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Abstract
Background: Immersive virtual reality solutions are seeing increasing usage in functional 
rehabilitation programs. However, there is no reference that allows us to confirm that these 
environments present the same characteristics and therefore the same degree of safety and training 
in postural responses for balance.

Aim: The aim of the study was to compare displacements from center of gravity (distance covered 
and surface used) in balance tests, comparing the real situation to an identical virtual situation.

Participants: 70 healthy subjects aged between 18 and 65 were recruited in two centers.

Setting: The study used a one-way repeated-measures design with randomization of the order in 
which the two test conditions were performed.

Method: The first test condition was "real", taking place in a bedroom of a treatment center 
apartment, and the second was virtual, with the room reproduced and seen through an HMD. 
For each condition, two static tests (left leg, right leg) and two dynamic tests (left and right) were 
performed. Each test included three attempts.

Outcome measures: The displacement from the center of gravity was recorded on a force plate.

Result: Sixty-Nine participants completed all of the tests and were analyzed. None of the tests 
resulted in confirmation that the virtual was equivalent to the real (Two One-Sided Tests for left 
static, right static, left dynamic, right dynamic; surface respectively p=0.592, p=0.151, p=0.238, 
p=0.503; distance respectively p=1.00, p=0.91, p=0.0742, p=1.00). Furthermore 6 tests of out 
8 showed a significant and considerable difference (surface respectively p=0.00249, p=0.0664, 
p=0.0318, p=0.00483; distance respectively p=1.12 × 10-8, p=5.27 × 10-5, p=0.153, p=2.55 × 10-9).

Conclusion: Postural responses were poorer in the immersive virtual environment, both on the 
static and dynamic balance tests.

Clinical rehabilitation impact: The offer of balance rehabilitation in immersive VR raises safety 
issues and consequently ethical issues that are as yet unresolved. Researchers must test solutions to 
correct this serious problem.
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Background
Virtual Reality (VR) has been used to improve balance in patients who have had a CVA, patients 

with neuro-degenerative conditions and elderly people [1-3]. However, usability and efficacy have 
in the main been studied on the basis of systems that offer low or moderate immersion, such as 
the Wii or Kinect. The use of an immersive system (VR, high immersion) tends to demonstrate 
additional benefits such as treating pain in phantom limbs or improving walking by introducing 
visual landmarks [4-8].

We wanted to identify the procedures for validating an immersive virtual environment (with 
Head Mounted Display, HMD) in balance training.
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Balance is a complex skill made up of three sub-systems that 
work together to keep us in contact with our environment and to give 
us the ability to react to current conditions and prepare for future 
changes. These sub-systems are the proprioceptive system, vestibular 
system and vision. Immersive VR completely modifies our visual 
perception of the surrounding environment and this can lead to 
information that contradicts that which we are perceiving through 
the other sub-systems involved in balance, proprioception and the 
vestibular system, which produces discomfort, motion sickness and 
loss of balance [9]. The properties of the pressure centers on force 
plates (area, trajectory, distance covered) have been analyzed to 
evaluate balance performances in patients post-CVA, people with 
MS, people with Parkinson's disease and elderly people [10-13]. 
A virtual environment can therefore be validated by comparing 
the characteristics of COP (center of pressure) through static and 
dynamic balance exercises in a real environment and the same 
environment translated into immersive virtual reality.

Few studies have put forward a full validation procedure. Using 
an HMD with a smartphone, Woo et al. [14] showed that the COP 
area and oscillations increase in single-leg balance. The device did not 
assess balance in displacements of the head or upper limbs. Morel et 
al. compared COP in real and virtual situations using a ball-avoidance 
game [15]. They found an increase in response times and oscillation 
ranges in VR. No assessment of single-leg stance was made and the 
sample was small (18 participants).

Luo et al. [16] compared COP through three types of visual 
stimulation, using vertical, horizontal and concentric lines in real 
and VR environments, without finding any significant difference 
between the two, but the device did not test balance with mobility 
of the head or upper limbs. In the Kim study looking at walking in a 
virtual environment, the data showed that postural control measured 
by oscillation of COP was not affected by VR, with patients free to 
look around in an urban landscape [17]. This study did not assess the 
patient in a precarious balance (single-leg stance). Horlings et al. [18] 
studied the influence of virtual reality on postural stability during 
gentle posture movements with feet together and feet in tandem [18]. 
It found that VR led to an identical deterioration in balance as seen 
in the same situation with eyes closed. However, this study used older 
generation HMD which is less effective.

