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Abstract
This study investigated the influence of passive tension on Hoffmann reflex during 
the loading (muscle stretched by passive joint movement) and unloading phase (joint 
returned to initial position) of muscle stretching. The maximal H- reflex amplitude 
(Hmax) was recorded in soleus in 19 young adults during the loading and unloading 
phases of a passive 30° dorsiflexion, from 90° ankle angle (reference position). Hmax 
was evoked at similar angles (Protocol- 1) or similar passive torque (PT; Protocol- 2) 
during the loading and unloading phases, or during two loading phases separated 
by a 5- min stretch hold at 30° ankle dorsiflexion relative to the reference position 
(Protocol- 3). Homosynaptic depression (HD) was assessed with paired H reflexes 
(0.5- s interstimulus interval) during the loading and unloading phases (Protocol- 4; 
n=13). In Protocol- 1, PT was lesser and Hmax greater during the unloading than 
the loading phase (p < 0.001). In Protocol- 2, no difference in Hmax was observed 
between phases. In Protocol- 3, PT was lesser and Hmax greater during the second 
than the first loading phase (p < 0.001). Changes in PT during in these three protocols 
were associated with those in Hmax (r

2 ≥ 0.97). In Protocol- 4, HD increased and 
decreased during the loading and unloading phases, respectively (p < 0.001), without 
differing between phases. Additional experiments (n=12) showed a similar modula-
tion of Hmax in gastrocnemius medialis during loading and unloading phases, while 
muscle fascicle length did not differ between phases. This study indicates that the H- 
reflex modulation during muscle stretching relies in part on mechanisms associated 
with the PT developed by the muscle- tendon unit.
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1 |  INTRODUCTION

Muscle stretching is commonly performed in sport and re-
habilitation (Behm et al., 2016) to increase the extensibility 
of the muscle– tendon unit (MTU) and joint range of motion 
(Kawakami et al., 2008). When the MTU is forcibly stretched 
by passive joint mobilization (loading phase), the increase in 
passive torque (PT) largely reflects the stiffness of the MTU 
(Kawakami et al., 2008; Riemann et al., 2001). During the 
unloading phase (when the joint returns to its initial posi-
tion), PT decreases but is less than during the loading phase 
for similar joint angles— that is, elastic hysteresis (Giuliani 
et al., 2019; King et al., 2016; Morse et al., 2008; Nordez 
et al., 2009; Taylor et al., 1990). The elastic hysteresis corre-
sponds to the difference between the loading and unloading 
curves in a strain– stress cycle due to material internal friction 
(energy loss in the form of heat). The viscoelastic properties 
of the MTU are also characterized by the stress- relaxation 
phenomenon (Duong et al., 2001; Kato et al., 2011), which 
corresponds to the torque decay at a constant MTU length 
(Lim et al., 2019; Maganaris & Paul, 2000). Stress relax-
ation can be quantified as the reduction in PT during a static 
stretching (Kato et al., 2011).

Another common observation during passive stretch-
ing of the ankle plantar flexors MTU is the reduction in 
the amplitude of the Hoffmann (H) reflex in the soleus 
(SOL) muscle (Guissard et al., 1988; Pinniger et al., 2001), 
which reflects pre-  and post- synaptic inhibitory processes 
(Guissard & Duchateau, 2006). It is worth noting that during 
the loading phase, the greater the stretching intensity (extent 
of MTU lengthening), the greater the PT and the lesser the 
H- reflex amplitude (Guissard et al., 1988). This can partly 
highlight the influence of passive tension on H- reflex path-
way through the non- reciprocal group I inhibition originat-
ing from Golgi tendon organ (Guissard & Duchateau, 2006). 
A similar mechanism should occur during the unloading 
phase of a stretch maneuver due to the elastic hysteresis. 
However, no data are currently available on the modula-
tion of the H- reflex pathway during the unloading phase. 
Compelling data on the relation between the H reflex and 
PT should enable a better understanding of the influence of 
PT on neural modulation during stretching maneuvers, and 
more generally on the interactions between muscle mechan-
ics and neural modulation.

Therefore, our study investigated the influence of PT on 
SOL H- reflex amplitude during passive stretching of the 
ankle plantar flexor muscles. We focused on the loading and 
loading phases as they are associated with large changes in 
PT and H- reflex amplitude. These phases should thereby be 
beneficial for the study of the relationship between the PT 
and H reflex pathways. To this end, a main experiment con-
sisting of four distinct protocols was designed. In Protocol 

1, H reflexes were recorded in SOL at similar ankle angles 
during the loading and unloading phases of a stretching ma-
neuver, with the hypothesis of a greater H- reflex amplitude 
during the unloading phase compared with the loading phase 
due to the elastic hysteresis. In Protocol 2, H reflexes were 
evoked during the unloading phase at ankle angles adjusted 
to match the PT recorded during the loading phase. We hy-
pothesized a similar H- reflex amplitude during the loading 
and unloading phases due to the absence of a difference in 
PT between the two phases. In Protocol 3, H reflexes were 
evoked during two loading phases separated by a 5- min 
static stretching aimed at reducing PT during the second rel-
ative to the first loading phase. We hypothesized a greater 
amplitude of the H reflex during the second loading phase in 
response to the lesser PT. In Protocol 4, we investigated the 
modulation of homosynaptic depression (HD), which cor-
responds to a decrease in neurotransmitter release by Ia af-
ferent terminals during repetitive activation (Hultborn et al., 
1996). A decrease in HD has been suggested as a potential 
mechanism to account for the increase in H- reflex amplitude 
during (Budini et al., 2018) and immediately after (Budini 
et al., 2017) MTU stretching. Accordingly, we hypothesised 
HD to be lesser during the unloading than the loading phase. 
Finally, an additional experiment investigated whether the 
difference in H- reflex amplitude between loading and un-
loading phases results from differences in muscle fascicle 
length between phases. Together, these protocols provide 
original and relevant data to document the influence of PT 
on the modulation of the H- reflex pathway during passive 
stretching.

