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Abstract.
BACKGROUND: Self-motion misperception has been observed in vestibular patients during asymmetric body oscillations.
This misperception is correlated with the patient’s vestibular discomfort.
OBJECTIVE: To investigate whether or not self-motion misperception persists in post-ictal patients with Ménière’s disease
(MD).
METHODS: Twenty-eight MD patients were investigated while in the post-ictal interval. Self-motion perception was studied
by examining the displacement of a memorized visual target after sequences of opposite directed fast-slow asymmetric whole
body rotations in the dark. The difference in target representation was analyzed and correlated with the Dizziness Handicap
Inventory (DHI) score. The vestibulo-ocular reflex (VOR) and clinical tests for ocular reflex were also evaluated.
RESULTS: All MD patients showed a noticeable difference in target representation after asymmetric rotation depending on
the direction of the fast/slow rotations. This side difference suggests disruption of motion perception. The DHI score was
correlated with the amount of motion misperception. In contrast, VOR and clinical trials were altered in only half of these
patients.
CONCLUSIONS: Asymmetric rotation reveals disruption of self-motion perception in MD patients during the post-ictal
interval, even in the absence of ocular reflex impairment. Motion misperception may cause persistent vestibular discomfort
in these patients.
Keywords: Quality of life, Ménière’s disease, vertigo, motion perception, rehabilitation

1. Introduction
Clinical vestibular examination routinely consists of testing reflexes and not motion perception,
although dizziness or imbalance are perceived by
many individuals, even in the absence of any vestibular reflex impairment [20]. This perceptual and reflex
dissociation can be explained by considering that
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vestibular perception and reflexes encompass different pathways [2, 14, 16] and central processing [5, 22,
25–27, 29–32, 34, 35]. Therefore, it is conceivable
that distinct perceptual and reflex adaptive mechanisms can occur after labyrinthine deficit, inducing
imbalance in the vestibular circuitry [3, 4, 23]. The
lack of perception examination may represent a relevant limitation when evaluating all of the patient’s
symptoms.
To demonstrate deficit in perceptual function, some
methods have recently been described that include
responses to rotation and translation [6] and also
response to asymmetric rotation [23]. Asymmetric
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vestibular stimulation has been found to be very
successful in revealing perceptual imbalance and differentiating it from the vestibulo-ocular reflex (VOR).
This method is based on examining motion perception during asymmetric vestibular stimulation. It has
been observed that, in healthy individuals, repetitive asymmetric rotation (fast rotation toward one
side and slow rotation in the opposite direction)
induces opposite effects in self-motion perception
and VOR. Clearly, at the beginning of the stimulation, both perceptual and reflex responses are largely
asymmetric, but adaptive mechanisms tend to cause
increased asymmetry in the perceptual responses and
reduce that of the VOR [26]. By reverting the direction of the asymmetric stimulation, the perceptual
asymmetries are similar in healthy individuals, while
in the presence of unilateral vestibular deficit they
are remarkably different, suggesting that this stimulus can be very effective in revealing imbalance in
the vestibular perceptual circuit. Indeed, using this
particular stimulation in patients with vestibular neuritis, a residual imbalance in the perceptual circuit
has been seen, even in the absence of any VOR
asymmetry [23]. In contrast, perceptual imbalance is
not observed after symmetric vestibular stimulation.
Interestingly, the amount of the difference in perceptual asymmetry is well correlated with the subjective
perception of dizziness as shown by the Dizziness
Handicap Inventory (DHI) tests.
This evidence prompted us to investigate whether
perceptual dysfunction may be present in other vestibular pathologic conditions, where reflex alterations
may be absent, such as after transient vestibular damage. A typical condition in which vestibular reflex
impairment is acutely altered occurs in the early stage
of Ménière’s disease (MD) during post-ictal periods before permanent sensorineural damage occurs
[17–19].
This study aims to compare the VOR and other
clinical tests for ocular reflex with the perceptual
responses to asymmetric and symmetric rotation during the post-ictal period.

