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ABSTRACT

While heat exposure has been shown to increase the skeletal rate of force development (RFD),
the underlying processes remain unknown. This study investigated the effect of heat on
gastrocnemius medialis (GM) muscle-tendon properties and interactions. Sixteen subjects
performed electrically-evoked and voluntary contractions combined with ultrafast ultrasound
under thermoneutral (CON: 25.841.8°C, core temperature 37.0+0.3°C, muscle temperature
34.0+1.1°C) and passive heat exposure (HOT: 47.4+1.8°C, core temperature 38.4+0.3°C,
muscle temperature 37.0+0.8°C) conditions. Maximal voluntary force changes did not reach
statistical significance (-5.0+11.3%, P = 0.052) while voluntary activation significantly
decreased (-4.6+8.7%, P = 0.038) in HOT. Heat exposure significantly increased voluntary
RFD before 100 ms from contraction onset (+48.2+62.7%; P = 0.013), without further
changes after 100 ms. GM fascicle dynamics during electrically-evoked and voluntary
contractions remained unchanged between conditions. Joint velocity at a given force was
higher in HOT (+7.1£6.6%; P = 0.004) but the fascicle force-velocity relationship remained
unchanged. Passive muscle stiffness and active tendon stiffness were lower in HOT than CON
(P <0.030). This study showed that heat-induced increases in early voluntary RFD may not
be attributed to changes in contractile properties. Late voluntary RFD was unaltered, possibly
due to decreased soft tissues’ stiffness in heat. Further investigations are required to explore
the influence of neural drive and motor unit recruitment in the enhancement of explosive

strength elicited by heat exposure.
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INTRODUCTION

Explosive force, referred to as the ability of the human skeletal muscle to generate force as
fast as possible, is paramount in motor performance and daily functional tasks (1, 2). This
muscle capacity is classically evaluated through the rate of force development (RFD) during
the first 200 ms (or less) of an electrically-evoked or maximal voluntary isometric contraction
(2, 3). Explosive force production is largely explained by neural and contractile properties
which change during muscle contraction. Neural activation is an important determinant in the
initials 50 ms of explosive contraction, while the subsequent 50-ms period is correlated to
contractile capacity (4). More recently, some studies investigated the various determinants of
explosive force depending on time period from the onset of explosive contraction (2, 5, 6). At
the onset of the motor impulse (i.e., 0-100 ms), explosive movement is strongly influenced by
recruitment velocity and the firing rate of the activated motor unit (5). From 100 to 200 ms,
voluntary RFD amplitude will thereafter be submitted to muscle mechanical constraints, as
reflected by muscle fascicle dynamics which fit to the fascicle force-velocity relationship (6).
RFD may also be influenced by the elastic properties of the muscle-tendon unit and the

muscle-tendon interactions (2, 7, 8).

It is well established that an increase in core temperature (Tcor), With its repercussion on
muscle temperature (Tmusc), contributes to a reduction in voluntary force production (9-11),
while increasing maximum muscle shortening velocity in animals (12) and humans (13).
Furthermore, a rise in Teore OF Thuse increases electrically-evoked RFD (14-16). Some studies
reported an increase in voluntary RFD (17, 18), while a recent experiment demonstrated no
changes in early and middle RFD (19), reflecting that the effects of hyperthermia on voluntary
RFD remains to be elucidated. An increase in Tmuse has been shown to enhance the rate of
ATPase activity, in vitro in animals (20, 21), suggesting an increase in the rate of cross-bridge
cycling (21). Although increasing Tmue has been reported to alter calcium ions (Ca™")
sensitivity (22), an increase in Tpys tends to improve muscle function, which has not been
attributed to its putative influence on Ca>" sensitivity of the acto-myosin complex (23). This
could contribute to the improvement in maximal muscle shortening velocity (24-26) with
concomitant changes in the force-velocity relationship, shifted rightward (13, 27). Although
the aforementioned studies mainly focused on the effect of temperature on RFD and

contractile properties, there is to date no report investigating the effect of temperature on joint
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and fascicle force-velocity relationship in vivo. Given that muscle fascicles and tendinous
tissues contribute to muscle-tendon shortening velocity [i.e., 60 and 40%, respectively (28)],
their mechanical properties could both influence the joint and fascicle force-velocity
relationship. Yet, it is unclear whether passive heat exposure impacts muscle-tendon
interactions and could explain improved electrically-evoked and voluntary RFD together with
decreased voluntary force production. Using high-frame-rate ultrasound, our group recently
demonstrated a reduction in the electromechanical delay of plantar flexors under heat
exposure via accelerated electrochemical processes, while mechanical processes involved in
force transmission were unchanged (15). These findings suggest a major effect of increasing
Teore and Tpyuse on the electrochemical and contractile component properties of the
gastrocnemius medialis (GM) muscle, without completely excluding an opposite effect at the

level of the series elastic component.

