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ABSTRACT

Healthy aging is associated with a progressive decline in motor performance and thermoregulatory
efficiency. Functional consequences of severe whole-body hyperthermia on neurophysiological func-
tions in healthy aged men have not been investigated. To determine whether severe whole-body
hyperthermia (increase in rectal temperature of about 2.5°C) induced by lower-body heating in older
men (64-80 years, n=9) would suppress excitability of reflexes, voluntarily and electrically induced
ankle plantar flexor contractile properties were compared with those in young men (19-21 years,
n=11). Though no aging effect on hyperthermia-induced reflex amplitudes was observed, a decrease
in maximal H-reflex and V-wave latencies was found to be greater in older than in young men. In
older men, lower-body heating was accompanied by a significant increase in twitch and tetani test
torque in parallel with a greater decrease in muscle contraction time. There was no temperature-
depended aging effect on the voluntary activation and maximal voluntary torque production. Despite
delayed and weakened thermoregulation and age-related decline in neuromuscular function, motor
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performance in whole-body severe hyperthermia is apparently preserved in healthy aging.

1. Introduction

As we age, motor performance [1] and thermoregulatory effi-
ciency [2] progressively declines, creating job-related health
and safety concerns. Age-related progressive decline in
neuromuscular function, characterized by reduced force gen-
erating capacity, loss of muscle mass (sarcopenia) [3,4], loss
of neuron fiber size and density [5], is highly predictive of
frailty, disability, and mortality [6,7]. Moreover, decrements in
whole-body heat loss responses, such as decreased sweating
and skin blood flow, predisposes older individuals to hyper-
thermia in a hot environment [8,9] and compromises their
ability to thermoregulate during work or exercise in the heat
[9]. Most studies have used passive direct (e.g. water bath) or
indirect (e.g. water-perfused suit) external heating of older
subjects and have focused on the direct effects of mild-to-
severe whole-body hyperthermia (WBH) on the kinetics of
physiological responses including body temperature [2],
sweating efficiency [10], cardiovascular parameters [11,12],
metabolic rate [2], heat gain [2,10], subjective sensation [13],
and cognition [14]. To our knowledge, the functional conse-
quences of severe WBH (rectal temperature increase from
normal >1.5°C; Bain, Nybo [15]) on neurophysiological func-
tions in healthy aged men have not been fully investigated.
Evidence indicates that severe WBH impairs peripheral
motor drive in young adults [16,17] and this impairment in

spinal modulation of neural drive was, in part, attributed to
temperature-sensitive groups lll and IV afferents [18-20]. As
these afferent (sensory) fibers are affected before efferent
(motor) fibers by age (21-29 vs. 63-80 years old) [21,22] and
considering in aged nerves acquiring Na® channelopathy,
with ectopic expression of NaV1.8 isoform on motor axons
[23], the activity of which is temperature-depended [24,25]
severe WBH might stress neuromuscular physiology, lead to
a greater presynaptic inhibition or disturbance, and conse-
quently cause greater impairment of spinal or supraspinal
motor drive (i.e. H- and V-wave) in older men than in young
men. If so, one would expect that impaired spinal reflex
response in older men by severe WBH would contribute to a
greater decrease in maximal voluntary contraction (MVC)
torque production and central voluntary activation (central
activation ratio, CAR) level of exercising muscle.

It has been proposed that attenuated neural excitability
associated with a weaker electrically induced torque develop-
ment potentially contributes to a postural instability with
advanced age [22]. Age-related loss of muscle mass and
force, and slowing of contractile speed and rate of muscle
relaxation, contributes to peripheral muscle effects, including
slowing of sarcoplasmic reticulum (SR) ATPase activity and
utilization [26], slowed Ca®*' release and uptake rate from
the SR [27], delayed or slower cross-bridge formation, and
detachment [28], and decreased actomyosin sensitivity to
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Ca®™ [29]. A molecular basis of contractile apparatus dysfunc-
tion occurring with age is increased levels of reactive oxygen
species (ROS) in the aged muscle, which are associated with
altered cellular Ca®" handling. Hyperthermia in ryanodine
receptor 1 (RyR1) produces a leak of Ca?™ from the SR, which
promotes mitochondrial dysfunction and oxidative stress-
mediated changes of the RyR1 [30], resulting in channels
that can leak SR Ca®", leading to reduced SR Ca’" release,
myofibrillar Ca’t sensitivity, and overall loss of muscle func-
tion [31]. Leaky RyR1 contributes to age-related loss of
muscle function [32]. However, it can be expected that in
older individuals, mainly because of attenuated thermoregu-
lation [2] and muscle function [28,29] more heat will be
accumulated and stored in the heated locations and the
body core, resulting greater metabolically induced mitochon-
drial ROS production [33], leading to reduced Ca®*" kinetics
and overall loss of muscle function [30].

