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Humans use internal models to construct and
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Internal models serve sensory processing, sensorimotor integration and motor control. They could be a way to construct and update a

sense of verticality, by combining vestibular and somatosensory graviception. We tested this hypothesis by investigating

self-orientation relative to gravity in 39 normal subjects and in subjects with various somatosensory losses showing either a com-

plete deafferentation of trunk and lower limbs (14 paraplegic patients after complete traumatic spinal cord injury) or a gradient in the

degree of a hemibody sensory loss (23 hemiplegic patients after stroke). We asked subjects to estimate, in the dark, the direction of

the Earth vertical in two postural conditions—upright and at lateral whole body tilt. For upright conditions, verticality estimates were

not different from the direction of the Earth vertical in normal (0.24� � 1; P = 0.42) and paraplegic subjects (0.87� � 0.9; P = 0.14).

The within-subject variability was much greater in hemiplegic than in normal subjects (2.05� � 1.15 versus 1.06� � 0.4; P50.01)

and greater in paraplegic than in normal subjects (1.13� � 0.4 versus 0.72� � 0.4; P5 0.01). These findings indicate that, even if

vestibular graviception is intact, somaesthetic graviception contributes to the sense of verticality, leading to a more robust judgement

about the direction of verticality when vestibular and somaesthetic graviception yield congruent information. As expected, when

normal subjects were tilted, their verticality estimates were biased in the direction of the body tilt (5.55� � 3.9). This normal

modulation of verticality perception (Aubert effect), was preserved in hemiplegics on the side of the normoaesthetic hemibody

(ipsilesional) (6.09� � 6.3), and abolished both in paraplegics (1.06� � 2.5) and in hemiplegics (0.04� � 6.7) on the side of hypoaes-

thetic hemibody (contralesional). This incongruence did not exist in deafferented paraplegics who exclusively used vestibular

graviception with a similar efficacy no matter what the lateral body position. The Aubert effect was not an on–off phenomenon

since the degree of hemiplegics’ somatosensory loss correlated with the modulation of verticality perception when they were tilted to

the side of hypoaesthetic hemibody (r = �0.55; P5 0.01). The analysis of anatomical correlates showed that the Aubert effect

required the integrity of the posterolateral thalamus. This study reveals the existence of a synthesis of vestibular and somaesthetic

graviception for which the posterolateral thalamus plays a major role. This corresponds to a primary property of internal models and

yields the neural bases of the Aubert effect. We conclude that humans construct and update internal models of verticality in which

somatosensory information plays an important role.
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Introduction
Internal models may represent a general neural process to resolve

sensory ambiguity, to synthesize information from disparate sen-

sory modalities, and to combine efferent and afferent information

(Merfeld et al., 1999). They appear to be of primary importance in

sensory processing (Glasauer, 1992; Lewald and Ehrenstein, 1998),

sensorimotor integration (Bell et al., 1997) and motor control

(Yasui and Young, 1975; Wolpert et al., 1995). Their involvement

in both the representation of verticality and action with respect to

gravity has been suggested (Pérennou et al., 2008), which would

imply that efferent and afferent information with respect to ver-

ticality may be combined. Nevertheless, there is a limited amount

of direct evidence of the existence of such internal models

devoted to the construction and updating of a biological vertical

supporting a sense of verticality. It would be built by synthesizing

visual, somatosensory and vestibular information (Brandt et al.,

1994; Bisdorff et al., 1996; Merfeld et al., 1999; Van Beuzekom

and Van Gisbergen, 2000; Bronstein et al., 2003; Barbieri et al.,

2008; Pérennou et al., 2008; Tarnutzer et al., 2009). The role of

visual and vestibular information in verticality perception has

widely been investigated (Dichgans et al., 1972; Gresty et al.,

1992; Brandt et al., 1994; Merfeld et al., 1999; Zupan and

Merfeld, 2003; Lorincz and Hess, 2008), whereas the contribution

of somaesthetics to verticality perception is less well known.

Attempts to address this question have been hampered by the

difficulty of experimentally suppressing somaesthetic information,

contrary to visual and vestibular information. Manipulation of

somaesthetic information has clearly shown that it plays a role in

verticality perception (Wade, 1973; Bisdorff et al., 1996; Perennou

et al., 1998; Trousselard et al., 2003, 2004; Barbieri et al., 2008);

the nature of this role and the way it might contribute to an

internal model of verticality remain in need of full investigation.

