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Abstract 

Balance training in a virtual environment (VE) simulating travel on a bumpy road, induced large 

reductions in body sway within the training session and further reductions between-sessions [1]. 

These gains were well-retained over a 12-week interval. Here, to test how much this learning 

depended on visual input, we tested seven young adults who practiced maintaining balance in the 

same platform movements, but blindfolded. We hypothesized that the balance skill acquisition time-

course would be invariant to eliminating visual input (sensory input reweighting). Center of Pressure 

displacements (CoP-d)  were analyzed for each task iteration during the training session to assess 

“online” learning, and at 24 hours, 4 and 12-weeks post-training, to assess “offline” gains and 

retention. The results were compared to the published results obtained from participants training 

eyes-open, in the same VE conditions. Unlike the eye-open condition, CoP-d remained unchanged 

throughout the training session - no “online” stability gains. However, initial blindfolded 

performance equaled the lowest task-related CoP-d attained, at the end of the session, when training 

eyes-open. Nevertheless, blindfolded practice resulted in “offline” reductions in CoP-d by 4 and 12-

weeks post-training. The results suggest that blindfolded balance performance may rely on pre-

established balance skills that are independent of visual input and require little, within-session, 

adaptation. The initial, large stability gains reported in eyes-open training may reflect minimizing of 

redundant anticipatory postural adjustments to specific VE scenes. However, blindfolded training on 

a moving platform can lead to long-lasting balance gains, via a slow post-training, “offline”, process. 

Keywords: virtual environment; offline post-training gains; task-specific; visual input;  

anticipatory postural adjustments; motor skill 

 

1. Introduction 
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The time-course and phases of learning a balance skill have recently been described [1]. These 

phases were distinct and are characterized by an early ‘online’ phase of large, rapidly accrued, gains 

(fast learning), followed by a plateau phase during the initial training session; a between-sessions 

‘offline’ phase of further changes in performance without additional practice, and long-term retention 

of both the within-session and between-session gains. The acquired gains in balance performance 

were specific to the context of the trained task conditions and were not transferred to performance in 

a set of external perturbations differing by the sequence and properties of the trained VE (i.e.: velocity, 

direction, axis of rotation of the perturbations, as well as the visual cues [1,2]. 

Balance maintenance, including orientation of the head with respect to the earth vertical and 

stabilization against external perturbations, is dependent upon the processing of sensory input from 

the visual, vestibular and somatosensory (mainly proprioceptive and tactile) systems [3]. This 

redundancy in sensory information is advantageous because of the different types of balance 

disturbances that the system needs to address [3]. These different types of disturbances include static 

and dynamic steady state balance, anticipatory and compensatory postural adjustments [4]. 

Anticipatory postural adjustments (APAs) are triggered by visual input. They predict 

disturbances in stability and, in turn, trigger task dependent responses (i.e., non-stereotypical) [5,6]  

that maintain stability [7] . The relative contributions of vision and proprioception are flexibly 

weighted to minimize errors due to conflicting sensory input [8]. Hence, when environmental 

conditions change, the postural control system must identify and selectively focus upon the sensory 

inputs that provide the most reliable information to maintain functionality [9]. The loss of visual 

input, for example, via eye closure, forces the postural control system to rely only on vestibular and 

proprioceptive sensory inputs [10,11]. Generally, the loss of any type of sensory input modifies the 

performance of the postural control system and it is usually expressed as an increase in body sway 

[12,13]. 

The ability of maintaining balance while eliminating visual input, in order to enhance the 

performance of the somatosensory system is a key feature in the assessment of balance [14, 15], as 

well as in balance rehabilitation programs [16]. Also, there is evidence that training with visual 

deprivation can improve balance after rehabilitation more than training with unrestricted vision [17], 

suggesting that visual over-dependence as a compensatory strategy for coping with balance 

impairments may come with a functional cost [17].  