2. Methods
Twenty-eight consecutive patients with Ménière’s
disease were enrolled in a prospective study. The
diagnosis was made before this study between 1
September 2015 and 31 December 2018. The patients
were evaluated for vestibular perception and reflex
in the subsequent period between 1 April 2019 and

30 June 2019, during clinical control sessions which
were performed every 2 months after MD diagnosis.
Any symptoms or Ménière’s crisis occurring during
the previous 2 months were reported. In general, the
interval between the last vertiginous crisis and the
patient’s examination varied from a minimum of 1
week to a maximum of 60 days. All of the procedures
performed in studies involving human participants
followed the ethical standards of the institutional
research committee (the 1964 Helsinki declaration
and its later amendments or comparable ethical standards). The ethics committee of the University of
Perugia approved this study. Informed consent was
obtained from all individual participants included in
the work.
There were 16 women (20–45 years) and 12 men
(25–50 years) (mean age 38 ± 14.5 years) in the
study. Inclusion criteria were based on the signs and
symptoms of actual MD according to the Classification Committee of the Bárány Society (2015) [17].
Patients over the age of 50 years were not included
because the test was very demanding (the imaginary
pursuit of a visual target, see below) that required
prolonged training sessions which older patients were
less able to execute. We chose to verify the efficacy of
the asymmetric perceptual test in younger individuals
who could easily perform the test, before extending
the study to the elderly.
All patients enrolled in the study were under the
same medical therapy with betahistine (48 mg/die).
Individuals experiencing migraine or previous/concomitant vestibular disorders of other types (e.g.
vestibular neuritis) or different therapies (e.g. gentamicin) were excluded. In addition, we examined the
perceptual responses to vestibular rotation in 28 unaffected individuals (controls) matched for age and sex
(20–50 years old; mean 39 ± 11.3 years), to establish
the reference level for the new protocol of the motion
perception test.
2.1. Vestibular testing
Vestibular stimulation. The patients sat on a com
puter-controlled chair (fixed on a platform) rotating in
the horizontal plane in an acoustically isolated cabin
of 150 cm radius. One hand was placed on their chest
and the other hand on the pointer used for tracking a
memorized earth-fixed visual target. A vertical holder
with a horizontal extension secured the individual’s
head to the chair in the primary position.
We used a camera recording two pairs of reflective
infrared markers placed on the midline scalp, and left
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Fig. 1. Experimental setting and motion perception recording. A: Schematic drawing of the experimental setting. Acoustically isolated cabin
and rotating chair: P: pointer, T: visual target, presented just before rotation in the dark, H: head holder. The solid arrows indicate the chair
asymmetric rotation (solid arrow: fast rotation; dashed arrow: slow rotation). The representation of the memorized visual target at the end of
four cycles of asymmetric rotation is shifted (dashed arrow) in the opposite direction to the fast rotation. B: Motion perception tracking in
response to four cycles of asymmetric rotation. Upper trace: Tracking of the memorized visual target during rotation revealed by the pointer.
The filled circle indicates the target position representation at the end of rotation. Lower trace: chair asymmetric rotation. Note the error
(TPE) induced by asymmetric stimulation with respect to the real position of the target (vertical dashed line).

Fig. 2. Tracking position error after opposite directed asymmetric rotation and asymmetric index in unaffected and MD patients. A,B:
tracking of memorized visual target during asymmetric rotation. Upper trace: chair rotation; lower trace: tracking of memorized target of
unaffected (dashed line) and MD patients with vestibular functional deficit (solid line). The filled circles and vertical bars indicate the final
tracking position error (TPE) on the right (solid line: MD patients; dashed line: controls). In A, the fast rotation was directed toward the
lesion side; in B, the fast rotation was toward the healthy side. C: TPE (mean and SD) of 28 unaffected (control, filled circles) and 28 MD
patients (open circles) in response to asymmetric rotation. The TPE values induced by a fast half cycle to the healthy or irritated side (left
side) were greater than those in response to a fast half cycle to the lesion or non-irritated side (right side). D: Perceptual asymmetric index
(mean and SD) of control (filled circles) and MD patients (open circles) in response to asymmetric rotation.

and right acromion, to measure head yaw rotation.
When the head markers revealed displacements unrelated to the stimulus, the trial was discarded. A plastic
collar prevented roll and pitch head displacements.
The chair oscillated sinusoidally in the dark with a
half cycle at different velocities (Fig. 1). The patient was rotated rapidly to one side and then
returned slowly to the original position [same amplitude (40◦ ) but different frequencies: fast half cycle