Therefore, the primary purpose of our study was to deter-
minate whether severe WBH (increase in T, of approximately
2.5°C from baseline) induced by lower-body heating in the
older men would suppress neural excitability of reflexes in
the soleus muscle (SOL), as well as voluntarily and electrically
induced ankle plantar flexor contractile properties, to a
greater extent when compared with young men.

2. Materials and methods
2.1. Participants

Eleven young (19-21 years) and nine older (64-80 years)
healthy subjects volunteered for the study. The physical char-
acteristics of the subjects are presented in Table 1. All sub-
jects were free of any known cardiovascular, respiratory,
neurological, or metabolic diseases, and were not taking any
related medications. All volunteers participated in recre-
ational activities from two to four times per week and were
considered physically active, without participating in any for-
mal physical exercise or sports program. Written informed
consent was obtained from all subjects after explaining all
details of the experimental procedures and associated dis-
comforts. All procedures were approved by the Regional
Ethics Committee and were conducted according to the
guidelines of the Declaration of Helsinki.

2.2. Experimental procedures

2.2.1. Familiarization session
To attain a stable level of performance, at least 4 days before
the visit to participate in experiments, participants attended

Table 1. Physical characteristics of the subjects.

Young (n=11) Old (n=9)
Age, years 211 69 + 6#
Height, cm 180.36 +£1.92 176.6 £2.14
Mass, kg 78.22+3.18 83.3+5.23
Body surface area, m? 1.98 +0.04 2.00+0.07
Mean subcutaneous fat, mm 10.64+1.10 1431£1.18#
Body mass index, kg/m? 24.04+0.87 2647 £1.114#
Body fat, % 15.55+1.19 24.89 +2.24#

Values are expressed as means and SEM.
#p < .05, compared with young men.

a familiarization session during which they were introduced
to the experimental procedures for neuromuscular testing.
During this session, each participant learned to achieve and
maintain maximal-effort ankle plantar flexion for 3-4 s with a
250-ms stimulation train test at 100 Hz (TT-100Hz) superim-
posed on a voluntary contraction, and their tolerance to
electrical stimulation was assessed [34,35]. To control for cir-
cadian fluctuations in body temperature, all experiments
began at 7:30 a.m. The experiment was performed at 23°C
ambient temperature and 55% relative humidity. Passive
heating was conducted indoors at the same time of day
(07:30 a.m. to 11:00 a.m.). Subjects had to sleep for >8h the
night before the experiment and to abstain from alcohol,
and avoid heavy exercise and caffeine for no less than 24 h
before the experiment. Aiming at evading the effect of diet-
induced thermogenesis, the subjects did not eat from 12h
before the start of the experiment until it ended. To stand-
ardize the condition of hydration and the feeling of thirst,
subjects were allowed to drink still water if they wanted until
60 min before the first body mass measurement [2,10,36,371.