2 |  METHODS

2.1 | Participants

Nineteen young adults (aged 24 [2] years; mean [stand-
ard deviation, SD], 6 women), free of any neurological or 
orthopedic damage of the lower limb, volunteered to visit 
the laboratory on two separate occasions to perform three 
experimental protocols. Of these participants, 13 (24 [2] 
years, 2 women) returned to the laboratory to perform a 
fourth experimental protocol. In addition, 12 participants 
who did not participate to the main experiment volunteered 
to engage in an additional experiment (23 [2] years, 6 
women). Each participant was asked to not consume caf-
feine at least 6 h prior to their experimental session, and 
to refrain from intense exercise for 72  h before each ex-
perimental session. Approval for the project was obtained 
from the ULB- Erasme Ethics Committee, and all proce-
dures implemented in this study are in accordance to the 
Declaration of Helsinki.
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2.2 | Ergometric apparatus

The experiment was performed on a specific ergometer con-
sisting of a pedal system fixed on a table (Abellaneda et al., 
2009). The pedal was connected with a steel cable to a me-
chanical device that enabled graduated passive dorsiflexion 
of the ankle. A strain- gauge transducer (Type 4576A2NC1, 
Kistler, CH) was placed between the steel cable and the me-
chanical device to record PT during the stretching maneu-
vers. The angular displacement of the pedal was measured 
from the signal of an electronic inclinometer (Type PTAM27, 
Binz Technics, BE). During the experimental sessions, par-
ticipants laid prone on the table with both legs extended and 
the foot of the dominant leg secured by three straps to the 
pedal. The first strap was placed over the dorsum of the foot, 
and two other straps were attached in opposite directions 
around the ankle.

2.3 | EMG recordings

Surface electromyography (EMG) was recorded from the 
SOL muscle of the dominant leg (identified as the one used 
to kick a ball) with surface electrodes (silver– silver chloride 
electrodes with 8 mm diameter) placed in a bipolar configu-
ration with an interelectrode (center to center) distance of 
2 cm. Before attaching the electrodes, the skin was shaved 
(when necessary) and cleaned with a solution of alcohol, 
ether, and acetone to reduce the impedance at the skin- 
electrode interface. The electrodes were filled with gel and 
attached with adhesive tape, 3 cm below the muscle– tendon 
junction of the gastrocnemius medialis (GM) muscle, in line 
with the Achilles tendon. The reference electrode was placed 
over the tibia. The EMG signals were amplified (1000×) and 
band- pass filtered (10– 1000  Hz) with a custom- made am-
plifier, prior to A/D sampling at 2 kHz (Power 1401, 16- bit 
resolution, Cambridge Electronic Design) and stored on a 
computer.

2.4 | Electrical stimulation

Electrical stimuli (1- ms duration) applied to the tibial nerve 
were delivered via a constant current stimulator (DS7A, 
Digitimer), which was connected to surface electrodes 
(silver– silver chloride electrodes with 8  mm diameter) at-
tached to the skin of the dominant leg with adhesive tape: the 
cathode was placed in the popliteal fossa and the anode was 
located just above the patella. The optimal site of stimula-
tion was determined by moving the cathode until the site to 
elicit an H reflex in SOL with the largest amplitude at a given 
intensity was identified. The input– output relations for the H 
reflex and M wave were determined, at an ankle angle of 90°, 

by progressively increasing the current in steps of 0.5– 1 mA 
(five stimulations/step) until the M- wave amplitude reached a 
plateau (Mmax). From the input– output curves, the current in-
tensity associated with the maximal amplitude of the H reflex 
(Hmax; Protocols 1, 2, and 3, and Additional Experiment) or 
with an H- reflex amplitude of 50% of Hmax (H50; Protocol 
4), and the intensity corresponding to 1.2x Mmax intensity 
(Protocols 1, 2, 3, and 4, and Additional Experiment) were 
determined. The Hmax was used in Protocols 1, 2, and 3 to 
ensure its recording although a possible drastic decrease dur-
ing the stretching maneuver, as reported previously (Guissard 
et al., 1988; Pinniger et al., 2001). Although determined as 
maximal in one situation, the amplitude of Hmax, which re-
flects excitatory and inhibitory processes at the spinal level, 
can decrease or increase depending on background muscle 
contraction and joint angle (Frigon et al., 2007). The use of 
Hmax, therefore, did not impede the possibility to record an 
upward or downward modulation during the stretching ma-
neuver. The H50 used in Protocol 4 was chosen to allow for 
the adjustment of the current intensity during the loading and 
unloading phases to obtain similar H1 amplitudes at each 
ankle angle in both phases; a constant amplitude of H1 is a 
crucial factor when evaluating HD (see below) (Takahashi 
et al., 2013).

2.5 | Main experiment

In all protocols, the plantar flexor muscles of the dominant 
leg were stretched by mobilizing the ankle in 10° steps (1°/s) 
from the reference position (90° ankle angle— as measured 
as the angle between the sole of the foot and the axis pass-
ing through the head of the fibula and the lateral malleolus— 
referred hereafter as 0°) to 30° of ankle angle (dorsiflexed 
ankle joint position), which corresponded to 95%– 100% of 
the maximal range of motion for all participants. Each ankle 
angle during the loading and unloading phase (10°, 20°, and 
30°) was maintained for 30 s to allow the recording of the 
evoked potentials: five Hmax, evoked 5 s apart, and one Mmax 
(Protocols 1, 2, 3), or four pairs of H reflexes and one Mmax 
(Protocol 4).