The present study aimed to examine the effect of passive heat exposure on GM muscle-tendon
complex properties in order to characterise the role of the muscle-tendon interaction in the
heat-induced changes in RFD. We hypothesised that fascicle shortening velocity might
increase, translating into a rightward shift of the force-velocity relationship for a given
fascicle force. We also expected an unchanged or even a potential decrease in soft tissues
stiffness. To test these assumptions, muscle fascicle dynamics were explored using high-
frame-rate ultrasound during electrically-evoked and voluntary isometric RFD, together with
an assessment of dynamic joint and fascicle force-velocity relationships, passive muscle

stiffness and active tendon stiffness.

MATERIALS AND METHODS

Ethical approval

Subjects were informed about the nature, aims and risks associated with the experimental
procedure before giving their written consent. This study was approved by the Sud-Ouest et
Outre-mer III ethics committee (reference: 3849) and conformed to the standards of the

Declaration of Helsinki.

Subjects
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A non-inferiority sample size calculation was used to determine the sample size required,
using GPower (software version 3.1.9.7), based on contraction time, half-relaxation time and
electrically-evoked RFD from a previous study (16). With significance and power criteria set
at 5% and 80%, respectively, 6 subjects were initially required. We choose to increase the
number to 16, since we had men and women and measured other parameters. Sixteen healthy,
recreationally active subjects (9 men, 7 women, age: 24.9+£5.7 yrs, height: 174.8£7.5 cm,
body mass: 69.8+9.9, kg, practicing 5.54+3.2 hrs of sport per week) volunteered to participate
in the study after completing a pre-inclusion medical visit. The exclusion criteria were illness,

musculoskeletal injuries, pregnancy and be a minor or over 45 years old.

Experimental design

Two to four days after a familiarisation session, subjects underwent two identical testing
sequences in a single session: the first sequence was in thermoneutral condition (CON;
25.8+1.8°C, 33.6+8.6% relative humidity [RH]); the second in a hot ambient condition (HOT;
47.4+1.8°C, 18.5+4.7% RH, after 127+33 min of heat exposure). The effect of heat was
assessed on GM muscle-tendon properties and interactions (muscle fascicle dynamics during
electrically-evoked and voluntary isometric RFD, joint and fascicle force-velocity

relationships, muscle and tendon stiffness).

Equipment and procedure

Subjects lied prone with extended knees (0°), their right ankle flexed at 90° (foot
perpendicular to the tibia) with their right foot firmly fixed on the footplate of a customised
ergometer (Bio2M, Compiegne, France; Fig. 1A). The footplate rotated between 110° and 60°
for dynamic contractions (i.e., ballistic contractions) or was firmly immobilized at 90° for
isometric contractions. The footplate was connected to a force sensor fixed below the plate at
the level of the 3™ metatarsal, and the steel rigid structure of the ergometer (2712-100 daN-
0.02-B; Sensy, Charleroi, Belgium) for isometric contractions (i.e., electrically-evoked
contractions, voluntary isometric explosive and ramp contractions). The force and ankle angle
signals were digitised at 2000 Hz. During contractions, GM images were collected using an
ultrafast ultrasound scanner (v. 6, Aixplorer, Supersonic Imagine, Aix en Provence, France)
coupled with a linear transducer array (4-15 MHz, SuperLinear 15-4, Vermon, Tours, France),

encapsulated into a custom cast over the right GM muscle belly, at 30% of the distance

5
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between the popliteal fossa and the centre of the lateral malleolus. The probe location was
considered appropriate when fascicles and aponeuroses were clearly visible across the image

(Fig. 1A).

Electrically-evoked contractions. The tibial nerve was electrically stimulated using a constant
current stimulator (DS7AH, Digitimer, Letchworth Garden City, UK), delivering a single
electrical pulse (200 ps, 400 V) through a cathode placed in the popliteal cavity and an anode
placed distally to the patella (Fig. 1A). The intensity was adjusted for each subject by a
progressive increase in amperage until plantar flexor force reached a plateau. Five
stimulations were delivered at 150% of the electrical intensity required to elicit peak force

(29).

Voluntary isometric explosive contractions. Subjects performed three 5-s isometric MVC
(Fig. 1B) interspaced by a 2 min rest period. They were instructed to contract “ as fast and
hard as possible” to reach maximal force from a relaxed condition (2). RFD and MVC peak
force were assessed on the same repetition to avoid fatigue occurrence (6). In the case of pre-
tension or countermovement (change of baseline force of < 1 N during the 100 ms prior to
contraction onset), the trial was not considered for further analysis. Voluntary activation (VA)
was assessed during two additional MVC using potentiated twitch, evoked during the force

plateau and 4 s after the end of the contraction (Fig. 1C), using doublet stimulations (100 Hz).