2.2.2. Experimental protocol

After arriving at the laboratory, the participants were asked
to rest in a semirecumbent posture for 30 min dressed in a
T-shirt, swimming shorts, and socks. Skin (T, muscle (Tn),
and rectal (T,.) temperature stabilization was established,
and control Ty, Tm. and T,. were measured. The participant
was seated in the dynamometer chair with stimulating elec-
trodes placed over the tibial nerve, electromyography elec-
trodes—over the SOL of the right leg, and the reflexes were
assessed. After a 2-min rest, when the electrodes were
moved from over the tibial nerve to over the posterior calf
muscle, the force-generating capacity of the posterior calf
muscle was assessed by applying electrical stimuli at 1, 20,
TT-100, and 100 Hz. The stimulation frequency was changed
in about 3s. After a 1-min rest, two attempts at a 3-4-s MVC
with an interval of 1-min rest between them were performed
applying a TT-100Hz stimulus superimposed on the volun-
tary contraction [17,38]. Then, the participant began the
water immersion heating protocol. The water bath tempera-
ture was approximately 43°C and the participant was
immersed to their waistline. Numerous epidemiological stud-
ies have indicated that the internal body (core) temperature
is generally lower (by approximately 0.4°C) in geriatric males
(aged 65-95 years) than in younger adult men (aged 20-64
years) [39]. Considering this, the immersion continued until
the T, increased to 39.5°C for the young group and to
39.0°C for the older group, and the exposure time required
to achieve this T, was recorded. T,. were recorded through-
out the heating procedure. Within 1 min of leaving the bath,
the subject was towel-dried, T, and T,,, were measured. The
volunteer was dressed in a long-sleeved sweater, trousers,
socks, and a warm cap (balaclava). Then the neuromuscular
testing was carried out in the same order as before the
warm water immersion.



2.3. Experimental measurements

2.3.1. Anthropometric measurements

The anthropometric characteristics of subjects are presented
in Table 1. The participant’s weight (kg), body fat (%), and
height (in cm) were measured (TBF-300 body composition
analyzer; Tanita, West Drayton, UK), and body mass index
(BMI) was calculated. Body surface area (in m?) was esti-
mated as 128.1 x weight®** x height®®® [40]. Skinfold thick-
ness (in mm) was measured (SH5020 skinfold caliper; Saehan,
Masan, Korea) at 10 sites (chin, subscapular, chest, side, supra
ilium, abdomen, triceps, thigh, knee, and calf) and the mean
subcutaneous fat thickness was calculated [41].

2.3.2. Body temperature measurements

Mouth or ear (tympanic) temperature is not a valid measure
in respect to body core temperature [42]. T, has been
criticized for its slow response to fluctuations in central
blood temperature [43], while esophageal, stomach and tym-
panic membrane temperatures show faster response times
[44-46], which means that T,. is less sensitive to external/
surface temperature and is more a stable parameter in
respect to other body parts, and its changes are dependent
on central blood temperature rather than surface capillary
temperature. Considering this, T,. was measured throughout
the experimental trial using a rectal thermistor thermocouple
sensor (Rectal Probe; Ellab, Hvidovre, Denmark; accuracy
+0.01°Q) inserted to a depth of 12cm past the anal sphinc-
ter. The rectal thermistor sensor was placed by the subject.
Tmu and T were measured before and at the end of the
water immersion. The T,, was measured with a needle
microprobe (MKA; Ellab) inserted approximately 3.5cm [47]
under the skin covering the lateral gastrocnemius muscle of
the right leg. Ty was measured with thermistors taped at lat-
eral gastrocnemius site (i.e. needle insertion site) (DM852;
Ellab; accuracy £0.01 °CQ).