In Protocol 1 (n  =  19), the unloading phase was per-
formed by using the same joint angles as those used during 
the loading phase (0°, 10°, 20°, and 30°; Figure 1). During the 
unloading phase of Protocol 2 (n = 19), the joint angles were 
adjusted to obtain the same PT as those recorded at 0, 10, and 
20° during the loading phase. At the end of the loading phase 
in Protocol 3 (n = 19), the ankle was held at 30° for 5 min. 
At the end of the 5 min, the ankle was quickly returned to 
the reference position before a second loading phase was per-
formed. Protocol 4 (n = 13) was designed to investigate the 
HD modulation during the loading and unloading phases at 
similar ankle angle between phases. The most common way 
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of quantifying HD in humans is to compare the amplitude of 
two H reflexes evoked at a similar stimulation intensity and 
within an interval ranging from 0.2 Hz to 10 Hz (Hultborn 
et al., 1996). Within this range of frequencies, the amplitude 
of the second H reflex (H2) is depressed relative to those of 
the first H reflex (H1), and the depression is augmented when 
the interval between the two stimuli is reduced. The amount 
of HD is quantified by the ratio H2/H1 with lower ratio indi-
cating greater HD. However, Rothwell et al. (1986) observed 
a lesser decrease in the amplitude of a second H reflex rel-
ative to those of a first one, for interstimulus interval <8 s, 
during a voluntary contraction known to increase Ia afferent 
discharge through alpha- gamma coactivation (Allen et al., 
2008). This observation is interpreted as being the reflect of 
an increase in on- going HD, reducing thereby the efficacy of 
H1 to depress H2. As a consequence, the increase in HD can 
be associated with an increase in H2/H1 ratio. Similar inter-
pretation of an occlusion mechanism between the ongoing 
level of inhibition and the one produced by the conditioning 
stimulation has been proposed for other H- reflex methods 
(Baudry & Duchateau, 2012; Faist et al., 1996). In our exper-
imental conditions, muscle lengthening causes an increase in 
the background level of Ia afferent discharge (Lennerstrand 
& Thoden, 1968), which is associated with an increase in HD 

(Hultborn et al., 1996). The depression evoked by H1 should 
therefore be reduced during muscle stretching, leading to a 
greater H2/H1 ratio. Consequently, an increase in H2/H1 ratio 
during muscle stretching was assumed to reflect an increase 
in HD. In Protocol 4, an interval of 0.5 s (2 Hz) was used to 
obtain a depression large enough to be analyzed during mus-
cle stretching. Four pairs of stimuli were triggered at each 
ankle angle during the loading and unloading phases. Only 
pairs for which the H1 amplitudes did not differ by more than 
5% Mmax relative to H1 recorded at 0° were used for statistical 
analysis. At least two pairs of H reflexes were included in the 
analysis for each ankle angle.

Two protocols were performed during the first exper-
imental session and one during the second experimental 
session to minimize potential biases due to repetition of the 
stretching maneuvers. The assignment of Protocols 1, 2, 
and 3, and their order within the two experimental sessions 
were randomly assigned for each participant. Protocol 4 
was performed in a fourth experiment to be able to perform 
two stretching maneuvers: one with adjustments in stimu-
lation intensity and one without. However, the decrease in 
H- reflex amplitude during the loading phase was too large 
to accurately assess HD when stimulation intensity was not 
adjusted; these data are therefore not presented. Furthermore, 

F I G U R E  1  Schematic representation 
of Protocol 1 (a) and representative 
recordings (averaged over 5 responses) 
obtained from one participant during 
Protocol 1 (b). The reduced passive torque 
during the unloading phase in the schematic 
representation of the protocol illustrates 
the decline in passive torque during 
experiments. Hmax and Mmax, electrical 
stimulation to evoke maximal H- reflex 
amplitude (Hmax) and maximal compound 
muscle action potential; PNS, peripheral 
nerve stimulation, respectively
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six participants were not able to complete this session due to 
schedule issues. At least 48 h separated two successive exper-
imental sessions. Within the first experimental session, the 
two protocols were performed 30 min apart, a sufficient time 
to abolish any change in PT induced by the first stretching 
maneuver (Mizuno et al., 2013).

2.6 | Additional experiment

Day et al. (2017) showed a strong correlation between fascicle 
length and the firing rate of muscle spindle afferents from the 
tibialis anterior during passive MTU lengthening and shorten-
ing. A change in fascicle length between the loading and un-
loading phases could influence the muscle spindle afferents, 
and thereby the amplitude of the H reflex. This possibility was 
investigated afterward in 12 participants, who did not par-
ticipate to the main experiment, in an experiment similar to 
Protocol 1, which was implemented with ultrasound meas-
urements and H- reflex recordings in SOL and GM. Fascicles 
in GM were targeted because of the better ultrasound imag-
ing resolution for this superficial muscle compared with the 
deeper SOL muscle. As fascicles in SOL and GM exhibit 
similar changes during ankle movements (Sakuma et al., 
2012), it was assumed that fascicles recordings in GM should 
reflect changes in SOL. Longitudinal images of GM were re-
corded using real- time B- mode ultrasonography (ProSound 
75, Aloka) with a 6- cm width linear- array probe (7.5  MHz, 
Aloka) coated with a water- soluble transmission gel to pro-
vide acoustic contact. The probe was held by a custom- made 
holster strapped to the leg to ensure a constant orientation and 
pressure of the probe on the skin. A metallic marker, firmly 
placed between the skin and the ultrasound probe with adhe-
sive tape, was used for measurement purpose to verify that the 
probe did not move during the recordings (Abellaneda et al., 
2009). Changes in muscle fascicle length during the loading 
and unloading phases were assessed by positioning the probe 
at ~30% of the distance between the popliteal crease and the 
center of the medial malleolus, over the mid- belly of the GM 
where at least one muscle fascicle was clearly identified. Three 
ultrasound images were recorded at each ankle angle (0, 10, 20, 
and 30°) during the loading phase, and at 0, 10, and 20° during 
the unloading phase, just prior to the H- reflex recordings. A 
procedure similar to that described for Protocol 1 was used to 
record Hmax and Mmax, and background EMG in SOL and GM.

