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Abstract—Thermal comfort remains a common problem for
people with lower-limb amputation. Both donning a prosthesis
and engaging in activity at room temperature can increase
residual limb skin temperature; however, the effects of activity
on skin temperature and comfort in more extreme environ-
ments remain unknown. We examined residual limb skin tem-
peratures and perceived thermal comfort (PTC; 11-point Likert
scale) of participants with unilateral transtibial amputation (n =
8) who were snowshoeing in a cold environment. Residual
limb skin temperature increased by 3.9°C (3.0°C to 4.7°C)
(mean difference [95% confidence interval], p < 0.001) after
two 30 min exercise sessions separated by a 5 min rest session.
Minimal cooling (-0.2°C [-1.1°C to 0.6°C]) occurred during
the rest period. Similar changes in PTC were found for the
residual limb, intact limb, and whole body, with a mean scale
increase of 1.6 (1.1 to 2.1) and 1.3 (0.8 to 1.8) for the first and
second exercise sessions, respectively (p < 0.001). Activity ina
cold environment caused similar increases in residual limb skin
temperature as those found in studies conducted at room tem-
perature. Participants with amputation perceived warming as
their skin temperature increased during exercise followed by
the perception of cooling during rest, despite minimal associ-
ated decreases in skin temperature.

Key words: amputation, cold environment, exercise, lower-
limb, prosthesis, skin temperature, snowshoe, thermal comfort,
thermistor, transtibial.
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INTRODUCTION

The residual limb skin temperatures of people with
lower-limb amputation increase after merely donning a
prosthesis and continue to rise at a rate contingent on activ-
ity level [1-2]. These elevated skin temperatures nega-
tively affect quality of life for individuals with amputation,
with more than 53 percent reporting discomfort from heat
and/or perspiration inside their prosthetic socket in 38
reviewed studies [3]. The tight-fitting liner at the skin-
socket interface required to maintain adherence and trans-
fer forces to the residual limb lacks the ability to regulate
temperature because of limited air convection, evaporative
mechanisms [4], and thermal conductivity [5], trapping
heat and contributing to thermal discomfort and skin
breakdown. In a study of 90 subjects with transfemoral
amputation, 72 percent reported that heat and sweat at least
moderately affected their quality of life, with 62 percent
reporting sores and skin irritation from their socket [6].

Abbreviations: Exercisel = first 30 min exercise period,
Exercise2 = second 30 min exercise period, MG = medial gas-
trocnemius, PTC = perceived thermal comfort, Restl = initial
5 min standing rest period, Rest2 = second 5 min standing rest
period, Rest3 = third 5 min standing rest period, SD = standard
deviation, TA = tibialis anterior.
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A comprehensive understanding of the residual limb’s
skin temperature and the corresponding thermal comfort
of the individual with amputation in more extreme envi-
ronmental conditions would better inform design criteria
for more comfortable prostheses. Without a prosthesis, the
residual limb of a person with amputation is on average
1°C cooler than the contralateral limb [7], suggesting that
maintaining lower skin temperatures through improved
socket technology may be warranted. A prior study exam-
ined residual limb skin temperatures (n = 9) during a 30 min
walking session in a moderate ambient room temperature
(~20°C) and reported a 3°C increase in skin temperature
followed by little cooling (<1°C) after prolonged rest
(60 min) [2]. Mathur et al. also reported a residual limb
skin temperature increase (2°C) during a 10 min walk at
0.6 m/s in a 20°C chamber (n = 1), but temperatures
remained constant when the chamber temperature was
10°C [8]. However, the effect of cold ambient tempera-
tures (0°C), as are frequently experienced during winter
months, on residual limb skin temperatures remains
unknown. This knowledge would demonstrate whether
the residual limb remains insulated within the prosthetic
socket during activity despite exposure to a cold environ-
ment or, alternatively, whether a special thermal system is
required. Therefore, the goal of this study was to record
residual limb skin temperatures and perceived thermal
comfort (PTC) in a cold environment during moderate
activity under realistic field conditions.

