at the skin surface directly under the
insulated area increases due to thermogenesis
taking place in the muscle until reaching
equilibrium with the underlying tissues.
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VL predTm during postexercise recovery � iDISK · 0.657
� iDISKlag4 · 0.538 � 13.283

The resulting predTm in the model group across the three
trials (i.e., Normal, Hot-Humid, and Hot-Dry) is illustrated in
Fig. 2, A, C, and E. We found no mean differences (P � 0.05)
and very high correlation coefficients (P � 0.001) between Tm
and predTm during rest, exercise, and postexercise recovery in
the model group (Table 1).

Results in the validation group. Figure 2, B, D, and F,
illustrates mean � SD Tm, iDISK, and predTm across the three
trials during rest, exercise, and postexercise recovery in the
validation group. Very small, yet statistically significant, mean
differences of 0.1°C and 0.09°C were observed during rest and
postexercise recovery between Tm and predTm, respectively (P �
0.001; Table 3). The predTm was highly correlated with Tm
during all phases of the protocol (P � 0.001; Table 3). The effect
size for the differences between Tm and predTm during rest,
exercise, and postexercise recovery are illustrated in Fig. 3.
According to the criteria proposed by Cohen (7), the ob-
served effect sizes were small, ranging from �0.14 to 0.27.
Moreover, narrow 95% limits of agreement and low percent

coefficient of variation were observed between Tm and
predTm (Table 3).

Analysis for TB

Results in the model group. Figure 4, A, C, and E, illustrates
mean � SD Tm and iDISK across the three trials (i.e., Normal,
Hot-Humid, and Hot-Dry) during rest, exercise, and postexer-
cise recovery in the model group. The iDISK values were
lower than the Tm values, but there were significant correla-
tions between them during rest, exercise, and postexercise
recovery (Table 1). The results of the stepwise multiple regres-
sion analysis are presented in Table 2, demonstrating that the
models providing the strongest prediction with the least
amount of independent variables for rest, exercise, and postex-
ercise recovery periods were:

TB predTm during rest � iDISK · 0.704�10.956

TB predTm during exercise � iDISK · 0.739
� iDISKlag3 · 1.335 � iDISKlag4 · 1.885�10.082

TB predTm during postexercise recovery � iDISK · 0.692
� iDISKlag4 · 0.63 � 11.845

Fig. 2. Results (means � SD) for vastus lateralis. The graphs illustrate muscle temperature (Tm; red squares), iDISK temperature (green circles), and predicted
Tm (predTm; gray diamonds) throughout the experimental protocol in the model (A, C, and E) and the validation (B, D, and F) groups. A and B: results from
the Normal environment. C and D: results from the Hot-Humid environment. E and F: results from the Hot-Dry environment.
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The resulting predTm in the model group across the three
trials (i.e., Normal, Hot-Humid, and Hot-Dry) is illustrated in
Fig. 4, A, C, and E. We found no mean differences (P � 0.05)
and very high correlation coefficients (P � 0.001) between Tm
and predTm during rest, exercise, and postexercise recovery in
the model group (Table 1).

Results in the validation group. Figure 4, B, D, and F,
illustrates mean � SD Tm, iDISK, and predTm across the three
trials during rest, exercise, and postexercise recovery in the
validation group. Small, yet statistically significant, mean dif-
ferences of 0.22°C, 0.06°C, and 0.14°C were observed during
rest, exercise, and postexercise recovery between Tm and
predTm, respectively (P � 0.001; Table 3). The predTm was
highly correlated with Tm during all phases of the protocol
(P � 0.001; Table 3). The effect size for the differences
between Tm and predTm during rest, exercise, and postexercise
recovery are illustrated in Fig. 3. According to the criteria
proposed by Cohen (7), the observed effect sizes were small,
ranging from �0.18 to 0.05. Moreover, narrow 95% limits of
agreement and low percent coefficient of variation were ob-
served between Tm and predTm (Table 3).