2.7 | Data reduction

2.7.1 | Main experiment

The peak- to- peak amplitudes of H reflexes (Hmax, H1, and H2) 
and Mmax were measured from the unrectified EMG signal. Hmax, 

H1, and H2 were normalized to the amplitude of the Mmax deliv-
ered at the same ankle angle. In Protocols 1, 2, and 3, the Hmax 
amplitude was averaged from the five Hmax delivered at each 
ankle angle. In Protocol 4, the magnitude of HD was assessed 
by the ratio H2/H1 calculated for each pair of stimuli. PT and the 
rectified EMG of SOL (aEMG) were averaged across 100- ms 
epoch preceding each stimulation (Baudry & Duchateau, 2012). 
The value of PT measured at 0° prior to stretching maneuver 
was used as the reference value (0 Nm). To assess the reliability 
of Hmax (Protocols 1, 2, and 3) and Mmax (all protocols) at the 
beginning of each protocol, the intraclass coefficient correlation 
(ICC) was calculated. A similar procedure was used for the vari-
ation in PT during to the first loading phase. The ICC were 0.81, 
0.85, and 0.84 for Hmax, Mmax, and PT, respectively, indicating 
an excellent reliability (Cicchetti, 1994).

2.7.2 | Additional experiment

Data reduction for Hmax, Mmax, PT, and aEMG were similar 
that for Protocol 1. Muscle fascicle length was defined as 
a clearly visible fiber bundle lying between the superficial 
and deep aponeuroses and measured by using a public do-
main image program (Image J, National Institutes of Health) 
along the marked fiber bundle. When the end of the fascicle 
extended off the acquired ultrasound image, the sine law was 
used to estimate the total length of the fascicle (Abellaneda 
et al., 2009). Between 1 and 2 fascicles were analyzed per 
participant, for a total of 18 fascicles.

2.8 | Statistics

The statistical analysis was performed with JASP software 
(version 0.13, NL). The Shapiro– Wilk test confirmed that the 
data fitted a normal distribution. The Geisser– Greenhouse 
correction was used when the assumption of sphericity was 
violated. PT, Hmax, H1, and Mmax amplitude, H2/H1 ratio (main 
experiment), and fascicle length were analyzed by two- way 
ANOVA (phase [loading vs. unloading] × angle [0°, 10, 20° 
for Protocols 1, 2, 3, and Additional Experiment, and 0°, 
10°, 20°, 30° for Protocol 3]) with a Holm post hoc test 
when appropriate. To document the change in the dependent 
variables during the loading phase, including the 30° ankle 
angle position, a one- way ANOVA (angle) was performed 
for Protocols 1 and 2. In Protocols 1, 2, and 3, the best 
regression model to fit the relation between the amount of 
change in PT and Hmax was determined by comparing linear 
(first order polynomial) and non- linear (one- phase exponen-
tial decay) regression models by means of the extra sum- of- 
square F- test, pooling together data from the loading and 
unloading phases. The amount of change was calculated as 
the difference between the values recorded at each angle to 
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those at the reference position (0°) prior to the loading phase. 
For all comparisons, the alpha level of significance was set 
at 0.05. Partial eta squared (�2

p
) was used to estimate the ef-

fect size for the dependent variables. Values are expressed 
as mean (SD) in the text and tables, and as mean (standard 
error of the mean) in figures. For each dependent variable, 
the details of the statistical analysis are provided in Table 1.

3 |  RESULTS

3.1 | Main experiment

In the four protocols, the Mmax amplitude slightly de-
creased with the increase in dorsiflexion angle (p < 0.001; 
Table 1) but no statistical differences were observed be-
tween phases (p > 0.10). aEMG from SOL did not differ 
across protocols, phases, or angles, indicating that par-
ticipants remained relaxed during the different procedures 
(Table 2).

3.1.1 | Protocol 1

Passive torque increased during the loading phase by 28.9 
(8.7) Nm from 0° to 30° ankle angle (p < 0.001) (Figure 2a). 
PT was significantly greater during the loading than unload-
ing phase (p < 0.001), with a significant difference between 
phases for the 10° and 20° ankle angles (p  <  0.001). The 
Hmax amplitude decreased during the loading phase from 47.6 
(17.4)% Mmax (0°) to 20.4 (15.3)% Mmax (30°) (p < 0.001) but 
was significantly greater during the unloading than the load-
ing phase for each ankle angle (0, 10, and 20°; p < 0.001) 
(Figure 2b). The relation between the amount of change in PT 
and Hmax amplitude was best fitted (p < 0.001) by a one- phase 
exponential decay function (r2 = 0.98, Y = 30.0−0.1.X−28.7) 
(Figure 3a).

