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RESEARCH ARTICLE

Control of Movement

Virtual reality does not fool the brain only: spinal excitability changes during
virtually simulated falling

Sidney Grosprêtre, Pauline Eon, and Phil�emon Marcel-Millet
Laboratory Culture Sport Health and Society (C3S-UR 4660), Sport and Performance Department, University of Franche-
Comt�e, Besançon, France

Abstract

Virtual reality (VR) is known to induce substantial activation of brain’s motor regions. It remains unclear to what extent virtual
reality can trigger the sensorimotor system, and more particularly, whether it can affect lower nervous levels. In this study, we
aimed to assess whether VR simulation of challenging and stressful postural situations (Richie’s plank experience) could interfere
with spinal excitability of postural muscles in 15 healthy young participants. The H-reflex of the triceps surae muscles was elicited
with electrical nerve stimulation while participants were standing and wearing a VR headset. Participants went through several
conditions, during which stimulations were evoked: standing still (noVR), standing in VR on the ground (groundVR), standing on
the edge of a building (plankVR), and falling from the building (fallingVR). Myoelectrical activity of the triceps surae muscles was
measured throughout the experiment. Leg and head movements were also measured by means of accelerometers to account
for body oscillations. First, no differences in head rotations and myoelectrical activity were to be noted between conditions.
Second, triceps H-reflex (HMAX/MMAX) was not affected from noVR to groundVR and plankVR. The most significant finding was a
drastic decrease in H-reflex during falling (�47 ±26.9% between noVR and fallingVR, P = 0.015). It is suggested that experiencing
a postural threat in VR efficiently modulates spinal excitability, despite remaining in a quiet standing posture. This study suggests
that simulated falling mimics the neural adjustments observed during actual postural challenge tasks.

NEW & NOTEWORTHY The present study showed a modulation of spinal excitability induced by virtual reality (VR). In the stand-
ing position, soleus H-reflex was downmodulated during a simulated falling, in the absence of apparent changes in body oscilla-
tions. Since the same behavior is usually observed during real falling, it was suggested that the visual cues provided by VR
were sufficiently strong to lead the neuromuscular system to mimic the actual modulation.

drop jump; H-reflex; Richie’s plank; soleus; virtual reality

INTRODUCTION

Virtual reality (VR) is a digital simulation of a three-
dimensional environment, displayed to an individual who
can interact with it. The display is often performed through
a headset equipped with one screen in front of each eye. The
advantage of this equipment lies in its particularly effi-
cient simulation of a real context, to the point where the
participant can be totally immersed. VR is now a tool
widely used in many fields, from the industry, with driving
simulators (1), to physical rehabilitation (2). For instance,
the literature on VR-based interventions shows significant
benefits on executive functions in patients with chronic

stroke (3). The effect of VR is associated with the large neu-
ral activation it stimulates, particularly in the brain’s
motor regions. Studies using neuroimaging have shown
that VR of seemingly real environments activates the sup-
plementary motor areas, primary motor cortex, and cere-
bellum (4–8). Many authors argue that the mirror neuron
system, first described by Gentilucci et al. (9) in the late
1980s, plays a major role in this valuable effect of VR on ex-
ecutive and motor functions (4, 8, 10). Indeed, VR induces
considerable brain activation at the level of the sensorimo-
tor regions, which could correspond to the mirror system,
particularly when participants can interact within their
virtual environment (11).
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The immersion effect is greater in case of simultaneous
stimulation of several sensory systems, compatible with the
simulated situation (12). The ability to freely navigate the vir-
tual environment and interact with virtual objects contrib-
utes greatly to the sense of realism (13, 14). In the fields of
rehabilitation and training, VR is widely used during gait
and walking (15, 16). For instance, VR is an effective tool to
modulate postural control in patients with stroke, when it is
applied during standing (17). In addition, previous studies
showed that static virtual environments did not challenge
postural control (18–20), contrary to dynamic simulated sit-
uations (19, 21). Therefore, combining sensorimotor informa-
tion from an actual standing posture with VR simulation
appears to be an ideal approach to maximize the effects of
such an intervention, especially on visual-motor abilities
and on the neural system in general (22).

Spinal networks are also widely involved in controlling bal-
ance, especially those mediating the Ia afferent -to a moto-
neurons pathway such as presynaptic inhibitory circuits (23).
Lower limb spinal excitability, usually assessed by recording
the H-reflex through electrical stimulation of a mixed nerve,
has been shown to bemodulated downward as the complexity
of the postural tasks increases (23–26). To date, this modula-
tion has not been associated with leg muscle activity, but
rather with body position (24). In a more unstable and chal-
lenging position, such as on a beam raised above the floor, the
H-reflex is even more reduced compared with a quiet stand-
ing position (27). As the spinal excitability decreases along
with an increase of the cortical somatosensory evoked poten-
tial, a shift toward more supraspinal motor control was sug-
gested to occur during challenging postural tasks (28). The
downward modulation of the H-reflex in such conditions was
also suggested to be linked to the level of anxiety generated
by the fear of falling (29). However, in quiet standing, amodu-
lation of H-reflex is not always observed according to the level
of postural threat, for instance when participants are physi-
cally placed at different heights up to 3 m (30). The postural
threat is, however, known to induce changes in postural, auto-
nomic, and psycho-social responses, whether the threat is real
or virtually simulated (31).