Ballistic contractions. Subjects performed maximal plantar flexions from 110° to 60° of ankle
flexion on the Bio2M ergometer, equipped with an angle sensor to provide ankle angle
measurements (30), as previously described [Fig. 1A (6, 28)]. Three conditions (1 min rest)
were tested in a randomised order: with O (five trials), 1.2 and 2.6 kg (three trials) attached to

the pedal.

Resting shear modulus. The ultrasound scanner was used in shear wave elastography mode
(musculoskeletal preset) to measure (3 measurements per condition) the shear modulus (i.e.,

index of muscle stiffness) of the GM at rest (Fig. 1D) (31).

Isometric ramp contraction. Subjects linearly increased in 9-s isometric plantar flexor force
from 0 to 90% of the MVC peak force, determined in CON, using a force visual feedback
(Fig. 1E). The task was performed twice (3 min rest).

Temperature monitoring. Teore Was monitored rectally using an electronic capsule (e-Celsius,
BodyCap, Caen, France) (32). Subjects were also instrumented with four data loggers

(iButtons, Maxim Integrated, USE), attached to the skin with specific tape, to calculate the

6
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average skin temperature (Tgin) as: 0.3 x arm + 0.3 x chest + 0.2 x thigh + 0.2 % shin
temperature (33). Tmuse Of the contralateral GM was measured immediately before each
testing sequence, in a subsample of six subjects. Ty was measured in the middle of GM
belly at his thickest place, previously determined with the ultrasound probe, using a needle
intramuscular thermistor (MKAO08050-A, Ellab, Roedovre, Denmark) inserted at ~1.5 cm
from below the skin under local anesthesia (Xylocaine, 3mL). During the experimental
procedure, subjects could drink ad libitum and body mass was measured before and after heat

exposure.

Data collection and processing

Mechanical data were recorded synchronously by a 12-bit analog to digital converter
(DT9800, Data Translation, Marlboro, USA), and were analysed using custom scripts (Origin
2020, OriginLab Corporation, Northampton, USA and Matlab 2017b, The Mathworks,
Natick, USA).

Isometric contraction. The mechanical response to the five electrically-evoked stimulations
was low-pass filtered (20 Hz, zero lag 3 order Butterworth), analysed and averaged to
determine peak twitch amplitude (PT) and contraction time (CT). The average electrically-
evoked RFD was calculated as PT/CT. The onset of MVC was determined manually (6, 34).
Briefly, force signal was viewed with a constant y-axis scale of ~1 N and an x-axis scale of
500 ms. Then, a vertical cursor was placed on force onset displayed with a higher resolution
to verify the position of the vertical cursor (34). The force signal was low-pass filtered (150
Hz, zero-lag 4™ order Butterworth). The two trials resulting in the highest RFD from
contraction onset to 200 ms (RFDy.o00) were averaged for analysis. RFD was calculated for
specific time periods as the change in force divided by the time windows from 0 to 100 ms
(RFDg.100), 0 to 200 ms (RFDg.0) and 100 to 200 ms (RFDjgo-200, [Fig. 1B]). For each
overlapping time interval from force onset, force was divided by the time to calculate RFDj to
‘X’ ms, to identify the maximal RFD (RFDg_xmax; Fig. 1B). RFDg_xmax thus corresponding to
the average RFD between force onset and ‘X’ [‘X’ varied in the range 1-250 ms (5)]. The
MVC force corresponded to the maximal force value over a 500 ms moving window (Fig.

1B).

Voluntary activation. VA was determined as (%) as (1 - superimposed twitch / potentiated
twitch) x 100. The highest VA value obtained was selected.
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Fascicle dynamics. GM ultrasound images were acquired at 1000 Hz. Changes in GM
fascicles length (Lr) and pennation angle were assessed on three fascicles (Fig. 1A) using the
UltraTrack method (6, 35). Fascicle shortening velocity (Vr) was computed as the first-time
derivative of L (Fig. 1F).