Given the important role of visual input for balance maintenance and postural adjustments, the 

aim of the current research was to study the learning of a balance task with no visual input - in task 

settings that, as a previous study [1] has shown, affords robust gains in stability when practiced with 

visual input. We hypothesized that eliminated visual input would not modify the time-course 

characteristics of skill acquisition process due to sensory reweighting 

2. Materials and Methods 

2.1. Participants 

Seven healthy participants (N=7, male: female 4:3, mean age ±SD = 28.57 ±2.5 years), practiced 

maintaining balance on a moving platform, using an identical number of task iterations and the same 

platform movements, as published previously [1]  but with the participants blindfolded (refer to 

“training condition”). Data from the blindfolded (No Vision) group were compared to the data of a 

With-Vision group, training with visual input (N=8, male: female 4:4, mean age ±SD = 26.4 ±1.7 years), 

previously described [1].  

Due to factors related to lab availability, the lengthy preparation of each participant for each 

session and the long protocol, the number of participants per group was kept small. This is in 

agreement with similar studies on skill acquisition [1]. Participants reported no history of disease or 

injury to the central or peripheral nervous systems (e.g., stroke, spinal cord injury), or to the 

musculoskeletal system (e.g., fractures ligament or muscle tears); none used medications that affect 

the Central Nervous System or motor performance (e.g., Ritalin). Eyeglasses or contacts wearers were 
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allowed. The study was approved by the ethics committee for human experimentation at the C. Sheba 

Medical Center (RN 4308/06) and all participants gave their written informed consent prior to their 

inclusion in the study 

2.2. Instrumentation 

All experiments were conducted in a hospital-based motor performance laboratory. A “road” 

virtual environment (VE) was generated and displayed using the CAREN Integrated Reality System 

(Computer Assisted Rehabilitation Environment) with CAREN III software (MOTEK BV, 

Amsterdam, The Netherlands, www.motekforcelink.com).  Further information about the 

experimental setup and the road VE is provided in [1] and Figure 1A.  

 

Figure 1. Diagram of the CAREN system (a) and the overall design of the experiment (b). A. The CAREN system 

generates movements of the platform (on which the participant stands) synchronized with the visual input (a 

VR road scene in the current study). 6DoF – 6 degrees of freedom. B. The time-course of the experiment: black 

bars – training blocks (task iterations), the virtual road scene (Day 1); gray bars – road scene (VE) retention (re-

)tests (Days 2-4). 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2025 doi:10.20944/preprints202512.1212.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1212.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 14 

 

2.3. Procedures 

The training task consisted of eight iterations of the virtual road scenario. To assess consolidation 

and long-term retention, participants performed three re-tests: two iterations of the training task 24 

hours (Day 2), 4 weeks (Day 3) and 12 weeks (Day 4) post training. (Figure 1B).  

2.4. Basic Position for Assessment 

The participants stood at the center of the platform with feet placed apart by about pelvis width 

(i.e., in the stance previously recommended) [18] with each foot placed on a separate force plate. The 

foot placing was clearly marked using an adhesive marker. As participants did not step during the 

trial no correction of foot position was needed. Participants were secured by a harness and two slack 

safety ropes that did not restrict movement while upright. Participants were instructed to maintain 

this home position and to return to it if their feet moved due to platform perturbation. 

2.5. Training Condition 

A simulated road scenario (The road VE) was used for training. Participants were required to 

maintain their balance while standing on the platform and "travelling" along a "road" that was 

displayed onto a screen (2.5x3 meters, viewed from 2.4 meters). The road velocity was 30 m/s (equals 

to 1.8 km/min or 108 km/h). The completion of each run (i.e., route along the road) took 2 minutes 

and 48 seconds. The platform's movements were correlated with the visual stimuli; the actual 

platform movements were 40% of the perturbations’ function curve, hence forming a mismatch with 

the visual cues. The participants in the No-Vision group were blindfolded throughout all iterations 

of the training session. Maximal platform rotations on the x-axis (pitch) were 3.4° forward and 4.2° 

backward. The maximal translations on the x-axis (sway) were 12 cm to the right and 13 cm to the 

left. On the z-axis (roll) the maximum platform tilt was 6.5° to the right and 8.2° to the left. On the y-

axis only, translation movements were made (maximum 8 cm). These parameters were determined 

following several pilot tests to achieve a challenging perturbation but to avoid excessive stepping. 

This task was new to participants; they could not have practiced it prior to the study, since the specific 

system and set-up are unique. The two training conditions (groups) differed only in that one group 

of participants trained with visual input from the VE (the ‘road’ scenario), while the other group were 

blindfolded throughout the training and in the post-training retention tests (i.e., whenever they 

experienced the VE road condition). 