Robert et al. [19] validated a virtual environment using the 
functional reach test for patients with cerebral palsy and showed 
that movement was slower with a slightly reduced range compared 
to the test in a real environment. COP was not measured with head 
displacement or in single-leg stance. The same author carried out a 
study in 14 adults in good health and examined the effects of using an 
HMD for 3 min on static and dynamic balance [20]. The study found 
that, even though there was no significant difference in static balance 
when using an HMD, there was a significant difference in dynamic 
balance; however, the sample was small.

It is also thought that a difference in postural responses could 
affect the transfer of learning. This is the process by which a person's 
participation in an activity influence, either positively or negatively, 
how this same person carries out the activity at a later time [21]. The 
acquisition of movement results in the construction of a new motor 
program and these programs appear to be relatively fixed and not 
especially transferable. Motor learning is very specific and a transfer 
is only seen in cases when there is a very strong similarity between the 
situation in which the skill was learned and the transfer situation [22]. 

The conditions for similarity are: The general shape of the gesture; 
the rhythmic structure; the perceived relationship between body 
and environment; the type of motor facilitation; tactical principles; 
biomechanical principles; and finally psychological attitudes (role 
played by success and failure).

As a result, sensory impulses involving different postural 
responses from one context to the other (VR and R) will introduce 
motor acquisitions that are partly non-transferable to reality [23].

The studies very often also report assessments of a sensation of 
motion sickness, sometimes observed in immersive virtual reality 
environments. The SSQ (Simulator Sickness Questionnaire) was 
updated in 1993 and is used a reference for the vast majority of studies 
[24] although its validity for use in virtual reality is open to question 
[24]. A variant adapted for virtual reality, the VSSQ, was studied by 
Kim et al. [25], however the psychometrics of this version perform 
less well than the SSQ. Motion sickness appears to be more common 
in women [26], and this is also found with immersive VR [27].

The two elements that were therefore chosen to study postural 
responses in a virtual environment were COP and motion sickness.

Immersive VR may offer greater efficiency in rehabilitation 
of balance and motor skills for complex patients. The technical 
features of the environments, scrolling speed in three dimensions 
and angulation mean that equivalent postural reactions in VR and 
reality can be ensured. This validation is a crucial element in the 
development of VR and in remote rehabilitation. It is essential for 
patient safeguarding as patients must not be exposed to danger 
during VR sessions.

Furthermore, there is no clear proof in the literature of the 
equivalence of postural responses between comparable real-world 
conditions and virtual reality in a static and dynamic balance exercise.

Specific Objectives 
The main objective of this study is to check the equivalence of 

postural responses in both situations, real and virtual, in similar 
environments, measured by the displacement of the center of 
pressure, distance covered and surface used. The secondary objective 
is to ensure there are no side effects of motion sickness.

Method
Design

This study uses a one-way repeated measures design [28] with 
randomization of the order in which the two test conditions were 
performed. The study follows the recommendations of CONSORT 
2010 [29]. It has been registered with clinical trials.gov prior id°. 
NCT04574726.

The study received approval from the South-East France I ethics 
committee on 17/09/2020. The study is supported by FEDER, (Fonds 
Européen de Développement Régional), European Union and 
Brittany, France.

Sample size
Cohen's d for calculating the detectable internal equivalence was 

performed using the TOSTER package version 0.3.4 under r statistic, 
"powerTOSTpaired" function.

The equivalence bounds to achieve 80% power for a small effect: 
-0.35 and 0.35 correspond to a sample of 70 matched participants.
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Participants
Two recruitment centers were used, Pôle St Hélier, a continued 

care and rehabilitation center in Rennes, and La Musse Hospital in 
Evreux.

The inclusion criteria were: healthy individuals aged between 18 
and 65. We excluded people with severe vision disorders, vestibular 
disorders, orthopedic disorders of the lower limbs, orthopedic 
disorders requiring an upper limb brace, pregnant women and people 
with a score of over 25 on the MSSQ [30]. The participants signed two 
copies of a Free and Informed Consent Form.