3.1.2 | Protocol 2

Passive torque increased by 26.7 (8.5) Nm from 0° to 30° 
ankle angle during the loading phase (p  <  0.001) (Figure 
2c). PT did not differ between the loading and the unloading 
phase (p = 0.32). The average ankle angle during the unload-
ing phase was 22.3 (1.6)°, 14.4 (1.9)°, and 4.6 (1.2)° to match 
the PT recorded at 20°, 10°, and 0° ankle angles during the 
loading phase, respectively. The Hmax amplitude decreased 
during the loading phase from 42.8 (17.1)% Mmax (0° ankle 
angle) to 17.8 (10.8)% Mmax (30° ankle angle) (p < 0.001) 
(Figure 2d). There was no statistical difference in Hmax am-
plitude between phases (p = 0.08). The relation between 
the amount of change in PT and Hmax amplitude was best 

fitted (p < 0.001) by a one- phase exponential decay function 
(r2 = 0.97, Y = 31.3−0.1.X−29.6) (Figure 3b).

3.1.3 | Protocol 3

Passive torque increased during the two loading phases 
(p  <  0.001) and was significantly reduced during the sec-
ond loading phase at each ankle angle (0, 10, 20°, and 30°; 
p < 0.001) (Figure 2e). The Hmax amplitude decreased dur-
ing the two loading phases (p < 0.001) but was significantly 
greater (p  <  0.001) during the second compared to the 
first phase (Figure 2f). The relation between the amount of 
change in PT and Hmax amplitude was best fitted (p < 0.001) 
by a one- phase exponential decay function (r2  =  0.99, 
Y = 25.4−0.1.X−24.9) (Figure 3c).

3.1.4 | Protocol 4

Passive torque increased by 31.0 (13.2) Nm from 0° to 30° 
ankle angle during the loading phase (Figure 4a). PT was 
significantly lesser during the unloading than loading phase 
(p < 0.001), with a significant difference between phases at 
the 10° and 20° ankle angles. It was necessary to increase the 
stimulation intensity during the loading phase and decreased 
it thereafter during the unloading phase to keep the H1 ampli-
tude constant. Consequently, the H1 amplitude did not change 
during the loading and unloading phases (p = 0.69), regard-
less of the ankle angle (p = 0.97, Table 1). The H2/H1 ratio 
increased during the loading phase (p = 0.008) and decreased 
during the unloading phase (Figure 4b). However, there was 
no statistical difference in H2/H1 ratio between phases at a 
similar ankle angle (p = 0.39).

3.2 | Additional experiment

Passive torque increased during the stretching phase by 31.2 
(10.0) Nm from 0° to 30° ankle angle (p < 0.001). PT was 
significantly greater during the loading than unloading phase 
(p  <  0.001), with a significant difference between phases 
for the 10° and 20° ankle angles (p < 0.001) (Table 3). The 
Hmax amplitude in SOL decreased during the loading phase 
from 51.7 (13.5)% Mmax (0°) to 27.6 (20.2)% Mmax (30°) 
(p < 0.001). The Hmax amplitude was significantly lesser dur-
ing the loading than unloading phase (p < 0.001), with a sig-
nificant difference at each ankle angle (0, 10, 20°; p < 0.001). 
The Hmax amplitude in GM decreased during the loading 
phase from 10.6 (6.8)% Mmax (0°) to 5.5 (4.6)% Mmax (30°) 
(p < 0.001), and was lesser during the loading compared to 
the unloading phase (p < 0.001), with a significant difference 
for each ankle angle (p < 0.001) (Table 3). Fascicle length 
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T A B L E  1  F values, p values, and partial correlations (�2

p
) from the ANOVA for the four Protocols 1, 2, 3 (n = 19, 6 women), and 4 (n = 13, 2 

women)

Factors F value p value �
2

p

Protocol 1

PT Phase 52.6 <0.001 0.81

Angle 92.9 <0.001 0.89

Phase × angle 13.7 0.003 0.53

Mmax Phase <0.1 0.85 <0.01

Angle 15.0 0.001 0.56

Phase × angle 7.8 0.19 0.13

Hmax Phase 66.9 <0.001 0.82

Angle 92.4 <0.001 0.92

Phase × angle <0.1 6.2 0.005

aEMG Phase 1.0 0.10 0.34

Angle 1.7 0.17 0.19

Phase × angle 1.3 0.13 0.28

Protocol 2

PT Phase 1.1 0.32 0.06

Angle 271.5 <0.001 0.94

Phase × angle 0.7 0.49 0.04

Mmax Phase 3.1 0.10 0.15

Angle 30.8 <0.001 0.65

Phase × angle 0.1 0.882 <0.01

Hmax Phase 3.4 0.08 0.16

Angle 61.3 <0.001 0.77

Phase × angle 0.6 0.53 0.03

aEMG Phase 0.8 0.40 0.04

Angle 1.4 0.25 0.07

Phase × angle 0.4 0.58 0.02

Protocol 3

PT Phase 78.2 <0.001 0.83

Angle 247.9 <0.001 0.93

Phase × angle 33.6 <0.001 0.68

Mmax Phase 0.6 0.46 0.03

Angle 28.0 <0.001 0.61

Phase × angle 1.0 0.40 0.05

Angle 29.2 <0.001 0.62

Phase × angle 0.17 0.77 0.01

Angle 0.4 0.60 0.02

Phase × angle 0.2 0.80 0.01

Protocol 4

PT Phase 52.6 <0.001 0.81

Angle 92.9 <0.001 0.89

Phase × angle 13.7 0.003 0.53

Angle 15.0 0.001 0.56

Phase × angle 7.8 0.19 0.13

(Continues)
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increased during the stretching phase by 12 (5) mm from 0° 
to 30° ankle angle (p < 0.001) but did not differ between the 
loading and unloading phases (p = 0.20). No phase x angle 
interaction was observed (p = 0.49) (Table 3).