Therefore, it remains unclear to what extent virtually simu-
lated postural challenging tasks can trigger the neuromuscu-
lar system, especially the spinal reflex pathway. Several clues
in the literature show that real and virtual postural tasks share
similar effects on gait and autonomic responses (31), raising
that the motor system and more particularly the spinal excit-
ability can also potentially respond similarly. However, the lit-
erature often uses virtual situations that are physically
acceptable, e.g., not more than jumpable heights, because the
aim is to compare to real situation. The interest of virtual real-
ity is also that it allows to push this limit to extreme situations
that are not reproducible in real conditions, such as falling
from very important heights (i.e., from the top of a building).
The aim of this study was therefore to assess whether VR sim-
ulation of postural tasks, comprising a wide range of postural
threat from standing quietly to free falling, could interfere
with the spinal excitability of postural muscles. We hypothe-
sized that a virtually simulated postural threat would be a suf-
ficiently strong visual stimulus to induce the same downward
modulation of the H-reflex pathway as observed in actual
complex postural tasks. More particularly, free falling

simulated through VR would lead to greater relative
changes of the reflex pathway as compared with less
threatening situations (standing at ground level).

METHODS

Participants

Fifteen healthy young participants (age: 27.2±4.9 yr old;
height: 172.9 ±8.3; weight: 70.3 ± 15.7 kg; 5 women) provided
written informed consent to participate in the present
experiment. Our sample size calculation is based on the pri-
mary efficacy outcome that relates to changes in H-reflex
amplitude with various interventions, such as motor im-
agery (32). The power calculation was performed with the
software G�power (Kiel, Germany), considering a signifi-
cance level of 5%, a power of 90%. Twelve participants were
needed to meet the objectives of the study. All participants
agreed not to participate in any unusual physical or cogni-
tive activity before the protocol and to avoid intense exercise
before the tests. All participants were free of any neurologi-
cal or musculoskeletal disorders. The study protocol was
approved by the local ethics committee and conducted in ac-
cordance with the Declaration of Helsinki. None of the par-
ticipants had prior experience of VR practice.

VR Setup

For the VR experiments, we used Occulus Quest V2 head-
sets (Meta Platforms, Irvine, CA), which display images at
1,832 � 1,920 pixels and at a refresh rate of 120 Hz. The head-
set is linked to two wireless handles used to control the inter-
face. The system is a 6 degrees of freedom (DoF) VR. In
addition to having a 360� view (3 DoF), 6-DoF systems also
enable participants to move around freely in their environ-
ment beyond their peri-personal space. They were free to
move around the space thanks to wireless electrodes fixed to
their leg for the purposes of the experiment. In the present
experiment, the boundaries for the virtual space were set at 4
m long and 2mwide (8m2) so that participants could fully ex-
perience the VR environment. The application used the game
called Richie’s Plank Experience (Toast company, Brisbane,
Australia), which consists in displaying a computer-generated
virtual three-dimensional urban environment. The game re-
creates a skyscraper landscape, where participants can walk
on the street. Then, they take an elevator to the top of a build-
ing, which opens directly onto a plank suspended in mid-air
at a height of 80 floors above the ground. They can walk onto
the plank and even fall from it. Here, the plank was set to be 2
m long and 40 cm wide, to enable participants to take a few
steps on it and stand naturally. Another option in the applica-
tion offers the opportunity to pilot reactors placed in the play-
er’s hands, which allow the player to fly off the building and
control the aerial displacement. In standing quiet posture,
with or without VR, participants were asked to focus on a
point at 2 m distance, which corresponds to the end of the
plank. This was done to minimize the effect of gaze distance
in-between VR and non-VR conditions.

Study Design

After a familiarization session to assess participants’ toler-
ance for VR and to ensure that no motion sickness occurred,
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participants had one visit to the laboratory. The tests were
carried out in one experimental session of about 1 h 30 min.
After skin preparation and electrode positioning, the optimal
stimulation site and intensities for triceps surae H-reflex and
M-wave measurement were determined. These assessments
were performed in a quiet standing position. Once the opti-
mal stimulation parameters were identified, participants
underwent five experimental conditions, in random order
(Fig. 1).

Standing still (noVR).
Participants were asked to stand with their arms relaxed.
They did not wear the VR headset in this condition.

Standing in VR on the ground (groundVR).
Participants stood on a calm street in the VR environment.
After a few steps in the new environment, they were asked to
stand quietly on the sidewalk with their arms relaxed.

Standing on a plank (plankVR).
After taking the elevator, participants were asked to walk to
the middle of the plank and stay in a standing posture above

the void with the building behind them. They were asked to
stand still during the stimulations and keep their head
straight (i.e., not to look down).

Falling from the building (fallingVR).
From the plank, participants were asked to take a large
step to their right. The software then simulates a fall of 80
floors. The duration of the fall is 5 s, at a mean speed of 40
m/s. The speed of the fall was progressively increased
from the plank to the ground. Once the ground is reached,
the screen rapidly fades out to white, and the participant
is standing in the street at the starting point, in front of the
elevator.