Randomization
Each participant performed the balance tests under both 

conditions: In a real environment and a virtual environment. A list 
with the randomization of the order in which the real/virtual tests 
were performed was prepared in advance by a blinded operative 
(random function in excel).

Intervention
A real space was scanned so it could be translated into virtual 

reality (Figure 1). The subject was positioned in a hospital room 
opposite the bed. The volume of the room and its furniture, wall 
displays, window and shadows were reproduced. A red chair was 
placed to the left of the bed to provide a contrasting visual landmark. 
The virtual environment was loaded on to an Oculus Quest 1 
(Consumer Edition, Facebook, United States). Once in position 
opposite the bed, each subject could follow the instructions whether 
in the real environment or the virtual one.

A force plate (Tyromotion Tymo plate) was positioned on the 
floor in front of the bed. The virtual environment was configured 
to be consistent with the real environment in terms of the position 
and distances to furnishings. The Tymo plate recorded displacements 
from the Centre of Pressure (COP).

Each participant went through a cycle of four successive 
assessments: 

1. static single-leg, left foot 30 sec.

2. static single-leg, right foot 30 sec.

3. dynamic single-leg, left foot 30 sec.

4. dynamic single-leg, right foot 30 sec.

The dynamic test involved linking a series of movements. 
Displacement of the upper limbs and head in three dimensions were 
configured as follows (Figure 2):

Starting position: Single-leg balance, Upper Limbs (UL) by the 
sides

•	 Movement 1: elevation of UL in maximum flexion for 6 sec

•	 Movement 2: UL lowered towards the opposite side from 
the standing leg until horizontal in 3 sec

•	 Movement 3: horizontal displacement from one side to the 
other in 6 sec

•	 Movement 4: UL lowered towards the starting position in 
3 sec

Each participant had 3 attempts for both the virtual and real 
environment in the randomized order.

Outcomes
Primary outcome: The primary outcome measure is displacement 

of COP recorded during the balance tests:

•	 Surface of COP in cm2 measured during the tests.

•	 Distance covered by COP in mm

Secondary outcome: The potential side effects of immersive 
virtual reality were measured afterwards on the SSQ [31]. “Cyber 
sickness” occurs where there is a conflict between vestibular and 
visual input demonstrating latency of the virtual environment relative 
to head displacement. If the SSQ scores are high, the loss of balance 
could be attributable to the configuration of the virtual environment.

Blinding
Each participant performed the tests according to the 

randomization arm they were allocated to using a previously drawn-
up list. The assessors created a patient identity in the software using 
the enrolment number followed by the experimental arm. The 
assessor monitored the tests being performed and the recordings of 
the pilot software of the plate for capturing the center of gravity; no 
data on test performance could be modified by the assessor.

Statistical methods
The data were processed using the equivalence test: Two One-

Sided Tests Procedure (TOST) [32] on paired data [33].

The statistical tests were carried out using the TOST package and 
the function “TOST paired”. To exclude confounding bias, we sought 
to find out whether the order of test environments had any influence 
on performance (t test between the two arms), and whether there was 
any learning over the 3 series of tests requested (Kruskall-Wallis on 
each series of 3 tests for 4 tests in the real environment and 4 tests in 
the virtual environment).

Results
Recruitment

Between October 15th, 2020 and January 21st, 2021, 70 subjects 
were recruited at Pôle St Helier and at La Musse Hospital; 40 and 
30 respectively. One person chose to withdraw from the tests due 
to the onset of knee pain during the single-leg stance. All the other 
participants performed all 6 attempts: 3 real, 3 virtual, making a total 
of 24 balance tests. For each test, the distance and surface of the COP 
were recorded. 48 variables were collected for each participant. The 
data of 69 participants were analyzed (Figure 3).

Baseline data
The mean age was 33 years (SD 11.38). There was an even male/

female split (35/34).

