N

N

Unilateral vestibular deafferentation impairs embodied
spatial cognition
Diane Deroualle, Liliane Borel, Brandon Tanguy, Laurence Bernard-Demanze,

Arnaud Deveze, Marion Montava, Jean-Pierre Lavieille, Christophe Lopez

» To cite this version:

Diane Deroualle, Liliane Borel, Brandon Tanguy, Laurence Bernard-Demanze, Arnaud Deveze, et
al.. Unilateral vestibular deafferentation impairs embodied spatial cognition. European Journal of
Neurology, Wiley, 2019, 1, 10.1007/s00415-019-09433-7 . hal-02553545

HAL Id: hal-02553545
https://hal-amu.archives-ouvertes.fr /hal-02553545

Submitted on 24 Apr 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal-amu.archives-ouvertes.fr/hal-02553545
https://hal.archives-ouvertes.fr

Manuscript

Click here to access/download;Manuscript;manuscrit-
REV1JPLMM-CL - copie.docx

Click here to view linked References

O ~J o Ul b WN

OO CTUI U UTUIUTUTOTOT S DB BB DEDDEDWWOWWWWWWWWWNNNNNNMNNNMNNNERERERRRR R R
OB WNHFRFO WO IO WNROWVW®O-JAUTDWNROW®O®-JdAUDRWNROWWTIANUBRWNREOWOO-TUNSWNR OO

Uy

O© 0 N O U1 » W

10
11
12
13

14
15
16
17
18

19
20
21

22
23

24
25
26
27
28
29
30
31
32
33
34

Unilateral vestibular deafferentation impairs

embodied spatial cognition

Diane Deroualle!, Liliane Borel!, Brandon Tanguy', Laurence Bernard-Demanze?,

Arnaud Devéze®, Marion Montava?, Jean-Pierre Lavieille?, and Christophe Lopez'®

'Aix Marseille Univ, CNRS, LNSC, FR3C, Marseille, France

’Department of Otorhinolaryngology, Head and Neck Surgery, Hopital La Conception,
APHM, Marseille, France

SRamsay Générale de Santé, Hopital Privé Clairval, Department of Otorhinolaryngology,
Head and Neck Surgery, Marseille, France

AUTHORS’ ORCID:

Diane Deroualle = orcid.org/0000-0001-5710-9419
Marion Montava = orcid.org/0000-0003-1347-9412
Christophe Lopez = orcid.org/0000-0001-9298-2969

(*) Address for correspondence:

Dr Christophe Lopez

Laboratoire de Neurosciences Intégratives et Adaptatives - UMR 7260

Aix Marseille Univ & Centre National de la Recherche Scientifique (CNRS)
Centre Saint-Charles, Fédération de Recherche 3C — Case B

3, Place Victor Hugo

13331 Marseille Cedex 03, France

Tel: +334 13550841 Fax: +33413550844

email: christophe.lopez@univ-amu.fr

L]


https://orcid.org/0000-0001-5710-9419
mailto:christophe.lopez@univ-amu.fr
https://www.editorialmanager.com/joon/download.aspx?id=248402&guid=05392404-1cc3-43b3-aa17-4f228a0b68e3&scheme=1
https://www.editorialmanager.com/joon/download.aspx?id=248402&guid=05392404-1cc3-43b3-aa17-4f228a0b68e3&scheme=1
https://www.editorialmanager.com/joon/viewRCResults.aspx?pdf=1&docID=21709&rev=1&fileID=248402&msid=9413b679-3ee5-4d3e-8351-1842c0183b41

O ~J o Ul b WN

OO CTUI U UTUIUTUTOTOT S DB BB DEDDEDWWOWWWWWWWWWNNNNNNMNNNMNNNERERERRRR R R
OB WNHFRFO WO IO WNROWVW®O-JAUTDWNROW®O®-JdAUDRWNROWWTIANUBRWNREOWOO-TUNSWNR OO

35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

55

56
57

Abstract

A growing number of studies indicate that cognitive complaints are common in patients with peripheral
vestibular disorders. A better understanding of how vestibular disorders influence cognition in these
patients requires a clear delineation of the cognitive domains affected by vestibular disorders. Here, we
compared the consequences of left and right vestibular neurectomy on third-person perspective taking
— a visuo-spatial task requiring mainly own-body mental imagery, and on 3D objects mental rotation
imagery — requiring object-based mental imagery but no perspective taking. Patients tested one week
after a unilateral vestibular neurectomy and a group of age- and gender-matched healthy participants
played a virtual ball-tossing game from their own first-person perspective (1PP) and from the
perspective of a distant avatar (third-person perspective, 3PP). Results showed larger response times in
the patients with respect to their controls for the 3PP taking task, but not for the 1PP task and the 3D
objects mental imagery. In addition, we found that only patients with left vestibular neurectomy
presented altered 3PP taking abilities when compared to their controls. This study suggests that
unilateral vestibular loss affects mainly own-body mental transformation and that only left vestibular
loss seems to impair this cognitive process. Our study also brings further evidence that vestibular signals
contribute to the sensorimotor bases of social cognition and strengthens the connections between the so

far distinct fields of social neuroscience and human vestibular physiology.

