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Abstract:
Gait control challenges commonly coincide with vestibular dysfunction and there is a long
history in using balance and gait activities to enhance functional mobility in this population.
While much has been learned using traditional rehabilitation exercises, there is a new line of
research emerging that is using visual stimuli in a very specific way to enhance gait control. For
example, avatars can be created in an individualized manner to incorporate specific gait
characteristics. The avatar could then be used as a visual stimulus to which the patient can
synchronize their own gait cycle. This line of research builds upon the rich history of
sensorimotor control research in which augmented sensory information (visual, haptic, or
auditory) is used to probe, and even enhance, human motor control. This review paper focuses on
gait control challenges in patients with vestibular dysfunction, provides a brief historical
perspective on how various visual displays have been used to probe sensorimotor and gait
control, and offers some recommendations for future research.
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1. Introduction
The human body is made up of 206 bones, over 600 muscles, and millions of nerves and
neurons. In order to walk, all these components must be coordinated in concert. This is the
classic degrees-of-freedom problem outlined by Bernstein [10], which states that it is impossible
for the central nervous system to sense and control each component individually. Rather, to
reduce the control dimensionality, sensory information is integrated, allowing the brain to adhere
to relatively few variables to sense movement consequences and to send neural commands to
groups of muscle synergies [20]. The vestibular system’s role in this coordinated effort is to
monitor linear and angular acceleration of the head, which provides vital information needed to
maintain upright stance and spatial orientation. Vestibular information, in conjunction with
vision and proprioception, is integrated such that accurate feedforward and feedback control of
motor behavior can be exhibited [21, 75].

There are a number of vestibular disorders of prevalence in the general population, including
vestibular neuritis and Meniere’s disease [1, 12, 84, 86]. Vestibular neuritis results from an
infection on the VIII cranial nerve and causes a sudden interruption of neural information for the
vestibular apparatus, and is one of the leading causes of vestibular hypofunction. Meniere’s
disease is likely caused by episodic disruption in inner ear fluid regulation. Individuals with
Meniere’s disease experience periods of altered hearing, severe dizziness and disequilibrium
from an irritated sensory state, however overtime they will likely develop vestibular
hypofunction and hearing loss. These disorders, along with others, pose a serious health problem
because the resulting dizziness, imbalance, and/or hearing loss significantly affect quality of life
and the ability to perform activities of daily living. Balance and gait are particularly adversely
affected by vestibular dysfunction because the vestibular system plays a major role in providing
sensory information required to stabilize head orientation during movement, ensure gaze
stability, and to engage lower body musculature to maintain postural stability [34, 60]. Previous
work has shown that 35.4% of adults 40 years and older have balance dysfunction related to
vestibular system—a percentage that grows with increasing age [3]. Balance dysfunction has a
profound effect on health quality, as it has been associated with increased fall risk [3], which can
lead to physical, psychological, and financial consequences for the faller and their family [23, 44,
47, 72, 90, 91]. Collectively, health care costs in the United States related to falls across the
lifespan are in the billions of dollars [13]. Due to individualized nature of each vestibular
disorder, it has been suggested that an appropriate neuro-otological history and assessment,
including clinical examination and vestibular function tests [19, 95], be used to tailor specific
treatments to enhance balance and reduce fall risk [4].
To curb these health risks, rehabilitation programs aimed at enhancing gait control have been
developed [34, 45, 51, 55, 57]. In this review paper we focus on gait training techniques that
involve use of augmented visual feedback to improve motor function. Augmented feedback
allows for the provision of information about relevant task variables and therefore may make it
possible to return to locomotor activity quicker, which in turn may enhance the neural plasticity
required to compensate for the impaired vestibular function. We first highlight specific
alterations of gait behavior in patients with vestibular dysfunction. Next, we provide a brief
overview of motor learning principles that could be used to design visual feedback displays and
provide a brief review of how visual stimuli have been used to alter sensorimotor control
strategies in healthy populations. The final two sections will review some current work in our lab
that uses visual stimuli to enhance gait control and outline future directions for work in this area.