(FHC) = 0.38 Hz, peak acceleration 120◦ /s2 , peak
velocity 47◦ /s; slow half cycle (SHC) = 0.09 Hz,
peak acceleration 7◦ /s2 , peak velocity 11◦ /s above
thresholds for vestibular activation]. We used the
asymmetric rotation protocol since we have shown in
earlier studies [22, 23, 26, 27] that it was efficacious
to reveal side difference in self-motion perception,
whereas symmetric rotation was not able to show perceptual imbalance [8, 29]. A sequence of four cycles
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of asymmetric rotation was delivered with fast rotation toward one side and, thereafter, in a successive
sequence, with fast rotation toward the other side.
Depending on whether the fast rotation was delivered toward the lesion or unaffected side, the motion
perception was remarkably different [8, 29] (Fig. 2).
Symmetric stimulation was also delivered to patients
[amplitude 40◦ , frequencies of 0.38 Hz and 0.09 Hz]
to show the effectiveness of the asymmetric rotation
protocol in revealing self-motion perceptual imbalance.

2.2. Test for self-motion perception
We used a psychophysical tracking procedure to
assess self-motion perception [33, 34]. Before starting the rotation, patients were asked to look at a
target placed in front of them, and they had to imagine the target throughout the rotations executed in
the dark and with eyes closed. The target was represented by a light spot (1 cm diameter) projected onto
a wall of the cabin at the level of the patients’ eyes
(Fig. 1). The spot was switched off just before rotation
onset. Patients were instructed to continuously track
the memorized spot in the dark by rotating the hand
pointer toward that spot. The pointer, connected to a
precision potentiometer pivoted on a chair-fixed support, allowed the continuous recording of the angular
displacement. Moreover, the pointer had a laser beam
that was turned on at the end of rotation to measure
the angular distance between the projection of the
beam on the wall and the light that was switched on.
Signals from the pointer and chair motion were
digitized using a 12-bit analog-to-digital card (LabVIEW, National Instruments, Austin, TX, USA) at a
sampling rate of 500 Hz and stored for offline analysis. The memorized target position was evaluated
directly by measuring the position of the laser beam
on the wall and the real target position, while the
manual tracking was recorded using the pointer position signal to verify the quality of self-motion during
asymmetric rotation. The tracking response was
accepted when it resembled the sinusoidal stimulus
profile. Patients were trained to track the memorized
target with their forearm during asymmetric rotation.
Training was stopped when visual inspection of the
tracking showed no further improvement and good
matching of the stimulus waveform. Depending on
the participant, 5–10 trials were required. On the
following day, the patients underwent the test for selfmotion perception. We discarded responses when

arm movements during rotation showed discontinuity, jerks, or pauses; inadequate tracking occurred in
four patients and in 1–2 trials. After a 1-day interval,
the VOR was examined during asymmetric rotation.
2.3. Self-motion perception in response to
asymmetric rotation
Due to the characteristic transfer function of the
vestibular system and additional adaptive responses,
patients perceived the FHC more vividly than the
SHC [26]. Therefore, the different motion perceptions during fast and slow half cycles induced an
erroneous representation of the memorized target
position at the end of the session of four asymmetric
cycles (tracking position error, TPE). The target was
represented laterally with respect to the real target
position in the opposite direction to that of the FHC
(Fig. 1). In unaffected individuals, the TPE observed
at the end of four asymmetric rotations was similar when the fast half cycle was directed to one side
or toward the other side. In contrast, in vestibulardamaged patients, the TPE was different depending
on the direction of the fast half cycle (FHC) (Fig. 2).
Due to the effect of the direction of the intense activation within an unbalanced vestibular circuit, FHC to
the healthy side (healthy-FHC) induced a greater TPE
compared to that observed with FHC to the damaged
side (damaged-FHC). The difference in the amplitude of TPEs was reported as the asymmetry index
[(healthy-FHC TPE – damaged-FHC TPE/sum of the
two TPEs) ∗ 100]. This formula allows the perceptual
side disparity to be calculated accurately with respect
to the total observations [23]. On the other hand, in
the case of the irritated condition, the formula was:
(irritated-FHC TPE – healthy-FHC TPE/sum of two
TPEs) ∗ 100, with the irritated-FHC TPE as minuend.
In this way, all values were positive.
2.4. Test for VOR
In the same patients, we also recorded eye movements during asymmetric rotation in the dark, with
bitemporal direct current electrooculography (DCEOG) in a separate session 1 day later (Fig. 2).
Signals from the EOG were digitized using a 12bit A/D card (Labview, National Instruments) at a
sampling rate of 500 Hz and stored for offline analysis. Quick nystagmic components were removed
offline and the cumulative amplitude of the four
half cycles of slow phase eye movement (cumulative
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Fig. 3. Eye movement recording during asymmetric rotation in response to opposite directed asymmetric rotation and asymmetric index in
unaffected and MD patients. A, B: Slow phase eye position (SPEP) in response to opposite directed sequence of four cycles of asymmetric
rotation with a fast half cycle toward the lesion side (A) and the healthy side (B). Upper traces: asymmetric rotation; and lower traces: SPEP
(solid line: MD patients, dashed line: controls). Cumulative eye position at the end of rotation is indicated by vertical bars on the right (solid
line: MD patients; dashed line: controls). Note that the cumulative SPEP of MD patients was smaller in A and greater in B compared with
the controls. C: Cumulative SPEP (cSPEP) (mean and SD) of unaffected (control, filled circle) and MD patients (open circles) in response
to opposite directed asymmetric rotation: fast half cycle to healthy or irritated side (left) versus fast half cycle to lesion or side not irritated
(right). Note that controls did not show a different cumulative SPEP in contrast to MD patients. D: cSPEP asymmetry index in unaffected
(control, filled circle) and in MD patients (open circles) in response to the opposite directed asymmetric rotation.