Keywords

Perspective taking, Vestibular system, Unilateral vestibular loss, Mental imagery, 3D object mental

rotation
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Introduction

A growing number of studies indicate that cognitive complaints are common in patients with vestibular
disorders (reviewed in [1, 2]). For example, a recent epidemiological study in US adults revealed that
patients with vestibular vertigo have an eight-fold increase in the odds of reporting impaired memory
and attention, limiting their activities [3]. A better understanding of how vestibular disorders influence
cognition in these patients requires a clear delineation of the cognitive domains affected by vestibular
disorders. Yet, the paucity of publications reporting negative findings makes it difficult to identify the
cognitive domains impaired and spared in patients with vestibular disorders.

Several studies have compared populations of patients with vestibular disorders and controls,
with mixed findings depending on the aetiology, on unilateral vs bilateral vestibular loss, history of the
disease and the cognitive task. Popp et al. [4], for example, showed that bilateral vestibular loss impaired
visuospatial abilities, processing speed, short-term memory and executive functions, whereas unilateral
vestibular loss impaired only visuospatial abilities and processing speed. Spatial memory was impaired
in navigation studies using locomotion [5] and virtual reality tasks [6]. Vestibular disorders also
impaired space representation when participants were not moving or displaced at all, such as during
mental rotation of bodies and non-corporeal objects [7—10]. We note that it remains unclear from these
studies if vestibular disorders impair more egocentric (i.e. own-body) mental imagery or object-based
mental imagery.

Another debated question concerns the consequences of left vs right peripheral vestibular
disorders on cognition. A rationale for this question is the anatomical and functional asymmetry within
the vestibulo-thalamo-cortical system. Neuroimaging studies have reported a predominance of
vestibular processing in the right cerebral hemisphere in right-handed participants, and an overall
dominance of the projections from one labyrinth to the ipsilateral cerebral hemisphere [11, 12]. As
various cognitive tasks involve differently lateralized brain areas, different effects of left and right
vestibular disorders on cognition can be predicted. Only few studies have tackled directly this question,
and overall their findings were controversial, showing stronger impairments in left [13] or right [14]
vestibular disorders, or equal impairments in left and right vestibular disorders [4].

The present study aims at clarifying the vestibular contributions to visuo-spatial perspective
taking. While the environment is usually experienced from an egocentric first-person perspective (1PP),
humans can simulate someone else’s viewpoint, referred to as third-person perspective (3PP) taking.
3PP taking is an important component of social cognition which contributes to understand others and
anticipate their actions. There is evidence suggesting that 3PP taking is a strongly embodied process
involving egocentric mental imagery [15]. Here, we compared patients one week after right or left
vestibular neurectomy and healthy participants involved in a virtual ball-tossing game [16, 17] played
either from their own viewpoint (1PP), or from the viewpoint of a distant avatar — thus requiring 3PP

taking. Patients were tested in the acute stage of a unilateral vestibular deafferentation, when brain
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metabolism disorganization is maximal [18], to document the impact of the vestibular tone imbalance
on 3PP taking abilities. Performances were compared to those from 3D objects mental rotation, requiring
object-based mental imagery, but no perspective-taking. Given evidence of a vestibular contribution to
the perspectival experience [16, 19, 20], and overlapping neural mechanisms for vestibular information
processing and perspective-taking [21], we hypothesized that unilateral vestibular deficits would impair

3PP taking more than object-based mental imagery.

Methods

Patients

We tested 23 patients (13 women; mean age = SD: 51 + 12 years) before and 7 days after a unilateral
vestibular neurectomy. Cognitive tests were performed 7 days after the surgery. All patients were right-
handed (Edinburgh Handedness inventory: 79 + 22%). Twenty-one patients were operated on for an
acoustic neuroma (grade 2, 3 or 4 from Koos classification [22]) and two patients for Meniére’s disease
(Table 1). Menicre’s disease patients had a pure unilateral vestibular pathology, with normal video head
impulse test (VHIT) and hearing on their contralesional ear. Twelve patients received a left neurectomy
and 11 a right neurectomy using the retrosigmoid approach (n = 20) or the translabyrinthine approach
(n = 3). Depending on the size of the neuroma and the operating approach, the neurectomy aimed at
removing the vestibular nerve totally (n = 19) or partially (n = 4). Before and 7 days after neurectomy,
patients received standard otoneurological examinations including a pure tone audiometry (SCR
Electroniques, France), a bithermal caloric test and a vHIT (Synapsys, France), as well as measurement
of vestibulo-ocular responses on a rotating chair (Synapsys, France) and of the subjective visual vertical
(Framiral, France). Patients were compared to 23 age- and gender-matched healthy volunteers (13
women, 52 + 12 years). They were right-handed (86 & 25%) and had no history of otoneurological and

psychiatric disease.