There have been few reports of interplay between somaesthetic

information and other sensory modalities in patients with somato-

sensory alterations in the construction of verticality representation.

Yardley (1990) investigated the perception of visual vertical in a

patient with poor somatosensory function below the neck as a

result of the loss of a large myelinated sensory nerve function.

When lying horizontally, the patient did not exhibit the substantial

perceived tilt of the visual vertical in the direction of the body tilt

(Aubert effect) as control subjects did. In terms of variability, both

control and patients showed a similar increased variability of per-

ception. Anastasopoulos and Bronstein (1999) provided the

second case study. A 21-year-old female with chronic left hemi-

hypoaesthesia due to a posterior thalamic infarct presented a

normal estimate of the visual vertical when seated upright.

Observation of the expected Aubert effect took place while she

was lying on her right side, but this same Aubert effect was absent

when she was lying on her hypoaesthetic side. They found a large

increase in visual vertical variability settings after lateral tilts on

both sides of control subjects. Anastasopoulos et al. (1999) quali-

tatively reported on the perception of verticality in patients with

somatosensory deficits from disparate aetiologies (spinal cord

tumours, cerebral haemorrhages, cerebral and spinal ischaemia,

demyelination and polyneuropathy). The two patients with the

most severe hemisensory loss experienced no Aubert effect

when lying on the hypoaesthetic side. We learnt from these

observations that the Aubert effect may be absent in subjects

with altered somaesthetic graviception.

Although the Aubert effect may provide a window to better

understand the interplay between vestibular and somaesthetic

graviception, the impact of these studies was diminished by the

limited number of patients investigated, the various topographies

of sensory alteration due to disparate aetiologies, and the

existence of a residual somatosensory sensitivity without precise

quantification (Yardley, 1990; Anastasopoulos and Bronstein,

1999; Anastasopoulos et al., 1999). Does resistance to the

Aubert effect correspond to an on–off phenomenon by way of

a processing switch to an intact and reliable vestibular gravicep-

tion? Or does it rather correspond to taking into account sensory

information which would give more weight to the vestibular grav-

iception when the somaesthetic graviception is less available? The

existence of this latter mechanism would demonstrate that, to

build a reference of verticality, the human brain synthesizes

vestibular and somaesthetic graviception. As such, a synthesis of

sensory modalities is a primary property of internal models, and

this would provide support for the existence of an internal model

of verticality in the human brain.

To go further, we investigated verticality representation in

76 subjects with clear somatosensory patterns: 39 normal subjects,

23 stroke subjects showing different degrees of hypoaesthesia

pressure on the contralesional hemibody and 14 paraplegic

subjects completely deafferented below a given metamere. The

accuracy of verticality direction and variability were analysed in

both upright and tilted postures. Our main hypothesis was that

somatosensory graviception plays a major role in the construction

and formation of internal models of verticality. In the conditions in

which somaesthetic and vestibular graviception were congruent

(upright), we predicted a better representation of verticality with

intact vestibular and somaesthetic graviception than when only

vestibular graviception was available. When somaesthetic and

vestibular graviception were not congruent (tilted posture), we

predicted that the Aubert effect would disappear in paraplegics

and diminish as a function of the sensory loss in hemiplegics.

This would imply that the modulation of the subjective visual ver-

tical by lateral body tilts requires the integrity of neural structures

involved in the conduction and integration of the somaesthetic

information, especially the spinal cord, thalamus and somatosen-

sory cortex. Another objective of this study was to analyse the

correlates between brain structures and the modulation of the

subjective visual vertical by lateral body tilts.

Materials and methods

Participants
All patients enrolled in this study were recruited from a neuro-

rehabilitation unit after giving their informed consent in accordance

with the local ethics committee guidelines. Since paraplegics were stat-

istically younger than hemiplegics [t(35) = 3.07; P5 0.005] and given

the influence of age on verticality perception (Barbieri et al., 2010),
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two different control groups were tested, matched in age with the

patients groups.