2.3.3. Torque-generating capacity measurement

The isometric torque of ankle plantar flexion muscles was
assessed applying an isokinetic dynamometer (System 4;
Biodex Medical Systems, Shirley, NY) calibrated according to
the manufacturer’s service manual with a correction for grav-
ity performed using the Biodex Advantage program (version
4.X). Subjects were placed in the dynamometer chair with
the trunk inclined at 45° with respect to the vertical, and
with hip, knee, and ankle joint angulations of 90°, 100° (full
knee extension =180°), and 90°, respectively. To measure
MVC (in Nm), the subject was asked to achieve and maintain
maximal effort of ankle plantar flexion for 3-4s. Each trace
was examined visually to ensure that there were no artefac-
tual spikes at the start of the signal curve. The subject’s arms
were crossed on their chest with the hands grasping the
trunk-supporting belt during all tests on the dynamometer.
Aiming at ensuring a maximal effort, standardized verbal
encouragement was provided during each voluntary
ankle plantar flexion trial by the same experienced
researcher [17,48].
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The subject positioning during the electrical stimulation
assessment was essentially the same as that described above.
The devices and procedure for electrically stimulated torque
have been described previously [48]. In brief, muscle stimula-
tion was applied using flexible surface electrodes (MARP
Electronic, Krakow, Poland), covered with a thin layer of elec-
trode gel (ECG Gel; Ceracarta, Forli, Italy), with one electrode
(8 x 12cm) placed transversely across the width of the prox-
imal portion of the posterior calf just below the popliteal
fossa, and the other electrode (8 x 8cm) covered the distal
portion of the muscle just below the fibers of the gastrocne-
mius muscle. A constant-current electrical stimulator (MG
440; Medicor, Budapest, Hungary) was used to deliver 0.5-ms
square-wave pulses at 150V. Peak torques (in Nm; measured
from the baseline to the peak torque) induced by electrical
stimulation at 1Hz (P1; representing the properties of muscle
excitation—contraction coupling), at 20Hz (P20; representing
the steep section of the force-frequency relationship curve),
and at 100Hz (P100; which is close to maximal force) were
measured with a 3-s rest interval between electrical stimula-
tions. The peak amplitude, contraction time (CT; in ms; the
time interval from the beginning of a TT-100Hz to the peak
torque) and half-relaxation time (HRT; in ms; the time from
the peak to half-maximum torque) were measured in resting
TT-100Hz (PTT100) contractions. A rest interval of 1 min was
set between the electrical stimulation train and MVC meas-
urements. During two attempts of 3-4-s MVC interspaced
with a 1-min rest interval, PTT100 stimuli were superimposed
on the approximately 3s of MVC. The PTT100 contractions
were used to assess the CAR of the posterior surae muscle.
The CAR was calculated as described elsewhere [48] using
following equation: CAR=MVC/(MVC+ TT-100Hz), where a
CAR of 1 indicates complete activation, whereas a CAR of
less than 1 indicates central activation failure or inhibition.

2.3.4. Muscle activity-generating capacity

The subject positioning was essentially the same as that
described above (see Section 2.3.3.). After careful preparation
of the skin (shaving, abrading, and cleaning with alcohol
wipes) to obtain low impedance, bipolar Ag—AgCl surface bar
electrodes (10 mm diameter, 20mm center-to-center dis-
tance) (DataLog type No. P3X8 USB; Biometrics, Gwent, UK)
were used for electromyography activity (EMG) recording.
For the SOL, the electrode was placed at 2/3 of the line
between the medial condyle of the femur to the medial mal-
leolus. The actual electrode position was marked with a
waterproof marker, thereby the same recording site was
used before and after low-body heating. The ground elec-
trode was positioned on the tarsus of the same leg. EMG sig-
nals were recorded by amplifiers (gain 1000), with signal
measurements using a third-order filter (18 dB/octave) band-
width of 20-460Hz. The analogue signal was sampled and
converted to digital form at a sampling frequency of 5kHz.
The EMG signal was telemetered to a receiver that contained
a differential amplifier with an input impedance of 10 MQ,
the input noise level was <5puV, and the common mode
rejection ratio was higher than 96 dB. Before recording the
EMG, we set the channel sensitivity at 3V and excitation
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output at 4600mV as recommended by the manufacturer.
EMG files were stored simultaneously on a biometrics mem-
ory card and PC hardware, and dedicated software (Datalog;
Biometrics) was used for data processing and analysis. The
EMG signal was converted to the root mean square (RMS, in
mV), as a measure of EMG amplitude, and EMG mean fre-
quency (MnF, in Hz) values for a 1000-ms epoch coinciding
with 1-s force interval just before PTT100 were superimposed
on MVCs [48].