Ethics statement
All participants were informed about the study and gave their written informed consent. Experimental
procedures were approved by the local Ethics Committee (CPP Sud-Méditerranée 11, 2011-A01221-40)

and followed the Declaration of Helsinki.

Visual stimuli and tasks

3PP taking task. Participants were involved in a virtual ball-tossing game [16]. Visual stimuli showed
6 avatars around a circle (see Figure 1A and the legend, for details). Participants were instructed to
adopt the perspective of the avatar holding the ball (identified by a blue T-shirt) and from this position

to toss the ball to the avatar wearing a red T-shirt. They indicated as quickly and as accurately as possible
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whether they had to toss the ball to the right or left, by pressing on a respond pad [16]. There was no
time limit to answer. The experiment was a 5 Angle of visuo-spatial perspective taking (5 positions of
the avatar holding the ball: £ 60°, + 120° and 180°) x 4 positions of the avatar receiving the ball ( 60°
and + 120° with respect to the avatar holding the ball) design, with four repetitions of each of the 20

stimuli. Participants completed 80 trials divided into 4 blocks of 20 trials presented in a random order.

1PP task. Five avatars were shown in the visual scene (Figure 1B) and the hands holding the ball in the
front of the scene indicated that participants had to toss the virtual ball from their 1PP [16]. Participants
indicated as quickly and accurately as possible whether they had to toss the ball to their right or left (to
the avatar located at = 60°, £ 120°) without time limit. Each of the four visual stimuli was repeated four

times in one block of 16 trials presented in a random order.

Visual detection task. A visual detection task [16] was used to control for potential attentional and visual
differences between groups of participants (Figure 1C). In 10 trials, one avatar held a ball, while in 10
other trials, no ball was shown. Participants were instructed to detect as quickly and as accurately as
possible that there was a ball in the visual scene, without time limit. Participants completed one block

of 20 trials presented in a random order.

3D objects mental rotation task. Twenty out of 23 patients were involved in a 3D objects mental rotation
task [9]. Pairs of identical or different 3D objects were presented side by side on a computer screen
(Figure 1D). When identical, the second object was rotated with respect to the first object by 20°, 40°
or 80°. We instructed participants to imagine a rotation of one of the objects to align it with the other
and to indicate as quickly and as accurately as possible whether the objects were identical or different.
There was no time limit to answer. There were two blocks of 36 pairs of objects, of which 24 were
identical and 12 were different. Pairs of objects were presented randomly within each block, and the

presentation of the blocks was counterbalanced.

Experimental procedures

Participants were tested while comfortably sitting on a chair with their head maintained by a forehead
and chin rest. SuperLab 4.5 (Cedrus Corporation, USA) was used to present visual stimuli on a computer
screen (64.4 x 49.4 cm) placed 50 cm in front of the participants. Thirteen patients and controls first
completed the 1PP task and then the 3PP taking task, while the others started with the 3PP taking task.
All participants finished with the visual detection task and the 3D objects mental rotation task.
Participants took short breaks after each block and task. Before the experiment, they trained to each task
with a random selection of 10 trials. After the experiment, participants filled out a questionnaire about

the strategies they used. They indicated whether it happened during the experiment they imagined
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rotating the entire visual scene with the avatars to solve the 3PP taking task. If it was the case, they were

asked to rate how often they did it, using a 7-point Likert scale ranging from ‘rarely’ to ‘all the time’.

Data analysis
For each participant and task, we calculated the mean response times (RTs) and percentage of errors.
Trials yielding incorrect answers were discarded from the analysis of the RTs and we excluded trials for
which RTs exceeded 2 standard deviations of the participant’s grand average. As the Shapiro-Wilk test
revealed not normally distributed RTs for most of the dependent variables, we used a log transformation
and applied repeated-measures ANCOV A when this procedure led to normal distribution. Variables that
remained non-normally distributed and the percentage of errors were analysed using non-parametric
procedures (SPSS 25, IBM Corporation, USA). Differences were considered significant when P < 0.05.
One outlier participant was excluded for the 3PP taking task (RTs > 16 s), as well as one participant for
the 1PP and visual detection tasks, resulting in a total of 22 patients and 22 controls in the final analysis.
We used partial correlations to calculate the relation between 13 clinical parameters (Table 1)
and performance in the cognitive tasks. To minimize the risk of false positives, we used Bonferroni-

corrected a level of P <0.05/13 for statistical significance (P < 0.0039).