Joint and fascicle force-velocity relationship. Angular velocity was computed as the
derivative of low-pass filtered (150 Hz, zero lag 3" order Butterworth) ankle angle over time
and total plantar flexion force was calculated from the torque divided by the Achilles tendon
lever arm (36). GM ultrasound images were acquired at 2000 Hz. Fascicle force was
calculated from the GM muscle force [i.e., 20.9% of total plantar flexion force (37)], divided
by the cosine of the pennation angle. Joint velocity, fascicle shortening velocity, force and
fascicle force were averaged from 100 to 70° to obtain the joint and fascicle force-velocity
relationship [Fig. 1G, H; (28). The two trials resulting in the highest mean joint velocity were
averaged. Peak force and fascicle force elicited during MVC performed were used as the
maximal theoretical force for each individual (Fy). Joint and fascicle force-velocity

relationships were determined using the hyperbolic equation proposed by Hill (38):
V=bx(Fy,—F)/(F+a)

where F is force, V is velocity, a and b are coefficients, determined for each subject, using a
fit with Fy, force and velocity values obtained at 0, 1.2 and 2.6 kg. The maximal theoretical

velocity (Vo) was considered as the x-intercept of the force-velocity curve.

Muscle stiffness. Shear wave elastography image processing converted the coloured map into
shear elastic modulus () values (Fig. 1D). The region of interest was inspected to exclude
non-muscular structures and artefacts. The five successive maps that resulted in the lowest

standard deviation (SD) of the shear modulus were averaged across trials.
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Tendon stiffness. The trial resulting in the lowest dispersion of force signal according to the
targeted force during ramp contraction was considered for analysis (Fig. 1E). Displacement of
the insertion of GM fascicle on the deep aponeurosis was manually measured (Image J,
National Institutes of Health, Bethesda, USA), every 5% of MVC force, on the image
(sampling frequency: 100 Hz) corresponding to targeted force level. The active stiffness of
tendon corresponded to the ratio between the change in force and the displacement of the

aponeurosis between 50 and 80% of MVC force [Fig. 5A; (28, 39)].

Statistical analysis

Statistical analyses were performed with Statistica (v. 13.0, StatSoft, Tulsa, USA). The
assumptions of normality of the data were verified using a Shapiro-Wilk’s test. Values were
reported as mean = SD unless otherwise stated. A paired 1-tailed t-test was used to compare
the effect of the condition (HOT vs. CON) on Teore, Tskin and Touse, MVC force, VA,
electrically-evoked RFD, GM shear modulus and tendon active stiffness. RFDg.200, RFDg-xmax,
the duration of RFDg.xmax, peak fascicle shortening velocity, time to peak fascicle shortening
velocity, Lr at 90° (isometric position) and at 110° (passive dorsiflexion, before ballistic
contractions), joint and fascicle Vy, joint and fascicle Fo were compared between conditions
(HOT vs. CON) using a 2-tailed t-test. The effects of the condition (HOT, CON) and time
period (0-100 and 100-200 ms) on RFD were tested by a two-way analysis of variance
(ANOVA) with repeated measures (condition x time period). Differences in V¢ and fascicle
force during RFD, at 50, 100, 150 and 200 ms from MVC onset, were tested using two-way
ANOVAs (condition x time) with repeated measures. The effects of condition (HOT, CON)
and load (0, 1.2, 2.6 kg) on joint velocity, plantar flexor force, V¢ and fascicle force were
tested using two-way ANOVAs (condition X load) with repeated measures. When the
sphericity assumption in repeated measures ANOVAs was violated (Mauchly’s test), a
Geisser-Greenhouse correction was used. When appropriate, post-hoc analyses were
performed using a Bonferroni correction. Effect sizes were described in terms of partial eta-
squared (n?%, with n%, > 0.06 representing a moderate effect and n?, > 0.14 a large effect).

Statistical significance was set at P < 0.05.

RESULTS
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Thermoregulatory responses

Average Teore, Tskin and Tuuse Were significantly higher in HOT than CON (38.4+0.3°C,
38.8+0.4°C and 37.0+0.8°C in HOT vs. 37.0+0.3°C, 34.7+0.7°C and 34.0=1.1°C in CON,
respectively; all P < 0.001, n?, > 0.749). There was no significant difference in body mass

between HOT and CON (P = 0.890, n?, < 0.001).

I mpact of heat on muscle performance

In reference to CON, MVC force did not reach statistical significance in HOT (P = 0.052, n?,
=0.176; Table 1). VA was 4.6+8.7 % lower in HOT than CON (P = 0.038, n?,= 0.239; Table
1). Electrically-evoked RFD was faster in HOT than CON (+16.9+32.8%, P = 0.029, n?, =
0.149; Table 1). RFDg200 and RFDg.xmax Were not significantly different between the two
conditions (all P > 0.238, n?, < 0.016). Two-way ANOVA revealed no main effect of
condition (P = 0.647, n*, = 0.015), while a significant main effect of time period (P = 0.001,
n% = 0.539) and a condition X time period interaction (P < 0.001, n?, = 0.581) were observed
on RFD during the time periods 0-100 and 100-200 ms. Post-hoc showed that RFDy_joo was
higher in HOT (+48.2+62.7%; P = 0.013, n*, = 0.088), while RFD¢.200 remained unchanged
compared to CON (P =0.156, n?,= 0.027).