2.6. Performance Measures 

The outcome measures used to assess performance, learning and retention were the total 

displacements of the CoP (x and z axes) as well as peak-to-peak displacements of each axis separately, 

in each task iteration [19]. Since the parameters of the platform displacements were identical for all 

participants, the total CoP displacement was calculated without subtracting the platform 

displacements. Larger CoP displacements, related to stepping (postural corrections) in reaction to the 

perturbation, were included in the calculation of the CoP displacements, as long as the foot remained 

within the force-plates limits. However, there was no need to exclude any trials.  The raw data were 

filtered and processed using MatLab software tool kits (Version 2008a, The Mathworks Inc., Natick, 

MA - www.mathworks.com). A 4th order Butterworth low pass filter with a cutoff frequency of 6 Hz 

was used.  The datasets supporting the conclusions of this article are included within the article and 

its additional files. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2025 doi:10.20944/preprints202512.1212.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1212.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 14 

 

2.7. Statistical Analyses 

To test for overall learning, in the No-Vision group, the CoP displacements averaged across 2 

consecutive task iterations, were compared across five time-points as within-subject factors in a 

repeated measures ANOVA. The time-points were Start (the first two task iterations, i.e., iterations 1 

& 2); End (the final two task iterations in the training session, i.e., iterations 7 & 8); Day 2 (the 2 task 

iterations performed at 24 hours post-training); Day 3 (the 2 task iterations performed at 4 weeks), 

and Day 4 (the 2 task iterations performed by 12 weeks post-training). 

To test the overall peak-to-peak CoP (the distance from the origin of axis) in the right-left and 

forward-backward directions in the No-Vision group, the CoP displacements averaged across 2 

consecutive task iterations, were compared across five time-points (Start, End, Day 2, Day 3 Day 4) 

as within-subject factors in a repeated measures ANOVA.   

To directly test for within-session gains (group means and SDs), a repeated measures ANOVA 

was applied to compare the performance measures across the 8 task iterations within the session (8 

iterations) as a within-subject factor. To test for post training, between-sessions gains the following 

time-points compared: End of the training and Day2, Day3, Day4 post-training.  

To test the overall peak-to-peak CoP (the distance from the origin of axis) in the right-left and 

forward-backward directions in the No-Vision group, the CoP displacements averaged across the 8 

task iterations within the session (8 iterations) as a within-subject factorTo compare overall learning 

in the two conditions  the CoP displacements at five time-points (Start, End, Day2, Day3, Day4) were 

compared as within-subject factors and group (No-Vision, With-Vision) was used as a between-

subjects factor in a repeated measures ANOVA." Because there were only 2 groups, Independent 

sample t-tests and not post hoc tests were used to compare the performance of the two groups at each 

time point.  

All statistical analyses were performed using SPSS (Version 23, SPSS Inc., Chicago IL). Whenever 

sphericity was not supported, the Greenhouse-Geisser method was used to correct the degrees of 

freedom and determine the significance of results [20]. 3. Results 

This section may be divided by subheadings. It should provide a concise and precise description 

of the experimental results, their interpretation, as well as the experimental conclusions that can be 

drawn. 

3. Results 

3.1. Training Blindfolded Within-Session and Long-Term Effects 

Overall, there were significant reductions in CoP displacement across the 5 time points of the 

experiment (F(4,24)=5.728, p=0.002, η2= 0.488) indicating a beneficial effect of training on postural 

stability (Figure 2A). However, on average there were no significant changes in CoP displacements 

within the training session (F(1.567,9.403)=0.405, p=0.630, η2= 0.063). Moreover, the performance of 

the No-Vision group was poorly fitted by a power law function (R2=0.0009), with individual fits 

ranging between R2= 0.0135-0.8827 (median R2=0.1868). The gains in stability were, however, 

expressed after the training session, as between sessions gains across time-points: End, Day2, Day3, 

Day4 (F(3,18)=5.461, p=0.008 η2= 0.476), (Figure 2A). Compared to the final two iterations of the 

training session (End), a significant reduction in the CoP displacement was evident at Day 3; 4 weeks 

(t(6)=2.833, p=0.03), (t(6)=5.44, p=0.026) and at Day 4; 12 weeks (t(6)= 6.05, p=0.033) post-training 

(Figure 2A; S2).   
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Figure 2. Within and between session performance changes - CoP displacements - in a No-Vision group. Data 

are shown for each of the 8 task iterations during the training session and at the post-training re-tests, for each 

participant. A. Total CoP displacements - individual performance and group average (black diamonds). B. 