METHODS

Participants

Active males with unilateral transtibial amputation
who already participated in snow sports (e.g., skiing,
snowboarding, or snowshoeing) were recruited to partici-
pate in this institutional review board-approved study.
Participants were between 18 and 70 yr of age, wore their
prosthesis at least 8 h per day, were at least 2 yr postam-
putation, were able to ambulate without upper-limb aids,
and had no history of falls within the previous 6 mo.
Lastly, they were able to detect the touch of a Semmes-
Weinstein 5.07 monofilament (10 g force; CHS Services,
Inc; East Setauket, New York), used to make skin con-
tact, bend, and depart the skin at each temperature sensor
site.

Instrumentation

In-socket skin temperatures were measured at four
locations on the residual limb with thermistor sensors
(MAZ100DD 103A, Thermometrics, Inc; Edison, New Jer-
sey; diameter kapton sleeve: 1.3 mm, length: 9.5 mm).
Prior to application, these sensors were validated in a water
bath using a National Institute of Standards and Technol-
ogy-calibrated instrument (<0.3°C error [9]). To aid sensor
placement on the residual limb, lines were drawn that
bisected it into proximal and distal locations. The thermis-
tors were then placed in the middle of the proximal and dis-
tal locations of the tibialis anterior (TA) and the medial
gastrocnemius (MG) to avoid bony landmarks that might
increase the chance of skin breakdown and wire failure
(Figure 1). After thermistor wires (32-gauge bifilar heavy
isomid insulation, length: 610 mm) were secured with thin
fabric tape, the participant donned his prosthesis. Tape was
not placed directly on the sensor because it can act as an
insulator and affect the gathered data. We confirmed that
sensor displacement was minimized by photographing the
instrumented limb before donning and after doffing the
prosthesis. The wires exited at the proximal end of the liner
and were routed beneath clothing to a data logger (Smart
Reader Plus 8, ACR Systems Inc; Surry, British Columbia,
Canada; range: —40°C to 70°C, tolerance: £0.15°C, resolu-
tion: 0.07°C) worn in a small pack around the waist. Skin
temperature data were collected at 0.125 Hz.

PTC was measured by asking participants to rate the
thermal comfort of their residual limb, intact limb, and
whole body at the beginning and end of each exercise
bout using an 11-point Likert psychometric scale (0 being
cold, 5 being most comfortable, and 10 being hot). The

Medial
Gastroc

Thermistors

Figure 1.
Representative photographs of thermistor placements on the

lateral tibialis anterior and medial gastrocnemius (Gastroc) of
the residual limb. The lines on the anterior and posterior sides
of the residual limb were drawn to guide thermistor placement.



621

SEGAL and KLUTE. Thermal response to snowshoeing in people with amputation

scale was adapted from the psychophysical 7-point ther-
mal comfort scale [10-11]. We chose an 11-point scale
because it was suggested to reduce skewness, minimize
kurtosis, and be closest to normal [12].

Internal body temperature was measured with an
ingestible sensor that the subjects swallowed at least 2 h
prior to data collection (HT 150001, CorTemp® Recorder,
HQ Inc; Palmetto, Florida). While inside the gastrointesti-
nal tract, the sensor’s internal crystal sensor vibrates at a
frequency relative to the temperature of the body, produc-
ing a measurable magnetic flux. The sensor transmits the
core body temperature signal harmlessly through the body
to a data recorder worn on the waist pack. The CorTemp®
sensor is a Food and Drug Administration-registered, sin-
gle use, class 2 device, which is accurate to +0.1°C, with a
range from 30°C to 45°C and calibrated to +0.05°C.

Heart rate was measured using a Polar heart rate
monitor (RS400, Polar; Kempele, Finland) to estimate
work load. This device did not have data logging capac-
ity; therefore, we manually recorded heart rate every
2 min throughout the exercise protocol. Each participant
also wore a StepWatch 3 Activity Monitor (Orthocare
Innovations; Mountlake Terrace, Washington) on the lat-
eral side of the prosthetic pylon to measure step count
and cadence during the testing session. This pager-sized
device (70 x 50 x 20 mm; 38 g) was used to record the
number of strides taken during 1 min intervals and has
been shown to be accurate [13] with high test-retest reli-
ability [14-15]. The step data were also used to identify

the specific times during the testing session when contin-
uous walking occurred.