Results

3PP taking task

Response times. RTs were first analysed using a repeated-measures ANCOV A with Angle of 3PP taking
as within-subject factor, Group and Gender as between-subject factors, and Age as covariate. Age was
significantly related to RTs (Fi39=12.19, P < 0.005), whereas Gender was not (F;3,=0.08, P = 0.77).
Importantly, we found a significant effect of the Group after controlling for the effect of Age (Fi39=
4.40, P < 0.05). Figure 2A shows significantly larger RTs for 3PP taking in patients than in controls.
As expected, the analysis shows a significant effect of the Angle of 3PP taking (F3,107=2.78, P <0.05),
with longer RTs for larger angles of perspective taking (Greenhouse-Geisser correction, ¢ = 0.69). There
was no significant interaction between Angle and Group, or with the covariate. RTs were not
significantly related to the grade of the neuroma (Kruskal-Wallis test, P > 0.05) (Figure 2B).

In a second analysis, we explored how the side of neurectomy influenced 3PP taking. We found
that patients with left neurectomy showed significantly larger RTs than their age and gender-matched
controls (Fi17=6.81, P < 0.05) (Figure 2A). There was no other significant main effect or interaction,
but Age was significantly related to RTs (Fi,17= 8.04, P < 0.05). By contrast, patients with right
neurectomy did not differ from their controls (Fi,;7= 0.04, P = 0.84) (Figure 2A). The effect of Angle
of 3PP taking was not significant after Greenhouse-Geisser correction (F233= 2.53, P = 0.09), but the
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effect of Age was significant (Fi17=7.74, P < 0.05). Direct comparison of patients’ performance with
left and right neurectomy did not reveal significant differences in RTs (F1,17=2.42, P =0.14). Thus, the
effect of Group observed in the whole-population analysis seems to arise from altered 3PP taking mainly
in patients with left neurectomy. We note that this result cannot be accounted for by different vestibular

functions in patients with left and right neurectomy (see Table 1).

Errors. Friedman’s tests revealed an effect of the Angle of 3PP taking on the percentage of errors in
patients (y*w4) = 25.7, P < 0.001) and controls (y*4 = 37.8, P < 0.001) (Figure 2C). However, Mann-
Whitney tests did not reveal a significant effect of the Group (—60°: P = 0.13; —-120°: P =0.16; 180°: P
=0.33; +120°: P =0.44; +60°: P =0.08).

Questionnaire about 3PP taking strategies. 18/22 patients (82%) and 19/22 controls (86%) reported
they never imagined rotating the entire visual scene to solve the task, whereas 4/22 patients (18%) and
3/22 controls (14%) reported they “sometimes” imagined rotating the visual scene. No participant
reported having used this strategy “all the time”. Strategies were reported in similar proportion in the
whole sample of patients and controls (y* = 0.17, P = 0.68), and in similar proportion in patients with

left and right vestibular neurectomy (> = 1.22, P = 0.27).

First-person perspective task

RTs between the whole sample of patients and the controls did not differ (Mann-Whitney test, U = 244,
P = 0.55) (Figure 2D). Similar analyses for patients with left and right neurectomy revealed no
differences between the groups (left: U =22, P = 0.15; right: U = 40, P = 0.48). As the percentages of

errors were very low, they were not analysed.

Visual detection task

RTs were significantly longer in the whole sample of patients when compared to the controls (Mann-
Whitney test, U = 287, P < 0.05) (Figure 2D). RTs differed between the patients with left neurectomy
and their controls (U = 113, P < 0.05), but they were not different between the patients with right
neurectomy and their controls (U =40, P = 0.63). As the percentages of errors were very low, they were

not analysed.

3D objects mental rotation

Response times. A repeated-measures ANCOV A revealed a significant main effect of Angular disparity
(Greenhouse-Geisser correction, ¢ = 0.67: F1347=18.95, P <0.0001), with longer RTs for larger angles
of mental rotation. In contrast with the 3PP taking task, there was no significant effect of the Group

(Fi35=0.15, P=0.71) (Figure 3A). We found no significant effect of Age (Fi35=3.07, P =0.09) and
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Gender (F;35=0.47, P = 0.50), but there was a significant interaction of Angular disparity x Age (Fi347
= 3.01, P < 0.05). Similar analyses conducted separately for patients with left and right neurectomy

revealed no effect of the Group (left: Fi15=0.09, P = 0.78; right: F; 15=0.03, P = 0.87) (Figure 3A).

Errors. Friedman’s tests revealed a significant effect of Angular disparity in patients (y’o) = 27.3, P <
0.0001) and in controls (y*2) = 22.7, P < 0.0001), with more errors for larger angles of mental rotation
(Figure 3B). Mann-Whitney tests showed a statistical trend for higher percentage of errors in patients
than in controls for 20° (U = 269, P = 0.06), but not for 40° (U =249, P = 0.19) and 80° (U = 260, P =
0.11).