Controlled falling from the building (controlledVR).
From the elevator at the top of the building, participants
were asked to grab the hand reactors and fly off the building.
Once stabilized at the level of the plank, they were asked to
fly downward to the ground with the jet packs, by pressing
the appropriate button on the controllers. The duration of
the descent was matched to that of the free fall from the
plank, i.e., 5 s.

Figure 1. Study protocol. GM, gastrocnemius
medialis; GYRO, gyroscopy; SOL, soleus; STIM,
nerve stimulation site; TA, tibialis anterior; VR, vir-
tual reality.
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The myoelectrical activity of the triceps surae muscles, as
well as head and leg movements were measured throughout
the experiment. In each condition, participants were asked
to avoid head movements to minimize the influence of head
rotations on the corticospinal track (33). In each condition, a
total of 10 H-reflexes and 4 maximal muscle action poten-
tials (M-waves) were recorded. At the end of the experiment,
participants were asked to indicate the level of fear they felt
during the whole session during the falls, on a visual analog
scale of 15 cm (from 0 at the left end, corresponding to no
fear at all, to 15 at the right end, corresponding to intense
panic).

Myoelectrical Activity

Electromyographic signals (EMG) of the right calf muscles
were continuously recorded throughout the experiment. The
activity was recorded from two muscles of the triceps surae,
the soleus (SOL and the medialis gastrocnemius (MG), and
from one muscle of the anterior tibial compartment (tibialis
anterior, TA). The skin was first shaved and rubbed with
alcohol to ensure low impedance (<5 kX). Trigno sensors
(Delsys, Natick, MA) were firmly strapped to the leg using
the specially designed adhesive interfaces. Sensors were
positioned 2 cm below the insertions of the gastrocnemii
over the Achilles tendon for SOL, and over the midbelly of
the gastrocnemii muscles for MG (34). Tibialis anterior
EMG activity was also recorded by placing the sensor at 1/
3rd of the distance on the line between the fibula and the
tip of the medial malleolus (34). This also helped to ensure
a lack of inadvertent TA activation during posterior tibial
nerve stimulation.

EMG signals were amplified with a bandwidth frequency
ranging from0.3 Hz to 1 kHz and simultaneously recorded on a
computer at a sampling frequency of 2 kHz using the PowerLab
data acquisition system (LabChart 8, ADInstruments, Sydney,
Australia).

Tibial Nerve Stimulation

Single rectangular pulses (1 ms width) were delivered to
the posterior tibial nerve with a constant current (Digitimer
DS7, Hertfordshire, UK) to evoke H-reflexes and M-waves of
the triceps surae muscles. A self-adhesive cathode (8 mm di-
ameter, Ag-AgCl) was placed in the popliteal fossa and an an-
ode (5 � 10 cm, Medicompex SA, Ecublens, Switzerland) was
placed over the patella. Once the optimal stimulation site
providing the greatest response peak-to-peak amplitude was
located, the stimulation electrode was fixed firmly with
straps to ensure consistency of the responses (35). The inten-
sity of stimulation was then progressively increased from
SOL and MG H-reflexes threshold by 2 mA increments to
maximal H-reflex (HMAX) and then by 5 mA increments until
the M wave of the two muscles no longer increased. This last
stimulation intensity was then increased by 20% to ensure
supramaximal stimulation and was used to record maximal
M wave (MMAX), so that no variation in M-wave amplitude
could be due to variation of axonal excitability (36).

Two intensities were retained from this initial checking:
HMAX and MMAX. Responses were evoked during the different
conditions with a minimum interval of 4 s and a maximal
interval of 10 s. These intervals were chosen to avoid a

potential influence of homo-synaptic postactivation depres-
sion from one stimulus to the following one, a minimal inter-
val of 4 s being recommended (37). In addition to the
randomization of condition order, several minutes of rest
were observed in-between conditions, ensuring no contami-
nation of the results from one condition to another. In each
condition (no VR, ground VR, plank VR, falling VR, and jet-
pack VR), 10 HMAX and four MMAX were evoked. For falling
VR, five falls were simulated during which two H-reflexes
were evoked 4 s apart, and two falls during which two MMAX

were evoked. Similarly, given the duration of the fall, several
descents were required in jetpack VR to obtain 10HMAX and 2
MMAX. H-reflexes and M-waves were evoked in random order
during each condition.

Head and Leg Movements

Headmovements were accounted for bymeans of a sensor
(Delsys, Natick, MA) placed on the forehead that recorded
angular velocity in the three axes (x, y, z) at a frequency of
2,000 Hz. A similar sensor was placed on the leg, at the level
of the soleus muscle. Leg and head movements were
recorded throughout the experiments to account for differ-
ent body oscillations among the VR conditions.