2. Gait control in populations with vestibular dysfunction
The influence of vestibular dysfunction on gait control is not stereotypical and depends on the
exact location and type of damage to the vestibular system [34], so it is important to outline a
range of possible gait alterations in this population. Vestibular function may potentially affect
both “local” and “global” gait variables. Local level variables refer to motion at the joint or
segment level, whereas global variables refer to observables that are a product of control of
multiple joints/segments simultaneously (i.e., gait speed, stride time, stride length) [42, 70].
Given that the body is a series of connected links, a disruption in the information used in the

control of these links is likely to be observed across multiple body segments and joints, as well
as at the global level.
Starting with the local level and taking a superiorto-inferior perspective in describing gait
behavior, trunk motion is typically greater in patients with vestibular dysfunction, especially
when measured close to the onset of dysfunction [5, 97]. This creates a biomechanical
consequence of horizontally moving the center of mass closer to the base of support during gait,
which could decrease stability, depending on the direction of momentum and/or external
perturbations. Given that lateral trunk motion is related to fall-risk [25], increased trunk
movement could partially account for increased the fall-rate in patients with certain types of
vestibular dysfunction [33]. However, it is important to note that overcompensation may also be
present in some patients in the form of reduced head and/or trunk motion in an attempt to
stabilize the vestibular system [5]. Therefore, there may be a “sweet spot” in observed movement
variability such that too much or too little variability indicates altered motor function [79, 87,
89]. Further down the kinetic chain, altered motion of the lower-limb joints and segments has
been observed in patients with vestibular dysfunction Chou et al. (2003) reported that older
adults with complaints of ‘dizziness’ and ‘unsteadiness’ showed greater lateral excursions of the
leading leg during obstacle crossing compared to healthy older adults, which in turn led to
greater medial-lateral excursion of the trunk [15].
Global variables that are derived from multiple local variables are also often altered due to
vestibular dysfunction. For example, decreased gait speed is frequently reported in subjects with
vestibular disorders compared to control subjects [11, 24, 46]. The decrease in gait speed occurs
due to decreased step frequency and step length [11]. Because similar gait alterations are also
observed in healthy older adults, some authors have suggested that these gait adaptations are
related to a general strategy aimed to increase safety of locomotion [11]. Another strategy
frequently used by patients with vestibular disorders is to increase step and stance width [54].
Krebs et al. showed that step width is particularly likely to increase when there is a challenge to
move faster than preferred step frequency [46]. Increased stance width provides a wider base of
support and helps to maintain balance in the mechanically unstable medial-lateral plane [8].
Variability in gait timing is also typically increased in individuals with vestibular impairment
[61], however that may also depend on the locomotor speed. Schniepp et al. reported that the
coefficient of variation of stride time was increased to about 10% only at slow walking speeds,
but was comparable to healthy controls at moderate and fast speeds [74].
To address these gait control challenges associated with vestibular dysfunction, a number of
exercise-based rehabilitation programs have been developed [34, 35]. Vestibular rehabilitation
programs typically include four exercise components focused on the following: (1) enhancing
gaze stability (visual acuity when the head is moving), (2) habituating (or desensitizing)
symptoms, (3) improving static and dynamic balance and gait, and (4) improve endurance [28].
While many of these practices have been shown to enhance gait function [14, 93], combining
information from studies examining the use of visual feedback from the sensorimotor control
literature with advancements in technology might provide ways to enhance gait control more
precisely. The next section highlights relevant sensorimotor learning principles that could be
useful in developing novel rehabilitation techniques for patients with vestibular dysfunction.

3. Uses of visual information to alter sensorimotor control
There are two types of motor learning currently discussed in the literature: motor adaptation and
skill learning [81]. Motor adaptation refers to the re-calibration visuo-motor mapping of an
already well-learned movement pattern (such as locomotion and reaching) after a visual or forcefield perturbation. Adaptation is highly dependent on receiving error information about the
performance. In this type of learning the detected error is used to update the next movement to
more accurately achieve the goal movement on the next attempt. Motor skill learning, on the
other hand, involves acquisition of a novel movement pattern de novo. It could be argued that
recovery from inner ear pathology involves utilization of the remaining normal function to reequilibrate the dysfunctional behavior, making motor adaptations more important in this context.