Protocol

Once participants were fully instrumented and dressed
in their typical snowshoe gear (thermal under layer and
waterproof outer layers), we traveled 45 min by passenger
van at a comfortable temperature chosen by the passengers
to a mountain pass (Snoqualmie Pass, Washington; eleva-
tion: 921 m) with a snowshoe course set up in a large open
field (Figure 2). Participants completed laps around this
course to remain within close proximity of the van at all
times as an added safety precaution. The protocol began
with an initial 5 min standing rest period (Restl). Just
before starting to walk, the participants reported the PTC of
their residual limb, intact limb, and whole body. Then sub-
jects walked continuously for 30 min at a self-selected
speed around the snowshoe course (first 30 min exercise
period [Exercisel]), reading off heart rate measurements
every 2 min, which were recorded by a researcher walking
behind the participants. After completing Exercisel, sub-
jects rated their PTC and then completed a second 5 min
standing rest period (Rest2). Just before beginning the sec-
ond walking bout, subjects again rated their PTC. After a
second 30 min continuous walking session at self-selected
speed (second 30 min exercise period [Exercise2]), subjects
rated their PTC. The final 5 min standing rest session
(Rest3) was completed, followed by a PTC rating. Residual
limb skin temperature, internal body temperature, and step
count were measured continuously throughout the testing

Figure 2.
Photographs depict the environment of the snowshoe walking course and examples of the exterior clothing worn during three differ-

ent data collections.
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session. Once the protocol was complete, we traveled back
to the laboratory, where the instrumentation was removed.
We noted if any thermistors or their wires broke during the
test or appeared to have moved from their initial placement.

Data Analysis

Thermistor and core temperature data from the last
minute of each bout were averaged across participants.
Mean heart rate was calculated at the end of each rest ses-
sion and the average at steady state during the exercise
session (not including the first and last 2 min readings)
was also calculated across participants. Step count data
were multiplied by two to determine the total steps taken
with both the prosthetic and intact limbs.

Linear mixed-effects regression was used to estimate
mean differences in residual limb skin temperature by bout,
adjusting for thermistor location. This model accounts for
nonindependence of data due to repeated measures within
subject by estimating separate errors for between and
within subjects. Temperature was the dependent variable,
bout and location were independent fixed effects, and sub-
ject was modeled as a random effect. Similarly, linear
mixed-effects regression was used to estimate mean differ-
ences in PTC by bout and region of the body, with PTC as
the dependent variable, bout and region as independent
fixed effects, and subject as a random effect.

If the omnibus test for the association between
dependent and independent variables was significant,
pairwise comparisons were carried out using simultane-

ous inference [16]. Data analysis was completed using R
3.1.0 [17]; the Ime4 package was used to carry out the
linear mixed-effects regression [18], and the multcomp
package was used to carry out the pairwise comparisons
[19].

RESULTS

Eight active males with unilateral transtibial amputa-
tion met inclusion criteria and gave informed consent to
participate. The participants’ mean * standard deviation
(SD) age was 53 + 12 yr, height was 1.8 + 0.1 m, weight
was 82 * 7.4 kg, and time since amputation was 22 + 14 yr.
Participant demographics and archived ambient tempera-
tures from Snoqualmie Pass are shown in Table 1. Pros-
thetic prescriptions and clothing worn during the experiment
are shown in Table 2.

