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Abstract.

BACKGROUND: The crucial role of early vestibular rehabilitation (VR) to recover a dynamic semicircular canal function
was recently highlighted in patients with unilateral vestibularhypofunction (UVH). However, wide inter-individual differences
were observed, suggesting that parameters other than‘early rehabilitation are involved.

OBJECTIVE: The aim of the study was to determine to.what extent the degree of vestibular loss assessed by the angular
vestibulo-ocular reflex (aVOR) gain could be an additional parameter interfering with rehabilitation in the recovery process.
And to examine whether different VR protocols have the same effectiveness with regard to the aVOR recovery.
METHODS: The aVOR gain and the percentage of/compensatory saccades were recorded in 81 UVH patients with the
passive head impulse test before and.after early VR (first two weeks after vertigo onset: N =43) or late VR (third to sixth
week after onset: N =38) performed twice a week for four weeks. VR was performed either with the unidirectional rotation
paradigm or gaze stability exereises. Supplementary outcomes were the dizziness handicap inventory (DHI) score, and the
static and dynamic subjective visual vertical.

RESULTS: The cluster analysis differentiated two distinct populations of UVH patients with pre-rehab aVOR gain values
on the hypofunction side below:0.20 (N =42) or above 0.20 (N =39). The mean gain values were respectively 0.07 &= 0.05
and 0.34 +0.12 for.the lateral canal (p <0.0001), 0.09 £ 0.06 and 0.44 = 0.19 for the anterior canal (p <0.0001). Patients
with aVOR gains above 0.20 and early rehab fully recovered dynamic horizontal canal function (0.84 +0.14) and showed
very few compensatory saccades (18.7% =+ 20.1%) while those with gains below 0.20 and late rehab did not improve their
aVOR gain value (0:16:4 0.09) and showed compensatory saccades only (82.9% = 23.7%). Similar results were found for the
anterior canal function. Recovery of the dynamic function of the lateral canal was found with both VR protocols while it was
observed with the gaze stability exercises only for the anterior canal. All the patients reduced their DHI score, normalized
their static SV'V, and exhibited uncompensated dynamic SVV.

CONCLUSIONS: Early rehab is a necessary but not sufficient condition to fully recover dynamic canal function. The degree
of vestibular loss plays a crucial role too, and to be effective rehabilitation protocols must be carried out in the plane of the
semicircular canals.

Keywords: Unilateral vestibular hypofunction, degree of vestibular loss, early vs late vestibular rehabilitation, vestibulo-ocular
reflex gain, compensatory saccades
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1. Introduction

Impairment of gaze stabilization is one of the most
disabling deficits in the daily life of unilateral vestibu-
lar hypofunction (UVH) patients [15]. When the
angular vestibulo-ocular reflex (aVOR) elicited dur-
ing head rotation does not compensate perfectly the
head velocity, that is, when eye movements generated
in the opposite direction have not an equal magnitude
and velocity due to the hypofunction side, the UVH
patients complain of blurred vision and oscillopsia.
This handicap impacts strongly their quality of life
and, in the absence of specific vestibular rehabilita-
tion (VR), it leads to avoidance behaviors (reduced
head motion), difficulty reading and watching tele-
vision, self-locomotor activity restriction, and social
isolation as well in some cases.

Many clinical investigations have clearly shown
that VR therapy is safe and effective in improving
dizziness and function after unilateral vestibular loss
[18, 47]. Based on gaze stability exercises [38] or
using the unidirectional rotation paradigm [37], VR
significantly decreased the aVOR directional prepon-
derance observed after a vertigo attack. Two basic
compensatory mechanisms have been identified. as
potential candidates for gaze stabilization during
head motion in UVH patients. One refers to a sac-
cadic substitution process first described/in the frog
model [8] and confirmed more recently in patients
with the video Head Impulse Test [32; 38]=Inter-
nally generated signals trigger catch-up saccades in
the direction of the deficient'slow phase eye veloc-
ity, reduce the eye position:error, ‘and replace the
deficient aVOR. This behavioral substitution process
compensating the ocular motor disorders contributes
to dynamic visualacuity recovery [16], recognized as
a major functional impact of vestibular hypofunction
[15]. A second mechanism is based on the high plas-
ticity level of the aVOR as first illustrated in healthy
subjects subjected to sensory conflicts [12] and, more
recently, by“the incremental adaptation technique
which can generate an enhanced aVOR on the trained
side [6, 33, 34, 38]. Little evidence of aVOR recov-
ery was found in the literature on UVH patients. Most
chronic UVH patients do not recover normal aVOR
during passive, fast and unpredictable head thrusts
[38]. However, the unidirectional rotation protocol
consisting of high velocity passive rotations to the
injured vestibular side was found to rebalance the two
sides, and to reduce the directional preponderance
by opposite effects on the lesioned (increase) and
healthy (decrease) sides [37]. These data in humans

confirmed those previously observed in the macaque
model of unilateral vestibular lesion [44].

VR therapy with either gaze stability exercises or
unidirectional rotations to the weaker side improve
dynamic visual acuity by means of both compen-
satory saccades and enhancement of the active aVOR
[38]. We have reported recently that early VR was bet-
ter than late VR for UVH patients to recover normal
dynamic visual acuity [27], a result that.corroborated
for the first time the early sensitive period we had
already demonstrated in animal models [25, mon-
key; 48, cat]. The natural vestibular compensation
[26] includes developmental plasticity mechanisms
that are re-expressed aftervestibular injury [22, 23]
and tuned dynamically according to the post-lesion
experience and training [24]. Using two different VR
protocols based either on active gaze exercises with
fast head rotations (to the hypofunction side only,
HIT protocol) or passive whole body rotations (to the
hypofunction side only, rotatory chair protocol), we
demonstrated clearly that the recovery pattern exhib-
ited by the UVH patients was in function of the time
delay between onset of the symptoms and beginning
of the"VR therapy, whatever the VR protocol used
[28; 29]. The UVH patients with early VR (the first
two weeks after onset) were able to improve signifi-
cantly their horizontal aVOR gain on the weaker side
while those with later VR did not show significant
changes. Another interesting finding was the high
variability observed in the aVOR gain recovery of the
UVH patients with early VR [see 28, Fig. 1B]. Could
this variability depend on the degree of vestibular
loss on the hypofunction side? We tested the hypoth-
esis that patients with aVOR gains close to zero, thus
exhibiting a complete loss of dynamic canal func-
tion, would not recover as much as the others with
relatively higher aVOR gain values.