Fascicle dynamics during eectrically-evoked and voluntary contractions

Initial Ly at which fascicle contracts did not change between 0° and 110° of plantar flexion
(all P>0.577, n?*, < 0.024; Table 1). No effect of condition on peak Vf in electrically-evoked
and voluntary isometric explosive contractions nor in time to peak shortening velocity were
found during RFD evaluation (all P > 0.105, n%, < 0.105; Table 1, Fig. 2). Vf increased (time
effect: P < 0.001, n? = 0.646) between 0 and 100 ms and then decreased until 200 ms, with
neither a significant effect of condition nor time x condition interaction (all P > 0.092, n?, <
0.172; Fig. 2C). Two-way ANOVA applied to fascicle force revealed an effect of time (P <
0.001, n?, = 0.880), which increased from 0 to 200 ms, with neither main effect of condition
nor time % condition interaction (all P > 0.074, n?, < 0.285; Fig. 2C).

Joint and ankle force-velocity relationship

10
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During ballistic contractions, a main effect of load (P < 0.001, n*, = 0.960) was found on joint
velocity, which decreased with increasing load. A main effect of condition, with a high effect
size (P = 0.004, n%, = 0.513) on data points, showed a rightward shift of the force-velocity
relationship, indicative of a higher force for a given velocity in HOT (+7.1+6.6%). There was
no condition x load interaction effect (P = 0.408, n*, = 0.072; Fig. 3A). However, there was a
main effect of load (P < 0.001, n%, = 0.934) on fascicle shortening velocity, which decreased
with increasing load, without any effect of condition or condition % load interaction (all P >
0.244, 1*, < 0.111; Fig. 3B). Joint V, tended to increase (P = 0.065, n?, = 0.036; Table 1) and
fascicle Vy remained unchanged across conditions (P = 0.430, n?, = 0.006; Table 1). A
significant main effect of load on plantar flexion and fascicle force was observed (all P <
0.001, n% > 0.892), which increased with increasing load, without further effect (all P >
0.142, 0%, < 0.169; Fig. 3). No difference in plantar flexor and fascicle Fo was found between
HOT and CON (all P > 0.266, n?,< 0.006; Table 1).

Muscle and tendon stiffness

Shear modulus was significantly lower in HOT than CON (-11.7£22.2%; P = 0.030, 1%, =
0.044; Fig. 4). Active Achilles tendon stiffness was lower in HOT than CON (-12.7£19.5%; P
=0.038, 0%, = 0.099; Fig. 5B).

DISCUSSION

The present study aimed to determine the effect of passive heat exposure on mechanical
properties of the muscle-tendon unit, in order to better understand the underlying mechanisms
involved in RFD improvements during electrically-evoked and voluntary contractions. Heat-
induced increases in Teoe and Tpuse accelerated the early phase of plantar flexor RFD (i.e., <
100 ms from contraction onset), which was not accompanied by neither change in late and
global RFD (i.e., 0-200 ms and 100-200 ms, respectively) nor in muscle fascicle force-
velocity properties (i.e., peak fascicle shortening velocity, fascicle force at a given shortening

velocity). Conversely, soft tissues’ stiffness decreased in warmer muscle.

Influence of warmer muscle on muscle performance

11
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In line with previous research (9-11), MVC peak force tended to decrease and VA decreased
with increasing Teo.. Yet, the decrease in MVC force did not reach statistical significance,
likely due to the lower amplitude of hyperthermia elicited in the present study (~38.4°C) as
compared to previous investigations [38.5°C-39.5°C; (9, 16, 40)]. These were similar
conditions to previous studies that investigated the effects of passive heat exposure on

voluntary RFD and their underlying mechanisms.