Adapting the remaining motor function to new tasks can be developed by using augmented
feedback, which has a long history in the motor control literature and refers to using information
received from an external source (i.e. outside the body) [73]. Generally speaking, augmented
feedback provided in the context of motor adaptation or skill learning allows more effective error
correction because it provides information about movement error over and beyond what is
provided by the inherent sensory feedback systems.
Determining exactly how feedback is delivered is an important consideration. It can be presented
either during or after the movement. Presentation during movement can take the form of showing
an online movement trajectory or signaling change in display color that is linked to the aspect of
movement being trained. Post-movement feedback—also termed knowledge of results—is also
frequently used where subjects are provided with a score or some summary metric about their
previous movement with respect to task goal. Such feedback has both informational and
motivational value to the learners.
One important consideration for designing feedback displays is that many movements we learn
are redundant – meaning that they can be performed in a variety of ways. For example, one can
grab a cup of tea using many different hand configurations and approach trajectories. Such
redundancy is good because it provides flexibility in performance and allows room for inherent
variability that is present in the motor system. One principle of motor skill learning that has been
proposed for redundant movements is that humans tend to converge on task solutions that
minimize the adverse effects of intrinsic noise and variability on the quality of performance [81].
Redundant movements pose a challenge to decide which aspects of behavior one should
emphasize to provide feedback and this may depend on the learning goal. When the optimal,
desired form of movement is not known, it may be better to use unsupervised learning such that
the performer is allowed explore and discover his/her own way of doing the task without any
explicit feedback about how to achieve the goal in particular. Accordingly, one can create visual
displays that that encourage exploration—this can be achieved by using very sparse feedback
only about the result of the movement outcome (e.g., hit or miss).
In cases where the exact form of the desired behavior is known (e.g., to make gait more
symmetrical), one can help the performer discover this solution by implicitly guiding them by
using targeted modifications of visual feedback. For example, Kim & Krebs reported using
visual feedback of step length symmetry that was distorted so that subjects perceived their step

length as being asymmetric during treadmill training [43]. Throughout training, young healthy
adults, without consciously realizing the distortion of the feedback, gradually shifted their weight
distribution. Such strategy could be used to train patients with weight-bearing asymmetries.
Another example of this strategy is an experiment on visually guided ball bounding in a virtual
ball bouncing task [36]. In this task, hitting the ball in the particular phase of the racket cycle
leads to passively stable dynamics of the task (i.e., where the task can be performed without the
perceptually-demanding racket corrections to the racket position). Huber and Sternad delayed
visual feedback of the racket which implicitly guided the performers to hit the ball in the
passively stable regime, which led to a better performance on the task [36].
Another consideration in designing visual feedback displays is that one can take advantage of
typical motor system preferences to optimize learning. Kelso and colleagues discovered the
boundaries of stable and unstable behavior, described as the Haken-Kelso-Bunz (HKB) model, in
basic motor coordination activities [38]. Recently, the HKB model has been applied to lowerlimb coordination to better understand gait control [69]. An important contribution of this work
is the discovery of patterns of behavior that are naturally stable. For example, moving the index
fingers in a 1:1 timing ratio either in-phase (i.e., moving in the same direction) or in anti-phase
(i.e., moving in the opposite direction) represents a stable behavior. However, asking the
participant to alter their timing ratio to 4:3, for example, is nearly impossible for most people.
That is, unless the sensorimotor system is ‘tricked’. In order to create stable coordination
patterns, feedback from the sensory systems is used to control the motor system [76]. When
sensory information is modulated in a particular manner, then previously unstable patterns of
behavior emerge as stable. An example of this is the clever experiment by Meschner and
colleagues where they modified the visual feedback of participants performing a variety of
coordination tasks [56]. Participants were asked to create a 1:1 timing ratio of two rotating
cranks. However, the control of the cranks were hidden under a table, so the participants were
not afforded visual feedback of their motor behavior. Using a gear system, the researchers
required a 4:3 timing ratio with the cranks under the table in order to create a visual 1:1 ratio.
Even though the 4:3 ratio is a very unstable behavior, participants were able to consistently
create this behavior when their visual feedback indicated it was a 1:1 ratio. This is an excellent
example of how sensory information can be modulated to produce the desired motor behavior.