The present retrospective study conducted on
eighty one UVH patients was aimed at testing this
hypothesis. The aVOR gains recorded before VR on
the weaker side of the patients have been submitted
to a cluster analysis to assess the distribution of the
values, and to determine whether the whole popula-
tion of the UVH patients was homogenous (Gaussian
distribution) or composed of sub-populations with
different levels of pre-rehab aVOR gains (bimodal
distribution for instance). The data were analyzed
independently for those patients submitted to early
(first two weeks after vertigo attack onset: N =43)
versus late (third to sixth weeks after vertigo attack
onset: N=38) VR therapy, and for patients rehabili-
tated either with the unidirectional rotation paradigm
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Fig. 1. Experimental protocol. Upper part: Histograms showing
the time delay distribution in days between onset of the symptoms
and the inclusion visit during which the physiotherapist conducted
the first rehabilitation session. The group subjected to early reha-
bilitation (N =43) was rehabilitated 6.7 days after symptoms onset
on average, while the group with late rehab (N =38) was reha-
bilitated 24.4 days after symptoms onset on average. Lower part:
The early and late groups were submitted to a rehabilitation pro-
gram including a similar number of sessions distributed twice
a week for 4 weeks at the physiotherapist’s office (mean dura-
tion: 30 min each). The patients were rehabilitated using either the
unidirectional rotation paradigm or gaze stability exercises (see
text).

or gaze stability exercises. Recovery of the aVOR
gain and the percentage of compensatory saccades
were the major outcomes of the study. Supplemen-
tary outcomes were the objective measurement of
the static and dynamic subjective visual vertical, and
the subjective assessment of quality of life with the
dizziness handicap inventory test.

2. Material and methods
2.1. Subjects

Unilateral vestibular hypofunction (UVH; vestibu-
lar neuritis) was diagnosed by the same ENT phy-
sician (Dr Laurent Tardivet) on the basis of clinical
examination and patient’s history. This retrospective
study included 81 UVH patients who exhibited the
big five inclusion criteria — acute onset of spinning
vertigo, spontaneous horizontal rotatory nystagmus
beating to the intact side, positive Head Impulse Test
(HIT) on the weaker side, nausea, and postural imbal-
ance — as defined by Strupp and Magnusson [39]. The
weaker side was considered as pathological when

the aVOR gain elicited during the HIT was below
0.70 and when overt/covert saccades were observed.
Horizontal aVOR gains on the intact side above
0.80 were also required for patients’ inclusion. Posi-
tional vertigo, central vestibular pathology, ocular
motor dysfunctions, and drug treatment constituted
exclusion criteria. The aVOR gain measurement was
determined during passive HIT with the VHIT Ulmer
recording device (Synapsis, Marseille, France). The
three pairs of semicircular canals were tested in order
to document the vestibular deficit, that is, to deter-
mine which part of the vestibular nerve was impaired
(superior and inferior branches or superior branch
only). Among the 81 UVHpatients, 62 had patholog-
ical HIT responses to/ horizontal canal test, vertical
anterior canal testsand posterior canal test on the
hypofunction side while 19 had pathological HIT
responses to.horizontal canal test and vertical ante-
rior canaltest only. It was verified that the proportion
of UVH patients with complete impairment of the
superior and inferior branches of the vestibular nerve
or impairment of the superior branch only was sim-
ilar in the different sub-groups defined below. Due
to its.unpleasant effects, particularly for acute UVH
patients, the caloric test was not systematically per-
formed. When done, the response was diminished on
the hypofunction side. Testing of the otolith system
(VEMPs) was not performed in the absence of the
necessary equipment.

The present study focused on the deficit and recov-
ery of the aVOR gain on the injured side. It covered
patients included in our previous publications [28,
29] and new UVH patients. The mean age of the
UVH patients was 62.7 years (£ 15.1; range: 18-86
years) and the hypofunction side was the right for 41
patients and the left for the remaining 40 patients.
The inclusion visit was in the range 2 days (for the
earliest) — 42 days (for the latest) after symptoms
onset. The day of patient inclusion was the day of
the first rehabilitation session. All patients provided
written informed consent to participate in the study
and were asked not to take anti-vertigo drugs after
inclusion.

2.2. Head impulse test and measurement of the
aVOR gain

Patients were tested while seated with the head
tilted down by 30° to put the horizontal semicircu-
lar canal in the horizontal plane. Head rotations to
the healthy and weaker sides were done passively
with 10° peak amplitude, 200°/s peak velocity and
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Fig. 2A-B. Cluster analysis and distribution of the aVOR gain values in-the unilateral vestibular hypofunction patients. A) Histogram
distribution and cluster analysis for the lateral semicircular canal on the desioned side. The figure shows the number of patients (ordinates)
per 0.05 class intervals of the aVOR gain values (abscissae) recorded on the lesioned side before vestibular rehabilitation. The histogram
distribution of the whole population (N =81) is split into two significantly.distinct sub-populations with aVOR gains below 0.20 (open bars)
or above 0.20 (filled bars) (p <0.0001). Mean aVOR gains (& SD) ealculated for each sub-population are shown. B) Histogram distribution
and cluster analysis for the vertical anterior semicircular canal on the lesioned side. Same conventions as in A.