Data Analysis

For each muscle and condition, the average peak-to-
peak amplitudes of the 10 HMAX and the two MMAX

were calculated. Average HMAX was normalized to the av-
erage MMAX evoked in the same condition (HMAX/MMAX).
The small M-waves accompanying the maximal H-wave
(MatH) were also measured and normalized by the corre-
sponding maximal M-wave (MatHMAX/MMAX). Variations
in such responses are useful to identify any modification
in posterior tibial nerve stimulation during the experi-
ment (38). In each condition, the root mean square (RMS)
of EMG activities of the three muscles (SOL, MG, TA) was
calculated over 500 ms windows preceding each stimula-
tion. All RMS of each condition were then averaged and
normalized by the corresponding MMAX (RMS/MMAX). Head
and leg movements were both analyzed in the sameway, i.e.,
by calculating the resultant angular velocity among the three
axes. The mean value of the 500 ms before each stimulation
was evaluated and averaged among the different stimula-
tions of a same condition. These measures were useful to
check for possible changes in the initial conditions where
each of the H- and M- responses were evoked among the dif-
ferent VR situations.

The % of change inHMAX/MMAX from No VR to Falling VR
was plotted against the results of the visual analog scale of
fear. This latter was calculated as the distance from the mark
at the left end of the scale, inmm.

A deeper analysis of data was performed in the falling con-
dition (falling VR) by analyzing separately the five averaged
HMAX evoked during the five simulated falls, to account for a
potential habituation effect. Responses of the five falls were
expressed as a percentage of the first fall. Finally, a separate
analysis of the responses of the two stimulations of falling
VR was performed, i.e., the response evoked at the beginning
of the fall and that evoked immediately before impact with
the ground.

VIRTUAL REALITY EFFECT ON SPINAL EXCITABILITY

J Neurophysiol � doi:10.1152/jn.00383.2022 � www.jn.org 371
Downloaded from journals.physiology.org/journal/jn (037.174.106.051) on March 12, 2024.

http://www.jn.org


Statistical Analysis

All data are presented as means ± standard deviation (SD).
The normality of the data was verified using the Shapiro–
Wilk test and the homogeneity of variance by the Levene
test. As all of the variables followed a Normal distribution,
parametric one-way repeated-measures ANOVA was per-
formed on head rotations, leg rotations, TA RMS, SOL, and
GM HMAX/MMAX, MMAX amplitude, MatH/MMAX, RMS/MMAX

with the factor “condition” (no VR, ground VR, plank VR,
falling VR, jetpack VR). A Bonferroni correction for post hoc
analysis was performed with the maximal number of varia-
bles tested at the same time for each condition, e.g., MMAX,
HMAX, andMatH, leading to a threshold of P = 0.017.

For responses analyzed during the falling VR condition,
one-way repeated-measures ANOVA was performed on the
responses of the five falls with the factor “fall number” (from
one to five). To assess potential differences in H-reflexes
evoked at different timepoints during the fall, a two-tailed
paired t test was performed between the first stimulation at the
beginning of the fall (FALL 1) and the second when approach-
ing the ground (FALL 2). Pearson’s correlation coefficient was
used to assess the correlation between the % change in HMAX/
MMAX from no VR to falling VR, and the results of the visual
analog fear scale, with P obtained in the Bravais-Pearson table.

Statistical analysis was performed using STATISTICA
(10.0 version, Statsoft, Tulsa, OK). The level of statistical sig-
nificance was set at P< 0.05.

RESULTS

Initial Check

No effect of the condition was found on normalized back-
ground myoelectrical activity (RMS/MMAX) for the SOL

(F4,56 = 1.067, P = 0.381, g2
P = 0.071), GM (F4,56 = 1.263, P =

0.295, g2
P = 0.082), or TA (RMS only, F4,56 = 1.729, P = 0.156,

g2
P = 0.109). No difference was found in head rotations

between the different conditions (F3,42 = 1.116, P = 0.353, g2
P =

0.073). Furthermore, leg angular velocity did not vary
between conditions (F4,56 = 1.067, P = 0.381, g2

P = 0.071).

Spinal Excitability

In the SOL muscle, a significant effect of the “condition”
factor was found on HMAX/MMAX ratios (F4,56 = 7.170, P <
0.001, g2

P = 0.34).HMAX/MMAX was significantly lower during
falling VR as compared with NoVR (P < 0.001), GroundVR
(P = 0.006), and PlankVR (P = 0.013) (Fig. 2). No effect was
observed on raw maximal M waves, i.e., MMAX (F4,56 = 1.594,
P = 0.188, g2

P = 0.10), or on normalized submaximal M waves,
i.e.,MatH/MMAX (F4,56 = 0.645, P = 0.633, g2

P = 0.044).
In the GM muscle, no effect of the “condition” factor was

found on any of the neurophysiological indices, i.e., HMAX/
MMAX (F4,56 = 0.549, P = 0.701, g2

P = 0.038), MMAX (F4,56 =
2.368, P = 0.065, g2

P = 0.145) and MatH/MMAX (F4,56 = 0.352,
P = 0.841, g2

P = 0.025) (Fig. 3).