Analysis for TRAP

Results in the model group. Figure 5, A, C, and E, illustrates
mean � SD Tm and iDISK across the three trials (i.e., Normal,
Hot-Humid, and Hot-Dry) during rest, exercise, and postexer-
cise recovery in the model group. The iDISK values were
lower than the Tm values, but there were significant correla-

tions between them during rest, exercise, and postexercise
recovery (Table 1). The results of the stepwise multiple regres-
sion analysis are presented in Table 2, demonstrating that the
models providing the strongest prediction with the least
amount of independent variables for rest, exercise, and postex-
ercise recovery periods were as follows:

TRAP predTm during rest � iDISK · 0.707�10.881

TRAP predTm during exercise � iDISK · 0.728
� iDISKlag3 · 1.353 � iDISKlag4 · 2.116 � 10.353

TRAP predTm during postexercise recovery � iDISK · 0.606
� iDISKlag3 · 0.380 � iDISKlag4 · 0.77 � 14.762

The resulting predTm in the model group across the three
trials (i.e., Normal, Hot-Humid, and Hot-Dry) is illustrated in
Fig. 5, A, C, and E. We found no mean differences (P � 0.05)
and very high correlation coefficients (P � 0.001) between Tm
and predTm during rest, exercise, and postexercise recovery in
the model group (Table 1).

Table 2. Results derived from the stepwise regression
analysis conducted in the model group for the prediction of
Tm via iDISK temperature during rest, exercise, and
postexercise recovery

Muscle Phase Independent Variables R2 SEE r

Vastus lateralis Rest iDISK, iDISKlag1, 2, 3, 4 0.91 0.36 0.95*
iDISK, iDISKlag2, 3, 4 0.91 0.36 0.95*

Exercise iDISK, iDISKlag1, 2, 3, 4 0.73 0.56 0.86*
iDISK, iDISKlag1, 2, 4 0.73 0.56 0.86*
iDISK, iDISKlag1, 4 0.73 0.56 0.86*
iDISK, iDISKlag4 0.73 0.56 0.86*

Recovery iDISK, iDISKlag1, 2, 3, 4 0.84 0.47 0.92*
iDISK, iDISKlag1, 2, 4 0.84 0.47 0.92*
iDISK, iDISKlag1, 4 0.84 0.47 0.92*
iDISK, iDISKlag4 0.84 0.47 0.92*

Triceps brachii Rest iDISK, iDISKlag1, 2, 3, 4 0.93 0.49 0.96*
iDISK, iDISKlag1, 2, 4 0.93 0.49 0.96*
iDISK, iDISKlag1, 4 0.93 0.49 0.96*
iDISK, iDISKlag4 0.93 0.49 0.96*
iDISK 0.93 0.49 0.96*

Exercise iDISK, iDISKlag1, 2, 3, 4 0.85 0.67 0.92*
iDISK, iDISKlag1, 3, 4 0.85 0.67 0.92*
iDISK, iDISKlag3, 4 0.85 0.67 0.92*

Recovery iDISK, iDISKlag1, 2, 3, 4 0.86 0.62 0.93*
iDISK, iDISKlag1, 3, 4 0.86 0.62 0.93*
iDISK, iDISKlag3, 4 0.86 0.62 0.93*
iDISK, iDISKlag4 0.86 0.62 0.93*

Trapezius Rest iDISK, iDISKlag1, 2, 3, 4 0.86 0.38 0.93*
iDISK, iDISKlag1, 3, 4 0.86 0.38 0.93*
iDISK, iDISKlag1, 3 0.86 0.38 0.93*
iDISK, iDISKlag3 0.86 0.38 0.93*
iDISK 0.86 0.38 0.93*

Exercise iDISK, iDISKlag1, 2, 3, 4 0.84 0.39 0.92*
iDISK, iDISKlag1, 3, 4 0.84 0.39 0.92*
iDISK, iDISKlag3, 4 0.84 0.39 0.92*