slow phase eye position, SPEP) [23, 26] were computed for four cycles of asymmetric rotation (Fig. 3).
Asymmetric rotation induced a large cumulative
SPEP. The cumulative SPEP of the VOR was also
evaluated after two opposite directed rounds of
“four-cycle asymmetric rotations” to compute the
asymmetry index that depended on the symmetry of
the vestibular responsiveness of the two sides. To
examine the VOR asymmetry, we used the cumulative
SPEP: in the case of lesion: (healthy-FHC cumulative SPEP – damaged-FHC cumulative SPEP/sum of
two cumulative SPEP) ∗ 100; in the case of irritation:
(irritated-FHC cumulative SPEP – healthy-FHC
cumulative SPEP/sum of two cumulative SPEP) ∗
100. Unaffected individuals had almost null side difference in the cumulative SPEP, while patients with
vestibular imbalance had a marked difference.

2.5. Clinical vestibular tests
All patients underwent a bedside examination of
vestibular function to reveal the presence of spontaneous and/or positional nystagmus and an audiometric study to verify the presence of hypoacusia
which allowed the affected side to be established.
Based on the directionality of response of each
clinical test, the dysfunction was considered to be
irritative for a functional prevalence of the affected
side response or defective for a prevalence of healthy
side response.

All patients underwent the following conventional
tests: caloric test (CT), head shaking test (HST),
v-head impulse test (vHIT) and vibration-induced
nystagmus (VIN).
Caloric test: We followed the Fitzgerald-Hallpike
method [7], and measured the peak slow phase eye
velocity 60–90 seconds after irritation onset using
EOG. The canal paresis values were evaluated by
applying the Jongkees formula [11, 12]. The caloric
test was considered to be pathological in the presence
of canal paresis > 30 values.
Head shaking nystagmus test: We verified the presence of nystagmus after passive rotation of the head
(±45◦ at 1 Hz for 20 seconds). The Head Shaking Test
was considered to be positive if at least two evident
post-rotation nystagmic beats with a peak slow phase eye velocity (SPEV) > 5 deg/s were observed [13].
v-head impulse test: We examined the asymmetry of the ocular responses using the GN-Otometrics
vHIT system in response to 20 head impulses for
stimulation on each side (10◦ –20◦ amplitude, velocity peak 150◦ /s and 250◦ /s). The v-HIT outcome was
considered to be pathologic in the presence of 30%
asymmetry values [1].
Vibration-induced nystagmus: The vibration
(100 Hz for 10 seconds) was applied by a batterypowered device to one side of the mastoid process,
and subsequently to the other side and to the vertex.
The VIN test result was considered to be pathologic
when per-stimulatory nystagmus was evoked during
mastoid stimulation [21, 28].
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2.6. Audiometry
Pure tone audiometry was also performed to
evaluate the acoustic threshold by delivering tones
generated by a system for computer-controlled standard audiometry examination (P-A 1000, Inventis
srl, Padova, Italy), driven by the interface software
for the P-A 1000 (frequency range: 125 to 8000 Hz,
signal/noise ratio > 70 dB, distortion 2.5%, accuracy
of frequency > 1%). This device was assembled in
combination with an Amplifon AM-13 calibrated
clinical audiometer (Amplifon S.P.A, Milan, Italy).
The intensity was increased in steps of 5 dB from the
initial intensity of 0 dB SPL to 40 dB SPL maximum
measured relative to the standard reference sound
pressure level of 20 Pa. The pattern was attributed
to irritation of the labyrinthine receptors when the
directional preponderance of the vestibular symptoms during an acute episode reflected a preponderant
excitability on the side where the acoustic deficit was
present, while the pattern was considered deficient
when preponderant excitability was on the opposite
side.