Fine Analysis of H-Reflex during Falling

When analyzing responses fall by fall (Fig. 4), no sig-
nificant differences were found between normalized
responses (SOL: F4,56 = 1.549, P = 0.201, g2

P = 0.099; GM:
F4,56 = 0.948, P = 0.443, g2

P = 0.063). During falling VR,
the SOL H-reflex increased significantly (P = 0.006) from
the beginning of the fall (FALL 1) and the end (FALL 2)
when approaching the ground (Fig. 3). However, no dif-
ference was found for SOL H-reflexes in jetpack VR
between different stimulation times, whether it was at
the beginning of the descent or close to the ground (P =
0.329). No difference was observed in GM H-reflexes in

Figure 2. Typical recordings of soleus H-reflexes in the different virtual situations. Each trace is an average of 10 traces. The vertical arrows indicate the
moment of stimulation. VR, virtual reality.
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any falling situation (P = 0.233). It must be noticed that back-
ground EMG activities of SOL did not significantly vary (P =
0.852) from FALL 1 (RMS/MMAX = 0.0147±0.004) to FALL 2
(RMS/MMAX = 0.0146±0.005), similarly for GM (FALL1: RMS/
MMAX = 0.0148±0.007; FALL2: RMS/MMAX = 0.0145±0.006;
P = 0.695) and TA (FALL1: RMS = 0.098±0.071 mV; FALL2:
RMS = 0.087±0.092; P = 0.281).

A significant correlation was observed between the %
change in SOL HMAX/MMAX from No VR to Falling VR, and
the results of the visual analog fear scale (r = 0.676, P < 0.01)
(Fig. 4). No correlation was found for the GM muscle (r =
0.173, P > 0.10). No correlation with VAS was either found
for any other condition (change from rest to groundVR,
plankVR, jetpackVR).

DISCUSSION

This study investigated the effect of different posture-
challenging tasks, simulated using VR, on standing spinal
excitability of the triceps surae muscles. The main results
illustrate a drastic decrease in H-reflex amplitude of the
soleus muscle during falling (fall VR and jetpack VR) com-
pared with quiet standing conditions, while it remained
unchanged in the GM muscle. A deeper analysis of soleus
H-reflex modulation during the simulated fall revealed
that the H-reflex was lower in the first phase of the fall,
then increased again slightly in the second phase, i.e., im-
mediately before impact with the ground. These modulations
were observed in the absence of any other neuromuscular

Figure 3. H-reflexes during the different virtual situations. A: soleus (SOL) HMAX/MMAX, myoelectrical activity (root mean square, RMS/MMAX), maximal
(MMAX), and submaximal (MatH/MMAX) during the several conditions; B: gastrocnemius (GM) HMAX/MMAX myoelectrical activity (RMS/MMAX), maximal
(MMAX) and submaximal (MatH/MMAX) during the several conditions. Gray lines represent individual data. �P< 0.05 and ��P< 0.01.
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modulation (RMS and M-waves) or body movements (head
and leg) during the VR conditions.

In real conditions, the H-reflex of the triceps surae
muscles, and especially the soleus, is known to be downmo-
dulated with increased complexity of the postural task.
Indeed, soleus spinal excitability has been shown to decline
from lying down to standing (25, 39), and even from quiet
standing to standing on an unstable surface (40). One of the
main reasons put forward to explain this is the need for the
system to reduce postural sways and prevent overreaction of
the plantar flexors, major actors of postural stability, due to
large reflexive contractions. This phenomenon is highlighted
when participants are standing on a reduced surface (41),
and evenmore so if this reduced base of support is above the
ground, such as on a beam (27). For most of these authors,
the involvement of spinal presynaptic inhibitory structures
seemed to play a major role in the reduction of spinal excit-
ability with the increase in postural challenge (39). This was
first attributed to different amplitudes of postural sway,
leading to different muscle stretches (soleus) and, per se, dif-
ferent muscle spindle activity, which mediates Ia afferent
discharge. Indeed, different postural sways could modulate
the amplitude of the H-reflex, due to variations in spindle
afferent feedback, which modulates presynaptic inhibition

of Ia afferents (42). However, here, no differences in body
movement, as shown by head movement and more particu-
larly, leg angular velocity, was found among the different VR
conditions. This result may rule out potential different influ-
ence of spindles activity, i.e., mediating Ia afferent dis-
charges, among VR conditions. The changes observed here
may then more likely arise from supraspinal influences on
spinal circuitry.

It should be noted that spinal networks, especially the pre-
synaptic circuitry, are widely under the influence of supra-
spinal input (43). Indeed, previous research has shown that
presynaptic circuitry can be influenced even by small de-
scending command in the absence of significant modula-
tions of motor output, i.e., background EMG activity. This
was shown by motor imagery, i.e., mental simulation of
movements (44) or, to a lesser extent, by observation of
actions performed by others (45). It was postulated that the
effects of vision and posture on spinal excitability of the pos-
tural muscles are not necessarily interrelated. Indeed, while
both an increase in postural complexity (from two-legged to
one-legged standing posture) and a decrease in visual cues
(from eyes open to eyes closed) led to a decrease in soleus
H-reflex, no interactive effect was observed (46). This
emphasizes that H-reflex can be modulated in standing

Figure 4. In-depth analysis of H-reflexes during virtual falling. A: soleus (SOL) and gastrocnemius medialis (GM) H-reflex variation from the first to the fifth
virtual fall. Responses are expressed in percentage of the first fall. B: relationship between the decrease of H-reflex from virtual falling to the standing
quiet condition (in %) and the score of fear on the visual analog scale (VAS). C: differences between SOL and GM first H-reflex response at the beginning
of the fall (FALL 1) and the second response right before ground contact (FALL 2). ��P< 0.01.
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posture by varying visual cues in the absence of balance var-
iations. The lack of difference of background muscle activity
in the considered muscles (SOL, GM) also raised potential
similar muscle feedbacks. Similarly, the lack of change in an-
tagonist muscle (TA) activity between VR conditions rules
out a potential role of co-activation and its associated mech-
anisms in the observed changes.