An overall significant association existed between
residual limb skin temperature and bout (p < 0.001). Mean £
SD residual limb skin temperature (Figure 3, Table 3)
increased from 30.6°C £ 2.6°C at Rest1 to 34.5°C + 1.7°C
at the end of Exercise2 across participants and thermistor
location (difference [95% confidence interval]: 3.9°C
[3.0°C to 4.7°C], p < 0.001). At the end of Exercisel,
residual limb skin temperature increased (2.7°C [1.8°C to
3.5°C]) compared with Restl (p < 0.001), followed by an
insignificant decrease (-0.3°C [-1.1°C to 0.6°C]) after

Table 1.
Participant demographics, ambient conditions, and collection information.
Archive
- Time . Bod Snoqualmie
Participant Age Postamputation Height Mas)s/ Etiology Total Steps Recor_ded Precipitation gass
Number  (yr) (m) Thermistors
(yr) (kg) Tem pera;[u res
(°C)
1 62 39 1.92 83.6 Trauma 6,222 TA2 Rain 3+2
2 60 34 1.78 82.3 Trauma 6,698 MG1 Rain 3+2
3 48 7 1.83 86.4 Trauma 7,600 MG1 Rain 3x2
4 43 17 1.80 78.6 Infection 6,446 TA2, MG1, MG2 Rain 1+2
5 31 8 1.80 72.8 Trauma 7,050 TAL, TA2, MG1, Rain 1+£2
MG2
6 50 27 1.88 84.5 Trauma 6,398 TA1, TA2, MG1, Snow -2+3
MG2
7 64 7 1.76 70.9 Trauma 6,212 TA1, TA2 Snow -2+3
8 64 37 1.86 93.6 Trauma 6,930 TAL, TA2 Snow shower 1+3

*Archived temperatures from www.meteoblue.com.
TA = tibialis anterior, MG = medial gastrocnemius.
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Table 2.
Participant prosthetic prescriptions and exterior clothing worn during testing session.
- . Liner Liner
Participant - Liner Brand/ Thickness  Wear Socket Suspension Sock Material Sock Ply Exterior Clothes
Number Shape .
(mm) Time
1 Iceross*/Uniform 3 lyr Carbon Fiber  Pin-lock Knit Rite3 Coolmax 1 Cotton shorts, polyester
Soft pants, cotton t-shirt
(s/s), polyester shirt
(I/s), rain jacket
2 AIphaT/Uniform 9 2mo  Carbon Fiber Pin-lock None None  Long johns (cut short on
residual limb), ski
pants, cotton turtle-
neck, fleece, jacket
3 AIphaT/Uniform 6 5mo  Carbon Fiber Sleeve 2 Knit Rite$ Cotton/ 1 Each Cotton cargo pants (no
Coolmax Blend liner), cotton s/s under-
shirt, heavy cotton I/s
shirt, Gortex ski jacket,
heavy outer coat
4 Alpha/Tapered 9 5yr  Carbon Fiber Pin-lock 1 Cotton Knit Rite® 5 Thermals, jeans, shell
jacket
5 Alps¢/Uniform 6 1mo Carbon Fiber Pin-lockand 1 Cotton Knit Rite® 1 Shorts, snowboard pants,
Sleeve t-shirt, shell jacket
6 Iceross*/Standard 3 2yr Carbon Fiber Pin-lock Lightweight Soft 1to2 Cotton shirt, 100% poly-
Interface Sheath ester I/s shirt and pants,
ski pants, ski jacket
7 AIphaT/Tapered 6 6 mo Carbon Fiber Pin-lock Cotton Sheath 3 Rain pants, 2 cotton upper
and Plastic layers, winter coat
8 Iceross*/Uniform 6 1.5mo Carbon Fiber Pin-lock None None  Wool trousers, water-

proof pants, jacket

*QOssur Americas; Aliso Viejo, California.
TOhio Willow Wood; Mt. Sterling, Ohio.
*Alps; St. Petersburg, Florida.

8Knit-Rite, Inc; Kansas City, Kansas.

I/s = long sleeve, s/s = short sleeve.

Rest2. After Exercise2, a further increase (1.5°C [0.6°C to
2.3°C]) occurred compared with Rest2 (p = 0.005), fol-
lowed by insignificant cooling at the end of Rest3 (—-0.4°C
[-1.2°C to 0.5°C]) compared with Exercise2.