around 2000°/s peak acceleration. Recording of the
aVOR of the vertical anterior and pesterior canals
was done by turning the patient’s’head 45°+to the
right (LARP) and then to the left (RALP). Head
thrust tests were performed randomly to.elicit unpre-
dictable HITs with respect to_timingrand direction
of head movement. Gain values of the aVOR were
assessed by the ratio. peak-eye velocity/peak head
velocity (Synapsis'software). An average gain value
was calculated before and after VR from 5 correctly
performed.tests on the intact and diseased sides for
the horizontal and anterior semicircular canals mainly
concerned in the present study. However, many more
than 5 trials"were generally done due to blinks or
absence of perfect focus on the target by the patients.
The posterior semicircular canal gain values were
not included in the study due to low aVOR gains
recorded on the intact side, outside the inclusion
criteria in many patients. The latency and the total
number of compensatory saccades occurring dur-
ing and after the head movement was calculated by
the software. The study focused on the covert sac-
cades triggered during head motion in the direction
of the slow phase component. These saccades were
defined on the basis of their latency and, according to

the VHIT Ulmer software, saccades occurring in the
range 100 ms—180 ms after head rotation onset were
defined as covert saccades. The percentage of covert
saccades was assessed before and after VR.

2.3. Distribution of the population of UVH
patients

2.3.1. Towards two distinct sub-populations of
UVH patients

The histogram showing the distribution of the
aVOR gain values recorded before VR was con-
structed by pooling the individual mean aVOR gains
per 0.05 class intervals. A Gaussian pattern of distri-
bution was not found and, on the contrary, a bimodal
distribution was observed with very low gain values
for some patients and relatively higher gain values
for others (see Fig. 2). To determine whether there
was really a bimodal distribution attesting to two
different sub-populations, or a skewed distribution,
the data were subjected to a cluster analysis. This
procedure was used to provide independent, statisti-
cal criteria and was performed with Systat software
(version 5.0) and the K-means splitting method. It
provides the best partitioned clusters on the basis of a
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Table 1

Main characteristics of the two sub-populations of unilateral vestibular hypofunction patients

SUB-POPULATION 1

SUB-POPULATION 2

aVOR Gain<0.2 aVOR Gain>0.2
Early Late Early Late
n=20 n=22 n=23 n=16
AGE 64.3+13.1 60.1+17.8
63.2+13.2 66.4+13.8 58.1+£17.2 67.1+£12.3
Mean aVOR Gain 0.07 +£0.05 0.34£0.12*
0.054+0.05 0.09 +0.06 0.324+0.13 0.40+£0.15
SPE Velocity (°/s) 6.43+3.78 6.30+2.74
8.924+5.56 3.94+2.01* 8.88 £4.05 3.73+ 1.44*
% Saccades 70.5+26.3 63.7+27.5
87.2+174 62.4+38.2 65.2+20.7 56.9432.9
DHI Score 59.2+25.7 59.5+£249
66.5+15.8 57.3+18.5 62.44+22.2 55.0426.3

Vestibular Rehab Protocol

42% UR; 58% HIT

38% UR; 62% HIT

The table shows the mean age (£ SD) of the sub-populations with pre-rehab aVOR gains below 0.20 and above 0.20
(£ SD), the mean slow phase eye velocity (£ SD) recorded at their inclusion visit; the.mean.(£SD) percentage of
compensatory saccades, their initial DHI score (£ SD), and the percentage of patients rehabilitated with the gaze
stabilization exercises (HIT) or the unidirectional rotation paradigm (UR). The mean data (£ SD) are shown in the
middle of the columns for each subpopulation, and separately for the patients submitted to early (left part of the
columns) or late (right part of the columns) rehabilitation. SPE: slow phase eye velocity; UR: unidirectional rotation
paradigm; HIT: head impulse test; DHI; dizziness handicap inventory. *indicates significant differences at p <0.001.

statistical analysis in which the groups are not known
in advance.

2.3.2. Towards four different sub-groups of UVH
patients

Each sub-population of UVH patients was sub-
divided into two distinct sub-groups on the basis of
the time delay between onset of symptoms and'begin-
ning of the first VR session done at-the end of the
inclusion visit. According to.our previous reports on
early versus delayed VR therapy[27=29], the patients
subjected to rehabilitation as early as the first two
weeks after symptoms onsetconstituted the early sub-
groups whereas those rehabilitated between 16 to 42
days after onset formed the late sub-groups (Fig. 1).
This method. led to four distinct sub-groups com-
posed of UVH patients with aVOR gains below 0.20
(N'=42) and early (n=20) or late (n =22) rehab, and
patients with"aVOR gains above 0.20 (N=39) and
early (n=23)orlate (n = 16) rehab. Table 1 shows that
the main criteria differentiating these four sub-groups
before rehab were the mean aVOR gain and the slow
phase eye velocity of the spontaneous nystagmus in
the dark. The age, the DHI score and the percentage of
compensatory saccades were not significant criteria.

2.4. Vestibular rehabilitation protocols

This retrospective study included 81 UVH patients
subjected to vestibular rehabilitation performed

by the 'same physiotherapist (Alain Thiry). Two
different VR protocols were used. Some patients
have been rehabilitated with gaze stabilization exer-
cises (around 60%) and others with the unidirectional
rotation paradigm (around 40%) (cf Table 1). The
proportion of UVH patients rehabilitated with the
two protocols was similar in the four sub-groups
of patients. Moreover, we recently reported sim-
ilar improvement of the dynamic canal function
with the two protocols [28], which is the reason
why we initially pooled patients in each sub-
group.

Briefly, gaze stability exercises were performed
in standing patients using active repeated fast head
movements to the weaker side only with small
amplitude (10°), high velocity (200°/s) and high
acceleration (around 1500-2000°/s2). Gaze stabil-
ity exercises were performed in the horizontal plane
in order to stimulate the semicircular canals on the
weaker side, and in the vertical planes (LARP and
RALP) to stimulate the anterior and posterior semi-
circular canals on the weaker sides. Eye and head
movements were recorded with a goggleless camera
(VHIT Ulmer, Synapsys, Marseille, France). During
the training session, the patients were in front of a
screen on which optotypes (letters) of different size
were randomly projected during 50 ms. Patients had
to recognize five different optotypes of the same size
which was progressively decreased by steps corre-
sponding to 1/10 changes on the Snellen visual acuity
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chart. Maximum duration of a training session was 30
minutes.