Individual performance and the group average, SDs of the CoP displacements along the X axis (Right-Left). C. 

Individual performance and the group average, SDs of the CoP displacements along the Z axis (Anterior-

Posterior). Start - the 1st and 2nd task iterations, End – the 7th and 8th task iterations of the training session (Day 

1); Day 2 - the 2 task iterations performed at 24 hours post-training; Day 3 - the 2 task iterations performed at 4 

weeks, and Day 4 – the 2 task iterations performed by 12 weeks post-training). * - p<0.05 (compared to the final 

two iterations of the training session (End)). 

In line with the notion of little or no practice related gains in the amount of sway during the 

training session, there were no significant reductions in the within-subject variability of balance 

maintenance performance as reflected in the standard deviations (SD) of the CoP displacement. The 

decrease in performance variability, (expressed by decreased standard deviation (sd)  has been 

consider to be a hallmark of the establishment of a stable movement routine and automaticity in task 

performance [21]. Task performance across the session, was of similar overall variance. Thus, when 

the individual SDs of the CoP's distance from the origin of axis (peak-to-peak CoP in the right-left 

and forward-backward directions) in each of the task iterations were compared across the 8 

successive training iterations, there were no significant differences in the variability neither along the 

left–right axis (F(2.3061,13.836)=1.412, p=0.279, η2=0.190), (Figure 2B) nor along  the forward-

backward axis (F(1.939,11.631)=1.591, p=0.244; η2=0.210) (Figure 2C), across the task iterations in the 

training session.  No significant reduction in the SD of the CoP displacement occurred even after the 

training session, i.e., as between sessions gains across time-points: End, Day2, Day3, Day4 (forward-

backwards; (F(3,18)=0.726,  p=0.550), η2= 0.108, right-left; F(3,18)=0.153, p=0.927, η2=0.025). Thus, the 
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trained individuals showed no significant decreases in the variability of their postural adjustments 

to the moving platform (SD of the CoP displacements) during the training session itself, as well as 

between sessions after the completion of the training. 

3.2. Training Blindfolded Compared with Training with Visual Input  

The pattern of improvement in the blindfolded participants practicing the task in the current 

study (No-Vision) differed markedly from the time course of improvement in a group of participants 

practicing the same task with visual input afforded (With-Vision), described previously [1]. Note that 

the actual platform movements in each task iteration and the number of task iterations were identical 

across the two groups. Means and (SDs) of the CoP displacements, for the 2 groups (No-Vision and 

With-Vision), compared across the 5 time points of the training condition are presented in Table 1. 

Table 1. Mean and standard deviations (SD) of the CoP displacements (m) in the “road” scene virtual 

environment across the 5 time-points of the experiments. 

 

aStart – the two initial task iterations of the training session; End - the final two task iterations of the training 

session; Day 2 - the 2 task iterations performed at 24 hours post-training; Day 3 - the 2 task iterations performed 

at 4 weeks, and Day 4 – the 2 task iterations performed by 12 weeks post-training (at each time-point the average 

of 2 task iterations is presented). 

A repeated measures ANOVA comparing the CoP displacements at the 5 time-points of the two 

experiments showed that in both groups the total CoP displacements were significantly reduced 

across the entire study interval (F(1.747,22.709)=21.463, p>0.001, η2= 0.623) (Figure 3A). There was 

also a significant group effect with the No-Vision group exhibiting overall smaller CoP 

displacements, (F(1,13)=0.783.916, p<0.001, η2= 0.984) as well as a significant interaction of 

group*time-point (F(1.747,22.709)=8.240, p<0.001, η2= 0.388). This significant interaction reflected the 

larger changes in CoP displacement within the training session in the With-Vision group 

(F(1.862,13.032)=9.535, p=0.003, η2=0.577), compared to the No-Vision group (F(1.567,9.403)=0.405, 

p=0.630, η2=0.063) (Figure 3A). However, the group average CoP displacements did not differ by the 