An overall significant association existed between
PTC and bout (p < 0.001); however, the participants per-
ceived similar changes in thermal comfort by region
(body, residual limb, and intact limb) during exercise in
the cold environment (Figure 4, Table 4). Compared with
Restl, mean PTC across all regions increased for
Exercisel (1.6 [1.1to 2.1], p < 0.001) and Exercise2 (1.3
[0.8 to 1.8], p < 0.001). Across bouts, residual limb PTC
was 0.7 [0.3 to 1.1] higher than the intact limb (p = 0.003).

Skin temperatures varied across subject and thermis-
tor location, with initial residual limb skin temperature
ranging from 26.7°C to 35.4°C (Figure 3). In contrast to
the 8.8°C range in initial skin temperature, the final skin
temperature range of 5.8°C after Rest3 (31.5°C to 37.3°C)

was more consistent across subject and thermistor loca-
tion. Initial core temperatures across subjects were also
more consistent, ranging from 37.3°C to 38.2°C (0.9°C
range). Example plots of thermistor and PTC results for
two participants demonstrate the similarity in skin tem-
perature increases, with one participant (No. 5) having
similar temperatures across thermistor location and main-
taining residual limb thermal comfort, while the other par-
ticipant (No. 6) demonstrated a disparity in skin
temperatures between TA and MG and perceived warm-
ing of his residual limb postexercise (Figure 5).

Core temperature (n = 7, one signal lost during collec-
tion) increased 0.9°C [0.7°C to 1.0°C] on average during
Exercisel (p < 0.001) and remained elevated throughout
the remainder of the testing session (Table 3), with the
largest mean difference across consecutive sessions under
0.1°C. Compared with Restl, heart rate increased by an
average of 50 beats per minute for both exercise bouts and
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Figure 3.
Time normalized mean (thick black line) and individual (thin gray

lines) residual limb skin temperature from four sites inside the
prosthesis over a 75 min protocol, which began with an initial
5 min standing rest period (Restl), followed by a snowshoe walk
at self-selected speed (first 30 min exercise period [Exercisel]), a
second 5 min standing rest period (Rest2), a second snowshoe
walk at self-selected speed (second 30 min exercise period
[Exercise2]), and a third 5 min standing rest period (Rest3).

remained elevated by approximately 20 beats per minute
at the end of Rest2 and Rest3 (Table 3).

Participants walked at a mean cadence (n = 5, cadence
was not documented for 3 participants) of 85 + 6 steps per
minute for a total of 5,100 £ 380 steps during the two
walking sessions. For the study duration, including walk-
ing to and from the van from the laboratory and the snow-
shoe site, participants took an average (+ 1SD) of 6,700
480 total steps.

DISCUSSION

Although increased heat and sweat at the skin-socket
interface are common problems for individuals with

lower-limb amputation, the effect of activity on residual
limb skin temperature in more extreme ambient environ-
ments has incurred little study. We explored the effect of
moderate activity in a cold environment on the residual
limb skin temperature, core temperature, and PTC of par-
ticipants with transtibial amputation. The results suggest
that residual limb skin temperature and core temperature
increased and remained elevated across relatively short
rest periods; PTC also increased during activity but on
average returned to initial comfort levels during the sub-
sequent rest periods.

The present work adds to the body of literature that
characterizes residual limb skin temperatures to provide a
better understanding of the design criteria required for
more comfortable prostheses. Prior work demonstrated
that while standing for at least 15 min without a prosthe-
sis at room temperature, the residual limb skin tempera-
ture of participants with amputation was on average 1°C
cooler than the contralateral limb [7]. After donning a
prosthesis and resting for 15 min, residual limb skin tem-
peratures increased by just under 1°C, with further
increases after 10 min of slow walking at room tempera-
ture [1]. Klute et al. expanded on this research, reporting
a similar temperature increase after donning a prosthesis,
eventually reaching steady state after 25 min [2]. They
reported a continuous increase in skin temperature up to
3.1°C [2.4°C to 3.8°C] after 30 min of walking at 0.7 m/s
at room temperature, which was similar to the present
study’s increase of 2.6°C [1.8°C to 3.5°C] despite ambi-
ent temperatures that were at least 20°C colder. There-
fore, our results confirm that current prosthetic socket
systems sufficiently insulate the residual limb during
activity in a cold environment and a special thermal sys-
tem is not required. In fact, since the residual limb skin
temperature remained elevated during the rest periods,
participants may benefit from a system capable of dissi-
pating heat. The 5 min rest periods examined in this
study were shorter than in a prior study to minimize

Table 3.