The research on motor learning and its application to rehabilitation has been recently further
extended through the use of virtual reality. Keshner and colleagues were early leaders in this area
by using immersive virtual reality in which participants stood or walked inside an environment
that had images projected on the walls and the floor [39, 40]. Using stereo glasses, the immersive
environment allowed the participants to perceive that they were inside the virtual environment.
This methodology provided a pathway for the researchers to alter visual information in a manner
that allowed them to titrate out the influence of the vestibular system on gait and balance [22, 29,
41, 94].
Virtual reality can be used for rehabilitation in a prescriptive manner using either a pre-packaged
or custom approach. An example of the pre-packaged approach is to use off-the-shelf hardware
and software, such as the Nintendo Wii or Microsoft Kinect, and examine how sensorimotor
control changes as a function of playing the game. The so called Exergaming approach has been
used as a modality to enhance gait and balance control in older adults [2, 48, 71], and this type of

intervention has recently been extended to patients with vestibular dysfunction [92]. An
alternative approach is to develop a custom virtual reality “game” that targets a specific aspects
of sensorimotor control. For example, if gait control is affected due to excessive trunk rotation, a
virtual realty game could be created that trains the patient to reduce trunk motion. That is, visual
information can be manipulated within the virtual environment in an individualized, specific
manner to enhance patient-centered rehabilitation. However, one needs to remember that the
design of these “games” should remain rooted in the theory of motor control [80].
In the context of rehabilitation of patients with vestibular dysfunction, it is important to consider
that their visual system may also be impaired due to poor visual-ocular reflex or vestibulocollic
reflex. There is much work that has explored the use of augmented feedback in the auditory and
haptic domains [76] that could also be used to enhance motor control. However, the rest of this
review paper will focus on the use of visual information to modulate motor behavior, as this is
the modality that has been the most studied recently with respect to sensorimotor control [76]. In
addition, training of the visual gaze acuity is also one of the goals of vestibular rehabilitation
therapy, so practicing to effectively use additional visual information may improve sensory
substitution for vestibular function and help retrain any residual vestibular function.
4. Using visual stimuli to enhance gait control
Hundreds of risk factors have been associated with falls, ranging from sensory and
neuromuscular factors to medical factors to medication and environmental factors [50].
However, there has been no appreciable decline in fall-rate across society, so there is still much
to learn about the optimal way to enhance gait control and implement such programs at a small
and large scale. While fall-risk is inherently multifactorial, there are a number of candidate gait
variables that have been closely linked to fall-risk. These include both temporal and spatial
aspects of the gait cycle at both the local and global level, and researchers have begun to explore
the use of visual feedback displays and protocols to specifically modulate these characteristics of
gait in order to modify gait control [30].
For example, motion of the trunk is known to relate to fall-risk [26, 27]. Two-thirds of the body’s
mass is above the waist [98], so any excess motion could reduce stability from a mechanical
perspective. Individuals with vestibular dysfunction have been shown to have increased trunk
motion profiles [5, 97], so using visual feedback to reduce trunk motion could be a useful
modality to learn a new motor pattern. Anson and colleagues explored this postulate with
younger and older adults and found that trunk translation variability was reduced in while
walking on the treadmill, but without any appreciable changes in the variability of trunk
orientation [6]. The ability to exert translational control in the medial-lateral plane would be
useful for vestibular patients because it would improve directional consistency of locomotion,
which has been reported to be impaired in this population [11, 24].
Step width is a global variable that is also biomechanically linked to fall-risk [58]. A consistently
narrow step width reduces the base of support in which the center of mass can move. A person is
less stable as the center of mass gets closer to their base of support. Thus, adopting a wider base
of support represents a more stable walking pattern. While we could not locate any studies that
used visual feedback explicitly about step width, one study provided visual feedback on the

kinematics of hip internal rotation angle [88], which led to a modification of step width in
healthy young adults in addition to the desired effect of reducing knee adduction. Another study
used auditory feedback to explicitly increase stance width in individuals with hemiparesis such
that subjects received an auditory signal (a beep) every time the distance between the feet was
small [7]. After 10 days of conventional gait therapy coupled with the auditory feedback, these
patients increased their step width to a greater extent than the group without the auditory
feedback.