Clinical data and their correlation with visuo-spatial cognition

Table 1 shows that overall the two groups of patients did not differ with respect to their clinical
status, with the exception of worse postural performance in patients with right than left vestibular
loss, and a larger proportion of cophosis at D+7 in the patients with left vestibular neurectomy. There
was an important variability in the presurgical vestibular functions, owing to the different locations
and grades of the neuroma [22]. Thus, we calculated partial correlations between clinical parameters
and cognitive performance, while controlling for the effects of age (as RTs for 3PP taking were
related to age). There was no significant correlation between clinical parameters and cognitive
performance at a Bonferroni-corrected o level. The only statistical trend was a positive correlation
between the deficit at the caloric test measured at D—1 and the average RTs (log transform) for the
3PP taking task (r = 0.596, P = 0.007). No such trend was found for the correlation between the other

cognitive tasks and clinical parameters recorded at D—1 and D+7.

Discussion

Different effect of vestibular disorders on egocentric vs object-based mental imagery

The present data show that patients tested one week after unilateral vestibular neurectomy had impair
3PP taking abilities, as revealed by longer RTs in patients than in controls. Interestingly, no deficit was
found when patients were required to toss the virtual ball from their 1PP, that is, when no own-body
mental transformation was necessary. This indicates that deficits in 3PP taking were not merely related
to attentional or oculomotor deficits to explore the visual scene and to discriminate left/ right orientations
(see below). Rather, our results speak in favour of a more specific vestibular contribution to perspective
taking and highlight the specific role of vestibular information in embodied spatial cognition [23].
Another recent study, in which patients with objective balance deficits were required to imitate lateral

body tilts of an avatar, showed longer movement latencies and more errors in the patients [7]. Our results



are also in line with a previous study in healthy participants using the same 3PP taking task, showing
that natural vestibular stimulation (on a rotating chair) helped to adopt the perspective of a distant avatar
when the directions of the physical rotation and simulated viewpoint were congruent [16].

Although our participants were trained to use explicitly own-body mental imagery during the
3PP taking task, we cannot exclude that some of them used other strategies, such as simulating a ‘bird
perspective’ of the visual scene or mixed egocentric/allocentric strategies depending on the avatar’s
position. Debriefing questionnaires confirmed that most participants complied to the instructions and
used mainly an egocentric strategy. Importantly, as mixed egocentric/allocentric strategies were reported
in similar proportions in the patients and the controls, strategies cannot account for the different 3PP
taking abilities between the groups.

In contrast with the 3PP taking task, the unilateral vestibular neurectomy had no effect on 3D
object mental imagery. There are only few studies about the consequences of vestibular disorders on
object-based mental imagery and they showed divergent results. Impaired object-based mental imagery
seems to depend on the extent of the vestibular loss, as patients with bilateral loss were the most impaired
[8, 9], and on the compensation stage, as deficits were found only in the early stage after vestibular
neurectomy [9, 10].

Altogether, our data suggest that acute unilateral vestibular deficits affect differently visuo-
spatial tasks involving mostly egocentric mental imagery (3PP taking) and object-based mental imagery.
We propose that shared neural networks are involved in encoding own-body rotations (vestibular cortical
network) and in simulating own-body and viewpoint rotations (3PP taking). This proposition is first
supported by our previous results in healthy participants showing that whole-body rotations on a rotating
chair influenced 3PP taking in a direction-specific way, but not object-based mental imagery [16].
Second, a recent fMRI study [21] showed that clockwise/counterclockwise mental rotation of the
observer’s viewpoint (as used in our 3PP taking task) and galvanic vestibular stimulation both activated
the bilateral posterior insular cortex and the right parietal operculum (OP2), two core areas of the

vestibular cortical network.

Different effect of right vs left vestibular disorders on perspective taking

A main result of the present study is that 3PP taking abilities depended on the side of vestibular
deafferentation. Only patients with left neurectomy showed larger RTs in the 3PP taking task, when
compared to their controls. This was not the case when visuo-spatial judgements were performed from
their 1PP. However, patients with left neurectomy were also slower for the visual detection task. This
indicates that left vestibular loss is more likely to disturb the mechanisms of egocentric own-body mental
imagery and alertness than the mechanisms of visuo-spatial tasks that do not require egocentric mental
imagery (i.e., 1PP task and 3D object mental rotation). It is difficult to compare our data with previous
studies as only few of them have investigated spatial cognition with respect to the side of the vestibular

loss. In line with our findings, Saj et al. [13] found that only left vestibular neurectomy significantly
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deviated the perceived straight ahead. Left cathodal galvanic vestibular stimulation also impaired mental
imagery in healthy participants [24], while only left-warm caloric vestibular stimulation distorted their
body schema [25]. However, opposite data have been reported, with slower recovery of the subjective
visual vertical in right vestibular neuritis [26], and a trend for poorer spatial navigation in right vestibular
deficits [14]. Another study reported no effect of the side of the vestibular loss on cognitive deficits [4].
The discrepancy between these data may be related to the diversity of the spatial functions tested,
involving different brain areas.