The unidirectional rotation paradigm consisted of
whole body passive rotation of the patient to his/her
weaker side only using the rotatory chair (Framiral,
Grasse, France). Patients were seated, head tilted by
30° down to put the horizontal canal plane close to
the horizontal, and suddenly rotated during three full
360° turns (or more, depending on patient’s toler-
ance) at high velocity (200°/s, 1000°/s>-2000°/s),
eyes closed during the whole rotation. The chair was
suddenly stopped at the end of the last lap and the
patient was asked to open the eyes while fixating a
stationary target located 2 meters ahead at eye level.
Due to the post-rotatory nystagmus, the target was
seen as illusory moving during a time period that pro-
gressively decreased as a result of habituation of the
intact labyrinth. Five to ten trials were successively
done during the same training session with maximal
duration that did not exceed 30 minutes.

An equal number of training session was done
for each sub-group. As a rule, all the UVH patients
received training sessions twice a week for four weeks
after inclusion. For all the patients, the first rehab
session was done just after the inclusion visit.

2.5. Supplementary outcomes

Besides the recovery of the aVOR, the study inyes-
tigated the Dizziness Handicap Inventory (DHI) [see
20] score of the UVH patients before‘and after VR.
The global score incorporated the 25 physical, func-
tional and emotional items scored onra three points
scale with 4, 2 or 0 point for ‘“‘yes”, “sometimes”
and “no”, respectively. The maximum DHI score was
100 and, generally; patients with unilateral vestibu-
lar loss were in the range of moderate handicap with
DHI scoresranging from 40 to 60 points. The French
version of the DHI was used in the study [36].

The static and dynamic subjective visual vertical
(SVV) was also assessed at the beginning of VR and
immediately at the end of the last VR session. The
patients were standing and facing a screen Im in
front of them, at eye level. They wore goggles nar-
rowing the visual field to the intended visual scene on
which ared laser bar was projected (Framiral, Grasse,
France). The line was positioned randomly + 15° rel-
ative to the true gravitational vertical and the patients
were asked to rotate the bar clockwise or counter-
clockwise by means of two pushbuttons located in
their hands until they align the laser line with their
perception of verticality. The static SVV assessment

was performed binocularly in darkness. Five trials
were carried out for each initial positioning of the
bar and the mean was calculated. The dynamic SVV
was measured with the same device, but with a ran-
dom visual pattern made of white dots of different
sizes rotating clockwise or counterclockwise at 20°/s.
The patients were asked to keep the laser bar vertical
during the visual scene rotation. The visual rota-
tion induced in healthy subjects a symmetrical tilt
of the vertical up to 10°-15° in thedirection of the
visual field rotation [31] and, therefore, no direc-
tional preponderance was present in control subjects.
We assessed the directional preponderance of the
dynamic SVV in the UVH patients by subtracting the
values recorded during each trial to the hypofunction
side from the intact.side. An average was calculated
over three trials'performed randomly on each side.

2.6. Statistical analysis

Repeated-measures analyses of variance (ANO
VAs) were performed with sub-groups (aHVOR gain
below and above 0.20, early and late rehab) and
parameters (aHVOR gain, compensatory saccades,
DHI score, static and dynamic SVV) as between-
patients factors, and pre-rehab versus post-rehab data
as the within patients factors.

Given the small size of each sub-group of UVH
patients, and the values that did not follow a normal
Gaussian pattern, the statistical analysis was per-
formed with non-parametric tests. The sub-groups
were compared with the Mann-Whitney U test while
the pre-rehab and post-rehab data were compared
with the Wilcoxon signed rank test. The level proba-
bility to consider the results as significantly different
was fixed at p <0.05.

3. Results

3.1. Two sub-populations of UVH patients with
different pre-rehab aVOR gain

Figure 2 shows the histogram distribution of the
horizontal (Fig. 2A) and anterior (Fig. 2B) canal
aVOR gain values recorded in the 81 UVH patients
on their weaker side. The histograms have been con-
structed by pooling the individual values per 0.05
class intervals. A bimodal distribution pattern was
observed, suggesting strongly that the UVH patients
did not constitute a homogeneous population. This
observation was confirmed by the cluster analysis
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that clearly split the group of UVH patients into
two well-identified and significantly different clus-
ters (P <0.0001). This statistical method defined two
different sub-populations of UVH patients with hor-
izontal and anterior aVOR gains either below 0.20 or
above 0.20.

The first sub-population was composed of 42 UVH
patients (51.8%) exhibiting a mean aVOR gain of
0.07 £ 0.05 (range 0.00 to 0.19) for the lateral canal,
and of 0.09 £ 0.06 (range: 0.00 to 0.18) for the ante-
rior canal. The second sub-population was made
of the 39 remaining UVH patients (48.2%) who
showed a significantly higher mean aVOR gain of
0.34 +0.12 (range 0.23-0.62) and 0.44 & 0.19 (range
0.21-0.64) for the lateral and anterior canals, respec-
tively (P <0.0001 compared to the first two groups).
These two sub-populations with low and higher mean
aVOR gains did not differ significantly regarding
the age (64.3 years£13.1 vs 60.1 years=+ 17.8),
the percentage of patients rehabilitated with gaze
stabilization exercises (58% vs 62%) or the unidirec-
tional rotation protocol (42% vs 38 %), the maximum
slow phase eye velocity (6.43 £3.78 vs 6.30 £=2.74),
the DHI score (59.2 +25.7 vs 59.5 +24.9), and the
percentage of compensatory saccades (70.5% =+ 26:3
vs 63.7427.5) as assessed at the inclusionvisit.
The slow phase eye velocity of the spontaneous
nystagmus was the only pre-rehab parameter show-
ing significant differences between .the early and
late sub-groups, the latter displaying significantly
lower values compared to the former as aresult of
spontaneous compensation occurring over time (see
Table 1). The whole set of data clearly show that the
two sub-populations defined by.the cluster analysis
differed only by theirinitialaVOR gain, either below
0.20 or above 0.20:

3.2. aVOR gain recovery and compensatory
saccades in the sub-groups of UVH patients

To determine whether the two different pre-rehab
aVOR gain levels determined by the cluster analy-
sis would influence the development of the recovery
mechanisms (aVOR recovery or compensatory sac-
cades), and to analyze the effectiveness of early
versus delayed vestibular rehabilitation therapy for
the recovery process, the four sub-groups of patients
were analyzed separately.

