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Abstract
A theoretical framework to incorporate a stationary anchor in the repeated optokinetic stimulation to treat dizziness patients with visual vertigo is considered. The 
approach is opposite to the traditional treatment of avoiding triggers of dizziness by gaze stabilization. It emphasizes a gradually expanding but limited field of view 
in contrast to the full immersion or wide field of view typical of virtual reality treatment schemes. The advantages of this approach are elucidated by comparing with 
the mechanism of an adaptive filter (Kalman filter), and its application in assimilating different sources of imperfect meteorological observation data in numerical 
weather prediction.

In the stationary anchor approach the foreground contains a higher velocity that provides strong optical simulation and the resulting estimate may provoke a dizziness 
attack, while the background with weak or no visual input will not cause provocation and the estimate depends mostly on vestibular and somatosensory inputs. The 
adaptive filterlike mechanism in the brain carries out a calibration of the two estimates to correct the erroneous weightings through graduated expansion of the 
foreground, to effect progressive habituation. This approach also allows the patients to use the stabilizing effect of the stationary background to resist the destabilizing 
effect from the foreground, so that a stronger stimulation in the foreground can be better tolerated and an effective training with more rapid escalation of intensity 
is possible. An additional advantage of this method is an objective measurement of the dizziness that can be used to evaluate the degree and change of a patient’s 
dizziness while under treatment.
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Introduction
Many patients suffer from dizziness that is triggered or aggravated 

by visual stimulation. This condition has been called visual vertigo 
(VV) [1,2], although usually the sensation of rotation (vertigo) is 
not present. Other terms describing this condition include space and 
motion discomfort [3], (inappropriate) visual dependence [4], and the 
“grocery store syndrome” [5]. While some patients have vestibular 
disorders or other organic conditions, many chronically dizzy patients 
have no abnormalities on detailed testing. It is believed that VV has 
been under-diagnosed leading to many dizzy patients not being 
properly treated [6].

Repeated optokinetic stimulation has been used for diagnosing and 
treating dizziness patients [7-10]. The authors [1] proposed a theoretical 
framework to treat VV patients that is also based on optokinetic 
stimulation but differs from both the traditional gaze stabilization 
and the virtual reality approach in vestibular rehabilitation. In this 
framework a stationary background is incorporated to the foreground 
stimulation. Here we will elaborate this theory and present the scheme 
as a continued calibration of sensory weights between the two regions 
and give graphical illustrations that can be easily understood and 
adapted in clinical settings.

The Chang-Hain theory of progressive habituation
The theory is based on the case of a patient whose VV started within 

days after the complete recovery from a benign paroxysmal positional 
vertigo (BPPV). During daytime and in a quiet environment without 
specific provocation or attacks the patient described his persistent 

dizziness at a very mild state as a feeling of floating. However, certain 
situations seemed to decrease this floating feeling so that the patient was 
briefly free from any dizziness symptoms. These situations all involved 
the presence of stationary and noncomplex objects. For example, he 
felt less floating outdoor around large and tall buildings or highway 
structures than in more open fields. Some especially interesting 
contrasts occurred in a car. As a driver he felt dizzier looking to the 
left than looking to the right, and as a passenger he felt dizzier in 
the front seat than in the back seat. There are findings [4] that VV is 
not related to a past history of motion sickness, but in this case the 
patient’s experience directly counters the usual experience in motion 
sickness. Eventually he realized that both his driver’s and passenger’s 
experiences can be explained by the presence of stationary object in the 
field of view. At the driver seat that is located on the left side his view to 
the right was surrounded by a large part of the stationary frame inside 
the car. But when he looked to the left this stationary frame was a much 
smaller part of his view and he was much more exposed to the traffic 
outside the car. Likewise, as a passenger he saw less traffic and more of 
the inside frame of the car in the back seat than in the front seat.
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The patient then devised an optokinetic stimulation exercise to 
experiment looking at moving trains briefly from the back seat of a 
car. He also experimented with train viewing at subway stations using 
the stationary platforms (Figure 1) to counteract the dizziness feelings. 
The exercises were conducted several times a day and he was able to 
gradually increase the duration from one or two seconds initially to 
longer periods. His symptoms started to subside after one week and 
completely disappeared after three weeks.

This case experience led us to hypothesize that the dizziness due to 
optical flow may be inversely correlated with the presence of stationary 
noncomplex images in the field of view. Since the degree of dizziness 
in this case depended on the difference between the destabilizing effect 
(D) of optical flow and the stabilizing effect (S) provided 5 by stationary 
objects in the visual field, we defined a destabilizing potential (DP):

DP=D/S, which is the ratio of the destabilizing effect over the 
stabilizing effect. Figure 2 shows this scheme. Here a stationary 
point of regard, called aiming area A, is embedded in a background 
environmental area B, and D= A×f(V) and S=B where V is the velocity 
of the optical flow. In general V is a three-dimensional velocity field 
that may also vary with time, but for the simplest case of linear constant 
velocity,

DP=D/S=A/B×V.