Twenty-three subjects with hemisphere stroke (52.9 � 11 years;

6 females, 17 males; 9 left- and 14 right-sided strokes, 16 infarcts

and 7 haematomas) matched with 27 control subjects (54 � 9 years)

participated in the study. In order to be eligible for the study, patients

had to have the inclusion criteria of a first and unique hemisphere

stroke. Exclusion criteria included unstable status, neuropathy, psychi-

atric disorders, major comprehension problems due to aphasia, demen-

tia or signs of vestibular disorders. Vestibular dysfunction signs were

sought by a clinician trained in neuro-otology. Patients included had

no dizziness, vertigo, spontaneous nystagmus or diplopia. Spontaneous

head tilt and skew deviation were sought as signs of otolithic dysfunc-

tion (Gresty et al., 1992). The head-shaking test was performed as

semicircular canal test (Hain and Spindler, 1993). The patients’ heads

were moved in the horizontal plane 45� in both directions; a nystagmic

response indicated the existence of an imbalance in the vestibular-

ocular system. According to Tseng and Chao (1997), the head-shaking

test is a simple clinical test that can reliably identify patients with

unilateral vestibular dysfunction. The period of time from the stroke

was 3.7 � 2 months. Assessment of hypoaesthesia of the paretic side

was carried out through pressure sensitivity with a set of 20 Semmes–

Weinstein monofilaments (Semmes et al., 1960). As proposed for

stroke patients (Pérennou et al., 1998), the force applied to the skin

at the pulp of the big toe and the second metacarpo-phalangeal joint,

needed for a given patient to perceive the stimulus, was subjected to

log transformation to obtain a 20-point linear scale (values increasing

with the hypoesthesia). We then averaged the values obtained in the

upper and lower limbs. Lesion location and extension were analysed

using MRI in 16 subjects or computed tomography (CT) scans in 7 sub-

jects. In order to avoid an overestimation of lesion extension in haem-

orrhagic strokes, lesion location was analysed using MRI or CT

performed�2 months after the onset of stroke. MRI were performed

with a 1.5 T Magnetom Vision Plus MRI (Siemens, Erhlangen,

Germany) according to a protocol that comprised 20 slices (thickness:

6 mm, interslice gap: 1 mm) in T2-weighted sequence (repetition time:

6600 ms, echo time: 128 ms) in the anterior commissure-posterior

commissure plane; and 20 slices (thickness: 6 mm, interslice gap:

1 mm) in T2-weighted fluid attenuated inversion recovery (repetition

time: 9000 ms, echo time: 119 ms) sequence in the coronal plane. The

field of view was 175–220 mm2. CT scanning was performed using a

CT SOMATOplus 4 (Siemens, Erhlangen Germany), with continued

slices (thickness: 10 mm, time: 1.5 s, 140 kV, 111 mA) in a plane cor-

responding to the meato-orbital plane minus 10�. The lesions were

reconstructed onto standardized brain templates by an operator who

was naive to the results. All lesions were mapped using the free

MRIcro (www.mricro.com) software distribution (Rorden and Brett,

2000). Since stroke images comprised CT scan slices in the axial

plane, all lesions were drawn manually by one experimenter on axial

slices of a T1-weighted template MRI scan from the Montreal

Neurological Institute (MNI) (www.bic.mni.mcgill.ca/cgi/icbm_view).

The extension and location of lesion shapes of all patients were con-

trolled (and possibly modified) by a second operator. Both operators

were blind to patients’ verticality estimates. The template used is ori-

ented to match Talairach space (Talairach and Tournoux, 1988).

Lesions were mapped onto the slices that correspond to z-coordinates

�16, �6, 4, 14, 24, 34, 44 and 61 mm in Talairach coordinates.

Fourteen paraplegic subjects (41.6 � 12 years, 11 males and 3 females)

matched in age and gender with 12 control subjects (39 � 10 years)

participated in the study. Inclusion criteria were traumatic spinal cord

injury resulting in a chronic paraplegic condition with a complete

sensory loss below a given sensory level while the patient is medically

stable. Exclusion criteria included: history of stroke, vestibular disorder

or any other disorder affecting the central or peripheral nervous

system, a pronounced visual deficiency or bedsoreness. The period

of time from the traumatic spinal injury was 93.5 � 51 months. The

sensory level was established by a standard non-invasive neurological

examination of touch, pain, vibration sensitivity and reflexes (American

Spinal Injury Association, 2000). The sensory level, by convention the

lowest segment where sensory function is normal on both sides, was

the fourth thoracic vertebra in four subjects (deafferented below the

nipple line), the fifth thoracic vertebra in two subjects, the sixth

thoracic vertebra in three subjects (deafferented below the xiphister-

num), the seventh thoracic vertebra in one subject, the eighth thoracic

vertebra in one subject, and the 12th thoracic vertebra in three sub-

jects (deafferented below the lower part of the trunk). The diagnosis

was corroborated by available anatomical evidence on complete local

destruction or interruption of the cord. The motor recovery was poor

in all patients, none of them being able to stand up.