Recovery iDISK, iDISKlag1, 2, 3, 4 0.84 0.36 0.92*
iDISK, iDISKlag2, 3, 4 0.84 0.36 0.92*
iDISK, iDISKlag3, 4 0.84 0.36 0.92*

Lag, time lag, 1–4, minutes 1–4; R2, regression analysis coefficient of
determination; SEE, standard error of the estimate. The models in bolded
provide the strongest prediction with the least amount of independent vari-
ables. *r significant at P � 0.001. None of the presented models demonstrated
statistically significant changes in R2 compared with its predecessor. ANOVA
for all models was significant at P � 0001.

Table 1. Results and comparisons for Tm, iDISK
temperature, and predTm during rest, exercise, and
postexercise recovery in the model group

Muscle Group Variable Temperature, °C t r

Vastus lateralis Rest Tm 35.85 � 1.19
iDISK 35.27 � 1.92 21.00† 0.948*
predTm 35.79 � 1.19 �0.89 0.954*

Exercise Tm 37.26 � 1.08
iDISK 36.20 � 1.51 60.38† 0.856*
predTm 37.27 � 0.93 �1.18 0.857*

Recovery Tm 36.55 � 1.17
iDISK 35.41 � 1.64 75.21† 0.913*
predTm 36.57 � 1.07 �1.52 0.915*

Triceps brachii Rest Tm 35.36 � 1.79
iDISK 34.67 � 2.45 28.53† 0.960*
predTm 35.36 � 1.73 �0.29 0.960*

Exercise Tm 36.12 � 1.69
iDISK 35.35 � 2.02 47.78† 0.913*
predTm 36.11 � 1.55 1.24 0.919*

Recovery Tm 35.61 � 1.69
iDISK 34.26 � 2.27 75.00† 0.926*
predTm 35.61 � 1.57 0.37 0.929*

Trapezius Rest Tm 36.47 � 0.99
iDISK 36.20 � 1.29 17.62† 0.920*
predTm 36.48 � 0.92 �0.76 0.920*

Exercise Tm 36.75 � 0.98
iDISK 36.32 � 1.23 41.89† 0.910*
predTm 36.74 � 0.90 1.86 0.918*

Recovery Tm 36.37 � 0.89
iDISK 35.60 � 1.34 66.10† 0.912*
predTm 36.35 � 0.82 1.84 0.916

Temperature values are means � SD. Tm, muscle temperature; iDISK,
insulated disk; predTm, predicted Tm; t, paired-samples t-test statistic with Tm;
r, Pearson’s product-moment correlation coefficient with Tm. †t significant at
P � 0.05. *r significant at P � 0.001.
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Results in the validation group. Figure 5, B, D, and F,
illustrates mean � SD Tm, iDISK, and predTm across the three
trials during rest, exercise, and postexercise recovery in the
validation group. No differences were observed during rest,
exercise, and postexercise recovery between Tm and predTm (P �
0.05; Table 3). The predTm was highly correlated with Tm
during all phases of the protocol (P � 0.001; Table 3). The
effect size for the differences between Tm and predTm
during rest, exercise, and postexercise recovery are illus-
trated in Fig. 3. According to the criteria proposed by Cohen
(7), the observed effect sizes were small, ranging from �0.1
to 0.0. Moreover, narrow 95% limits of agreement and low
percent coefficient of variation were observed between Tm
and predTm (Table 3).

Generalized Linear Mixed Model

The analysis examining variations in the prediction error
(i.e., the difference between Tm and predTm) for the VL among
the two groups (i.e., model and validation), the three exercise
protocol phases (i.e., rest, exercise, and postexercise recovery)
and the three environments (i.e., Normal, Hot-Humid, and
Hot-Dry) demonstrated significant main effects (i.e., differ-
ences) of group (P � 0.001), phase (P � 0.001), and environ-
ment (P � 0.037), as well as significant interaction effects of
group 	 environment (P � 0.001), phase 	 environment (P �
0.001), and group 	 phase 	 environment (P � 0.001). The
PO for these effects was �0.91, with the exception of the main
effect of environment (PO � 0.63). However, the �2 for all of
these effects were very small, ranging from 0.001 to 0.01.