Independently of afferent feedback from muscle spindles,
visual information delivered by VR was shown to be an im-
portant stressor for postural stability and an interesting
model to study the importance of visual input on the neuro-
muscular system that mediates balance (47). Although there
is no previous literature specifically on the effect of VR on
standing H-reflex, it is known that a complex visual environ-
ment could lessen the amplitude of the H reflex (48), i.e.,
with multiple visual stimuli as compared with absence of
stimuli (eyes closed). In the present experiment, the simple
fact of being in VR cannot solely explain these results, since
no differences were found between rest H-reflex and simple
VR tasks (ground VR, plank VR). Interestingly, although of
lesser magnitude, jetpack VR also led to a decrease in H-
reflexes, as during free falling (falling VR). This meant that
H-reflexes were modulated downward both in controlled
and uncontrolled falling. These results underline the impor-
tance of visual stream during falling, whether the participant
can control such a long fall (80 floors) or not.

Moreover, the influence of vestibulo-spinal tract on the tri-
ceps surae H-reflex, a main actor of drop landing and bal-
ance, has been suggested (49). Indeed, it is now accepted
that the vestibular system is able to modulate the cortical
output to spinal networks, thus leading to changes in spinal
excitability, especially on the triceps surae during standing
(49). Using an elegant experimental design with a chair sus-
pended by electromagnets that could induce unexpected
falling, Lacour et al. (50) showed that labyrinthectomized
monkeys (removal of part of the vestibular system) lose the
downward modulation of reflexes during falling. This high-
lights the important role the vestibular system plays in the
modulation of H-reflexes during standing and falling.
However, its effects are related to the detection of accelera-
tion by the semicircular canals or otoliths, parts of the vestib-
ular system that are sensitive to body tilt or accelerations. It
has been reported that in a quiet standing position, postural
oscillations are not sufficient to activate reflex modulation
by the vestibular system (51). This rules out a potential influ-
ence of direct involvement of the vestibular system in the
present experiment, since no differences were found in head
movements between VR conditions. However, it is acknowl-
edged that the visual and vestibular systems influence each
other. Consequently, visual cues, such as during gaze-stabili-
zation exercises, may influence the vestibulospinal system
and lead to a different modulation of triceps surae H-reflex
in the standing condition (52). Vestibulo-spinal tracks are
also widely influenced by cerebellum networks, at the level
of the brainstem (53). Furthermore, the cerebellum could
also play a key role in modulating spinal excitability during
virtually simulated movements. Important activation of
functional circuits within the cerebellum has been illus-
trated with functional magnetic imagery, during both motor
(i.e., in the presence of afferent feedback) or cognitive spatial
navigation (54). Therefore, even in the absence of significant

changes in muscle afferent feedbacks and/or in head move-
ments that could differently activate vestibular sensors,
here, the influence of the vestibulo-spinal tracks on spinal
excitability cannot totally be ruled out, although indirectly
activated by visual information of falling.

A difference was noted between controlled (jetpack VR)
and uncontrolled falling (falling VR) when analyzing the H-
reflex responses during falling in greater depth. Indeed,
although the H-reflex depression was lower in controlled as
compared with uncontrolled falling, the modulation of H-
response according to the phase of the descent was absent
from the controlled falling. This highlights the fact that the
visual stream during the descent is not the only cue thatmod-
ulates the H-reflex, and that in uncontrolled falling, the mod-
ulation of spinal excitability when approaching the ground
may stem from other sources, such as an internal representa-
tion of free falling that is not present when the participant has
the feeling that they can control their descent (by means of a
jetpack). This internal representationmay generate the fear of
falling, which is known to be able tomodulate spinal circuitry.
In fact, in humans, the modulation of the H-reflex during free
falling has been studied for years, yet remains quite contro-
versial in the existing literature, and seems to be an individual
behavior (55). It also depends on psychologic factors, the fall-
ing being either expected or unexpected in the different stud-
ies, or on different falling heights. However, in the present
study, participants voluntarily chose the moment to jump off
the plank, therefore the fall is expected. Furthermore, the
downward regulation of spinal excitability was still observed
after several trials of virtually simulated falling and did not
lessen from one trial to another. This excluded a potential
“surprise” effect and showed that the psychological factor
influencing spinal excitability was not linked with a sudden
and unique stimulus. Indeed, spinal excitability is also known
to be reduced when quietly standing on the edge of a raised
platform and that this modulation depends on the height of
the platform, revealing that postural anxiety can lead to a
reduction in H-reflex (29). In the present study, the effect of
height was maximized, therefore participants had to jump
from a building of 80-floors, which obviously represented for
all participant a situation of extreme risk of injury (or even
death). In the absence of different afferent feedbacks from
postural muscles, as well as from head rotations, such a
decrease in spinal excitability could then be attributed mostly
to input from the brain, which responds to a situation of dan-
ger. Therefore, the visual cues generated by VR, associated
with the feeling of uncontrolled falling, might generate the
sensation of actual falling.