4 weeks post-training session (38.50m±5.71m, 37.34m±5.64m, No-Vision, With-Vision, respectively) 

(t(13)=-0.396, p=0.699) or at 12 weeks post-training (37.88m±5.34m, 34.78m±6.36m, respectively) 

(t(13)=-1.015, p=0.329) (Table 1). Also, there was no significant interaction of group*time-point in the 

post-training phases of the study (between sessions, four time-points) (F(3,39)=0.780, p=0.512, 

η2=0.057); thus, in terms of the delayed gains and their maintenance in long-term memory, both 

training conditions were equally effective. 
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Figure 3. Within and between session performance - CoP displacements - in the No-Vision training group 

compared with a group of participants trained with the VR visual input (With-Vision group; data taken from 

Elion et al. 2015). A. Group average CoP displacements. B.  Group average SDs of the CoP displacements along 

the X axis (Right-Left). C. Group average SDs of the CoP displacements along the Z axis (Anterior-Posterior). 

Filled squares – No-Vision group; Empty squares – With-Vision group. Data for 5 time-points, corresponding 

across the 2 studies are shown. Start – the two initial task iterations of the training session; End - the final two 

task iterations of the training session; Day 2 - the 2 task iterations performed at 24 hours post-training; Day 3 - 

the 2 task iterations performed at 4 weeks, and Day 4 – the 2 task     iterations performed by 12 weeks post-

training. Error bars represent the standard error. * - p<0.05 (within group comparisons). 

The individuals’ SDs of the CoP's distance from the origin of axis (peak-to-peak CoP) in each of 

the task iterations (representing the individuals’ variability) across the two groups (No-Vision, With-

Vision) decreased significantly during the 8 iterations of the training session in both the forward-

backward and right-left and directions (F(3.554,46.203)=9.144, p<0.001, η2=0.413; 

F(2.995,38.940)=12.179, p<0.001, η2=0.484, respectively). However, the timepoint*group interaction 

was significant, (F(3.554, 46.203)=4.187, p=0.007, η2=0.244, F(2.995,38.940)=5.760, p<0.001, η2=0.307, 

forward-backward and right-left and directions, respectively) (Figure 3B,C) reflecting the larger 

reductions in variability, in both directions, in the With-Vision group [1]. Significant reduction in the 

SD of the CoP displacement occurred, after the training session, as between sessions gains across the 

time-points (End, Day2, Day3, Day4) in both groups, in the right-left direction (F(3,39)=3.422, p=0.026, 

η2=0.208), but not in the forward-backward direction (F(3,39)=2.307, p=0.092, η2=0.151).  For these 4 

post-training timepoints, the timepoint*group interaction was not significant in either directions 

F(3,39)=1.890, p=0.147, η2=0.127; (F(3,39)=0.857,  p=0.472, η2= 0.062; right-left; forward-backwards, 

respectively). Thus, the main differences between the groups were related to performance within the 
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training session (across the 8 task iterations) but no such differences were found in the post-training 

phase  

3.3. Training Blindfolded Triggered Smaller Initial CoP Displacements  

The CoP displacements in the first iteration of the training session (Figure 3A) were significantly 

smaller in the No-Vision group than that of the With-Vision group (t(13)= 3.056, p=0.009); by the end 

of the training session, there was no difference in the CoP displacements between the two groups 

(t(13)=(-0.824), p=0.425), a closing of the initial gap.  The same trend was evident in the variance (SDs 

of the CoP displacements from origin) (Figure 3B,C). In the first iteration, the variance in the No-

Vision group was significantly smaller than that of the With-Vision group in the right-left and in the 

forward-backward direction (t(13)=2.476, p=0.028; t(13)=2.615, p=0.021, respectively). However, no 

such differences were found in the final iteration of the practice session (t(13)=-1.762, p=0.102; t(13)=-

0.267, p=0.794, right-left and in the forward-backward directions, respectively) (Figure 3B,C).3.1.1. 

Subsubsection 

Bulleted lists look like this: 

4. Discussion 

The results of the current study show that practicing a complex balance maintenance task 

without visual input resulted in no significant within-session, “online”, gains, but nevertheless the 

training led to significant delayed reductions in the CoP displacement, i.e., gains that evolved 

between sessions. Thus, significant gains in postural stability were attained and retained weeks after 

the training experience, despite no evidence for immediate learning.  