The total effect on a VV patient is DP integrated over the duration 
of exposure,

TDP=∫ D/S dt=t×A/B×V for constant A, B and V.

The therapy (hereafter referred to as Chang-Hain or CH) is to 
gradually increase the patient’s tolerance of a higher TDP through 
exercises as a way to conduct progressive habituation. This can be 
done by increasing V and/or expanding A in figure 3 as the therapy 
progresses. This scheme may be described as an inverse of the traditional 
gaze stabilization exercises for vestibular rehabilitation in which the 
aiming area A is a small single object with slow relative motion, while 
the background environment is typically busy with fast optical flow or 
complex patterns (Figure 4). Figure 4 illustrates a patient under gaze 
stabilization therapy; a corresponding figure for the CH treatment is 
illustrated in figure 5. 

Due to miniature and possibly subconscious eye movements, 
the background is unlikely to stay perfectly stationary. To generalize 
the theory, we04 may consider the background to contain a constant 

Figure 1. A moving train (fast optical flow that can provoke visual vertigo) passing through 
the stationary subway platform (stationary anchor in the field of view).

Figure 2. Illustration of traditional gaze stabilization therapy. The patient is aiming at a 
small noncomplex object A in a complex background that give rise to the optical flow.

Figure 5. Illustration of the optokinetic stimulation with stationary anchoring at the frame. 
The patient uses the stationary frame to resist the provocation from the fast velocity in the 
aiming window.

Figure 3. The Chang-Hain framework: Colored foreground contains optical flow (velocity V).

Figure 4. Gaze stabilization in vestibular rehabilitation therapy. Colored background 
contains optical flow (velocity VB).

Figure 6. Similar to Figure 2 with strong optical flow VA in colored foreground and weak, 
non-provocative velocity VB in background.
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For VV patients the brain inappropriately overweighs the visual 
inputs over the other, particularly vestibular inputs. This is often due 
to vestibular disease or neurological abnormality but can also develop 
in seemingly normal patients whose vestibular system is intact and free 
from any lesion in the peripheral or central nerve system. The patient 
in our previous study is one example [1]. It is likely that these patients 
who have experienced a vestibular insult in the past and the adaptive 
filter mechanism in the brain lowered the weighting of the vestibular 
input because it was very unreliable. After a patient recovers from the 
vestibular attack the brain is unable to adjust the weighs and continues 
to rely on visual inputs causing the inappropriate visual dependence 
and dizziness. 

The VV patient that has recovered from a previous vestibular 
insult suffers from the wrong weighting. However, the brain is capable 
of real-time weight adjustment as demonstrated in a study of visual 
and auditory signals for spatial localization [19]. In the CH treatment 
theory, a VV patient with the wrong sensory weighting starts by 
getting provoked in a limited field of view in the foreground. Initially 
this field is small enough for the patient to tolerate the stimulation. 
This is analogous to conducting “nowcasting” in weather forecast in 
a small region that requires a computation power small enough to 
realize instantaneously. The stationary background provides several 
possible functions in this training. First, it provides a comfortable 
area for the patient to anchor the sight when the destabilizing effect 
of the stimulation is too stressful. Since the patient will not feel 
dizziness looking at this area, it serves as a kind of truth for the brain to 
calibrate the filter when the patient is viewing the two areas, one with 
provocation and one without, simultaneously. This is analogous to one 
aspect of the data quality control procedure used in weather forecast. 
Observational data at each point in the atmosphere are constantly 
compared with those in nearby points to assess their reliabilities. A 
sufficiently large background anchor area allows this calibration and 
reweighing to proceed with less resistance, reduces the chance that 
the patient’s dizziness and intolerance interrupt the training process. 
After the patient’s dizziness subsides, the total destabilizing potential 
is increased slightly by either increasing the foreground velocity or 
the foreground area or both. The patient’s brain is now equipped with 
a somewhat improved weighting system with smaller errors in the 
sensory weights, and is therefore more likely to succeed in the next 
stage of training, in which the stabilizing effect is reduced while the 
destabilizing effect is increased. The key concept of the CH scheme is 
that this gradual increase of the destabilizing potential allows a phased 
calibration and adjustment of the sensory weightings. This approach 
may be easier than a full or wide field of view VR regimen to recover 
a state that was inappropriately locked in with overly strong visual 
dependence.