The majority of the population were right-handed (60), with eight 
who were left-handed and one person who proved to be ambidextrous. 
36 participants were in arm 1: Real environment then virtual, 33 were 
in arm 2, virtual then real. No incidents requiring reporting occurred 
during the participants' tests. The mean of the score for sensitivity 
to motion sickness was low (mean 5.20 SD 4.98) compared to mean 
normal values (mean 12.9 SD 9.9) [30]. There was no difference 
between men and women in this respect (p-value =0.1334) (Table 1).

Outcomes and estimation
Analyses were made of displacement of Centre of Gravity: surface 

used and distance covered.
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Testing the equivalence of the real and virtual reality 
environments: Based on the equivalence test and the null-hypothesis 
test combined, the observed effect (COP area and distance) is 
statistically not equivalent to zero for all performed tests. Thus, most 
of them (6/8) are statistically different from zero (Table 2 and Figure 
4).

There is no significant difference between the variations in surface 
and the variations in distance (Left Static, Right Static, Left Dynamic, 
Right Dynamic, confidence interval for the difference and p value, 
respectively: [-1.53;11.53] p=0.13; [-11.35;9.75] p=0.88; [-3.63;28.64] 
p=0.12; [-2.38;20.85] p=0.11).

Comparison of randomization arms: Three out of four 
results from the dynamic tests showed that the arm did influence 
performances (distance right dynamic, distance left dynamic, surface 

left dynamic; t. test ~ Harm Virtual-Real p value, mean arm 1, mean 
arm 2, respectively: [p=0.002 A1=11.15, A2=27.46]; [p=0.03, A1=-
5.46, A2=38.71], [p=0.006, A1=-1.12, A2=1.72]). The participants that 
started with the real environment saw a less significant deterioration 
in their performances in the virtual one.

Comparison of the series of 3 tests: None of the ANOVA of the 
3 tests for each measure (2 variables, 4 tests in the real environment, 
4 tests in virtual so 16 tests) was statistically significant except for the 
variable surface on the left dynamic virtual test (ANOVA of the 3 
tests; p=0.0468).

Assessment of motion sickness
The mean of the measure for post-experience motion Sickness 

Symptoms (SSQ) was low (mean 2.08, SD 2.63) on a scale of 64. There 
was no difference between males and females [mean (SD): M=1.91 

Data by center

 Center 1 Center 2 Pool

n 39 30 69

Arm 1: n=36 2: n=33  

Sex M=20, F=19 M=15, F=15 M=35, F=34

Age (mean, sd) 34.61 (12.28) 31.06 (9.93) 33.07 (11.38)

Weight(kg) (mean, sd) 65.99 (9.87) 72.58 (15.58) 68.86 (12.99)

Size (cm) (mean, sd) 171.41 (7.73) 169.7 (8.61) 170.67 (8.11)

MSSQTo (mean, sd) 7.02 (5.49) 2.83 (2.90) 5.20 (4.99)

Other data

Laterality Right-handed n=60 Left-handed n=8 Ambidextrous n=1

Harm 1: n=36 2: n=33

Table 1: Demographic and clinical characteristics of participants.

Centre 1: Pôle St Helier; Centre 2: La Musse Hospital; random order: Harm 1: reel virtual; Harm 2: order Virtual Reel; MSSQTot: Motion Sickness Susceptibility 
Questionnaire

Surface

Mean (sd) Equivalence test Null hypothesis test difference mean [CI]

Left Static R 1.34 (0.98)
p=0.592 p=0.00249** -0.44 [-0.72 -0.16]

Left Static V 1.78 (1.85)

Right Static R 1.47 (1.04)
p=0.151 p=0.0664 -0.25 [-0.52 0.01]

Right Static V 1.73 (1.12)

Left Dynamic R 2.71 (3.65)
p=0.238 p=0.0318* -0.7 [-1.45 -0.06]

Left Dynamic V 3.47 (2.12)

Right Dynamic R 2.422 (2.50)
p=0.503 p=0.00483** -1.27 [-2.15 -0.40]

Right Dynamic V 3.70 (3.70)

Distance

Mean (sd) Equivalence test Nul hyothesis test difference mean [CI]

Left Static R 78.04 (25.73)
p=1.00 p=1.12 × 10-8*** -11.38 [-14.88 -7.8]

Left Static V 89.42 (31.13)

Right Static R 76.99 (23.24)
p=0.91 p=5.27 × 10-5*** -7.12 [-10.42 -3.83]

Right Static V 84.12 (19.24)

Left Dynamic R 115.10 (83.65)
p=0.0742 p=0.153 -15.66 [-37.29 5.96]

Left Dynamic V 130.76 (54.54)

Right Dynamic R 102.79 (31.46)
P=1.00 p=2.55 × 10-9*** -18.97 [-24.48 -13.45]

Right Dynamic V 121.76 (30.78)

Table 2: Comparison of the series of 3 tests.