Figure 3 shows the distribution of the aVOR gain
values recorded from the lateral canal on the hypo-
function side before and after rehabilitation across
patients of the two sub-populations with gains below

0.20 (grey boxplots) and gains above 0.20 (black box-
plots). The boxplots are formed by the 1st and 3rd
quartiles, show the median (2nd quartile, solid hor-
izontal line), while whiskers indicate the minimum
and maximum aVOR gain values. The aVOR gain
values after rehab were significantly improved in the
sub-population with pre-rehab aVOR gain above 0.20
and in the sub-groups with early rehab. The lowest
improvement was seen in the sub-group with low
pre-rehab aVOR gain and late rehab’(0.09 £ 0.06 to
0.16 £0.09; p=0.08), while the strongest improve-
ment was observed in the sub-group with higher
pre-rehab aVOR gain and early rehab, the only one to
fully recover a normal aVOR gain (from 0.32 £+ 0.13
to 0.84 £0.14; p<0.0001). In this sub-group fully
recovering a dynamic canal function, no impact of
delay in starting VR was found: the patients begin-
ning the therapy 2=7 days after symptoms onset and
those beginning rehab in the later time period 8—14
days after onset recovered in the same way. The other
two_sub-groups (aVOR gain <0.20 and early rehab;
aHVOR gain > 0.20 and late rehab) showed interme-
diate recovery patterns but did not recover a normal
aVOR gain. The data indicate therefore that early VR
is.a necessary but not sufficient condition to fully
restore a dynamic aVOR function on the hypofunc-
tion side. The degree of vestibular loss on the weaker
side constitutes another crucial factor.

Figure 4 summarizes these mean results for the
lateral canal and shows an opposite pattern for
the compensatory saccades, the second mechanism
involved in gaze stabilization recovery. The percent-
age of compensatory saccades before rehab was not
significantly different between the sub-populations
with aVOR gain values below 0.20 (70.5% 4 26.3%)
and above 0.20 (63.7% +27.5%). After rehab, the
percentage drastically dropped down in the group
of UVH patients fully recovering a dynamic canal
function (p<0.0001) whereas it increased in the
UVH patients who showed the weakest improve-
ment of their pre-rehab gain values (p <0.03). The
patients with a full aVOR gain recovery there-
fore showed the lowest percentage of compensatory
saccades (18.7 +=20.1%), and vice versa for the sub-
group with little aVOR gain recovery which exhibited
the highest percentage of compensatory saccades
(82.9+23.7%).

To what extent the nature of the VR protocol may
influence the recovery of the dynamic canal function
is another interesting question for the physiothera-
pist. Figure 5 plots the distribution of the aVOR gain
values for the patients with pre-rehab gains below or



8 M. Lacour et al. / Two conditions to fully recover dynamic canal function

1.00 -
BEFORE AFTER
> "™ REHAB REHAB
(@)
o
-
2% T
£ 5 o060 |
&9
og
z 2
<3
2 0.40
(@)
>
© N=20
1 1
0.20
T R
N=a2 N2 BEFORE AFTER
i . REHAB REHAB
0.00
GAIN<0.2 LATE REHAB EARLY REHAB GAIN > 0.2 LATE REHAB EARLY REHAB

Fig. 3. Vestibular rehabilitation-induced changes of the angular vestibulo-ocular reflex in the two sub-populations of unilateral vestibular
hypofunction patients. Lateral canal aVOR gain distribution for each sub-population with gain values below 0.20 (grey boxplots) or above
0.20 (filled boxplots) is shown before and after rehabilitation as boxplots with the 1st and 3rd quartiles, the median (horizontal heavy line),
and whiskers indicating the minimum and maximum gain values. The effects of early versus late rehab are shown in each sub-population.

The number of patients in each condition is plotted inside the boxplots.

above 0.20, subjected to early or late therapy-either
with the unidirectional rotation paradigm orthe gaze
stability exercises. The boxplots formed by the 1st
and 3rd quartiles, the median(2nd-quartile, solid
horizontal line), and whiskers as the minimum and
maximum aVOR gain values:showed no significant
differences betweenithe two protocols. Gaze stability
exercises in the plane of the lateral canal as well as
unidirectional whole body rotation in the horizontal
plane lead to similar aVOR improvements, whatever
the time delay from onset of symptoms to starting
therapy, and whatever the aVOR baseline (gain < 0.20
or >0.20).

Different results were observed for the anterior
canal. Figure 6 clearly shows that gaze stability exer-
cises in the plane of the vertical anterior canal is
the only effective VR protocol to improve signif-
icantly the aVOR recovery. This was observed in
both sub-groups with baseline aVOR gains below
0.20 (p <0.0001) and above 0.20 (p <0.001), and the
greatest improvements were found again when the
therapy was done early compared to late (p <0.0001
and p<0.01 for the two sub-groups, respectively).

The unidirectional rotation paradigm performed in
the plane of the horizontal canal has no effect on the
aVOR recovery of the anterior canal.