2.3.5. Reflex recordings

SOL H-reflexes, V-waves, and M-waves were evoked by 0.5-
ms square-wave pulses stimulated by a cathode placed in
the popliteal cavity and an anode distal to the patella over
the posterior tibial nerve with an interelectrode distance of
about 4cm. The resting maximal H-reflex (Hma Which
reflects motoneuron excitability, while also reflecting the effi-
ciency of the transmission in la afferent motor-neuron synap-
ses) and maximal M-wave (M. Which reflects sarcolemmal
excitability) were obtained by increasing the electrical inten-
sity by 3V every 10s in the 30-150V range. With increasing
stimulation intensity, the H-reflex response initially increased
progressively before decreasing and then disappearing,
whereas the M-wave achieved its maximum and remained
stable. Thereafter, the subject was instructed to perform
three brief MVCs of the plantar flexor muscles with at least a
1-min rest between contractions. A superimposed stimulus
(at Mpyax intensity) was evoked to obtain the V-wave (V)
[48]. The peak-to-peak amplitude of the V-wave reflects the
magnitude of the central descending neural drive to spinal
motor neurons, although spinal factors such as motor neuron
excitability and pre- or postsynaptic inhibition may also be
involved [49]. M-wave amplitude (in mV) was also used to
normalize the amplitude of the recorded H-reflex wave (i.e.
Hmax/Mmax ratio). This was done to ensure that any changes
in the evoked Hmax and Vg, amplitudes (in mV) were not
induced by changes at the muscle fiber membrane or neuro-
muscular junction [16]. The latencies (in ms) of the electric-
ally evoked action potentials were calculated from the
stimulation artefact at the peak of the wave.

2.3.7. Statistical analysis

The normality of the data distribution was tested using the
Kolmogorov-Smirnov test, and all data were found to be
normally distributed. A mixed ANOVA was performed with
one between-subjects factor (age: young vs. older) and time
as within-subject factor (before vs. after heating) on the
dependent variables (body temperatures and motor perform-
ance [reflexes, MVC, CAR, and RMS and MnF of the EMG of
SOL muscle]). If significant interaction effect was found
among factors, two-way mixed-design ANOVA using syntax
with Bonferroni correction was performed to assess at which
age group there is a time effect. A three-way mixed-design
ANOVA using syntax with Bonferroni correction was per-
formed to assess age and time effects at different stimulation
conditions  (electrically  induced muscle properties).
Comparisons for between-subjects factor at single time-point

were analyzed using independent-sample t tests on the sub-
jects’ baseline values (physical characteristics of participants)
and on change values (A) from before to after lower-body
heating. Statistical significance was defined as p<.05.
Statistical analyses were performed using IBM SPSS Statistics
software (v. 22; IBM Corp., Armonk, NY).

3. Results

The young and older men differed in average age by
approximately 48 years (p<.05) (Table 1). The older men
had a higher percentage of body fat and mean subcutane-
ous fat (p<.05). The two groups did not differ significantly
in height, body mass, BMI, or body surface area (p > .05).

3.1. Effects of Lower-Body heating on body
temperatures

Baseline values for T, calf T, and calf Ty were lower in
the older group than in the young group (p <.05) (Table 2).
In the young group, the time to warm the body from a T,
of 37.07+0.08°C before warming to 39.5°C was
66.27 +6.36 min; in the older group, the time to warm the
body from a T, of 36.59+0.09°C before warming to 39.0°C
was 88.22+5.41 min (age effect, p <.05). Despite a similar T
increase (2.41+0.09 vs. 2.46+0.08; p > .05) during the heat-
ing procedure in both group of men, calf T, (3.99£0.14 vs.
5.10£0.18; p<.05) and calf Ty (7.65+0.33 vs. 9.92+0.62;
p <.05) increased more in older men than in young men,
respectively.

3.2. Effects of severe WBH on spinal and supraspinal
reflex excitability

As can been seen in Figure 1, in healthy aged adults, we
observed lower Hp.y, Vsup and Mp. amplitude values, and
lower Hmax/Mmax amplitude ratio (age effect, p <.05). Severe
WBH decreased Hpmax and V,, amplitude (time effect,
p <.05) and this decrease was found to be similar in both
groups of men (age effect, p >.05). Under such hyperthermic
conditions M,ax amplitude was unaffected in both groups of
men (time and age effect, p > .05).