in an earlier study on vestibular neuritis [23]. The
responses were analyzed statistically using a Generalised Mixed Model Analysis (GLM) and a Bonferroni post-hoc test. P-values < 0.05 were considered
statistically significant. Before GLM, the ShaphiroWilk W test) assessed normality and Levene’s
homogeneity test assessed the variances. The confidence interval (CI) of the vestibular test values was
defined as 95% of the values in our control group.
After the last dizziness crisis, the linear fit and exponential decay of the asymmetry index were examined,
and R and X2 values were reported for the goodness
of exponential fit.
All statistical evaluations and fittings were performed using OriginPro software (Origin Lab Corp.,
Northampton, MA, USA) and SPSS 16.0 (IBM Corp.,
Armonk, NY, USA).
2.10. Data availability
All published and unpublished anonymized data
from this study can be shared by request from a qualified investigator.

2.7. Dizziness handicap inventory (DHI)
The DHI [10] was used to evaluate the functional, emotional and physical subjective perception
of dizziness. The DHI comprises 25 items (questions)
and three possible replies: “yes” (four points), “sometimes” (two points) and “no” (zero points) designed
to assess a patient’s functional (nine questions), emotional (nine questions) and physical (seven questions)
limitations. A score < 10 points indicated no handicap, scores between 16 and 34 points mild handicap,
36–52 moderate handicap, and 54–100 points severe
handicap.
2.8. Protocol
First, patients were examined using conventional
clinical vestibular tests. Subsequently, all patients
underwent a session for self-motion perception testing and 1 day later a session for VOR testing.
2.9. Data evaluation and statistical analyses
Investigators who performed the data analysis were
not aware of the research questions and were not the
same investigators who tested the patients.
The control value for the asymmetry index was that
measured in unaffected individuals in this study and