A remaining question was whether there is a lin-
ear relationship between the pre-rehab and post-rehab
aVOR gain values. This has been explored for the
lateral canal by means of a simple regression analy-
sis in the sub-group of patients with pre-rehab gain
above 0.20. The data for this sub-group indicated
that the baseline gain values differed significantly
between the patients (F; 21 =18.6; p<0.0001), but
patients with low baseline gain experienced the same
recovery as patients with higher baseline after rehab.
The analysis performed on the slopes computing each
individual baseline gain value to each post-rehab
individual gain value did not point to significant dif-
ferences (F121 =1.2; p=0.28).

3.3. DHI score in the different sub-groups of
UVH patients

The DHI scores established before rehab showed
similar global values for the two sub-populations
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Fig. 4. Schematic drawing illustrating the effects of early versus late rehabilitation in the two sub-populations of unilateral vestibular
hypofunction patients. Changes in the lateral canal aVOR gain‘and percentage of compensatory saccades recorded on the lesioned side are
illustrated for the four sub-groups with pre-rehab gain values'below 0.20 (left part) or above 0.20 (right part), with early or late rehabilitation.

The mean (£SD) is shown for each sub-group, and the significant differ

ences are indicated with the probability level. Patients with early

rehab and initial gain values above 0.20 are the only-ones to recover a normal aVOR function (see +, right part) and to show the lowest
percentage of compensatory saccades (see —, right part). By contrast, patients with initial gain below 0.20 and late rehab display the highest
percentage of compensatory saccades (see +, left part) and unchanged aVOR gain values (see —, left part). The results indicate that aVOR
gain recovery is better with early rehab compared to late rehab, and that early rehab is a necessary but not sufficient condition to fully recover

dynamic canal function on the lesioned side.

of UVH patients with aVOR gain-below or above
0.20. All patients weresin the same range of mod-
erate handicap (59.2& 257 and 59.5 £24.9 for the
two groups, respectively: see Table 1). As a rule, the
DHI scores decreased significantly after rehab with-
out significant differences between the sub-groups,
whatever the time period between symptoms onset
and beginning of VR, whatever the VR protocol, and
patients shifted from moderate to slight handicaps
(Table 2). For instance, both sub-groups either recov-
ering a normal aVOR gain after early rehab or using
the compensatory saccades strategy after late rehab
showed similar DHI score reduction (21.3 £25.8 vs
20.1 £17.3, respectively). The results suggest that
the subjective perception of dizziness handicap does
not depend on the behavioral strategy used by the
patients (the covert saccades), and is probably not
related to their quality of life. However, 10 patients
among the 38 patients subjected to late rehab did not
achieve the 18 points DHI score reduction (26.3%),

which is the minimal clinically important differ-
ence in a treatment outcome, while only 2 were
found among the 43 patients subjected to early rehab
(5.6%).

3.4. Subjective visual vertical in the different
sub-groups of UVH patients

Is gaze stabilization strategy (aVOR recovery or
compensatory saccades) correlated with perception
of the subjective visual vertical? Table 2 shows that
whatever the strategy used by the UVH patients, the
static subjective visual vertical was recovered simi-
larly and returned toward normal values in the four
sub-groups. On the other hand, the directional pre-
ponderance observed with the dynamic subjective
visual vertical test remained uncompensated in all the
sub-groups after rehab. Directional preponderance
was assessed by measuring the asymmetry between
vertical perception with visual scene rotations to the
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Fig. 5. Comparison of the effectiveness of the two rehabilitation protocols for thelateral canal aVOR gain recovery. The figure shows the
distribution of the aVOR gain values recorded before (filled boxplots) and after (open boxplots) vestibular rehabilitation with gaze stability
exercises or the unidirectional rotation paradigm. Results are'shown for the four sub-groups with early or late rehab and pre-rehab gain
values below 0.20, and for the four sub-groups with early or late rehab and pre-rehab gain values above 0.20. Boxplots are shown with the
Ist and 3rd quartiles, the median (horizontal heavy line), and whiskers indicating the minimum and maximum gain values in each sub-group.
Similar changes are observed with the two rehabilitation protocols.

intact and diseased sides. The UVH patients,showed
mean values above the normal range of healthy con-
trols (more than 2 degrees) [see 31] before and after
rehab. Rotation of the visual environment to the intact
side elicited much less deviation of the dynamic sub-
jective visual vertical than when rotation was made
to the hypofunction side:

4. Discussion

Taken together, the data from this retrospective
clinical study on patients with acute unilateral ves-
tibular hypofunction confirmed two previous find-
ings and showed three new findings. The confirmed
findings are 1) training with the gaze stabiliza-
tion exercises protocol or the unidirectional rotation
paradigm induces a better recovery of the angular
vestibulo-ocular reflex when rehabilitation is per-
formed early, and 2) two different strategies are used
by the patients to improve their gaze stabilization
function: dynamic recovery of the aVOR with early
rehab and behavioral substitution based on compen-
satory saccades with late rehab. The new findings are

1) early rehab is a necessary but not sufficient con-
dition to fully recover a dynamic canal function. The
degree of hypofunction on the lesioned side plays a
crucial role too, 2) the aVOR recovery is function of
which semicircular canal has been stimulated during
rehab, and 3) subjective outcomes such as the DHI
score, and objective measurements such as static and
dynamic SVV are not correlated with gaze stability
recovery.