In the older men (vs. young men), the baseline latency
time for Hmax (Figure 2(A)) and Vi, (Figure 2(C)) was longer
and for M., (Figure 2(B)) was shorter (age affect, p <.05).
These reflex latencies decreased significantly after lower-
body heating in both groups of men (time effect; p <.05).
Decrease in Hmax and Vg, latencies from before to after
heating (A, in %) was found to be greater in older men than

Table 2. Body temperature before and after lower-body heating.

Young Old
Before After Before After
Rectal T, °C 37.07+£0.08 39.5 (fixed) 36.59+0.09# 39.0 (fixed)
Calf muscle T, °C 36.40+0.09 40.39+0.08* 35.07+0.20# 40.17+0.16*
Calf skin T, °C 31.82+£0.28 39.47+0.14% 30.50+0.39% 40.42+0.31%#

*p < .05 compared with before.
#p < .05 compared with young men. Values are expressed as means and SEM.
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in young men (age effect, p <.05) (Figure 3). Moreover, Huax/
Max latency ratio was greater in older men than in young
men (p <.05) (Figure 2(D)). However, there was no severe
WBH effect on age-related changes in Hpya/Mmax latency
ratio (p > .05).

3.3. Effects of severe WBH on skeletal muscle EMG

In healthy aged adults, we observed lower SOL RMS (Figure
4(A)) and greater SOL MnF (Figure 4(B)) responses of the sur-
face EMG signal during brief MVC (age effect, p <.05). Severe
WBH decreased SOL RMS and increased SOL MnF similarly in
both groups of men (time effect, p <.05; age effect, p >.05).

3.4. Effects of severe WBH on Torque-
Generating capacity

At baseline, regardless of voluntarily (MVC; Figure 5(C)) or
electrically induced (P1, P20, PTT100 and P100; Figure 5(B))
plantarflexion muscle contractions, older men produced sig-
nificantly less torque than young men. The data also indi-
cated a slowing of the contractile and relaxation muscle
kinetics in older men (vs. young men), as indicated by the
PTT100 induced muscle contraction (Figure 5(D)) and half-
relaxation (Figure 5(E)) times. The CAR of the plantarflexion
muscles, tested by the superimposed stimulation method,
appeared to be maximal or near maximal in both young and
older subjects (Figure 5(F)).

In the older men (vs. young men), greater increase in T,
induced by lower-body heating (Table 2) was accompanied
with a significant increase in P1 and PTT100 torque (age and
time effect, p <.05) (Figure 5(B)). Interestingly, this change in
torque was also accompanied by a greater decrease (A, in %)
in muscle CT (faster contraction) (-8.38+1.81% vs.
-13.86+1.57% in young and older men, respectively;
p <.05); whereas HRT decreased (A, in %) similarly in both
groups of men (time effect, p<.05; age effect, p>.05).
Severe WBH did not impair voluntary activation (CAR) of
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Figure 4. The root mean square (RMS) values (A) and mean frequency (MnF)
values (B) of the surface EMG signal of soleus muscle during the 5-s MVC before
and after lower-body heating in groups of young and older men. *p <.05,
compared with before; #p <.05, compared with young men. Values are
expressed as means and SEM.

Young

exercising muscles during the brief 5-s MVC in both groups
of men (p >.05).

4. Discussion

To our knowledge, this study is the first to investigate the
effects of severe WBH (increase in T, of approximately 2.5°C
from baseline) on neuromuscular function in healthy young
and older men. A unique finding of our study is that, in older
men (vs. young men), severe WBH induces greater decrease
(A) in latency (faster response) only for spinal (Hna) and
supraspinal (V) excitability in the transmission of the
neural drive, whereas no aging affect was found for the
decrease (A) in reflex amplitude. These observed age-related
differences in reflex excitability did not affect the change (A)
in SOL surface EMG signal components (RMS, amplitude and
MnF, frequency) during brief MVC performed in normother-
mic and hyperthermic conditions. In older men, greater
increase in calf T, with respect to T, during lower-body
heating, than in young men, was accompanied by a signifi-
cant increase in P1 and PTT100 torque in parallel with a
greater decrease in muscle CT indicated by the TT100-
induced muscle contraction. In the present study, age-related
changes in motor drive and muscle contractility affected by
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Figure 5. Representative torque records (A) of electrically stimulated contractions at 1, 20, TT-100, and 100 Hz in ankle plantar flexion muscles of a young (solid
lines) and older (dashed lines) men obtained in thermoneutral conditions (i.e. before lower-body heating). The electrically induced ankle plantar flexion muscle iso-
metric torque by stimuli at 1, 20, TT-100, and 100 Hz (B), maximal voluntary contraction (MVC) torque (C), contraction time (D) and half-relaxation time (E) indicated
by the PTT100-induced muscle contraction, and central activation ratio, (F) before and after passive lower-body heating in groups of young and older men.
*p < .05, compared with before; #p < .05, compared with young men. Values are expressed as means and SEM.