3. Results
3.1. Analysis of self-motion perception and VOR
during the post-ictal period in all MD
patients
Self-motion rotation evaluated by asymmetric rotation in all MD patients. The error in remembering
target representation (tracking position error, TPE)
was measured to examine self-motion perception.
The asymmetric rotation was performed with two
opposite directed sequences of fast rotation toward
the lesion (irritated or defective) side and toward the
healthy side. In the presence of vestibular imbalance,
the TPE was different in response to the two rotation
sequence conditions. When the fast rotation of the
asymmetric rotation sequence was directed toward
the healthy side in the case of labyrinthine deficit
or to the irritated side in the case of labyrinthine
irritation, the TPE was much greater (70 ± 11◦ ). Conversely, it was smaller when the fast rotation of the
asymmetric rotation was toward the lesion (in the
presence of functional deficit) or the healthy side
(in the presence of functional irritation) (29 ± 12◦ ).
This difference was reported as the “asymmetric
index” (Fig. 2). This index was minimal in unaffected
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individuals (7.5 ± 4.9) while in the MD patients, it
was significantly greater (33.73 ± 7.14) (F(1,54) =
157.40, P < 0.001, η = 0.97). Interestingly, there was
a correlation between the frequency of occurrence of
the MD attack and the amplitude of the asymmetric
index (R = 0.71, F(1,26) = 26.75 P < 0.001).
Self-motion rotation evaluated by symmetric rotation in all MD patients. Self-motion perception of
patients was also tested with symmetric sinusoidal
rotation at frequencies of rotation of 0.09 and 0.38 Hz.
We measured the TPE observed after four cycles of
symmetric rotation. Comparison of the TPE with the
control group showed a statistically significant difference in values between control and MD patients
(for 0.09 Hz: F(2,53) = 3.71, P < 0.05, η = 0.91; for
0.38 Hz: F(2,53) = 3.92, P < 0.05, η = 0.82).
VOR evaluated by asymmetric rotation during the
post-ictal period in all MD patients. The VOR of
MD patients was examined in response to asymmetric rotation by evaluating the cumulative slow
phase eye position (SPEP) after the two opposite
directed asymmetric sequences of rotation. The difference in SPEPs was reported as the asymmetric
index and compared with the VOR of the control
group (Fig. 3). The comparison showed that the VOR
asymmetric index for all MD patients was 14.8 ± 9.2,
significantly higher than that of our control group
(8.1 ± 7.5) (F(1,54) = 80, P < 0.001, η = 0.91).
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3.2. Analysis of self-motion perception and VOR
in different subgroups of MD patients
characterized by the presence or absence of
ocular reﬂex alteration during the post-ictal
period
The MD patients were also examined by routine
vestibular tests (Caloric, v-HIT, HST, VIN) and for
the presence of spontaneous or positional nystagmus during the post-ictal period. Two subgroups of
patients were found: subgroup A with patients showing unaffected ocular responses to all vestibular tests
(10 women and 6 men) (data in Table 1) and subgroup
B with patients with at least one abnormal response
(6 women and 6 men) (data in Table 2). Patients
in subgroup A reported a few preceding acute MD
episodes (1–3), and showed more functional irritation
than functional deficit (11 vs 5), whereas subgroup B
reported several preceding acute MD episodes (>3)
and showed functional irritation in half of the cases.
According to these different subgroups of patients,
we performed a separate analysis of the perceptual
and reflex responses to asymmetric rotation.
Analysis of self-motion perception in response to
asymmetric rotation in the A and B subgroups of MD
patients. Comparison of the asymmetric index among
A and B subgroups and the control group in response
to asymmetric rotation showed values of 31.3 ± 7.3

Table 1
Perceptual and reflex responses of group A MD patients to conventional vestibular test and to asymmetric rotation
Patients:
age,
sex, M/F
43, F
21, F
48, F
50, M
40, F
55, M
45, M
38, F
43, F
50, F
32, M
35, F
46, M
48, F
42, M
41, F

Spontaneous or
positional
nystagmus

C.P.
normal
< 30%

HST
SPEV normal
< 2◦ /s

vHIT
normal
< 30%

VIN

Asymmetry
index Motion
Perception

Asymmetry
index VOR

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

11
10
6
10
1
3
15
7
8
10
12
6
5
13
7
11

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

1
9
6
3
13
4
5
2
11
3
14
3
15
2
13
4

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

35
30
28
23
44
45
32
28
27
21
35
28
40
22
36
26

6
8
1
8
7
13
15
10
9
11
12
4
13
3
10
5

Each column is headed by the test which the patient has undergone. Presence of spontaneous or positional nystagmus, responses to caloric
stimulation evaluated such as canal paresis (C.P.), the head shaking test (HST), the video head impulse test (vHIT), nystagmus induced by
vibration (VIN), asymmetry value of tracking position error (Asymmetry index of motion perception) and asymmetry of cumulative SPEP
(Asymmetry index of vestibulo-ocular reflex (VOR)) in response to asymmetric stimulation. Normal values, as reported in the literature,
are indicated below the heading. The directionality of the responses (irritation or deficit) is indicated in parentheses.SPEV = slow phase eye
velocity.
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Table 2
Perceptual and reflex responses of group B MD patients to conventional vestibular test and to asymmetric rotation

Patients
age
sex
29, F
35, F
48, M
44, F
49, F
25, M
45, M
40,M
39, M
47, M
26, F
39, F

Spontaneous
or positional
nystagmus

C.P.
normal
< 30%

HST
normal SPEV
< 2◦ /s

vHIT
normal
< 30%

VIN

Asymmetry
index
Perception

Asymmetry
index
VOR

No
No
No
No
No
No
No
Yes
Yes
No
No
No

7
5
35
37
10
18
8
38
40
16
16
10

8.14◦
10.15◦
5.10◦
8.10◦
5.12◦
13.16◦
6.12◦
7.10◦
8.35
9.56
7.87
10.11

2
7
45
36
8
8
6
51
38
15
13
36

Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
No
No
Yes

35
37
31
45
29
35
32
44
38
45
33
40

18
19
25
35
17
19
17
38
25
20
20
27

All data explanations as in Table. 1.