4.1. Early vestibular rehabilitation: a necessary
condition

Several investigations in unilateral vestibular loss
patients had already described the two primary
mechanisms responsible for dynamic visual acuity
improvement, that is, enhancement of the aVOR
gain and increase of the compensatory saccades [38].
Whereas passive head thrust rotations did not cause
much improvement of the aVOR gain and of dynamic
visual acuity in chronic patients [16, 41], recovery of
a near normal aVOR has been observed when reha-
bilitation was done within 1 month after onset of the
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Table 2
Supplementary outcomes recorded after rehabilitation of the unilateral vestibular hypofunction patients

SUB-POPULATION 1 SUB-POPULATION 2

aVOR Gain<0.2 aVOR Gain>0.2
VESTIBULAR Early Late Early Late
REHAB n=20 n=22 n=23 n=16
STATIC SVV 1.22+0.94 1.01+0.88 1.124+0.95 1.29+1.06
DYNAMIC SVV 2.92+£2.02 3.38+£2.90 221+£2.14 2.79+£242
DHI SCORE 20.1+£17.3 26.74+20.3 2334257 3724275

The table shows the effects of early versus late rehabilitation on the static and dynamic subjective visual vertical
(SVV), and on the dizziness handicap inventory (DHI) score. Dynamic SVV is the judgment of verticality with a
moving visual environment (see text). Data are shown for each of the two sub-populations of unilateral vestibular
hypofunction patients with aVOR gain values below 0.20 (N =42; n =20 and n = 22 for early and late rehab, respec-
tively) or above 0.20 (N=39; n=23 and n =16 for early and late rehab, respectively). No significant differences

were found between the different sub-groups.

symptoms [21]. We have more recently stated that
the first two weeks was the most relevant time win-
dow for optimal recovery of dynamic visual acuity
[27], aVOR gain [28] and balance control as well
[29]. The present study confirms that whatever the
level of the pre-rehab aVOR gain, below 0.20 or
above 0.20, the post-rehab aVOR gain is significantly
much more strongly improved when rehabilitation
was performed very early after onset of the symp-
toms (first two weeks). Such a critical or sensitive
period has long ago been reported in animal models

of acute unilateral vestibular lesion [see 25, 48], con-
firming the general statement that brain remodelings
and neural plasticity are both time and neural activ-
ity dependent [see 11, 1, for reviews]. The early time
window for vestibular lesion-induced neural plastic-
ity covers the first few weeks after vestibular lesion
[22]. Training and sensorimotor activity during this
window of opportunity reinforce and optimize the
expression of the plastic events [26]. Until our recent
papers on UVH patients, this concept was still under
debate in the vestibular pathology literature, some
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studies underlying the benefits of early rehabilitation
[9, 40] while others showed benefits at all stages of
the recovery process [17, 42]. This is the reason why
the American Physical Therapy Association ranked
as number one the clinical research recommendation
to examine the concept of critical period for optimal
vestibular compensation [14]. There is no doubt now
that it is better to do vestibular rehabilitation early,
if it can be arranged. This study also confirms that
VR therapy based either on gaze stability exercises
or whole body unidirectional rotation in the horizon-
tal plane lead to similar improvement of the dynamic
recovery of the lateral canal.

4.2. Early vestibular rehabilitation: a necessary
but not sufficient condition

Among the UVH patients with early VR, and inde-
pendently of the rehabilitation protocol used, some
patients seemed to recover much better than oth-
ers. We had already highlighted this point [see 28;
Fig. 1B] by stressing the wide dispersion of the
individual aVOR gain values observed in patients
subjected to early rehabilitation with the gaze stabil-
ity exercises and the unidirectional rotation paradigm.
The hypothesis tested here was therefore whether
the degree of vestibular loss on the weaker side was
the source of variability. If recovery of/the aVOR
depends on the degree of vestibular loss, the synaptic
reorganization and neural repair induced peripherally
(sensory epithelium) or centrally (vestibular nuclei)
should depend on the number of remaining vestibu-
lar afferent synapses and fibers. In other words, UVH
patients with very low pre-rehab.aVOR gains should
have less chance of recovering.a dynamic canal func-
tion than patients-with relatively higher aVOR gains.

The present study confirms this hypothesis. The
cluster analysis pointed to bimodal distribution pat-
terns of the individual gain values for both the lateral
and anterior canals, and it statistically differenti-
ated two distinct sub-populations with gain values
below 0.20 and above 0.20 (p <0.0001). The only
sub-group to fully recover a normal aVOR func-
tion was the group of patients with pre-rehab gain
above 0.20 and early rehabilitation (mean post-rehab
gain: 0.84 £0.14 for the lateral canal; 0.83 +0.17
for the anterior canal). This sub-group was also the
only one to show the greatest reduction of the per-
centage of compensatory saccades after rehab (mean:
18.7% =+ 20.1% for the lateral canal; 20.2% =+ 15.7%
for the anterior canal). By contrast, the sub-group
exhibiting the poorest horizontal aVOR gain recovery

(0.16 £0.09) and the highest increased percentage
of compensatory saccades (82.9% =+ 23.7%) was the
group of patients with pre-rehab gain values below
0.20 and late rehab. The data indicate clearly that
the strategy to stabilize gaze is determined both by
the time delay between onset of the symptoms and
beginning of vestibular rehab, and by the degree of
vestibular loss. The aVOR gain can be fully restored if
remaining vestibular afferents are in sufficient num-
ber to induce synaptic reorganizations, centrally or
peripherally, and if learning and training processes
are performed early after vestibular injury. This Heb-
bian neural plasticity can be expressed in the group of
patients with aVOR gain-above 0.20/and early rehab.
The time constant of the involved plastic mecha-
nisms (sprouting of new terminals, increased number
of postsynapticireceptors, peripheral repair) is com-
patible with the early time window described in this
study [8,40, 11]. The activity dependent neural mech-
anisms canreweight the vestibular input on the hypo-
function side. By contrast, when the vestibular loss is
much more severe (aVOR gain below 0.20) and when
the rehabilitation is started outside this early oppor-
tunity time window, Hebbian plasticity is reduced
ordost, and the reduction of neural reorganization
is all the greater the later the rehabilitation is under-
taken. The brain therefore elaborates a new strategy
as an adaptive way to compensate the lack of hard-
ware plasticity: the compensatory saccades triggered
in the direction of the normal slow phase eye velocity,
working as a behavioral substitution process. These
covert saccades assist gaze stability during fast head
motion. They are triggered by visual signals [45] in
response to retinal position errors [3, 38, 43].