severe WBH do not affect the change in brief MVC torque
production or central activation differently between young
and older men.

Our present study results confirm the progressive age-
related impairment of the neural drive at the peripheral and
spinal level in a thermoneutral condition. Various mecha-
nisms, affecting afferent and efferent pathways, as well as
interneurons (modified presynaptic inhibition), may be

responsible for the aged-related decrease in reflex responses
[22,50]. Functionally, delayed spinal reflex loop (determined
by H-reflex latency) potentially contributes to postural
instability and greater falls in older adults [51,52]. Longer H-
and V-wave latency exhibited by our older subjects seems
likely to be consistent with a neural structural remodeling
hypothesis, including drop-out of the largest fibers, and a
segmental demyelination and remyelination process, with a
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consequent reduction in the density of unmyelinated and
myelinated neurons [5,53]. Furthermore, because the longer
reflex latency in older men (vs. young men) was accompa-
nied by shorter direct motor contractile time (Hmax/Mmax
latency ratio; Figure 2(D)) it seems indicative that sensory
fibers are affected before motor fibers with aging, as previ-
ously observed [21,22]. In view of the progressive slowing of
motor conduction velocity with aging, the improvements of
the M.« latency observed in our present study appears
as an unexpected result, and thus seems to affect the fast-
conducting nerve fibers preferentially [5]. Nevertheless, the
aim of our study was to examine whether severe WBH in the
older men would suppress excitability of reflexes in SOL to a
greater extent compared with that in the young men. We
here expected that mainly because of essential age-related
alterations at the afferent level [21,22] in line with spinal
modulation of neural drive, which relates partly to presynap-
tic inhibition mediated by temperature-sensitive groups I
and IV afferents [18-20], spinal modulation of neural drive is
likely to be suppressed more by severe WBH in older men
than in young men. By contrast with our expectation, we
observed that spinal and supraspinal excitability during
severe WBH was preserved in older age. Resting core, skin,
and muscle temperature were notably lower in our older
men than in young men, which makes it possible to suggest
that motor drive in older men during daily activities operates
at slower rates not only because of age-related decline in
neuromuscular structural and functional properties, as sug-
gested previously [21,22], but also because of lower resting
body temperature. In view of the attenuated heat transfer
and loss during lower-body heating with age, more heat was
stored in the calf muscle and calf skin of the older men than
in the young men. As a result, we showed a greater increase
in afferent axon potential conduction velocity (Hmax and Vgp
latency) in hyperthermic older men than in young men,
which gives an indication of temperature-dose-dependent
acceleration in opening and closing of Na™ channels in nerve
and muscle membranes [54]. Considering that in aged nerves
there could be an acquiring Na* channelopathy, with ectopic
expression of NaV1.8 isoform on motor axons [23], the activ-
ity of which is related to temperature (e.g. hyperthermia)
[24,25] may serve as a possible explanation by suggesting
that observed changes in temperature unmask changes in
axonal excitability with aging. These findings imply age-
related temperature-dependent modification of conduction
velocity of la afferents or an increase synaptic transmission
efficacy [55]. Thus, in our present study, age-related modifica-
tion of neural excitability does not significantly affect volun-
tary activation (CAR) of exercising muscle during a brief 5-s
MVC torque production under either normothermic or hyper-
thermic conditions.