Mean + standard deviation residual limb skin temperature, core temperature, heart rate, and measured time across participants for each bout.
Variable Restl Exercisel Rest2 Exercise2 Rest3

Residual Limb Temperature (°C) 30.6+2.6 333124 33.0+23 345+1.7 341+18

Core Temperature (°C) 37.7+0.3 385+0.6 38.5+0.6 38.6+0.4 38504

Heart Rate (bpm) 8710 139+ 16 108 + 17 137+ 15 104 + 17

Measured Time (min) 62 30+2 8+3 31+£2 5+1

Exercisel = first 30 min exercise period, Exercise2 = second 30 min exercise period, Restl = initial 5 min standing rest period, Rest2 = second 5 min standing rest

period, Rest3 = third 5 min standing rest period.
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Figure 4.

Mean perceived thermal comfort (PTC) for three regions: resid-
ual limb, intact limb, and body at each transition on an 11-point
Likert scale across participants, where 5 (gray) indicated the
participant perceived a comfortable temperature, 10 (red) was
perceived as the hottest temperature, and 0 (blue) was the cold-
est temperature. The color scale was used to map the PTC
score at each region (lower drawings). The participants’ reported
scores were converted to the color code scheme to aid visual
interpretation of the approximate changes in PTC for each
region. Exercisel = first 30 min exercise period, Exercise2 =
second 30 min exercise period, Restl = initial 5 min standing
rest period, Rest2 = second 5 min standing rest period, Rest3 =
third 5 min standing rest period.

exposure to cold temperatures and likely explain the lack
of significant decrease in temperature for Rest2 (-0.3°C)
and Rest3 (—0.4°C) compared with the 60 min rest period
in the prior study (-0.9°C). An increased rate of cooling
may have existed in the cold environment since 22 to
44 percent of the cooling occurred in just 8 percent of the

time (5 versus 60 min). However, further examination of
longer rest periods in a cold environment is required to
confirm whether a linear relationship is maintained.

Thermal comfort is a multifaceted measure that is
influenced by activity level and the external environment
and provides insight into the perception of changes in
residual limb skin temperatures compared with the rest of
the body. For example, sedentary subjects were previ-
ously reported to feel comfortable at a mean skin temper-
ature of 33°C to 34°C, while active participants preferred
lower mean skin temperatures of 31°C [20]. Therefore,
on average, the residual limb skin temperature of the par-
ticipants with amputation at the start of Exercisel
(30.6°C) was similar to previously reported active pre-
ferred skin temperature. This temperature was perceived
as slightly warmer compared with the rest of the body
and the intact limb and also varied by as much as 8°C
across participants and thermistor location. Despite the
skin temperature variation at initial rest, participants gen-
erally reported being comfortable in all regions, even
those with higher residual limb skin temperatures (e.g.,
initial rest skin temperatures of 35.4°C and 26.2°C were
both perceived as comfortable). Exercise caused an
increase in skin temperature and the perception of warm-
ing across regions. In contrast, the short rests had little
effect on skin temperature, but participants reported a
return to thermal comfort, suggesting that either the small
shift toward cooling or discontinued warming was suffi-
cient for achieving comfort. This anticipatory response is
similar to previous work that showed thermal sensors
“leading” the body temperature changes [10].

The following limitations should be considered when
interpreting the results of this study. One of the chal-
lenges associated with a field study that mimics real-life
activities is the reduced control of confounding variables
and missing data, which likely increases variability.
Notably, the ambient temperature varied by approxi-
mately 5°C, with varying amounts of precipitation (rain

-I\r/laetz)ilr? j_rLstandard deviation perceived thermal comfort (PTC) scores across participants for each bout and region.