4.3. Is there a better strategy to compensate for
a unilateral vestibular deficit?

In daily life conditions, when the patients have to
turn suddenly the head to the diseased side under
unpredictable conditions (somebody touching his/her
shoulder, a sudden noise on the diseased side, ... )
it is clear that the full recovery of the aVOR gain
is the best way to avoid blurred vision and balance
disturbance. Restoring normal aVOR gain is also a
prerequisite to regain normal dynamic visual acuity,
and this strategy works well in both passive and active
situations, in predictable and unpredictable condi-
tions. On the other hand, the compensatory saccades
play a functional role in predictable conditions only.
This is the major limitation for patients using this
behavioral strategy.
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The two VR protocols used in the study are not
equivalent. It is clear that the stimulation must be
carried out in the plane of the semicircular canal
to restore the canal dynamics. Gaze stability exer-
cises have the advantage of acting on all three pairs
of semicircular canals while the unidirectional rota-
tion protocol only acts on the lateral canals. This
explains why the dynamic recovery of the lateral
canal function was observed with both protocols and
the recovery of the anterior canal function with gaze
stability exercises only. To be effective on all semi-
circular canals, the unidirectional rotation paradigm
in the yaw plane should place the patient’s head
in a position such that the anterior (or posterior)
canal is stimulated. Moreover, it is not certain that
the two protocols involve the same plasticity mecha-
nisms. Long-lasting stimulation at constant velocity
performed with the unidirectional rotation paradigm
activates habituation mechanisms and modifications
of the time constant of the VOR on the healthy side
[5]. The dynamics of gaze stability exercises per-
formed with faster and short duration head rotation is
totally different, and the adaptive mechanisms should
also differ. Current experiments are investigating this
interesting point.

Assessing the patient’s quality of life seemshow-
ever relatively independent of the strategy used to
improve gaze stabilization. This has already been
reported in patients with vestibular neuritis [30] and
highlighted by the lack of correlation between the
subjective perception of dizziness handicap and the
vestibular tests [46]. Decrease in the global DHI
score was observed in all the patients who shifted
from moderate to slight handicaps after rehab. No
significant differences were-found between the four
sub-groups of patients tested at the end of the reha-
bilitation session. On the other hand, all the patients
included in.this study showed a rapid normalization
of their static SVV, with mean values ranging after
rehab from 1.1? +0.06° to 1.29° +0.14°, depend-
ing on the sub-groups. This rapid normalization is
an argument suggesting that our UVH patients had
very likely a near normal otolith function. The pre-
dominant role of the static gravitational/otolith input
on the perceived verticality has been evidenced with
different protocols [2, 35]. In addition, it has been
shown that the static SVV required a longer time
period to recover after a unilateral vestibular loss
[4, 31]. By contrast, moving visual scenes influence
the apparent direction of gravity in a symmetrical
way in healthy subjects [7, 13]. The dynamic SVV
remained asymmetrically modulated in our UVH

patients, with significantly greater tilts of the per-
ceived vertical for visual scene rotation to the lesioned
side (due to crossed visual pathways onto the vestibu-
lar nuclei on the intact side) compared to rotation
to the intact side (visual inputs projecting on the
deafferented vestibular nuclei). Uncompensated pre-
ponderance values were therefore observed, ranging
from 3.38° 2.90° to 2.21° £ 2.14 depending on the
sub-groups. This observation confirms.that compen-
sation of the dynamic SVV is a long term process
and constitutes a more or less permanent deficit in
UVH patients [31]. The two VR protocols.used in this
study (gaze stability exercises, unidirectional rota-
tion paradigm) are not effective for dynamic SVV
recovery.

5. Conclusions

The study definitively concludes that there is a
critical period for rehabilitation of unilateral vestibu-
lar hypofunction patients. The VR therapy, safe and
effective for improving gaze stabilization, balance
and quality of life [18, 19, 47], must be performed
very early after onset of the symptoms to accelerate
and to optimize the recovery process. Early rehab is
however a necessary but not sufficient condition to
get the best dynamic canal recovery. The degree of
vestibular loss constitutes a second crucial parame-
ter interfering with early training. When the weaker
vestibular side is severely impacted (aVOR gain val-
ues below 0.20), the horizontal (lateral canal) and
the vertical (anterior canal) VOR functions cannot be
fully restored. Patients use compensatory saccades
as a behavioral strategy to stabilize gaze. By con-
trast, when the weaker side is less severely impacted
(aVOR gain above 0.20) and when rehabilitation is
performed very early after onset of the symptoms,
the dynamic horizontal and anterior canal functions
can be fully restored, and the patients no longer use
the compensatory saccades. The main message for
patients is therefore to refer to a specialist as soon
as possible after the vertigo attack in order to quickly
obtain the right diagnosis, and for specialist in otorhi-
nolaryngology to send the patient as soon as possible
to a physiotherapist with a proper expertise in vestibu-
lar rehabilitation. The VR protocol matters, and this
is another important point for the physiotherapist.

Limits of the study

Neurovegetative symptoms may be experienced
by some patients during whole body rotation. The
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percentage of patients who showed pallor and sweat-
ing was around 20% while stopping peoples exercise
program for the day was found only in 5% of the
patients. This is a limitation for rehabilitation with the
unidirectional rotation paradigm. When necessary to
stop the training session, the physiotherapist started
the next session with a reduced rotation speed. On
the other hand, gaze stability exercises may be dif-
ficult to perform for patients with neck rigidity and,
when coupled with optotype recognition (dynamic
visual acuity training), they require high concentra-
tion which may induce fatigability.

Data regarding the recovery of the posterior canal
dynamic function has not been reported in the present
study due to low aVOR gain values also recorded on
the intact side in many patients (gain below 0.7). The
total number of UVH patients who fulfilled the inclu-
sion criteria was not sufficient for proper statistical
analysis of this semicircular canal. Further investi-
gation on a wider sample of patients remains to be
done.
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