Tasks
The perception of visual vertical was assessed in complete darkness by

visual adjustments of the direction of a luminous line (15 cm long,

2 mm wide, 1.5 m from the subject). Subjects indicated verbally how

to reset the line to their subjective visual vertical. The subject’s head,

trunk and lower limbs were restrained in an upright sitting position

within a tilting drum. The subjective visual vertical was investigated in

the upright posture (0�, tested first) and in laterally-tilted postures.

Paraplegic subjects were tilted 50� to only one side since no asym-

metric effect was expected on one hand, and the need to limit the

experiment duration due to a high bedsore risk on the other hand. The

side of the lateral tilt was counterbalanced between subjects (patients

as controls) and visual vertical estimates were pooled after a sign

transformation according to the lateral tilt side.

Hemiplegic subjects were 30� tilted on both sides because of their

hemi-body sensory asymmetry. The angle of 30� was a compromise

between tolerable discomfort (especially a possible shoulder pain when

tilted to the paretic side), and optimizing the effects of tilt on percep-

tion. Visual vertical estimates were subjected to a sign transformation

according to the lesion side.

The initial orientation of the luminous line was either 30� or �30�,

and the order was randomly distributed over the 10 trials by condition.

For lateral tilts the drum was manually rolled towards one side as

smoothly as possible at �1.5�/s. Tilt was measured by an inclinometer

(accuracy 0.5�) and subjects were kept in steady position 5 min before

starting trials.

Data analysis
Analysis of variance (ANOVA) was used to study the error of percep-

tual estimates relative to the objective orientation of the gravita-

tional upright and the variability corresponding to the within-subject

standard deviation computed from repetitive adjustments of the

visual vertical. In order to obtain Gaussian distribution of the vari-

ability of visual vertical perception, we performed a logarithmic trans-

formation of the data. Post hoc analyses used Tukey’s Honestly

Significant Difference and when needed, Spearman’s correlations

were computed.

Previous studies investigating the perception of visual vertical in hemi-

plegic subjects after hemispheric stroke (Brant et al., 1994; Kerkhoff

and Zoelch, 1998; Yelnik et al., 2002; Perennou et al., 2008) reported

that perception of visual vertical can be biased towards the contralesional

side. In order to analyse the influence of somaesthesia on the visual
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vertical estimates, we calculated the modulation of the visual vertical

perception (Aubert effect) taking into account the possible initial

subjective visual vertical bias in the upright posture. The modulation

of the visual vertical perception was computed as the difference

between visual vertical estimates after body tilt and visual vertical

estimates in upright posture (visual vertical estimates after lateral

body tilt—visual vertical estimates in upright posture). We tested

the influence of clinical features on vertical estimates in upright

patients as well as on visual vertical modulation by lateral body

tilts using non-parametric Spearman’s correlations.

The lesion extension was determined as the percentage of amount

of hemisphere encroached on by the lesion (number of voxels for the

lesion � 100/number of voxels for the hemisphere) (Karnath et al.,

2004). In order to analyse the influence of stroke location on the

visual vertical (in upright), groups were constituted according to the

range of normality established in a previous study (Pérennou et al.,

2008) of a larger population tested with the same procedure as the

one used in the present study: from �2.5� to 2.5�. Lesion overlay

maps of stroke areas for the nine subjects with normal visual vertical

and the 14 subjects with biased visual vertical were constructed by

superimposing their brain sections (Fig. 3A and B). The lesion recon-

structions of left strokes were reversed to be combined with those

of right strokes. To identify the structures that are specifically damaged

in patients with visual vertical bias we subtracted the superimposed

lesions of the group of patients without visual vertical bias from

the overlap image of the patients with visual vertical bias revealing a

percentage overlay plot. This created a map that highlights regions

(and corresponding Talairach coordinates) frequently damaged in

patients with a biased visual vertical (Fig. 3C). The same proced-

ures were conducted on visual vertical modulation data in order to

determine the brain structures specifically damaged in patients with-

out visual vertical modulation (Fig. 4). When needed, the corres-

pondence between given coordinates and a precise brain area was

refined using the brain cartography in Talairach coordinates (www

.talairach.org).