The analysis examining variations in the prediction error for
the TB demonstrated significant main effects of group (P �
0.001), phase (P � 0.001), and environment (P � 0.001), as
well as significant interaction effects of group 	 environment
(P � 0.001), group 	 phase (P � 0.001), phase 	 environ-
ment (P � 0.001), and group 	 phase 	 environment (P �
0.001). The PO for these effects was 1.0. However, the �2 for
all of these effects were very small, ranging from 0.005 to 0.02.

The analysis examining variations in the prediction error for
the TRAP demonstrated significant main effects of phase (P �
0.002), and environment (P � 0.001), as well as significant
interaction effects of group 	 environment (P � 0.001), phase 	
environment (P � 0.001), and group 	 phase 	 environment
(P � 0.001). The PO for these effects was �0.90. However,
the �2 for all of these effects were very small, ranging from
0.002 to 0.05.

DISCUSSION

We previously used the iDISK technique to estimate VL Tm
in individuals resting in a controlled thermoneutral (28°C)
environment, yet our original study did not provide a means to
calculate Tm using the iDISK method in different muscles
during rest, exercise, and postexercise recovery in different

Table 3. Results and comparisons between Tm and predTm during rest, exercise, and postexercise recovery in the validation
group

Muscle Variable Phase Temperature, °C t r 95% LoA %CV

Vastus lateralis Tm Rest 35.68 � 1.30
Exercise 37.10 � 1.09
Recovery 36.22 � 1.33

predTm Rest 35.78 � 1.24 �5.81† 0.951* �0.10 � 0.79 1.13
Exercise 37.12 � 0.92 �1.08 0.912* �0.02 � 0.88 1.21
Recovery 36.31 � 1.14 �5.72† 0.917* �0.09 � 1.05 1.48

Triceps brachii Tm Rest 35.05 � 1.87
Exercise 36.13 � 1.63
Recovery 35.27 � 1.78

predTm Rest 35.27 � 1.68 �12.64† 0.971* �0.23 � 0.92 1.34
Exercise 36.07 � 1.45 3.84† 0.920* 0.07 � 1.25 1.77
Recovery 35.41 � 1.56 �7.53† 0.907* �0.14 � 1.47 2.13

Trapezius Tm Rest 36.43 � 0.97
Exercise 36.81 � 0.97
Recovery 36.37 � 1.07

predTm Rest 36.46 � 0.92 �1.89 0.917* �0.03 � 0.76 1.07
Exercise 36.80 � 0.88 1.01 0.848* 0.01 � 1.02 1.41
Recovery 36.34 � 0.87 1.49 0.861* 0.02 � 1.07 1.50

Temperature values are means � SD. 95% LoA, 95% limits of agreement with Tm; %CV, percent coefficient of variation with Tm. †t significant at P � 0.05.
*Pearson’s correlation coefficient with Tm significant at P � 0.001.

Fig. 3. Cohen’s standardized effect size statistics for the difference between
Tm and predTm during rest, exercise, and postexercise recovery in the valida-
tion group. Values are means � SD.
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environments. In this paper, we introduce noninvasive, practi-
cal, and inexpensive techniques that provide accurate estima-
tions of VL, TB, and TRAP Tm during rest, cycling exercise at
40% of peak oxygen uptake, and postexercise recovery. To
ensure the validity of the new methods, we performed our
measurements in Normal, Hot-Humid, and Hot-Dry environ-
ments (ranging between 24 and 40°C and 24 and 60% RH), and
also cross-validated them in an independent group of partici-
pants. Our results show that Tm can be accurately predicted by
using iDISK temperature and the difference between current
iDISK temperature and that recorded 1–4 min before (depend-
ing on the muscle group).