Heat exposure increased early voluntary RFD (i.e., 0-100 ms; +48.2+62.7%), with no further
changes thereafter. The increase in voluntary RFDy.jo9 was greater than electrically-evoked
RFD (+16.9£32.8%), suggesting that neural effects occurred following heat exposure.
Previous studies reported an increase in voluntary RFD between 0 and 50 ms after contraction
onset after muscle heating (17, 18). In this early phase of RFD, the ability to produce force
rapidly, highly depends on motor unit recruitment and discharge rate (5). Elevated Tpy,sc may
accelerate the opening and closing of voltage-gated sodium ions (Na") channels, thereby
decreasing potential amplitude, duration and area of action potential. These mechanisms could
lead to a faster depolarization onset and muscle fibre conduction velocity (41), resulting in
greater calcium ions (Ca’") release and re-uptake from the sarcoplasmic reticulum (26).
Alternatively, an increase in temperature is associated with a decrease in Ca** sensitivity (42).
However, Rodrigues et al. (18) recently suggested that passive heating may improve Ca®*
sequestration kinetics, it is likely that this effect is different from the present findings obtained
after a whole body exposure in an environmental chamber. It is also well-established that
nerve conduction velocity increases with temperature (43). Neural drive is an important
determinant of rapid force production, especially in the early phase of contraction (4, 5).
Interestingly, this heat-induced effect on explosive force was concomitant to a trend for
increased fascicle shortening velocity (+1.6 = 4.5 cm.s™; Fig. 2C) over the initial 50 ms from
contraction onset. This finding may reflect a translation of improved neural drive to muscle
fascicle dynamics at the peripheral level. While RFDg.xmax Was unchanged, the time period
required to achieve maximal RFD decreased with heat (-19.3+10.6%). This result strengthens
the crucial influence of temperature on the processes involved in the early phase of rapid force
production. Gordon et al. (19) demonstrated that early and middle phase of knee extensors
voluntary RFD were not affected by increased T elicited by whole body heat exposure (at
38.5 and 39.5°C). The difference with the present results may partly originate from the
different muscle groups investigated. Further studies are required to strongly conclude on the

effect of hyperthermia on plantar flexor muscles properties.

12
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MVC peak force being an important determinant of voluntary RFD in the late phase of
contraction (4, 44), the trend to decreased MVC peak force in a hot environment may act as a
compensatory mechanism underlying the increase in RFDy. g9, leading to similar RFD
amplitude thereafter. From 100 to 200 ms, RFD was unchanged (Table 1). In the present
study, peak fascicle shortening velocity occurred in the first 100 ms from contraction onset in
both conditions. In addition, this parameter was unchanged during MVC performed in HOT
(Fig. 2C). These findings confirm the lack of influence of temperature on late RFD time-
course, which has been reported to be reflective of muscle mechanics and force-velocity

properties (6).

Influence of warmer muscle on force-vel ocity relationships properties

While joint Fy, and V, were unchanged, increasing Tcore during a ballistic contraction resulted
in a rightward shift of the joint force-velocity relationship, indicating a higher plantar flexor
force for a given joint velocity in a hot environment (Fig. 3A). A previous study reported a
higher wrist flexion angular velocity (45) in response to an increase in Tpys from ~22 to
~37.5°C in palmaris longus and flexor digitorum, composed of a heterogeneous fibre type
composition (46, 47). Similarly, an increase in estimated Ty, from ~22 to ~37°C in adductor
pollicis, mainly composed by slow-twitch fibres (48), resulted in a higher angular velocity of
the thumb (27). Temperature is known to influence maximal shortening velocity to a greater
extent in slow-twitch compared to fast-twitch muscle fibres (12, 13). The balanced fibre type
composition of GM muscle (46) could thus partly explain the present increase in plantar
flexion angular velocity resulting from a Ty increase. It is however difficult to determine to
what extent fibre type composition may account for temperature sensitivity, which has mainly

been addressed in vitro.

Heat did not alter fascicle peak force, maximal theoretical fascicle velocity or fascicle force-
velocity relationship of GM muscle (Fig. 3B). In vitro, a rise in ambient temperature has been
reported to increase the maximum muscle shortening velocity and force for a given velocity in
rodent and human muscle cell culture (12, 13). In the present study, the lack of a heat-induced
effect on the fascicle force-velocity relationship may originate from different amplitude of
Tmuse changes in response to heat exposure (~34-37°C vs. ~10-35°C in the aforementioned

studies). In fact, the thermal dependency of maximum shortening velocity tends to decrease
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with increasing temperature from ~6 to ~34°C (49). In the absence of additional information

beyond 34°C, in vitro data may not apply within the range of Tpysc observed in vivo.

Heat reduces soft tissues stiffness

Heat exposure elicited a decrease in GM shear modulus (-11.7£22.2%) compared with
thermoneutral condition. This temperature-induced effect may be attributed to changes in the
gap filament that have been shown to exhibit elastomer-like behaviour, particularly within the
more extensible region of the titin molecule (50). This alteration in muscle mechanical
properties may reduce the effectiveness of force transmission during active contractions,

thereby negatively impacting RFD amplitude.

Passive heat exposure also reduced active Achilles tendon stiffness measured during
contraction (-12.3£19.3%). Previous studies reported increase passive maximal range of
motion without modifying muscle-tendon unit stiffness in response to local heat application
(51, 52). In the present study, heat exposure was systemic (i.e., increase in ambient air
temperature), generating a larger physiological and biomechanical strain compared to
localized application [e.g., hot water immersion, hot pack application (53)]. This may have
induced a deeper soft tissue heat exposure with putatively larger effects on tendon mechanical

properties.