Lastly, stride timing variability is related to fall-risk [31, 58]. Stride timing is measured as the
duration from heel contract on one limb to heel contact on the same limb during walking. It is a
global variable that reflects motion of the entire body throughout the entire kinetic chain.
Further, stride time variability has been shown to exhibit fractal patterns in young healthy adults
[32]. Fractal patterns describe a structure that repeats across time or spatial scales, a
characteristic that was conceptually and mathematically described by Mandelbrot [53]. Visually,
fractal patterns result in statistically persistent fluctuations such that there is a pattern of
observations falling consistently above the mean followed by segments below the mean. This is
in contrast to random patterns which are characterized by falling above and below the mean in a
random fashion. Fractal patterns in physiology have been suggested to reflect a healthy and
adaptive system, evidenced by a weakening of the self-similarity of patterns in aged or diseased
systems [9, 52, 96]. This led to the “loss of complexity” theory, suggesting that lower functional
ability is associated with a weakening in repeating patterns of behavior in whichever system is
being observed [49]. For example, weaker fractal patterns in the beat-to-beat timing of cardiac
behavior have been associated with cardiac dysfunction. This framework has been extended to
encompass any deviation in dynamic patterns from the normal state (i.e., weakening or
strengthening) to represent a system’s decrease in functional ability [79, 87]. Furthermore, this
framework has been extensively explored relative to gait behavior over the past three decades
and it has been suggested as an objective way to quantify the adaptive capacity of the gait system
[31, 65]. This is attractive, as clinical assessment often relies on subjective assessment of gait
behavior. Thus, the dynamics of gait behavior might be used to not only index a patient’s current
functional status, but they also might be manipulated in a specific manner in order to restore
functional mobility using fractal gait re-training protocols.
5. Fractal training visual displays
The seemingly simple task of finger tapping at a particular pace has been used to probe the
characteristics of human sensorimotor control since the work of Stevens, who was the first to
document the presence of patterns of fluctuations in the inter-tap intervals during tapping [82]. In
more recent studies, researchers typically ask participants to synchronize their movement timing
(commonly finger tapping or circle drawing) to a metronome for a short duration and then
monitor their timing performance once the metronome is removed [37, 64, 68, 83, 100].
Continuous movement synchronization with the metronome has also been extensively studied.
These paradigms have led to a stronger understanding of how sensory modalities and the type of
feedback influences motor timing variability [63], as well as theories of how different neural
structures participate in motor timing [77]. Finger tapping and leg movements during gait both
require the nervous system to generate precise timing and, therefore, findings from the literature
on finger tapping [62, 63] could be useful with respect to designing new gait training protocols.

The first study to explore the possibility of altering fractal timing focused on introducing fractal
variation during tapping tasks. Stephen and colleagues used a visual metronome (i.e., a flashing
square on a computer screen) as a visual stimulus to which participants were asked to
synchronize the timing of their finger tapping on a keyboard [78]. Rather than using an equal
amount of time between each appearance of the pacing square, the experimenters varied the time
between the visual flash such that it exhibited a fractal time structure. That is, some intervals
were shorter and some were longer, exhibiting either persistent patterns (where longer intervals
tend to follow longer ones, where “longer” is defined with respect to the mean) or anti-persistent
patterns (where longer intervals tend to follow shorter intervals) within the variance. It was
found that the fractal structure in the finger tapping could be manipulated by altering the fractal
structure of the visual metronome time series. This was an important discovery, as it was the first
to show that motor behavior fractal patterns could be altered in a specific manner.