Very small differences between Tm and predTm in the VL
(during rest and postexercise recovery) and the TB were
deemed as statistically significant by our analyses using P
values (i.e., step 5). Moreover, the P values of our generalized
linear mixed model identified variations in validity between the
two groups (i.e., model and validation), the three exercise
protocol phases (i.e., rest, exercise, and postexercise recovery),
and the three environments (i.e., Normal, Hot-Humid, and
Hot-Dry) in all three muscles assessed. Nevertheless, these
results are due to the well-known reliance of statistical signif-

icance (i.e., P values) on sample size (7, 32, 48). Indeed, as our
comparisons in the validation group were conducted on a
database of �3,600 values, the resulting low P values should
be interpreted more as indication that our sampling outcomes
(i.e., means and SDs) were not obtained by chance. The
observed small differences between Tm and predTm ranging
from 0.06 to 0.22°C are deemed of no physiological signifi-
cance. Moreover, the calculated effect sizes, the 95% limits of
agreement, as well as the percent coefficient of variation that
focus on the meaning of the results demonstrated that the
predTm accurately reflected the Tm. For instance, the calculated
effect sizes from our generalized linear mixed model suggest
that the proportion of total variability attributable to “group”,
“phase”, or “environment” were, at best, 5%. In addition, the
95% limits of agreement suggest that a Tm of 38°C in the VL
during exercise would be estimated, in the worst case scenario,
as low as 37.1°C or as high as 38.9°C. These worst-case
estimation limits are considered acceptable, given the breadth
of Tm values recorded during rest, exercise, and postexercise
recovery (up to 5.5°C in this study). Based on these results, it
becomes clear that the resulting prediction models provide
accurate, noninvasive, practical, and cost-efficient alternatives

Fig. 4. Results (means � SD) for triceps brachii. The graphs illustrate Tm (red squares), iDISK temperature (green circles), and predTm (gray diamonds)
throughout the experimental protocol in the model (A, C, and E) and the validation (B, D, and F) groups. A and B: results from the Normal environment. C and
D: results from the Hot-Humid environment. E and F: results from the Hot-Dry environment.

Innovative Methodology

1316 Noninvasive Assessment of Muscle Temperature • Flouris AD et al.

J Appl Physiol • doi:10.1152/japplphysiol.00932.2014 • www.jappl.org

 by 10.220.33.5 on N
ovem

ber 21, 2016
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/


for the estimation of VL, TB, and TRAP Tm, each requiring
only a single-site skin surface temperature measurement be-
neath an iDISK.

Previous research has shown that, when placed in the fore-
head or spinous process (T2–T4), the iDISK is a valid indicator
of esophageal temperature during intermittent exercise in
young clothed subjects across a range of environmental tem-
peratures (25–40°C) (44). Moreover, the iDISK has been
successfully employed to estimate core temperature in infants
(8). More importantly, the iDISK was previously used as an
indicator of Tm during steady-state rest in a thermoneutral
environment (3). In this paper, we moved one step further by
providing a means to estimate Tm using the iDISK technique
during rest, exercise, and postexercise recovery in different
environments. The Tm data obtained using the novel tech-
niques are valuable for physiologists and biomechanists assess-
ing mechanisms of muscle contraction and the effects of
different ergogenic factors, as well as for exercise scientists
wanting to maximize athletic performance (13, 16, 19). As-
sessing Tm is vital for the achievement of such endeavors,
because skeletal muscle function is significantly affected by
Tm (36–38, 41). Indeed, an elevation in Tm is observed as
early as the first 3 s of muscle contraction due to the heat

produced by metabolic reactions required for ATP resynthesis
(22). As exercise continues, the overall efficiency of muscle
contraction is reduced at a rate proportional to the increase in
heat production (22, 28). Therefore, knowledge of Tm is vital
for performance enhancement (41). Nevertheless, Tm data are
rarely recorded during training, because Tm measurement is a
time-consuming, invasive, and expensive task that requires
trained staff and represents a risk for disease contamination and
muscle tissue injury. In this light, the iDISK technique is a
valuable tool that can aid exercise scientists wanting to maxi-
mize athletic performance, as well as physiologists and bio-
mechanists studying aspects and/or mechanisms of muscle
contraction and the effects of various exogenous or endoge-
nous factors.