An increase in elastic properties may reduce the efficiency of force transmission along the
muscle-tendon unit and the contribution of contractile properties in modulating force rapidly,
especially in the late phase of voluntary RFD (2, 7, 8). Therefore, the decreases in soft tissue
stiffness observed in warmer muscle could explain the unchanged, or even slightly reduced,
RFDjgo200 between conditions. The present results strongly suggest that alternative

mechanisms (€.9., improved neural drive) may contribute to higher RFD amplitude.

Since passive tissue stiffness is involved in the production of angular velocity (28, 54), a
decrease in soft tissues’ stiffness following heat exposure could explain the lack of effects of
heat on maximum joint velocity. Stiffness in soft tissues might also impact fascicle shortening
velocity, given that increasing the effective series elastic element stiffness showed a modest
reduction in the amplitude and velocity of active fascicle shortening of lateral gastrocnemius
and soleus muscle (55). However, initial Ly and fascicle dynamics were unchanged in the
present study (Fig. 2A-B, Table 1), despite more compliant soft tissues in the hot

environment. In turn, these heat-induced changes in muscle and tendon stiffness did not
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impact initial LF, at 0° and 110°. Further, GM operated over fascicle lengths (5.6+£0.5 cm)
that are centred on the plateau of the force-length relationship [i.e., optimal lengths comprised
between 4.9+1.0 cm and 5.6+0.8 cm at 90°; (6)] in subjects with similar anthropometric data.
Given that RFD does not change over these muscle lengths (6), it is very unlikely that heat-
induced slight changes in operating fascicle length would have influenced RFD amplitude.
Although the starting position of the ankle was the same between conditions, reduced soft
tissue stiffness following heat exposure may reduce the energy restitution of the elastic
component during ballistic contractions. More compliant tissues could thus sustain larger
stresses, thereby shifting the amplitude of strain at which failure may occur (56, 57). Overall,
the use of heat to reduce muscle and tendon stiffness might thus potentially be valuable for
reducing the stress applied to the muscle during exercise and potentially reduce the risk of

strain injury.

Methodological considerations

All measurements were done in the same testing session to allow data collection with an
ultrasound probe positioned at the same location. This experimental procedure strongly
improved the robustness of between-condition comparisons of muscle fascicle behaviour,
which represents a technical challenge in such environmental conditions. However, this
procedure was unable to randomize the temperature-dependent testing sequences. Previous
research reported that RFD does not change after a passive rest interval of 60 min (58). In line
with these data, our pilot experiments showed that all the measured parameters (i.e., MVC
force, VA, electrically-evoked RFD, voluntary RFD over the different time periods, passive
shear modulus and active tendon stiffness) did not change over a time period (i.e., ~127 min)
corresponding to the interval between pre- and post-tests included in the present experimental
design. Overall, these elements strongly suggest that the mechanical variables computed in
the present study were not affected by the order of the measurements, or the rest period,

between the two testing sessions.

One note to consider is that the force-velocity relationships were estimated from Hill’s model,
fitted from maximal isometric force and three dynamic conditions performed upon very light
loading (at 0, 1.2 and 2.6 kg). Due to the logistical constraint associated with the use of an
isokinetic ergometer in an environmental chamber, we could not explore the in vivo

intermediate portion of the force-velocity relationship (28) in response to heat exposure.

15



451
452
453
454
455
456
457

458
459
460
461
462
463
464
465

466

467

468
469
470
471
472
473
474
475
476
477

Although not optimal, this approach included more conditions than a previous procedure (6)
and the maximal fascicle shortening velocity obtained in the thermoneutral condition using
our method (32.746.2 cm.s™) was also similar to those obtained with nine tested loading
conditions [i.e., 30.8+5.8 cm.s’ (28)]. Furthermore, the present inter-trial variability in
angular velocity was very low (i.e, 1.96+1.48%; range: 0.01-5.95%). Overall, we are
confident about the reliability of this experimental procedure to investigate fascicle force-

velocity properties.

Voluntary activation was lower in a hot environment, suggesting acute neural adaptations in
response to heat. The current developments in high-density surface EMG electrodes and blind
source separation can be used to non-invasively extract the activity of a given pool of motor
units (59, 60). Using such an approach could represent a promising perspective built on the
current work and advance our understanding of the effects of heat on muscle force generation.
Another interesting perspective from this work would be to compare the impact of localised
calf heating on the neuromuscular properties presented in the present study to provide insights

into the role of central and peripheral neuromuscular adaptations to heat on muscle properties.