4.1. Blindfolded Training Resulted in Between-Sessions Gains 

A pattern of improved performance ‘between-sessions’ without clear gains during the training 

experience (‘within-session’) is characteristic of training in well-established motor (familiar) motor 

tasks, and has been previously reported in perceptual and motor tasks that differ from the current 

one (e.g., the finger opposition sequence) [22-25]. It was proposed that in advanced stages of 

mastering a given skill there is no need to readjust the task solution routine when it is called to action 

since the adaptations that were initially required for the performance of the task are memorized and 

consolidated [26].  Thus, if adequate training is afforded, gains will occur, but between the training 

sessions rather than between each individual iteration during the training session [24,25,27]. These 

changes in performance represent distinct shifts in the activation of brain areas during learning: from 

a cortico–cerebellar-cortico loop in the novice learner to a crtico-striatal-cortico loop in the 

experienced learner, hence defining the ‘novelty effect’ in learning [28].  In line with this notion, the 

current results suggest that the learning of the balance task, with no visual input, was based on the 

participants’ prior experience in situations of maintaining balance. One can consider, for example, 

prior experience with bumpy rides while standing in a vehicle (e.g., a bus ride) engaged in 

conversation (i.e., without paying attention to the route); a situation that most typical adults would 

have experienced many times.  

4.2. Role of Visual Input in VR Training 

Visual input plays a major role in triggering the anticipatory postural adjustments that occur 

prior to the perturbation and are designed to minimize  balance disturbances via  preprogrammed 

responses in order to maintain stability [7]. Moreover, visual input has been shown to be the most 

dominant sensory source under compliant or moving-support surface conditions [29]. In our 

previous study [1], subjects were afforded a good preview of the upcoming parts of the “road”, a 

condition that has been shown to trigger anticipatory postural adjustments [30]. Moreover, it has 

been shown that anticipatory postural adjustments for predictable perturbations decrease, with the 

excursions of the CoP and center of mass reduced following the perturbation [31]. In retrospect (and 
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given the current results) we propose that much of the gains in stability reported across the task 

iterations during the training [1] may relate to decreases in anticipatory postural adjustments as the 

perturbations become more predictable and familiar.  Given the notion that training with visual 

input triggers APA’s which rely on vision and anticipation, as well as cognitively driven processes 

that would be probably influenced by vision, and balance recovery relies on reflexive movements 

induced by an external perturbation, [32] we suggest that the results show two distinct learning 

mechanisms, one for visual driven APA’s in the With-Vision group, characterized by with-in session 

gains and one for proprioceptive driven Compensatory Postural Reactions (CPA’s) in the No-Vision 

group, characterized by slow, between session gains. 

Additionally, in the settings of the trained VE there was a platform-movement- visual mismatch 

the actual tilts of the platform were smaller by a factor of 0.4 compared to the VE presented inclines 

(i.e., the VE scenario was exaggerated to twice the actual platform tilts) (This was done in order to 

maintain safety on the one hand and make the scenario more salient and engaging on the other) [1]. 

Thus, the rapid and large decreases in the CoP displacement when training with eyes open in the 

presence of incongruent sensory information may have been due to adaptation to  'incongruent' 

sensory information, resulting in a type of sensory re-weighting [33]. Another explanation is that 

eliminating visual information during the training session interfered with the learning process. 

Therefore, there were no with-in session gains. The long-term gains could be explained by adapting 

a compensation mechanism. 

We conjecture that many of the movements (CoP displacements) that occurred when the ‘road 

scenario’ was presented (with eyes open) entailed redundant anticipatory movements reflected by 

increased CoP displacements, rather than a response to the ‘road scenario’ perturbations per-se. 

These redundant anticipatory movements appeared to have been suppressed during the 

familiarization with the ‘road scenario’ during the training session. 