We measured Tm of the VL because it is the main power-
producing muscle in cycling, during which it produces a
consistent single burst of activity per crank revolution (1, 27,
40). This is confirmed by the present data showing exercise-
induced increases in the VL Tm as high as 3.5°C. The contri-
bution of the VL in cycling is especially seen during sprint
exercise (10); thus it is of particular importance to athletes. The
high reliability of the temporal component of VL is found in
both inter- and intrasession comparisons, indicating that its

Fig. 5. Results (means � SD) for trapezius. The graphs illustrate Tm (red squares), iDISK temperature (green circles), and predTm (gray diamonds) throughout
the experimental protocol in the model (A, C, and E) and the validation (B, D, and F) groups. A and B: results from the Normal environment. C and D: results
from the Hot-Humid environment. E and F: results from the Hot-Dry environment.
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function remains similar across pedal revolutions and can
identify different levels of cycling experience and training
(27). Also, it was previously shown that changes in the activity,
and thus temperature, of the VL muscle during cycling can be
used as fatigue indicators (9). These findings provide support
to the selection of the VL muscle for the iDISK technique and
suggest that the iDISK will provide valuable and meaningful
information for training and performance enhancement. In this
light, it may be worth noting that the increase in Tm of the VL
observed during exercise was slightly larger than that of iDISK
temperature. As such, the predTm values during exercise using
the iDISK technique were insignificantly lower than the actual
Tm values.

An iDISK estimation model for the TB was generated given
its relative importance in cycling in terms of supporting the
upper body (1, 27). Indeed, the TB demonstrates a double burst
near 150 and 300° of the cycling stroke during seated cycling
(11). Therefore, knowledge of TB Tm during cycling via the
iDISK technique will be valuable for training and performance
enhancement. On the other hand, we chose to provide an
iDISK estimation model for the TRAP, because it is continu-
ously active during cycling (35), and, when fatigued, it can
attenuate cycling performance (23). Yet the TRAP is only
submaximally activated during cycling (24), a finding that is
confirmed by our data showing exercise-induced increases of
�1.5°C in this muscle, compared with the �3.5°C increase in
VL Tm during exercise.

The present results suggest that accounting for the response
delay in iDISK to internal Tm changes by incorporating the
change in iDISK in the model is important for the accurate
prediction of Tm. Indeed, our model-building methodology
confirmed that the difference between the current iDISK tem-
perature and that recorded 1–4 min before captures a signifi-
cant amount of variation, a finding further confirmed during
our cross-validation analysis. The subtle differences in lag data
required for the optimal prediction equations between sites and
protocol phases may reflect differences in thermogenesis, in-
sulation (i.e., skinfold thickness), and tissue mass, all of which
play an important role in the time required for the iDISK
temperature to reflect the Tm temperature. Similarly, the in-
creased number of lagged variables required to fine-tune the
VL Tm estimation may reflect the relatively greater insulation
of this area. The change in iDISK acts as an indicator of
volatility and fluctuation, converting the slow responses of the
skin surface temperature below the iDISK into the rapid
fluctuations usually observed in Tm during the transitions
between rest and exercise, as well as between exercise and
postexercise recovery. Another benefit of lag data relates to the
effects of environmental conditions on accuracy. This is evi-
dent by the fact that the difference between Tm and absolute
iDISK varied significantly between the three environments
(i.e., greater in the Normal environment and lesser in the
Hot-Dry environment) in all three muscles assessed. Neverthe-
less, incorporating the change in iDISK allowed us to generate
environment-independent equations, resulting in increased
practicality. The present successful employment of lag data to
correct for response delays in surface temperature measure-
ments supports previous usage of this technique by our group
(6, 14). More importantly, having prediction equations with lag
data does not add significant complexity to the proposed
method (e.g., processing the data through a software package);