Conclusion

This study explored for the first-time in vivo changes in muscle-tendon interactions elicited by
passive heat exposure. Increasing core and muscle temperatures tended to accelerate fascicle
shortening velocity during the 50 ms of voluntary explosive isometric contraction translating
into an improved rate of force development during the first 100 ms of a rapid contraction
onset. The fascicle force-velocity relationship and maximal fascicle shortening velocity were
not affected by heat while passive muscle and active tendon stiffness decreased, resulting in
an unchanged late and global phase of rate of force development. These findings evidence the
decoupled effects of heat on contractile and passive properties of the muscle-tendon unit, and
strongly encourage further investigations of the role of motor unit recruitment and discharge

rate found in the improved explosive force in response to heat exposure in humans.
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FIGURES LEGEND

Figure 1. Experimental design and data collection (A). In hot (HOT) and control (CON)
conditions; MVC peak force, voluntary RFD (B), VA (C) and shear modulus of the GM were
assessed at 90° of ankle angle (D). Ramp contraction performed from 0 to 90% of MVC peak
force (E) assessed active Achille tendon stiffness. Fascicle dynamics were obtained from GM
ultrasound images acquired at 1000 Hz or 2000 Hz (A, F), to compute fascicle shortening
velocity (F). Joint and fascicle force-velocity relationships were built using ballistic
contractions at 0, 1.2, 2.6 kg and MVC peak force (G, H).

Figure 2. Fascicle shortening velocity during electrically-evoked (A) and MVC (B) and
fascicle force as a function of fascicle shortening velocity during RFD (C). Low and dark grey
areas represent SD, and the circles in panel C correspond to the values obtained at 50, 100,
150 and 200 ms from the contraction onset (n = 16 for A, n =15 for B and n = 14 for C).

Figure 3. Joint (A) and fascicle force-velocity relationship (B). Filled area represents SD and
circles represent data obtained during MVC and during ballistic contractions performed
against 2.6, 1.2 and 0 kg (n = 13). *Significant effect of condition on joint velocity.

Figure 4. Shear modulus at rest in HOT and CON. The bold trace represents the mean change
of the whole sample (n = 15), box charts correspond to SD and dashed traces connect
individual values. *Significant difference between HOT and CON.

Figure 5. Force = SD tendon force-elongation relationship (A) and active tendon stiffness
(B). The bold trace represents the mean change of tendon stiffness (n = 11), box charts
correspond to SD and dashed traces connect individual values. *Significant difference
between HOT and CON.
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Table 1. Mechanical parameters and fascicle dynamics in hot (HOT) and control (CON)

conditions.
HOT CON n

Mechanical parameters

MVC force (N) 531 £138 558 £ 128 15
VA (%) 93+ 11%* 97+5 13
Electrically-evoked RFD (N.ms™) 0.65+0.11* 0.56+0.12 16
RFDy.100 (N.s™) 1397 £439% 1097+ 554 15
RFDg.200 (N.s'l) 1560 =414 1526 =524 15
RED 00200 (N.s™) 1750 £ 607  1949+620 15
RFDg.xmax (N.5™) 1729 +488  1600+563 15
Duration of RFDg_xmax (ms) 157 £26*** 198 £42 15
Vo joint (°.s™) 752 + 130 707 + 109 13
F, joint (N) 519 + 145 542 + 148 13
Fascicle behaviour

Initial Ly at 90° (cm) 5.61 £0.61 5.60 £ 0.68 16
Initial Ly at 110° (cm) 6.27+0.63 6.30+0.59 14
Peak Vy electrically-evoked (cms') 14.0+2.1 13.6 £2.0 16
Peak Vr voluntary (cm.s™) 15.8+4.9 144+53 14
Time to peak Vy voluntary (ms) 72.4+17.8 88.6 £29.6 14
V fascicle (cm.s™) 33.8+£8.5 32.7+6.2 13
Fy fascicle (N) 172.1£67.0 1803+62.5 13

Values are presented as mean £ SD. MVC, maximal voluntary contraction; VA, voluntary
activation; RFD, rate of force development; RFDy.19, rate of force development between
MVC onset and 100 ms; RFDy.,¢, rate of force development between MVC onset and 200
ms; RFDj-200, rate of force development between 100 and 200 ms after MVC onset; RFD,.
xmax» RFD from MVC onset to the maximal RFD; V,, maximal theoretical velocity (joint and
fascicle level); Fy, maximal theoretical force and fascicle force; Vp, fascicle shortening
velocity; n, sample size, which has often been reduced due to missing data.

*Significant difference between HOT and CON, P < 0.05; *** P < 0.001.
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