Fig. 4. Asymmetry in the self-motion perception and VOR in MD patients with and without ocular reflex symptoms. A: Asymmetric index
(mean and SD) of tracking position error in control, patients with ocular symptoms (group A) and without ocular symptoms (group B) in
response to opposite directed asymmetric rotation. B: TPE at the end of symmetric rotation at frequencies of 0.09 Hz and 0.38 Hz. Significant
difference: ∗ (p < 0.05), ∗∗ (p < 0.001), non-significant difference: ns. C: Asymmetric index (mean and SD) of cumulative SPEP (cSPEP)
of VOR in response to opposite directed asymmetric rotation in controls, and group A and B of MD patients. Significant difference: ∗∗
(p < 0.001), non-significant: ns.

in subgroup A and 37.8 ± 5.5 in subgroup B. Both
sets of values were significantly higher (F(2,53) = 54,
P < 0.001, η = 0.93) than those in the control group
(P < 0.001) (Fig. 4A)
Analysis of self-motion perception in response to
symmetric rotation in the A and B subgroups of MD
patients. Comparison of the values in the two groups
with the control group showed a statistically significant difference (for 0.09 Hz: F(2,53) = 3.71, P < 0.05,
η = 0.91; for 0.38 Hz: F(2,53) = 3.92, P < 0.05,
η = 0.83). However, post-hoc analysis showed that
only the values in subgroup B presented a statistically
significant difference with the control group (0.09,

0.38 Hz: P < 0.05), while subgroup A did not show a
significant difference with the control group (0.09 Hz:
P = 0.22; 0.38 Hz: P = 0.25). (Fig. 4B)
Analysis of VOR in response to asymmetric rotation in the subgroups of MD patients. Analysis of the
VOR asymmetry has been performed in subgroups
A and B versus control (F(2,53) = 60, P < 0.001,
η = 0.85). The asymmetric index of subgroup A
(8.4 ± 3.9) was not different from the control group
(P = 0.43), Fig. 4C and the individual values were
within the CI of the control group, while the asymmetric index of subgroup B (23.5 ± 6.9) (P < 0.001)
was different from the control group.
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Fig. 5. Decay of the perceptual asymmetry index in MD patients
after the acute episode. Values of the asymmetry index (filled
squares) during the post-ictal interval and the exponential fit
(dashed line) of data (Tc: 28.1, and R square = 0.85). Below this
is the mean value of the asymmetry index (entire line) and the CI
(gray area) in unaffected individuals. Note the progressive reduction in the index value that remained above the CI of unaffected
individuals after 60 days. CI = confidence interval.

On the whole, subgroup A without VOR asymmetry showed side asymmetry in the perceptual test,
not in reflex responses and the side perceptual preponderance was evident only by asymmetric rotation.
In contrast, subgroup B with VOR alteration showed
perceptual side asymmetry in response to asymmetric
as well as to symmetric rotation.
The time course of the side asymmetry of subgroup
A after the last acute episode was also examined by
repeated tests at increasing intervals (days). The index
decreased exponentially with the increasing interval,
but it was always higher than the CI of the control
group, even after 60 days (Fig. 5).

3.3. DHI compared with perceptual and VOR
asymmetry index
The relationship between DHI score with the
asymmetry index of motion perception and that of
VOR in all MD patients was different (Fig. 6). In
fact, the DHI values were strictly correlated with the
degree of perceptual asymmetry index, with R = 0.74
(F(1,26) = 36.99, P < 0.001), while the relationship of
the DHI score with the VOR asymmetry was less
evident, with R = 0.57 (F(1,26) = 13.11, P < 0.05). In
particular, there was a lack of correlation between the
DHI and asymmetry of VOR in subgroup A (R = 0.21,
F(1,14) = 1.11, P = 0.55).
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Fig. 6. Correlation of perceptual and VOR asymmetry indexes in
response to asymmetric rotation with DHI score in MD patients.
Correlation of perceptual (filled circles) and VOR (open circles)
asymmetry indexes with DHI score. Vertical line separates values of patients without VOR imbalance (left side) from values of
patients with VOR imbalance (right side). Linear fit of perceptual
asymmetry index (entire line), linear fit of VOR asymmetry index
(dashed line) of all patients and linear fit of VOR asymmetry values
of patients without reflex alteration (thick dashed line). Correlation coefficient (R) and probability (P). Note the strict correlation
between DHI score and perceptual asymmetry.