it merely requires solving a simple calculation. For instance, let
us consider a scenario where iDISK data are collected on the
VL for 4 consecutive min of exercise: 32.28°C in minute 1,
32.34°C in minute 2, 32.36°C in minute 3, and 32.42°C in
minute 4. In this scenario, the predTm at minute 4 will be equal
to 32.42 · 0.599 � (32.42 � 32.28) · 0.311 
 15.63, that is,
35.01°C.

Perspectives

The iDISK technique can be easily applied in both labora-
tory and field settings at very low cost. While the present study
used cycling as an exercise mode to validate the iDISK
method, there are no reasons to believe that the iDISK method
is not applicable to other modes of exercise, including walking,
running, rowing, skiing, etc. With this in mind, it is worth
noting that the iDISK technique has not only performance
[given the aforementioned link between Tm and performance
outcomes (36–38, 41)], but also clinical and physiological
applications. Indeed, data obtained from the iDISK can be used
to evaluate postexercise recovery interventions, such as active
(43) and passive (45) recovery, compression garments (33),
and hot, cold, or “contrast” water immersion (21, 33, 45, 47).
While the effectiveness of these interventions has been gener-
ally linked with local tissue temperature (4, 39, 46), no actual
Tm data have been obtained thus far, except in a recent study
by Mawhinney and colleagues (34), mainly due to the tech-
nique’s invasiveness and the technical expertise required (39).
The iDISK technique may be proven valuable in these situa-
tions and can be used to refine postexercise recovery interven-
tions to optimize recovery from training and improve perfor-
mance. In addition, data obtained via the iDISK can be used to
improve the assessment of thermometrically derived mean
body temperature (26). Indeed, it has been repeatedly shown
that Tm data are essential in the thermometric estimation of
change in mean body temperature (25, 26, 42), yet very few (if
any) studies have considered Tm in their thermometric calcu-
lations, mainly due to the invasiveness of obtaining actual Tm
data. It becomes clear, therefore, that the iDISK technique
represents a much-needed source of information in human
physiology research.

It is important to note that the current iDISK estimation
models were developed and cross-validated in air temperature
environments ranging from 24–40°C and 24–60% RH at a set
wind velocity without taking into account the effects of vari-
ation in wind speed. Therefore, it would be worthwhile to
validate these models also during natural outdoor conditions.
Moreover, the reader is reminded that the reference standard
for the current iDISK estimation models was Tm measured at
a depth of �2.2 cm from the skin surface, which, in our
subjects, was 1.2–1.6 cm into the body of the muscle. As such,
the predicted iDISK temperatures may not reflect accurately
Tm at greater depths. In addition, users of the iDISK technique
should be aware of the slight difference in the temporal profile
of the predTm at the start of exercise. This is due to the use of
the prediction equation for exercise, as opposed to the predic-
tion equation for resting conditions used in the minutes just
before that and may lead to relatively less accurate predictions
during the first minutes of exercise.

In conclusion, we provide noninvasive, practical, and inex-
pensive techniques that provide accurate estimations of VL,
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TB, and TRAP Tm during rest, cycling exercise, and postex-
ercise recovery. These methods provide viable alternatives for
the estimation of VL, TB, and TRAP Tm that can be imple-
mented in indoor and field settings, as well as for various
research and bioengineering applications where the ambient
environment remains between 24 and 40°C and 24 and 60%
RH and when the actual measurement of Tm is not feasible.
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