Why would left vestibular neurectomy impair 3PP taking? Neuroimaging studies have
emphasized a right hemispheric dominance of vestibular processing in right-handed participants [11] —
as were our participants. Accordingly, a stronger impact of right vestibular neurectomy on 3PP taking
can be expected. Our results do not support this hypothesis. However, they are in line with neuroimaging
data showing different compensation patterns in acute right and left vestibular neuritis, with a shift of
the dominant ascending input from the ipsilateral to the contralateral pathways [18]. Alternatively, based
on results from a diffusion tensor imaging study of the vestibulo-thalamo-cortical pathways [12], we
predict that right vestibular neurectomy would predominantly disrupt multisensory processing in the
right parieto-insular cortex, whereas left neurectomy is more likely to disrupt multisensory processing
bilaterally in this area. We propose that left vestibular neurectomy evoked deficits in 3PP taking by
disrupting bilateral areas underpinning 3PP taking. Of note, an fMRI study [17] described the neural
correlates of 3PP taking in a virtual ball-tossing game similar to that used in the present study. 3PP
taking, when compared to 1PP, activated bilaterally the anterior insula and medial frontal cortices, as
well as the left inferior parietal lobe. As 3PP taking involves a bilateral network of insular and parieto-
frontal areas, we anticipate that it is very likely more affected by predominantly bilateral vestibulo-

thalamo-cortical projections from the left vestibular receptors [12].

Role of visuo-spatial attention and alertness

Patients had longer RTs than controls in the visual detection task, and RTs for the 3PP taking task and
the visual detection task were larger after left than right vestibular neurectomy. As previous studies have
related vestibular loss to poorer visuo-spatial ability and attention [27], we cannot exclude that larger
attentional deficits in patients with left neurectomy contributed to larger RTs for 3PP taking. However,
as RTs were not larger for the 1PP task and the 3D-object mental imagery task in these patients, we can
rule out a general effect of attentional deficits in all tasks after left neurectomy. We interpret increased
RTs in the visual detection task as resulting from deficits of alertness (because RTs were short, around
750 ms, whereas RTs were around 3000 ms for 3PP taking). Visual detection assessed more alertness
(reaction times) than high-level visuo-spatial cognition. Our results are consistent with data showing
that patients with unilateral vestibular loss performed worse than healthy controls in a processing speed

task [4].
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Relation between clinical and behavioural data

We only found a statistical trend for slower 3PP taking in patients with larger deficits at the presurgical
caloric test. This relation suggests that information from the lateral semicircular canals, or the normal
functioning of the structures processing this information, is involved in own-body mental rotation in the
yaw plane. The caloric test delivers low-frequency stimulation of the canals and assesses vestibular
pathways that are likely relevant for the cognitive functions tested here. Interestingly, stimulation of the
lateral canals by whole-body rotation influenced RTs for 3PP taking in a direction-dependent manner
[16] and caloric vestibular stimulation improved own-body mental imagery in healthy participants [28].
Our data are congruent with observations in patients with unilateral vestibular disorders showing that
lower caloric response correlated with deficits in processing speed, memory and executive function [4].
Finally, we found no correlation between hearing loss and performance in the cognitive tasks, congruent
with recent findings showing similar performance in deaf signers and hearing nonsigners engaged in

visuo-spatial perspective-taking, 3D object mental rotation and spatial orientation tasks [29].

Limitations of the study and perspectives

A limitation of the present study is the absence of detailed neuropsychological evaluation of the
participants, which could have accounted for some variability in our data. However, the mean age in our
sample was not high, controls were selected to carefully match the patients, and our statistical analyses
controlled for the effect of age.

The present study documents deficits of spatial cognition only in the acute stage of a unilateral
vestibular neurectomy. This was motivated by the need to better understand the domains of cognition
affected and spared when a vestibular tone imbalance is present, i.e. when compensatory mechanisms
are not fully expressed. There is evidence of brain disorganization in the acute stage of a unilateral
vestibular loss, both in humans [18] and animal [30] models. It is unknown if the deficits in 3PP taking
reported here vanish when patients have compensated from their unilateral vestibular disorder. Future
studies should endeavor to explore the postlesional recovery of spatial cognition deficits after unilateral
vestibular deafferentation and compare its time course to that of functional recovery.

As in most studies of this kind, a limitation of the present study is the sample size, which may
explain some discrepancies in the literature regarding the effects of left and right vestibular loss on
cognition [4, 13, 14, 26], in addition to the variety of tasks and procedures used. Studies remain to be
conducted in large samples of patients to determine the effects of left vs right vestibular loss on a large

range of spatial cognitive functions.