To determine if this finding extends to gait control, we conducted a proof-of-concept experiment
to determine whether fractal patterns in gait could be strengthened or weakened using a similar
visual stimulus as Stephen and colleagues. Participants were asked to synchronize their stride
time to a visual metronome presented on a projection screen in front of a treadmill. The timing
between the visual metronome “beats” was prescribed as either persistent or anti-persistent. We
discovered the fractal gait patterns are indeed altered in specified direction, suggesting that the
fractal training framework can be extended to study gait control [66]. In a follow-up study, it was
shown that the new fractal gait patterns are retained directly after the training, showing that the
change in fractal gait patterns was not just a stimulus response behavior [67]. Rather, the
findings suggested that a reorganization in neuromotor behavior occurred, allowing the new
fractal patterns to be exhibited even after the stimulus was removed. These findings could be the
beginning of a new way to use visual stimuli to enhance gait control. However, there are a
number of empirical questions that need to be more fully examined, such as the use of a
presentation of a discrete versus continuous stimulus (which was partially explored in [67]), the
role of feedback in the learning of fractal gait patterns, and whether the fractal pattern should be
artificially constructed or derived from a biological system [85].
However, the utility of visual feedback to enhance gait control is not confined to manipulating
fractal patterns in stride time. For example, if trunk motion was the primary variable to
manipulate, then an avatar could be used to give real-time feedback about the patient’s trunk
motion. Some Exergames use this concept by integrating motion capture with their software
within their pre-packaged game. However, the field of gait rehabilitation can benefit from an
open-source approach that allows researchers using a common platform to modify their variables
of interest (e.g., step width, step length, stride timing, trunk motion, etc.) in a specified manner in
order to teach the patient the desired gait behavior. For example, Microsoft offers a Software
Development Kit (SDK) for their Kinect system, which has been used as both an assessment and
rehabilitation tool to enhance gait and balance [16, 17, 59, 99]. This approach allows for a
structured, yet diversified approach to examining how visual stimuli can be manipulated to
enhance gait control across a variety of clinical populations.

6. Using fractal gait training in patient populations with vestibular disorders
Each vestibular disorder has a unique pathophysiology, many of which can lead to gait and
balance dysfunction [60], ultimately leading to increased fall-risk [3]. Due to the uniqueness not
only between vestibular disorders, but also between patients with the same disorder, there is a
strong need for proper neuro-otological history taking and assessment in order to develop a
tailored rehabilitation program to enhance gait/balance function [4]. Since weak fractal gait
patterns have been related to increased fall-risk [31], it is logical to think that strengthening
fractal gait patterns would lead to a decreased fall-risk. However, this logic is likely context
dependent—meaning that a patient-centered approach might be complimented by including an
individualized fractal gait training program. If a patient is found to have altered stride timing,
then asking them to synchronize their steps to an appropriate fractal visual display may enhance
their walking function (and decrease fall-risk) by challenging their neuromotor control through
micro-perturbations provided by the requirement of slightly altering their stride-to-stride
behavior, allowing the locomotor system to adapt to the altered vestibular information. The
meaningfulness of this type of training will likely be different for patients with acute and chronic
vestibular disorders. To date, there is no literature merging fractal gait training with patient
populations who have vestibular disorders, so the efficacy of this type of training and potential
mechanistic relationships if a positive change in gait/balance behavior were observed have yet to
be explored.
7. Future directions
While there appears to be promise in the use of visual stimuli to enhance gait control, there are a
number of empirical questions need to be more fully explored to describe the clinical utility of
such an approach. For example, does changing a particular gait variable alter fall-risk posttraining? To address this question, a systematic approach is needed to understand which
candidate variables are related to fall-risk, determine which of the candidate variables are
modifiable, and then determine how to modify them without any unintended consequences. This
is a non-trivial issue, as the body consists of countless interacting parts, so altering one aspect of
gait control likely causes some other part of gait control to change (which may be adaptive or
maladaptive in the long run). Further, the ability to monitor gait has changed rapidly in the past
few years and could be further utilized in future studies. The rapid advancement of smartphone
sensors and other portable devices allows for an exploration of gait behavior in the real world in
a manner that was not possible before. This could allow for the development of remote data sets
and potentially a ‘big data’ approach to help better understand how factors associated with fallrisk interact, which may help develop a personalized approach to gait rehabilitation. Finally,
relative to vestibular dysfunction, it is almost certain that a one-size-fits-all approach to gait
rehabilitation will not work. Determining which visual stimuli are useful to enhance gait control
in populations with particular vestibular etiologies would help deliver individualized gait
rehabilitation.
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