Results

Visual vertical accuracy

Visual vertical in upright and tilted postures

We first analysed the perception of visual vertical in upright

posture using a one-sample t-test (against 0�). Subjective visual

vertical was accurate (not different from 0�) in both control groups

[t(26) = 0.87; P = 0.4 and t(11) = �1.47; P = 0.17] and in paraplegic

subjects [t(13) = 1.57; P = 0.14], whereas a spontaneous contrale-

sional subjective visual vertical tilt ( � 4.7� � 4.7) was found in hemi-

plegic subjects [t(22) = �4.82; P 5 0.001]. These findings mean

that a somaesthetic deafferentation does not bias the perception

of visual vertical.

Data in each group of patients were further investigated by a

two-way ANOVA bearing on subjects’ groups (control subjects,

patients) and body positions (upright, lateral tilt).

As for paraplegic subjects (Fig. 1A), the ANOVA showed a body

position effect [F(1,24) = 57.47; P 5 0.02] and an interaction

between both factors [F(1,24) = 5.43; P = 0.028] but no group

effect [F(1,24) = 3.37; P = 0.078]. The post hoc analysis of the inter-

action showed the existence of a substantial Aubert effect in

control subjects in whom visual vertical perception was biased in

direction of the body tilt (P = 0.014). In contrast, paraplegic subject’s

visual vertical estimate was as accurate in tilted posture as in upright

(P = 0.998). Furthermore, control and paraplegic subjects displayed

similar subjective visual vertical accuracy in upright conditions

(P = 0.992).

As for hemiplegic subjects (Fig. 1B), the ANOVA showed a

group effect [F(1,48) = 8.1; P 5 0.01], a body position effect

[F(2,96) = 50.12; P 5 0.01] and an interaction between both fac-

tors [F(2,96) = 5.45; P 5 0.01]. The post hoc analysis of the

Figure 1 Comparison of visual vertical estimates for hemiplegic, paraplegic and control subjects in different body postures. Mean visual

vertical accuracy (�) in 14 upright or tilted 50� paraplegic subjects and their 12 matched in age control subjects (A). A positive value

corresponded to a deviation in direction of the lateral body tilt; (B) in 23 upright or 30� tilted hemiplegic subjects and their 27 matched in

age control subjects. Positive value of visual vertical corresponded to a rotation relative to the objective direction (true vertical) towards the

ipsilesional side (after sign transformation according to the lesion side) for the patient and towards the left shoulder of control subjects. The

error bars correspond to the standard errors.
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interaction showed a spontaneous deviation of visual vertical esti-

mates in direction of the contralesional side (paretic) in hemiplegic

subjects compared with controls subjects (P 5 0.01). In control

subjects, lateral tilts induced deviations of the subjective visual

vertical in direction of the lateral body tilt compared with upright

estimates (both sides P 5 0.05), whereas in hemiplegic subjects

this effect was only found in tilts towards the ipsilesional side

(P 5 0.01). No Aubert effect was found when hemiplegic subjects

were tilted towards the contralesional side (P = 0.99). This resist-

ance to the Aubert effect was further analysed. We found a strong

link between the magnitude of subjective visual vertical modula-

tion (visual vertical estimates after contralesional body tilt—visual

vertical estimates in upright posture) and the degree of sensory

loss (hypoaesthesia) on the impaired hemi-body (r = �0.55;

P 5 0.01; Fig. 2). The less somatosensory information was avail-

able on the contralesional side the less visual vertical perception

was modulated. This finding proves the existence of a gradient

of subjective visual vertical modulation depending on the degree

of availability of the somatosensory information. In contrast, when

hemiplegic subjects were tilted towards the ipsilesional side, the

modulation of the visual vertical estimates (visual vertical estimates

after ipsilesional body tilt-visual vertical estimates in upright pos-

ture) was not linked to the degree of hypoaesthesia (r = 0.17;

P = 0.4).