In the absence of visual input, with increased dependence on proprioceptive and vestibular 

input, the balance system appears to address relatively familiar conditions (the platform movements) 

without the need to generate redundant anticipatory movements to the visual cues of (large) 

upcoming perturbations [34-36]. However, the training with no visual input afforded was a 

significant learning experience given the changes observed in the 'No-Vision' training group of the 

current study in the retention phase. In relation to real life posture adjustment, it would seem 

therefore that training in the No-Vision condition may be conducive to stability gains that are more 

relevant compared to the eye open condition where a sensory-mismatch was involved as is current 

in many VEs (e.g., [37-39]. 

Altogether, the results of the previous [1] and the current study are in line with the notion that 

minimizing the displacement of the CoP or optimizing the amplitude of anticipatory movements 

perhaps exaggerated given a sensory mismatch, constitutes a key phase in learning a balance and 

stability skill when visual input is afforded [40]. With no visual input triggering anticipatory postural 

adjustments and preparation for the up-coming perturbations, participants addressed the training 

conditions with little recourse to adapting existing balance maintaining routines, most probably 

using compensatory postural adjustments, which are not visually dependent, e.g., increased triceps 

surae Ia proprioceptive weighting [41]. This conjecture is supported in the current study by the low 

CoP displacements already in the initial task iteration when practicing with no visual input compared 

to initial performance given identical platform movements in practicing with visual input. One 

would predict, for example, that blind adults who have never been exposed to visual cues for 

anticipatory postural adjustments in developing balance skills, would show even smaller CoP 

displacements during road scenario training than adults with acquired blindness; the latter may have 

learned to use visual input for anticipation when they established their basic balance skill repertoire. 

However, one would expect to find task-specific learning reflected as delayed and well retained gains 

in stability in both groups.  

4.3. Training Conditions May Generate Different Sensory-Motor Gains 
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The current results may also be pertinent to the notion that different training conditions can 

generate different types of knowledge [42]. Thus, a more visually dependent balance maintenance 

skill may develop in training with visual input, while a more proprioceptive input dependent balance 

maintenance skill may evolve in training with no visual input in the same VE conditions [29]. Some 

support for this conjecture comes from the Elion et al, (2015)[1]  study wherein participants who 

practiced the ‘road’ scene in a vision afforded (eyes open) condition, showed no practice related gains 

in task-unrelated perturbation tests. Although performance in later sessions in task-unrelated 

perturbation tests was better than performance in the early sessions of the study, the gains were not 

related to the affordance of actual training in the road scene [1].  

In a systematic review of postural control in blind individuals [43], it was suggested that there 

is good evidence that sensory systems other than vision, i.e., proprioception, light touch and 

vestibular, are used to compensate deficits in postural control in the blind. Nevertheless, there are 

reports showing that postural stability with eyes open or closed, was better in sighted athletes than 

blind athletes [44]. On the other hand, congenitally blind subjects can perform equally well as normal 

sighted individuals when tested in their responses to perturbations with eyes open [45]. Congenitally 

blind individuals performed significantly better than sighted individuals with eyes closed [45]. 

Robust learning of how to anticipate repeated perturbations and to respond to them was described 

in congenitally blind people [46]  indicating that a nonvisual motor learning process, within the 

postural control systems, enables congenitally blind people to develop and control postural stability 

skills [46]. On the other hand, studies of the effect of visual deprivation on rehabilitation after stroke 

suggest over-dependence on visual input as a compensatory strategy for coping with balance 

impairments [47], specifically when the proprioceptive and vestibular systems have been impaired 

[48]. The results of recent studies indicate that post-stroke patients may gain from balance 

maintenance training with no visual input afforded [17]. However, the current results suggest that in 

the absence of visual input, gains may become apparent only days and weeks after the training 

session, i.e., much later than the learning of a balance skill with visual input [49] 

5. Conclusions 

The results of the current study show that training blindfolded in a balance maintenance task 

can lead to long-lasting task-specific balance routines, a slow process mainly reflected in “offline” 

post-training gains. The results suggest that blindfolded balance training may rely on pre-established 

balance skills that are independent of visual input and require very little “online” adaptation. The 

results also raise the possibility that the initial, large, stability gains reported in eyes open VE training 

may reflect a minimizing of redundant postural adjustments to specific VE settings, such as the 

mismatch between the visual and actual platform movements’ amplitude. The current results thus 

support the notion that different training conditions on a given task can engage different brain 

systems and generate different types of ‘how to’ knowledge to be retained in long-term skill memory. 
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