4 |  DISCUSSION

The objective of this study was to investigate the influence of 
PT on the modulation of the SOL H- reflex pathway during 
the loading and unloading phases of a passive stretching of 
the plantar flexor muscles. The results indicate a clear asso-
ciation between PT and the H reflex, such that the lesser the 
PT, the greater the H- reflex amplitude. The present results 
suggest that the inhibitory processes acting on the H- reflex 
pathway during muscle stretching are, in part, related to PT 
developed by the plantar flexor muscles. Potential mecha-
nisms linking PT to H- reflex modulation follow.

4.1 | PT during passive stretching

Consistent with previous in vivo studies, PT produced by the 
plantar flexor muscles increased during passive ankle dorsi-
flexion (Abellaneda et al., 2009; Guissard & Duchateau, 2004; 
Morse et al., 2008). The increase in PT during the loading 
phase results from the forcibly lengthening of muscle ultras-
tructures (titin, connectin) and connective tissues of the MTU 
(Bojsen- Møller et al., 2006; Prado et al., 2005). Furthermore, 
PT was significantly lower during the unloading than loading 
phase, illustrating the elastic hysteresis of the MTU (Nordez 
et al., 2008; Taylor et al., 1990). Due to the 30- s hold at each 
ankle angle, the lesser PT during the unloading phase likely 
resulted also from the stress relaxation mechanism in our ex-
perimental conditions. Regardless of the protocol, no EMG 
activity was recorded during the four protocols, indicating 
that change in PT mainly reflects a decrease in MTU stiffness 
(Kay & Blazevich, 2009; Konrad et al., 2017).

Factors F value p value �
2

p

H1 Phase 0.2 0.69 0.01

Angle 0.8 0.44 0.07

Phase × angle <0.1 0.97 <0.01

Angle 7.0 0.008 0.37

Phase × angle 1.9 0.18 0.13

aEMG Phase 0.1 0.71 <0.01

Angle 1.5 0.24 0.08

Phase × angle 0.2 0.76 0.01

n = 19 for Protocol 1, 2, 3, and n = 13 for Protocol 4. Note that for Protocol 3, Phase represents the two loading phases.
Abbreviations: aEMG, averaged value of the rectified EMG; H1, amplitude of the test H reflex; HD, homosynaptic depression; Mmax, maximal amplitude of the M 
wave; PT, passive torque.
Bold script indicates statistically significant results.

TABLE 1 (Continued)

Loading phase Unloading phasea 

0° 10° 20° 0° 10° 20°

Mmax

Protocol 1 2.8 (1.0) 2.5 (1.0) 2.3 (0.8) 2.8 (1.0) 2.6 (0.9) 2.3 (0.8)

Protocol 2 3.2 (1.0) 2.9 (0.8) 2.6 (0.8) 3.2 (0.9) 2.8 (0.8) 2.5 (0.7)

Protocol 3 3.1 (1.1) 2.7 (1.1) 2.4 (0.9) 3.0 (1.2) 2.8 (1.0) 2.4 (0.9)

Protocol 4 2.8 (1.2) 2.6 (1.0) 2.4 (0.9) 2.9 (1.2) 2.6 (1.1) 2.3 (1.0)

aEMG

Protocol 1 9.2 (2.8) 9.2 (2.7) 10.0 (5.3) 10.0 (8.3) 10.0 (9.3) 10.0 (5.6)

Protocol 2 9.6 (4.5) 10.0 (6.3) 10.0 (4.3) 9.5 (4.2) 10.0 (2.0) 10.0 (6.3)

Protocol 3 9.8 (3.6) 9.8 (3.8) 10.0 (3.8) 9.1 (2.3) 8.8 (2.0) 9.1 (2.5)

Protocol 4 10.0 (8.3) 10.0 (9.3) 10.0 (5.6) 9.9 (4.5) 9.9 (4.3) 9.1 (2.4)

Abbreviations: aEMG, averaged value of the rectified EMG; Mmax, maximal amplitude of the M wave.
aFor Protocol 3 = the second loading phase. Data are expressed as mean (SD); Protocols 1, 2, 3 (n = 19, 6 
women), and 4 (n = 13, 2 women).

T A B L E  2  Mmax amplitude (mV) and 
soleus aEMG (µV) for the four experimental 
protocols
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F I G U R E  2  Passive torque and amplitude of the maximal H- reflex (Hmax) during the loading (black dots) and unloading (red dots) phase 
recorded at similar ankle dorsiflexion angles (Protocol 1, a, b), at a constant passive torque (PT) during loading and unloading phases (Protocol 
2, c, d) and during two loading phases separated by a 5- min passive hold- stretch (Protocol 3, e, f). The Hmax is expressed as % of the maximal 
amplitude of the compound muscle action potential (Mmax). ** and *** denote a significant difference between phases at p < 0.01 and p < 0.001, 
respectively (Holm post- hoc test). For Protocols 1 and 2, only the comparisons between phases at 0, 10, and 20° were provided with statistical 
symbols (see Methods). Note that for panels (c, d) the ankle angles of the loading phase were used for the x- axis to improve the clarity of the 
figures. Values are expressed as mean (SE); n = 19 (6 women)

F I G U R E  3  Relation between variations (Δ) in the maximal H- reflex amplitude (Hmax) and passive torque (PT) during the loading (black dots) 
and unloading (or second loading; Protocol 3) (red dots) phases for Protocols 1 (a), 2 (b), and 3 (c). Variations are expressed as the difference 
between the value at each angle and those at 0° prior to the loading phase. The best regression model to fit the data corresponded to a one- phase 
exponential decay function with Y = 30.0−0.1.X−28.7 (a), Y = 31.3−0.1.X−29.6 (b) and Y = 25.4−0.1.X−24.9 (c). Values are expressed as mean (SE); 
n = 19 (6 women)
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4.2 | Relation between PT and H- reflex 
modulation during passive stretching