The literature about H-reflex variations observed during
real falling indicates that VR simulation of free falling seems
to mimic the actual modulations. The H-reflex is known
to be downmodulated during drop jumps, is inhibited during
the aerial phase, and increased immediately before impact
(56). This slight increase before ground impact, even though
theH-reflex remains lower than the rest response, is to prepare
the muscles and the spinal level, which mediates the stretch
reflex, to manage the landing, and possibly the rebound (in
case of a drop jump). It seems that the neuromuscular system
can anticipate the plantar flexor stretch, and more specifically
the soleus muscle, for a landing that causes sudden ankle dor-
siflexion (57).
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It should be noticed that spinal excitability decreases during
VR-simulated falling were only observed in soleus muscle
(SOL), while it remained unchanged for the gastrocnemius
medialis (GM). Although gastrocnemii muscles are synergists to
SOL, their respective spinal circuits are not necessarily modu-
lated in the same manner by descending and/or afferent drives
(24). Several factors may explain these differences. First, they
present different biomechanical configuration and function,
gastrocnemii being pluriarticular (also knee flexors), that would
lead to different results in their respective H-reflexes (58). Here,
this could lead to amethodological issue regarding the fact that
in standing posture gastrocnemiimuscles are stretched because
the leg is fully extended, while to optimize the assessment of
gastrocnemii H-reflex it is usually recommended to stimulate
with knee bent at 90� (59). In general, the present experimental
design regarding participant’s posture and stimulation condi-
tions is optimal for the soleus muscle, therefore it remains pos-
sible that GM evaluation was slightly underrated. However,
several neurophysiological mechanisms may contribute to a
larger extent to the differences observed here between SOL and
GM. Indeed, it is known that spinal circuitry is different
between these twomuscles, leading them to respond differently
to some interventions (60). This difference is mainly a result of
their different type of motor units, i.e., slow (SOL) versus fast
(GM) (61) or their difference in muscle spindles density that
mediate the stretch reflex, being higher in SOL than in GM (58).
It is acknowledged that low-threshold slow motoneurons are
more prone to depression, whereas high-threshold fast moto-
neurons are less sensitive to inhibition (62, 63). Moreover, pre-
synaptic inhibition may be differently controlled by the
descending inputs in gastrocnemii and in SOL motoneuronal
pools (64). Particularly, vestibulo-spinal projectionsmay exhibit
differences from gastrocnemii to soleusmuscles (65). These dif-
ferences may arise from a slight different functional role in bal-
ance, SOL being constantly active while gastrocnemii operate to
correct transient disturbances (66–68). Therefore, in the present
study, the differences observed between GM and SOL H-reflex
behavior during VR could be due to several factors, frommeth-
odological concerns to intrinsic muscles composition, and
more importantly to different cortico-spinal projections and
influences. The different origins of this difference are not possi-
ble to distinguish with the current results, and especially if this
difference in VR is the sole result of different cortical influences.
A specific rationale aiming at isolating GM to SOL corticospinal
projections, for instance with transcranial magnetic condition-
ing or with corticomuscular coherences analysis (EEG-EMG)
could help address this question.

Finally, a significant correlation has been observed from
the score to the visual scale of fear and the SOL H-reflex
downregulation during falling. No correlation has been
observed between this score and the other condition, espe-
cially with controlled falling (jetpack VR). Once again, this
highlights a potential link between the spinal mechanisms
activated during falling and psychological factors. However,
the relationships observed showed that H-reflex was less
modulated as the VAS score of fear was high. The direction
of this relationship could be interpreted as an inhibition of
the motor system processes according to the level of fear.
Therefore, such psychological factors could lead to a down-
regulation of the actual mechanism that could be observed
in real drop landing, because of the unusual and stressful

situation experienced here in VR. This assumption necessi-
tates further investigation to be ascertained but shows that
this first study opens interesting tracks for future research.

Practical Implications

It can be noted that the position in which participants per-
formed VR also contributed to the effect, the standing posture
being closer to the simulated situation. Indeed, background
muscle activity induced by the standing posture accounts less
for H-reflex modulation than the body position itself (24).
This highlights the importance of body position on spinal
modulations and underlines that the combination with visual
feedback provided by VRmay provide better results, although
this needs to be confirmed. Therefore, the use of multi-senso-
rial stimulation, which includes visual information through
VR and peripheral sensory information that matches the
simulated simulation, can be recommended to maximize the
effect of VR in a clinical setup.