Conclusions
The present study shows that acute unilateral vestibular deafferentation impairs embodied spatial
cognition by disrupting visuo-spatial tasks involving mostly egocentric mental imagery (3PP taking),

but not object-based mental imagery. These effects were observed only in patients with left vestibular
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loss. We believe that the present investigation helps understand the cognitive complaints of patients with
vestibular disorders. Finally, our data brings further evidence that vestibular signals contribute to several
sensorimotor bases of social cognition, including 3PP taking, and strengthens the connections between

the so far distinct fields of social neuroscience and human vestibular physiology (for a perspective, see

[23]).
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Figure legends

Figure 1. Visual stimuli and tasks. (A) Example of a visual scene for the 3PP taking task showing six
avatars located around a circle (adapted from Ref. [16]). One avatar was facing the participants (180°),
one was seen from the back (0°), two were on their right (60° and 120°), and two on their left (-60° and
—120°). From one trial to another, the colour of the avatars’ T-shirt could change (white, red or blue).
Participants were instructed to simulate the visuo-spatial perspective of the avatar holding the ball
(identified by a blue T-shirt) and from this position to toss the ball to the avatar wearing a red T-shirt.
The avatar with the blue T-shirt was located either at £ 60°, = 120° or 180° (but never at 0°, to avoid
confusion with the 1PP task), resulting in a total of 5 angles of 3PP taking. The avatar wearing the red
T-shirt was located 60° or 120° to the right or left of this avatar. Participants pressed a key on a response
pad (RB-830, Cedrus Corporation, San Pedro, USA) with their right middle finger to toss the ball to the
right, or their right index finger to toss the ball to the left. A fixation cross was presented during 1 s
before each visual scene. In the example presented, the correct response is to toss the ball to the left. (B)
Example of a visual scene for the 1PP task showing five avatars located around a circle. One avatar was
facing the participants (180°), two were on their right (60° and 120°), and two on their left (—60° and —
120°). Participants were instructed to toss the ball to the avatar wearing a red T-shirt, which was located
at = 60° or £ 120° from their viewpoint (4 visual stimuli). Participants pressed a key with their right
middle finger to toss the ball to the right, or their right index finger to toss the ball to the left. A fixation
cross was presented during 1 s before each visual scene. The correct response here is to toss the ball to
the right. (C) Example of a visual scene for the visual detection task. Visual stimuli were the same as
for the 3PP taking task, except that all avatars wore a white T-shirt. Thirteen participants had to press a
button with their right middle finger as soon as they detected a ball, or with their right index finger when
they detected there was no ball, and vice versa for the other participants. A fixation cross was presented
during 1 s before each visual scene. The correct response here is “yes”, as there is a ball in the scene.
(D) Example of a visual stimulus for the 3D objects mental rotation. Half of the participants pressed a
button with their right middle finger if objects were identical, or with their right index finger if they were

different, and vice versa for the others. The correct response here is “no”, as the objects were different.

Figure 2. Influence of unilateral vestibular deafferentation on visuo-spatial perspective taking. (A)
Mean response times for the 3PP taking task are plotted separately for the whole population of patients
(left part), for the patients with left vestibular neurectomy (central part) and the patients with right
vestibular neurectomy (right part) together with their age- and gender-matched control participants.
Error bars represent the standard error of mean. * indicates statistical significance between the patients
and their controls (P < 0.05). (B) Mean response times for the 3PP taking task are illustrated for the

patients as a function of the vestibular pathology. (C) Box-and-whisker plots illustrate the percentage of
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errors in the whole sample of participants. The top and bottom ends of the whisker represent the 95" and
5% percentiles of the distribution and the horizontal line inside the box represents the median. (D)
Response times for the 1PP task and the visual detection task are plotted for the whole sample of patients.

Same conventions as for Parts C.

Figure 3. Influence of unilateral vestibular deafferentation on 3D objects mental rotation. (A) Mean
response times for the mental rotation of 3D objects are plotted separately for the whole population of
patients (left part), for the patients with left vestibular neurectomy (central part) and the patients with
right vestibular neurectomy (right part) together with their age- and gender-matched control participants.
Error bars represent the standard error of mean. (B) Box-and-whisker plots illustrate the percentage of
errors in the whole sample of participants. The top and bottom ends of the whisker represent the 95™ and

5™ percentiles of the distribution and the horizontal line inside the box represents the median.
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Table1

Examination at D1

Examination at D+7

Age : .
( ) Gender Diagnosis CVS VOR VHIT SVV CVS VOR VHIT SVV
years
(% deficit) (gain) (gain) * (°)°® (% deficit) (gain) (gain) ? (©)°®
4 grade 2
Left 7 women
499+11.6 6 grade 3 66.2+39.8 | 0.36+0.14 | 045036 | 23+£24 | 956+11.7 | 043+0.21 | 0.38+0.41 | -7.1+4.0
neurectomy 5 men
2 grade 4
3 grade 2
Right 6 women 3 grade 3
53.0+14.0 419+343 | 044+£022 | 0.69+036 | 0.1+1.0 | 80.0£252 | 0.41+£0.22 | 0.25+0.28 | -6.2+4.2
neurectomy 5 men 3 grade 4
2 MD
P=0.57¢ | P=086¢ | P=0.63°¢ P=0.19°¢ P=0.35¢ P=0.18° | P=0.01° P=0.16° P=0.90° P=0.56° | P=0.63¢

Table 1. Comparison of clinical data in patients with left and right vestibular neurectomy. Means + standard deviations are reported before (D—-1) and

after (D+7) surgery for each group of patients. MD: Meniére’s disease, CVS: caloric vestibular stimulation, VOR: vestibulo-ocular reflex, VHIT: video

head impulse test, SVV: subjective visual vertical.