In agreement with previous work (Guissard et al., 1988; 
Pinniger et al., 2001), the passive lengthening of the MTU 
was accompanied by a decrease in Hmax amplitude. In con-
trast with the well- documented decrease in Hmax amplitude 
during the loading phase, no data were available on the 
modulation of the H reflex during the unloading phase of a 
stretching maneuver. We observed a greater H- reflex am-
plitude during the unloading than loading phase (Protocol 
1) for similar ankle angle. These results could reflect a rela-
tion between PT and the modulation of the H- reflex pathway 
during muscle stretching (Guissard & Duchateau, 2006). To 
confirm such a relation, PT was matched during the loading 
and unloading phases (Protocol 2), with the hypothesis that 
if the H- reflex modulation depends in part on PT, a simi-
lar PT between phases should minimize differences in the 
H- reflex amplitude between phases. In agreement, results 
from Protocol 2 did not show differences in Hmax amplitude 

between the loading and unloading phases. Finally, to docu-
ment that the role played by PT on H- reflex modulation was 
not only related to the elastic hysteresis, we assessed the ef-
fect of reducing MTU stiffness prior to the loading phase 
with the rationale that lesser PT during the loading phase 
should be accompanied by greater Hmax amplitude (Protocol 
3). The results indicate that reducing the increase in PT dur-
ing the loading phase was accompanied by greater H- reflex 
amplitude, supporting therefore our hypothesis. This ration-
ale is further supported by the strong association (r2 ≥ 0.97) 
between the changes in PT and Hmax amplitude in each ex-
perimental condition (Figure 3). These results show for the 
first time a clear influence of PT on the modulation of the 
H- reflex pathway during MTU passive stretching.

4.3 | HD during the unloading phase

Homosynaptic depression, which reflects the decrease in 
neurotransmitter release by Ia afferent terminals during 

F I G U R E  4  Passive torque (a) and 
amplitude of the homosynaptic depression 
(HD, b) during the loading (black dots) 
and unloading (red dots) phase recorded 
at similar ankle angles (Protocol 4). *** 
denotes a significant difference between 
phases at p < 0.001 (Holm post- hoc test). 
Values are expressed as mean (SE); n = 13 
(2 women)

T A B L E  3  PT and amplitude of the Hmax and fascicle length recorded in gastrocnemius medialis during the loading and unloading phase during 
the additional experiment

Loading phase Unloading phase

0° 10° 20° 0° 10° 20°

PT (Nm) 0 (0) 4.9 (1.6) 14.3 (4.6) −0.4 (1.1) 3.3 (0.9)** 10.4 (3.2)***

H max (%Mmax)— SOL 51.7 (13.5) 43.3 (17.5) 33.0 (20.4) 57.2 (15.1)*** 52.7 (20.8)*** 39.6 (22.6)***

H max (%Mmax)— GM 10.6 (6.8) 7.6 (4.5) 5.2 (3.6) 12.6 (8.3)*** 9.7 (5.7)*** 8.7 (6.1)***

Fascicle length 
(mm)— GM

61.4 (5.1) 67.0 (6.1) 73.4 (9.0) 59.4 (5.2) 66.8 (6.0) 72.1 (4.7)

Values are expressed as mean (SD), n=12, 6 women. Values for the 30° ankle angle are not presented as they were not included in phase comparison.
Abbreviations: GM, gastrocnemius medialis; Hmax, maximal amplitude of the Hoffmann reflex; PT, passive torque; SOL, soleus.
** and *** = significant difference between phases at p < 0.01 and p < 0.001 (Holm post- hoc test), respectively.
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repetitive activation (Hultborn et al., 1996), is assumed to be 
partially responsible for the decrease in H- reflex amplitude 
during passive MTU lengthening (Cooper, 1961; Hultborn 
et al., 1996). Recently, Budini et al. (2018) suggested that a 
reduced HD may contribute to the increase in H- reflex am-
plitude during the hold phase of a ramp- and- hold stretch. 
The authors hypothesized that, when plantar flexor muscles 
are held stretched at a constant ankle angle, the discharge 
rate of Ia afferents should decrease due to stress relaxation 
(Cooper, 1961), offering the possibility for neurotransmit-
ters to be restored. In support of this assumption, a decrease 
in Ia afferent discharge rate was observed in cat muscula-
ture during ramp- and- hold stretch (Lennerstrand & Thoden, 
1968). The lesser PT during the unloading phase could 
therefore reduce the amount of HD.

In our experiment, the H2/H1 ratio increased during the 
loading phase. The theoretical background of the paired H re-
flexes suggests that such an increase should reflect a decrease 
in HD (Hultborn et al., 1996). However, muscle stretching 
causes an increase in the background level of Ia afferent dis-
charge (Lennerstrand & Thoden, 1968), which should increase 
the ongoing level of HD (See the Main experiment section). 
The depression evoked by H1 would therefore be reduced, 
leading to a greater H2/H1 ratio compared with the reference 
joint position. As a consequence, an increase in H2/H1 ratio 
during the loading and unloading phases is assumed to re-
flect an increase in HD. Similar interpretation of a paradoxal 
change in conditioned H reflex/test H reflex ratio have been 
proposed for other H- reflex methods in various experimental 
conditions (Baudry & Duchateau, 2012; Faist et al., 1996).

During the unloading phase, the H2/H1 ratio decreased 
(less HD) but was similar compared with the loading phase 
for similar ankle angles. As the amplitude of H1 was kept 
constant throughout the stretching procedure, the influence 
of a change in H1 amplitude on the amount of change in 
H2/H1 ratio can be eliminated. Overall, these results indicate 
that HD should contribute to the modulation of the H- reflex 
pathway during stretching maneuvers but not in the phase- 
dependent modulation of the H- reflex pathway observed in 
the present experiment.