R: Real; V: Virtual; Null hypothesis test: dependent t-test; Equivalence test: two one-sided tests procedure; * p<0.05; ** p<0.005, *** p<0.0005
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(3.01); F=2.26 (2.22); p-value =0.5836]. This sensitivity correlates to 
the pre-experience MSSQ score (r=0.28 p=0.019).

Discussion
Interpretation

We wanted to test the equivalence of postural responses in a real 
environment and a similar virtual environment. Further to this study 
we can confirm that static and dynamic postural balance are not 
equivalent in the same situation in a real and a virtual environment 

and that most of the time, it is in fact quite different. The surface and 
distance increased together from the real to the virtual. Undergoing 
the real situation seemed to improve performances in the virtual 
situation although it did not lead to equivalence. Repetition of the 
three tests without a recovery period in between did not result in any 
learning effect. With an overall alpha risk of 1-(1-0.05)16 =0.56, we 
believe that the significant result on a single test out of 16 is an artefact 
due to chance. There was no change in performance over the three 
attempts.

Elsewhere, the very low SSQ score demonstrates good consistency 
between the real and virtual environment in the 3 dimensions. This 
means we must exclude the idea of a sensory conflict caused by a 
delay in perceiving a motion in the virtual environment as causing 
the deterioration in performance.

Two questions can be raised, the first being to find out why there 
is such a difference and the second is whether it is possible to correct 
the problem. There are a number of possibilities to consider.

Balance and visual field: The Oculus Quest 1 have a field of view of 
110° i.e., 55° per eye [34]. It reaches almost the total range of binocular 
vision, which is 62°. However, the total range of monocular vision 
(from 62° to 114°) does not return any information in VR. It should 
be noted that the distribution ratio of photoreceptor cells into rods 
and cones clearly differs for the central and peripheral visual fields. 
Neuro-imaging studies have demonstrated that the representation in 
the far peripheral retina sends inputs to the MT/MST areas (middle 
temporal/medial superior temporal) [35]. The MST in particular, is 
connected to the hierarchy of vestibular processing [36].

The vision provides the essential information about our 
movements and the environment. It is therefore of prime importance 
in motor control and balance [37]. Berencsi showed that peripheral 
vision (monocular) reduced postural sway more than central vision. 
This probably indicates that the peripheral vision has a greater role in 
controlling balance than the central vision. Elderly people are more 
sensitive to any occlusion of the peripheral VF when they are not 
able to rely as much on reliable proprioceptive inputs (perception of 
the arch of the foot, the foot, the spine, vestibular information). This 
means that peripheral vision may influence maintaining balance in a 
different way from central vision, especially for elderly people [38,39].

When the visual stimulus is presented in the periphery, there are 
decreased oscillations and this applies more in the Anteroposterior 
(AP) direction than in the Medio-Lateral (ML) direction, pointing to 
a characteristic directional specification [37].

VR and ocular convergence: In the real world, accommodation 
adjusts in synchrony with vergence. In an HMD, this principle is 
interrupted because objects are presented at variable depths on a 
screen with a fixed depth (~ 5 cm from the eyes in an HMD) [40]. The 
dominant characterization of visual processing identifies a ventral 
stream (projection from the primary visual cortex, V1, to the inferior 
temporal lobe) which is mainly concerned with the perception and 
identification of visual inputs, and a dorsal stream (projection from 
V1 to the posterior parietal lobe) which provides visual information 
that guides action in real time [41]. The earliest results from brain 
imaging suggest the ventral stream have a greater role in control in 
VR than it does in the real world [42]. If visually guided skills in VR 
are indeed based on the ventral stream of control, even in part, then 
learned skills or those performed with the help of these modified 
perception inputs may not be representative of their real-world 

Figure 1: Real and virtual environment where the tests are performed.