Influence of stroke location and
extension on verticality perception
in the upright position
First, we checked that variations in visual vertical perception be-

tween patients were not due to the difference in elapsed time

since the occurrence of stroke by testing the correlation between

these two variables (r = 0.05; P = 0.83). The reconstruction of

brain areas damaged in stroke subjects (Fig. 3) showed that lesions

were more extended in those with a bias in the visual vertical than

in those without bias in the visual vertical [17% � 13 versus

7% � 6; t(21) = 2.14; P = 0.04]. A significant correlation between

lesion extension and the contralesional visual vertical tilt was also

found (r = 0.54; P 5 0.01): the longer the extension the more

biased the visual vertical towards the contralesional side. Visual

vertical was not different in magnitude in subjects with a right

or a left stroke [t(21) = �1.54; P = 0.19]. This allowed left and

right strokes to be superimposed on the same brain sections to

identify structures specifically damaged in patients with a tilted

visual vertical. The analysis of the overlay plot of the subtracted

superimposed lesions of patients with visual vertical bias minus

patients without visual vertical bias (Fig. 3C) showed that the

most frequently and specifically damaged cerebral region in

patients with biased visual vertical was centred on the insula

(X2 = 12.4; P 5 0.01; x = 34, y = 14, z = 4) and the surrounding

white matter. Lesions also frequently encroached on some

adjacent areas: the parieto-rolandic opercular cortex (X2 = 8;

P 5 0.01), the transverse temporal gyrus (X2 = 12.1; P 5 0.01)

and the superior temporal gyrus (X2 = 11.4; P 5 0.01). This

means that the insula is a key structure involved in the perception

of the visual vertical.

Influence of lesion location and
extension on verticality modulation
First we analysed the influence of the sensory level of paraplegic

subjects on their resistance to the Aubert effect. No correlation

was found (r = 0.04; P = 0.88). The resistance to the Aubert effect

was similar in the three subjects deafferented from and below the

pelvis (12th thoracic vertebra) and the four subjects deafferented

up to the nipple line (fourth thoracic vertebra): � 0.6� � 0.6

versus �0.9� � 1.2. This result highlights the critical role of the

sensory information provided below the metamere of the 12th

thoracic vertebra (the buttocks area and the lower limbs), to

determine while sitting the direction of the vertical. No correlation

Figure 2 Modulation of visual vertical accuracy (visual vertical estimates after lateral tilt—visual vertical estimates in upright posture) and

pressure sensitivity loss in 23 hemiplegic subjects (A) after ipsilesional body tilt; (B) after contralesional body tilt. Positive values correspond

to a deviation of the visual vertical in direction of the body tilt.
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was found between the time elapsed since the paraplegia onset

and the resistance to the Aubert effect (r = 0.25; P = 0.39). As the

modulation of visual vertical by an ipsilesional tilt is not different

from that found in controls, we only analysed the influence of

stroke location and extension on the modulation of the visual

vertical by contralesional body tilt. The eight subjects with visual

vertical modulation were compared with the 15 subjects without

visual vertical modulation. We considered a modulation of visual

vertical as substantial when it was superior to 1.2� [controls’ mean

modulation�1 standard deviation (SD): 5.36 � 4.15 = 1.2�].

Analysis of a reconstruction of brain areas damaged in stroke sub-

jects (Fig. 4) showed that the lesions were not more extended in

those with visual vertical modulation by contralesional body tilt

than in those without visual vertical modulation (15% � 14

versus 9% � 7; t(21) = 1.2; P = 0.24). In addition, no correlation

was found between lesion extension and visual vertical modulation

by contralesional body tilt (r = 0.09; P = 0.69). Visual vertical

modulation by contralesional body tilt was not different in right

and left strokes [t(21) = �1.35; P = 0.2]. Furthermore, the lateral-

ization of the lesion did not influence the presence of a visual

vertical modulation (five rights/three lefts with visual vertical

modulation versus nine rights/six lefts without visual vertical

modulation; X2 = 0.01; P = 0.9). This allowed superimposition of

left and right strokes on same brain sections to identify the struc-

tures specifically damaged in patients with resistance to the Aubert

effect. Analysis of the overlay plot of the subtracted superimposed

lesions of the patients without visual vertical modulation minus the

patients with visual vertical modulation (Fig. 4C) showed that the

most frequently damaged area in patients without visual vertical

modulation corresponded to a small area in the posterolateral

thalamus, encroaching mostly on the ventro-posterior lateral

nuclei (X2 = 15.2; P = 0.003; x = 17, y = �20, z = 4). No link

Figure 3 (A) Overlay lesion plot of the patients with a visual vertical bias (n = 14). The number of overlapping lesions is illustrated by

different colours coding increasing frequencies from violet (n = 1) to red (n = 14). (B) Overlay lesion plot of patients without visual vertical

bias (n = 9). Number of overlapping lesions is illustrated by different colours coding increasing frequencies from violet (n = 1) to red