4.4 | Fascicle length behavior

To document a possible role of fascicle length in the phase- 
dependent modulation of the H- reflex pathway, we recorded 
fascicle length during the loading and unloading phase. Previous 
work reports a strong correlation between fascicle length and 
muscle spindle afferent discharge during passive MTU length-
ening and shortening (Day et al., 2017). In addition, a decrease 
in PT across repetitive stretching maneuvers was accompanied 
by a reduced muscle fascicle lengthening during the stretch 
(Kato et al., 2011). Accordingly, the lesser PT in the unloading 

phase could be accompanied by a decrease in fascicle length that 
may influence the H- reflex pathway (Additional Experiment). 
However, even though fascicle length increased and decreased 
during the loading and unloading phases in GM, respectively, 
fascicle length did not differ between phases. In contrast, Hmax 
in GM and SOL was greater in the unloading than the loading 
phase. Therefore, the greater GM H- reflex amplitude recorded 
during the unloading phase was not due to differences in fas-
cicle length between phases. As fascicles in SOL and GM ex-
hibit similar changes during ankle movements (Sakuma et al., 
2012), these results can be extended to the modulation of SOL 
H- reflex reported in the main experiment. Although ultrasound 
image may have some limitations in spatial resolution to meas-
ure very small fascicle length variations, these additional data 
suggest that the phase- dependent modulation of the H reflex 
did not result from difference in fascicle length between phases.

4.5 | Other possible mechanism modulating 
H- reflex pathway with PT

Guissard and Duchateau (2006) suggested an increase in 
non- reciprocal group I inhibition, which is conveyed through 
Ib afferents originating in Golgi tendon organs (GTO), dur-
ing large amplitude stretching maneuvers. The GTO were 
thought to be mainly sensitive to active tension (Houk & 
Henneman, 1967), until it was shown, in cats, to be also sensi-
tive to low passive forces (Binder et al., 1977; Gregory et al., 
2002; Stuart et al., 1970). A decrease in stiffness of the mus-
cular portion of the MTU (Kay & Blazevich, 2009; Konrad 
et al., 2017) could therefore reduce the straightening of the 
collagen fibers surrounding the GTO, and thereby reduce the 
strength of non- reciprocal group I inhibition. In agreement, 
Gregory et al. (2002) showed, in cat, that the decrease in pas-
sive tension during the unloading phase of a stretch was ac-
companied by a lower Ib discharge rate in the homonymous 
muscle (see their Figure 2a). If transferable to humans, this 
can fit with the greater Hmax amplitude during the unloading 
phase (Protocol 1) and when PT was depressed prior to the 
loading phase (Protocol 3).

Furthermore, presynaptic inhibition of Ia afferents by pri-
mary afferent depolarization (PAD) interneurons (Rudomin 
& Schmidt, 1999) could be involved in the modulation of the 
H- reflex pathway for moderate stretch magnitudes (Guissard 
& Duchateau, 2006). An increase in Ia presynaptic inhibition 
during the loading phase could reduce the efficacy of Ia af-
ferents to discharge motor neurons during the loading phase. 
During the unloading phase, an opposite change should occur, 
with a decrease in Ia presynaptic inhibition. In the cat, Ib 
afferents converge onto PAD interneurons responsible for Ia 
presynaptic inhibition (Eccles et al., 1962). A decrease in Ib 
afferent activity during the unloading phase could therefore 
reduce the strength of Ia presynaptic inhibition. Although 
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further work is necessary to determine the different mech-
anisms involved, our results suggest non- reciprocal group I 
inhibition as a possible candidate for the relation between PT 
and the H- reflex pathway during MTU stretching.

4.6 | Methodological considerations

A few methodological aspects of this study should be dis-
cussed. First, each ankle angle was held for about 30 s, likely 
allowing for the adaptation of Ia afferent discharge both dur-
ing the loading and unloading phases (Cooper, 1961; Nielsen 
et al., 1993). This duration likely diminished the difference 
in the discharge rate of Ia afferents between the two phases 
due to the stress- relaxation phenomenon. However, it was 
not possible to shorten the duration of each step because of 
the need to record multiple H reflexes. Therefore, the pre-
sent results may be more pronounced for briefer step periods 
during the loading and unloading phases. Second, the Mmax 
amplitude decreased slightly during the stretching procedure, 
likely reflecting changes in the muscle geometry (Vigotsky 
et al., 2018). The Mmax was used to normalize the H reflex 
amplitude, taking into account this kind of change in record-
ing condition. However, no difference was observed between 
phases. Accordingly, the phase- dependent modulation of the 
H reflex should not be due to changes in recording conditions 
between phases. Finally, the recording of the complete H- 
reflex recruitment curve could have provided more informa-
tion on the gain modulation of the H- reflex pathway during 
the stretching maneuver. However, this would have increased 
the duration of the maintenance phases at each joint angle too 
much. The needed adjustments in stimulation intensity for 
keeping similar the amplitude of H50 in protocol 4, nonethe-
less, confirm that the modulation observed in Hmax was also 
present for submaximal H reflexes.

5 |  CONCLUSION

Our study provides strong evidence that part of the modula-
tion of the H- reflex pathway during MTU stretching depends 
on PT, such that lower the PT, greater the H- reflex. Inhibitory 
mechanisms originating from Ib afferents could contribute to 
such a relation between PT and H- reflex pathway. This study 
sheds novel insight on the relations between muscle mechan-
ics and neural adjustments during MTU stretching.
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