Figure 2: Dynamic balance: A) elevation of arms in the sagittal plane, B) 
lowering towards the supporting foot in the frontal the war against the world 
war of the west of the planet and the United States its grave z many players in 
Afghanistan because of the death of her husband who finds himself in Paris 
and his X WQAww plane, C) switches to the opposite side in a horizontal 
plane, D) lowering in the frontal plane to the starting position.
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counterparts. The accommodation-vergence conflict in VR also raises 
questions about the way in which visual performances and/or balance 
could be affected after using VR. The Tychsen study in 2020 [43] 
showed a 9% deterioration in postural stability in children after 60 
min of virtual reality gaming. This issue of convergence could explain 
the poorer balance in VR in the results.

Balance and avatar: A related issue that could disrupt normal 
control of the action is disembodiment in VR. Not only does the 

addition of a virtual body lead to a greater feeling of presence, but 
it has an influence on estimation of distance, a fundamental aspect 
of planning actions [44]. Gonzalez-Franco [45] noted that in a 
blind walking task, participants generally underestimated distances 
by around 10% in virtual environments, and while the addition of 
a virtual body reduced error, this was only applicable when users 
felt incarnated in it. Furthermore, a virtual body has an influence 
on controlling actions, improves accuracy of steps and lower limb 

Figure 3: Flow chart of study.

Figure 4: Right leg equivalence tests (TOST, two on side test) and difference test (NHST, null hypothesis single test) real versus virtual.
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coordination when avoiding obstacles [40]. As such, an inadequate 
representation of the physical body may be a further obstacle to 
realistic control of actions in virtual scenarios [46].

Subjective verticality: Visual verticality is the ability of the brain 
to judge whether something is aligned in the true vertical plane (line 
of gravity). To maintain adequate standing balance under normal 
conditions, the brain creates a virtual map of the position of the body 
in a concrete environment. In this scenario, visual landmarks and 
information received from muscles other than the eyes [47], from 
the musculoskeletal proprioceptors and from the vestibular organs 
[48], all generate a feeling of verticality. A number brain conditions, 
such as cerebrovascular accidents, can damage one or several areas of 
the central nervous system and vestibular system that are involved in 
verticality. This damage may lead to errors in calculating verticality 
of the body and the environment, therefore leading to a loss of 
balance [49]. It is therefore likely that in our experiment, the loss 
of peripheral vision associated with the lack of a visible own body 
disrupted subjective verticality and resulted in more frequent and 
greater oscillations.

Effects of the order of environments: The comparison of the 
results showed that the order in which the environments were tested 
influenced the deterioration in balance. If the test was performed in 
the real environment first, this led to less deterioration in postural 
responses than when the reverse order was used. It is possible that 
the person used this time to size up the environment, checking the 
distances and volumes, helped by seeing their own body. It is unlikely 
that convergence/divergence was involved because the space was 
small and there were no objects close enough to require significant 
ocular convergence.

Generalizability
We wanted to test the equivalence of postural responses in two 

comparable real and virtual situations. The Robert et al. study [18] has 
previously demonstrated with a small sample that VR alters dynamic 
balance but not static balance. Our study shows that both static and 
dynamic forms of balance are indeed altered by VR.

Limitations
One of the limitations of this study is the population type, with a 

relatively young mean age and no balance disorders. It is possible that 
disruptions in balance may be proportionally greater for populations 
with an impairment.

Conclusion
This experiment shows us that when postural responses in a real 

and virtual environment are compared, they are not equivalent, and 
in fact they are noticeably different. The loss of peripheral vision, the 
absence of an avatar and the non-convergence/divergence of the eye 
in VR could explain this outcome of disturbed subjective verticality. 
For clinicians, therefore, in a situation of remote rehabilitation 
using immersive VR where balance training is involved, the patient's 
safety may not be guaranteed. They will also need to take into 
account this deterioration when choosing the difficulty level for a 
VR balance rehabilitation program. For researchers, it is important 
to find solutions that correct this problem by improving the visual 
field, adding landmarks to the virtual environment and allowing the 
participant to see their own movements through an effective avatar.
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