Under thermoneutral conditions, the ankle plantar flexor
contractile properties of the older men in our present study
showed the typical traits of senile muscle (reduced torque
and slower contraction kinetics) in accordance with data
from previous studies [22,56,57]. The novel contribution of
the present study was the use of lower-body heating that
induced severe WBH, under which our analysis points to an

absence of modification in muscle contractile properties with
age. We showed a greater decrease in muscle CT (faster con-
traction) and significant increase in P1 and PTT100 torque
production response to severe WBH in older men than
in young men. These present results indirectly suggest
age-related temperature-dependent oxidative shift to milder
oxidation specifically leading to increased myofibrillar Ca*"
sensitivity in fast-twitch skeletal muscle fibers [29], whereas
temperature-dependent increase in myofibrillar Ca®* sensitiv-
ity is highly likely because of augmented Ca®" binding to
the troponin complex [58]. However, under such experimen-
tal conditions tetanic torque induced by low (20 Hz; 1000 ms)
and high (100Hz; 1000 ms) frequencies was not affected
in either group of men, which suggests no age-related
temperature-dependent effect on changes in the ability of
cross-bridges to generate force or changes in the intracellular
calcium (availability) during tetani (tetanic [Ca%™]) [29,59,60].
Our present finding appears analogous to that of a study of
intact mouse muscle fibers, in which no change in tetanic
(100 Hz, 600 ms) force in soleus fibers was found when the
temperature was increased from 37 to 43°C [60]. In addition,
the brief 5-s MVC torque production was not affected by
severe WBH in either group of men.

Taken together, the findings of our present study suggest
that motor performance was preserved in severe WBH with
advanced healthy aging. Furthermore, our results suggest
that in older men (vs. young men) greater increase in affer-
ent conduction velocity and an increase synaptic transmis-
sion efficacy (faster H-reflex loop) consistent with greater
increase in electrically induced muscle torque development
(faster muscle contraction) may contribute to potential age-
related motor drive modification to facilitate motor (central
and peripheral) performance with respect to high body tem-
peratures. From a functional point of view, as the body
warms-up, the potentiated neural excitability associated with
a greater torque development may be regarded as a way to
increase the ability to maintain an upright posture during
sudden balance perturbation in aged men.

4.1. Limitations

The present study has some limitations. For middle-aged and
older adults with chronic medical conditions (e.g. type 2 dia-
betes, pulmonary disease, and cardiovascular disease) or
lower levels of aerobic fitness, the risk of heat-related injury
may be greater [61] than that in the older men recruited for
the purposes of the present study, who were active, healthy,
and free of any known medical conditions. This suggests
that a limitation of the present study is that its results prob-
ably cannot be universally applied to older people with the
aforementioned physiological conditions. Moreover, as com-
pared with young adults (21-29 years of age), older adults
(63-80 years of age) showed that sensory nerve fibers are
affected before motor fibers with aging. By contrast, the old-
est group of adults (>80 years old) demonstrated global
declines in both motor and sensory nerve conduction veloc-
ities and response amplitudes [21], suggesting that the
results of the present study may not be directly applicable to



very old healthy adults. Older individuals are the most vul-
nerable population during prolonged environmental heat
exposure, and experience significantly worse health out-
comes than any other age group [62]. In the present study,
we induced acute short-term severe WBH in groups of young
and older men; therefore, the results of any study involving
short-term severe WBH should be interpreted cautiously with
respect to the situations of prolonged hyperthermia (e.g. cli-
mactic heat wave).

5. Conclusion

We examined whether severe whole-body hyperthermia sup-
presses neuromuscular (central and peripheral) functions in
older men more than in young men. Our primary finding
was that despite delayed and weakened thermoregulation
[2], and age-related decline in neuromuscular function,
healthy aging preserved motor performance in severe whole-
body hyperthermia. Aging shows an even greater lower-
body heating-induced increase in potentiation of the muscle
torque development and spinal reflex loop conduction vel-
ocity. We have offered a possible explanation for our find-
ings, but further research is needed to draw firm
conclusions, especially regarding the whole-body hyperther-
mia effects in aged people on motor performance for pos-
ture control and mobility (motor control), and resistance to
fatigue induced by prolonged or complex exercise tasks that
are more suitable for real-life (field) situations (e.g. fire-
fighters, or when exercising in a hot environment).
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