4. Discussion
Our study shows that side imbalance in self-motion
perception persisted during the post-ictal period in all
MD patients and reflected the functional alteration
expressed during the ictal episode, so that the perceptual asymmetric index could be used reliably to
establish the laterality of the disease in cases where
laterality was less clear. The alteration consisted of a
directional preponderance as shown by the increased
value of the perceptual asymmetry index. It persisted
throughout the period of observation after the acute
episode even if it tended to diminish after a longer
time interval. In all patients, we found that this abnormality was greater in patients who underwent several
acute episodes and that it was correlated with the
number of these episodes.
The responses to both asymmetric and symmetric rotation showed a perceptual imbalance in all
patients, but, when we examined the subgroups of
MD patients in whom the ocular reflex was normal
and the responses to clinical vestibular tests were in
the normal range, only the asymmetric rotation
detected perceptual imbalance. Therefore, the
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application of asymmetric rotation turns out to be
a decisive method for revealing persistent motion
perception abnormality in individuals with a normal
ocular reflex response. The perceptual and reflex disparity has already been observed in an earlier study on
vestibular neuritis [23] and can be explained by considering that the circuit elaborating motion perception
adapts to maintain the internal perceptual imbalance
increasing the responses to fast rotation and decreasing those to slow rotation [23, 26, 27]. The opposite
occurs in the VOR circuit which adapts to reach a
circuital balance earlier. The mechanism of vestibular
adaptation may take place at the level of the vestibular
nuclei since it has been shown in in vitro experiments
that LTP and LTD can be induced depending on the
intensity of stimulation and depending on the vestibular circuit [9, 24]. Therefore, asymmetric stimulation
enhances the perceptual side difference, revealing
even small disparities. In contrast to motion perception, asymmetric stimulation does not show any
imbalance of the VOR. This may be the reason that
explains why asymmetric rotation can show a functional residual deficit in the perceptual circuit during
inter-critical periods of MD.
As in previous work on patients with unilateral
vestibular lesions (UVL) [23], we examined the correlation between the degree of perceptual asymmetry
and the degree of disability, assessed by the DHI. We
found a strict correlation between DHI score and perceptual asymmetry, while the same correlation was
not observed in the VOR asymmetry.
The findings confirm the relevance of motion perception in determining the subjective perception of
disability. Indeed, the degree of perceptual asymmetry varied in parallel with the value of the DHI score.
It is possible that the subjective evaluation of quality of life and psychic disorders which MD patients
often complain of, could be related to persistence of
a minor state of vestibular irritation or deficit where
the nervous system compensates for eye movements,
but not for self-motion perception. The evaluation
of motion perception could be relevant in MD, especially because of its extreme variability of symptoms,
and its significant impact on quality of life exacerbated by psychiatric comorbidity.
In addition, perceptual asymmetry may be at the
core of the discomfort experienced by MD patients;
therefore, an appropriate rehabilitation focused on
motion perception may significantly improve the
quality of life of MD patients. Evaluation of vestibular perceptual asymmetry can be important for
assessing the effects of conventional rehabilitation

techniques by observing their effects both at the
level of reflexes, and of motion perception. Furthermore, this perceptual evaluation can activate specific
rehabilitation programs for restoring the perceptual balance, possibly enhancing motion perception
towards the side where it is less responsive or reducing the perception towards the side where it is
excessive.
4.1. Methodological limitation
This method presents some limitations when
administered to patients since, even though this test
is directed to find a measurable and objective perceptual error, there is a large variability between patients.
Furthermore, the test also requires time for training
patients to execute the trials correctly and to remember the visual target position during the rotation.
In conclusion, we suggest that the test for asymmetric rotation may be useful to demonstrate persistent perceptual disorder in MD patients and to guide
them towards a specific rehabilitation program. This
study also supports the idea that diagnostics involving the vestibular system should rely on evaluating
reflexes such as the VOR and perceptual responses.
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