The CH process can also be compared to the virtual reality 
training of acrophobia through a gradual increase of the height [20]. 
Many acrophobia patients have an extreme fear of height because of 
excessive visual dependence. They experience difficulty as the increased 
distance from ground causes them to lose reference in space, which is 
equivalent to a large A/B ratio for the VV patients. The gradual increase 
of height in the visual reality training of the acrophobia patients may 
therefore be interpreted as an equivalence of the gradual increase of the 
destabilizing potential.

Conclusion
The effect of incorporating a stationary anchor background in 

the optokinetic stimulation therapy of VV patients, who suffer from 

velocity VB that is much smaller than VA, as shown in [4,6,20]. In 
general, we may characterize VB as a velocity that tends to not provoke 
VV while VA as a velocity that tends to provoke VV. Again, consider 
a constant VA, the velocity V in figure 2 is simply the relative velocity 
V=VA - VB. A stationary anchor means a very small but probably non-
zero VB.

Comparison to virtual reality and adaptive filtering
Both the CH framework and the virtual reality (VR) training 

provide repeated optokinetic stimulation. The VR training including 
head mounted display (HMD), augmented, Fish Tank, and projection-
based [11] are all based on a computer-generated scenario with which 
the user can interact in three dimensions so that the user feels that he 
or she is part of the scene. In the HMD system the patient sees only 
the computer-generated image and is therefore totally immersed; in the 
projection-based system the field of view is wide to provide a similar 
sense of presence. In the other systems the field of view is limited but 
is compensated by the benefit of smaller pixel visual angles. In general, 
the promise of VR training is that the sense of presence in the training 
environment is an important factor for transferring into reality [11], 
thus total immersion in a controlled environment is desirable. The CH 
framework, on the other hand, is based on a limited field of view in 
the foreground that is accompanied by a stationary background. The 
latter is a critical element and the key difference from the traditional 
VR approach. Total immersion is purposely excluded. 

The therapeutic effect of repeated optokinetic stimulation has been 
interpreted as due to the habituation by the brain [12]. The brain needs 
to combine visual, vestibular, and somatosensory inputs properly to 
provide a reasonable estimate of orientation in space and self and world 
motion. Many studies [13,14] have reasoned that the mechanism of 
this sensorimotor processing is similar to that of an adaptive filter such 
as the Kalman filter in signal processing. A Kalman filter is a formal 
method of estimation of the true state of a system using an internal 
model. Internal models are used by the brain to construct percepts 
of the world especially in situations where sensory input may be 
redundant, intermittent, or unreliable. Disturbance of internal models 
have been postulated to account for one variant of motion sickness 
– mal de debarquement, that is commonly associated with visual 
dependence [15]. The architectural similarities between Kalman filter 
and the entorhinal-hippocampal loop and the neocortical hierarchy 
have been described [16,17]. 

The adaptive internal model uses the difference between initial 
estimates based on a prediction model and actual sensory inputs to 
correct the estimate through an optimizing algorithm. In Kalman filter 
applications such as numerical weather prediction models, which use 
imperfect and incomplete observation meteorological data as initial 
conditions, the estimates and the inputs are assumed to have a normal 
probability distribution so that they can be represented by their means 
and standard deviations. The standard deviation is a measure of the 
noise level therefore the uncertainty of each quantity. In this process 
inputs from different sources are weighted according to a function of 
this uncertainty which depends on the uncertainty of each particular 
source relative to those of other sources. Quantities with large standard 
deviations are less reliable and receive a smaller weight, and the same 
process of weighting is applied in comparing and merging the initial 
prediction and actual inputs. For human sensorimotor processing, this 
process uses the prediction from the previous body state and corrects it 
with the current sensor inputs to arrive at the current body state. 
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dizziness provoked by optical flow, offer several potential benefits. 
Correction of the errors in the overweighing of visual inputs and 
under-weighing of vestibular and somatosensory inputs may be 
easier when the adaptive filter-like mechanism in the brain compares 
the estimates from the foreground to that of the background. In the 
foreground a higher velocity provides strong optical simulation and 
may provoke a dizziness attack, while the background by itself will 
not cause provocation because the visual input is weak or near absent 
and the estimate depends mostly on vestibular and somatosensory 
inputs. This calibration of the two estimates may help the adaptive 
filtering process to correct the erroneous weightings that may be the 
result of past vestibular insults. Moreover, the CH framework allows 
the patients to use the stabilizing effect of the stationary background to 
resist the destabilizing effect from the foreground, so that the patient 
can better tolerate a stronger stimulation in the foreground.

The method can also be adopted economically by training the 
patients to practice in everyday situations, such as watching a moving 
train in a properly anchored background environment (Figure 1). The 
basic framework of calculating a destabilizing potential with the ratio 
of the foreground and background areas and the difference between 
their relative velocities also provide a simple, objective way to calculate 
the visual dependence threshold of a VV patient, which is valuable 
since available objective and consistent diagnostic tools for measuring 
the degree of dizziness are very limited [21].
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