2 Gain for the lateral semicircular canal on the side of the disease

® Negatives signs indicate that the subjective visual vertical was tilted to the side of the disease (ipsilesional tilt)

¢ Independent-samples t-tests

4 Chi-square

¢ Chi-square for the grade of neuroma




Table1

Left Right Statistics
neurectomy neurectomy
Age (years) 499+ 11.6 53.0+14.0 P=0.57%
Gender 7 women, 5 men 6 women, 5 men P=0.86"
Diagnosis and acoustic neuroma 4 grade 2 3 grade 2 P=0.63°
grade (Koos classification) 6 grade 3 3 grade 3
2 grade 4 3 grade 4
2 Meniére’s disease

Unilateral vestibular neurectomy 2 partial, 10 total 2 partial, 9 total P=092"°

CVS (% deficit) 66.2 £37.8 39.9+31.1 P=0.10*

VOR (gain) 0.38+0.14 0.44+0.22 P=0.52"?

VHIT ipsi. (gain)

Anterior canal 0.81 +£0.15 0.88 +0.24 P=049"?
Examination | Lateral canal 0.45+0.36 0.69 +0.36 P=0.182
at Posterior canal 0.59 +0.37 0.63+0.36 P=0.84"?
D-1

VvHIT contra. (gain)

Anterior canal 0.95+0.09 0.93 +0.07 P=0.50°%

Lateral canal 0.88+0.10 0.90+0.11 P=0.56*

Posterior canal 0.73 £0.32 0.90+0.11 P=0.162

Posture (mm/s) ¢

Eyes open 72+33 123+£55 P=0.015%

Eyes closed 9.2+4.0 154+11.0 P=0.09*

SVV ()¢ -19+26 -0.5+1.9 P=0.15?

Pure tone average (dB)

Ipsi. 1 Cop. (58.7+26.0)f | 2 Cop. (56.2+35.6)F P=0.87%

Contra. 19.6 £9.0 189+ 144 P=0.88*

CVS (% deficit) 96.4+£9.8 80.0£25.2 P=0.14*

VOR (gain) 0.42+0.20 0.41+0.20 P=0.89*

VvHIT ipsi. (gain)

Anterior canal 0.57+0.31 0.60 +0.26 P=0.872
Examination | L-ateral canal 0.41 +0.37 0.26 +0.27 P=0462
at Posterior canal 0.60 + 0.42 0.52+0.26 P=0.742
D+7 i

vHIT contra. (gain)

Anterior canal 0.99 £0.03 0.88+£0.13 P=0.102

Lateral canal 0.89 + 0.06 0.88+0.11 P=0.86"%

Posterior canal 0.93+£0.11 0.84 £0.15 P=031"?

Posture (mm/s) ¢

Eyes open 7.4+3.7 13.8+12.5 P=0.112

Eyes closed 11.2£6.6 199+11.6 P=0.038"?

SVV (°) ¢ -7.1+£4.0 —-62+42 P=0.632

Pure tone average (dB)

Ipsi. 10 Cop. (12.5) 5 Cop. (49.0£21.3)F P=0.038¢

Contra. 17.8+9.6 19.9+13.8 P=0.69*

Rotational vertigo 4 positive, 6 negative | 1 positive, 7 negative P=0.20°

Spont. nystagmus (°/s)

Horizontal 45+£52 55+£75 P=0.752

Vertical 0.7+0.7 1.7+£2.8 P=0.30°%

Body tilt 5 positive, 5 negative | 3 positive, 5 negative P=0.60°

Past pointing 4 positive, 6 negative | 3 positive, 5 negative P=091"°

Table 1. Comparison of clinical data in patients with left and right vestibular neurectomy. Means + standard deviations
are reported before (D—1) and after (D+7) surgery for each group of patients. CVS: caloric vestibular stimulation, VOR:

2 Independent-samples t-tests

® Chi-square

¢ Chi-square for the grade of neuroma
4 Average velocity of the center of foot pressure measured on a posturography platform with a stable support surface

¢ Negatives signs indicate an ipsilesional tilt of the subjective visual vertical

f The number of patients with cophosis (Cop.) is indicated; the mean hearing loss in the other patients without cophosis is

indicated in brackets

g Chi-square for the number of patients with cophosis




vestibulo-ocular reflex, VHIT: video head impulse test, SVV: subjective visual vertical, ipsi.: ipsilesional ear, contra.:
contralesional ear, Cop.: cophosis.