In fact, most studies on VR in the literature have focused
on virtual contexts unrelated to voluntary movements, such
as the roller coaster situation (69). Thus, the use of virtual
contexts close to human motor activity could lead to signifi-
cant gains if this modality is used in sports training or in
rehabilitation. Indeed, the important psychological and
physiological stimulation, possibly associated with the acti-
vation of the sensorimotor system, could enable the creation
of a context favorable to increases in performance when VR
is used in a chronic approach. In addition, the present results
showed that the effect observed lasted over the first VR-
simulated falling with no change over the several trials
(7 simulated falling here), excluding the “surprise” effect of
the first trial. This raises a potential effect of such VR proto-
col over a longer exposure, therefore being potentially bene-
ficial for patients whose spinal circuitry is particularly
affected such as those with spasticity (70), chronic ankle
instability (71), amyotrophic lateral sclerosis (72), and evi-
dently spinal cord injury (73). In these cases, the present
study shows that VR offers the opportunity to solicitate spi-
nal mechanisms associated to posture with a minimal physi-
cal stress as compared with traditional gait exercises.

Study Limitation

In the present study, the maximal H-reflex has been used
as the marker of spinal excitability, normalized by the maxi-
mal M-wave (HMAX/MMAX). It is known that HMAX may not
represent the optimal intensity for such exploratory study
where there could be both a facilitation and an inhibition,
especially for facilitation because of a potential ceiling effect.
To that aim, some previous experiments used a lower
H-reflex stimulation intensity, for instance, the one evoking
50% of maximal H-reflex. This intensity ensures susceptibil-
ity to both facilitation and/or inhibition (39, 74). In fact, the
ideal experimental design would be to evoke two ormore dif-
ferent H-reflex intensities, lying on the ascending part of the
H-reflex recruitment curve (38), which also allows to account
for the “size-effect” especially when it is about measuring an
inhibition. However, in the present study, this would have
led to multiplying the number of trials and therefore per-
forming multiple times more the VR conditions. This could
have represented a limitation, both for the observed effects
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and for the acceptance of participants. As the H-reflex could
be of relatively small amplitude in a standing posture for
some participants, maximal H-reflex intensity has been cho-
sen to warrant a sufficient initial size. While at rest and in
relaxed conditions (i.e., in sitting position and with no back-
ground muscle activity), the ceiling effect of HMAX could be
easily reached, in standing posture (as in the present study)
the state of the Ia-a motoneuron synapse would allow to still
observe upward modulations. Indeed, maximal H-reflex is
decreased from sitting to standing (24). This is not explained
by different stimulation conditions from sitting to standing
but by a different level of presynaptic inhibition of Ia affer-
ent terminals onto the a motoneurons, which mechanisms
are highly dependent upon descending inputs (39). In any
case, the present study represents a first step toward a
deeper understanding of spinal excitability changes with
such VR intervention. Further experiments are warranted
with various H-reflex intensities, but also with conditioning
maneuvers (e.g., D1 presynaptic inhibition), to decipher the
underlined balance between facilitation and inhibition.

In the present study, anxiety related to simulated falling
was only assessed through a global visual scale asked at the
end of the experiment. To deepen the analysis on the relation-
ship between spinal changes and the sensation of fear, partici-
pants could have been asked to rate their perception after
each of the situations. This would also have helped in under-
standing a possible acclimatization effect in response to the
repetition of VR situations. However, the randomization pro-
cess of the present study, from one condition to another and
from one parameter to another (H-reflex and M-wave) would
have led to a complex analysis of the order effect. In comple-
ment, such scale is eminently subjective, while other markers
of stress could also be tracked concomitantly with corticospi-
nal changes. Indeed, other VR situations were shown to
change objective markers of stress, i.e., heart rate variability
(75) or in skin conductance (76). These markers are, however,
more difficult to analyze when the participant is not in totally
quiet position, like in the present study where participants
were standing and moving in the virtual environment.
Further experiments are then warranted to objectify in real-
time the stress induced by such VR conditions and analyze its
relationship with neuromuscular modulations.

Conclusions and Perspectives

Visual simulation of free falling induced by VR was suffi-
cient to induce spinal excitability changes mimicking those
observed during actual falling. This was observed even in
the absence of other peripheral input, since no change was
observed in head and leg movements, or in background
EMG activity of the plantar flexors. However, this effect
seems to be targeted to the muscles most involved in pos-
ture, since the GM remained unaffected, contrary to the SOL,
which is a main antigravity muscle.

For patients as for athletes, VR could thusmake it possible to
work as closely as possible to the conditions of the desired per-
formance (replication of a real situation), whilemaintaining the
person in safe conditions. There is currently no literature on the
use of VR in a training context and its effects on the neuromus-
cular system such as the spinal excitability. The present results
represent a very promising first step toward further research on

corticospinal circuitrymodulation induced by VR. For example,
testing in more detail the relationship between neuromuscular
system adaptation and perception of risk can be the next step.
In the present case, testing the effect of different simulated fall-
ing heights that represent different levels of risk according to
the participant, could be an interesting track for further studies.
Furthermore, investigating the relationship betweenneuromus-
cular mechanisms and stress/anxiety generated by VR could
also represent a very interesting track to follow.
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