PTC Score Restl Exercisel Rest2 Exercise2 Rest3
Residual Limb 55+11 6.9+19 6.0+11 6.8+138 6.0+11
Intact Limb 51+11 6.0+14 5.0+0.8 6.0+13 54+0.9
Body 49+14 74+13 55+1.3 66+11 5.6+0.9

Exercisel = first 30 min exercise period, Exercise2 = second 30 min exercise period, Restl = initial 5 min standing rest period, Rest2 = second 5 min standing rest

period, Rest3 = third 5 min standing rest period.
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Figure 5.

Example thermistor plots separated by location (tibialis anterior: TA1, TA2 [proximal, distal] and medial gastrocnemius: MG1, MG2)
and corresponding perceived thermal comfort (PTC) score by region (lower drawings with PTC score/color [0/blue-cold, 5/gray-
comfortable, 10/red-hot] for the body, residual, and intact limb) of two patrticipants: (a) Participant 5 and (b) Participant 6. All thermis-
tor locations increased temperatures throughout the protocol with little cooling during rest; however, TA of participant 6 was more
than 3°C higher in temperature throughout the protocol than MG. Notably, on the colder day (-2°C and snowing) participant 6 per-
ceived the increase in residual limb skin temperature during exercise (8/red), and the temperature remained elevated during rest,
while participant 5 reported that his residual limb remained comfortable (5/gray) throughout the protocol. Exercisel = first 30 min

exercise period, Exercise2 = second 30 min exercise period, R1 =

period, R3 = third 5 min standing rest period.

or snow), and participants were allowed to choose cloth-
ing that they deemed comfortable. To minimize the
effects of confounding variables, we used a within-
subject study design and did not compare the effects of
an intervention. Further testing in a controlled laboratory
environment that strictly enforces the ambient tempera-
ture and clothing worn has merit, particularly for detect-
ing changes due to an intervention that may be relatively
small; however, the laboratory environment may impose
unrealistic scenarios that are less clinically relevant,
especially related to thermal perception. Alternatively, a
field study provides the complete spectrum of conditions
that contribute to altered temperature and perceived com-
fort [21], a powerful tool for understanding whether cur-
rent prosthetic technology is sufficient in a real-world
environment. The results presented in this study may also
only apply to those with amputation from trauma. PTC
and skin temperature may differ in diabetic patients

initial 5 min standing rest period, R2 = second 5 min standing rest

because of peripheral nerve dysfunction and reduced
blood flow, with supportive evidence that the most pro-
nounced sensory deficit in the diabetic foot is elevated
cold perception test scores [22]. Although no difference
in residual limb temperature was found in a study of
those with dysvascular (n = 10) versus traumatic (n = 21)
amputation [7], additional study of skin temperature and
PTC using larger samples of participants with diabetic
versus traumatic amputation is warranted. Additionally,
we intended to measure four distinct thermistor locations
on the residual limb. Many sensors broke during the pro-
tocol (44%; Table 1) because we chose a thin-gauge wire
to minimize the risk of residual limb abrasion during an
hour of moderate activity. A potential solution would be
to validate an algorithm based on the correlation between
liner-socket interface temperatures and skin-mounted
thermistors [8] at a range of freezing ambient tempera-
tures. Choosing to minimize risk at the expense of a more
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complete data set and the challenges associated with
recruiting a narrow population of participants with lower-
limb amputation (i.e., subjects who participated in snow
sports) limited our ability to compare limb temperatures
by thermistor location. We have included example plots
(Figure 5) to give the reader a sense of the variation by
location; however, further research to identify whether
overall differences exist by location is warranted.

CONCLUSIONS

Residual limb skin temperature, core temperature,
and PTC increased during moderate activity in a cold
environment. After a 5 min rest period, skin and core
temperatures remained elevated while thermal comfort
returned to pre-exercise levels, possibly in anticipation of
cooling. Thermal comfort during activity in an outdoor,
cold environment may be more easily attained than at
room temperature if short rest periods are incorporated in
the regimen.
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