(n = 9). (C) Overlay plot of the subtracted superimposed lesions of the patients with visual vertical bias minus the patients without visual

vertical bias. The percentage of overlapping lesions of the group with visual vertical bias after subtraction of the patients without bias is

illustrated by five different colours coding increasing frequencies from dark red (16.67–33.34%) to yellow (83.35–100%). Each colour

represents 16.67% except the violet bar that represent 33.34% (from �16.67 to + 16.67%). The colours from dark blue (from �16.67

to 33.34%) to light blue (from �83.35 to �100%) indicate regions damaged more frequently in the patient without visual vertical bias

than in patients with visual vertical bias. Talairach z-coordinates of each transverse slice are given (Talairach and Tournoux, 1988). The

figure illustrates that the anatomical area related to subjective visual vertical (SVV) bias is centred on the insula.
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was found between time elapsed since the onset of stroke and

visual vertical modulation by contralesional tilt (r = 0.19; P = 0.4).

Visual vertical variability
Data in each group of patients were analysed by a two-way

ANOVA bearing on subject groups (control subjects, patients)

and body positions (upright, lateral tilt). As for paraplegic subjects

(Fig. 5A), this ANOVA showed a body position effect

[F(1, 24) = 18.54; P 5 0.001], an interaction between position

and group factors [F(1, 24) = 13.82; P 5 0.001], without group

effect [F(1, 24) = 0.1; P = 0.97]. Post hoc analyses showed that

the subjective visual vertical variability was higher in paraplegic

subjects than in control subjects in upright (P 5 0.01) but higher

in control subjects than in paraplegic subjects in tilted posture

(P 5 0.01). These findings indicate that, even if the vestibular

graviception is intact, the somaesthetic graviception contributes

to the sense of verticality, leading to a more robust judgement

about the direction of verticality provided that vestibular and som-

aesthetic graviception yield congruent information. In other words,

in upright posture the sense of verticality is better when combining

vestibular and somaesthetic graviception than with the vestibular

graviception alone. While a lateral body tilt dramatically increased

subjective visual vertical variability in normal subjects (P 5 0.001),

subjective visual vertical variability was as good in tilted posture as

in upright paraplegic subjects (P = 0.96). Again this finding shows

the important contribution of somaesthetic graviception to the

sense of verticality in healthy subjects. This alters the robustness

Figure 4 (A) Overlay lesion plot of the patients without visual vertical modulation (n = 15). The number of overlapping lesions is

illustrated by different colours coding increasing frequencies from violet (n = 1) to red (n = 15). (B) Overlay lesion plot of patients with

visual vertical modulation (n = 8). Number of overlapping lesions is illustrated by different colours coding increasing frequencies from violet

(n = 1) to red (n = 8). (C) Overlay plot of the subtracted superimposed lesions of the patients without visual vertical modulation minus the

patients with visual vertical modulation. The percentage of overlapping lesions of the group without visual vertical modulation after

subtraction of the patients with visual vertical modulation is illustrated by five different colours coding increasing frequencies from dark red

(16.67–33.34%) to yellow (83.35–100%). Each colour represents 16.67% except the violet bar that represent 33.34% (from � 16.67 to

+ 16.67%). The colours from dark blue (from �16.67 to 33.34%) to light blue (from �83.35 to �100%) indicate regions damaged more

frequently in the patient with visual vertical modulation than in patients without a visual vertical modulation. Talairach z-coordinates of

each transverse slice are given (Talairach and Tournoux, 1988). The figure illustrates that the most frequently damaged area in patients

without visual vertical modulation corresponded to a small area in the posterolateral thalamus, encroaching mostly on the ventro-posterior

lateral nuclei. SVV = subjective visual vertical.
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of the judgement about verticality direction when verticality dir-

ections yielded by somaesthetic graviception and by vestibular

graviception are not congruent. This incongruence does not exist

in deafferented paraplegics who exclusively use vestibular gravi-

ception with a similar efficacy no matter what the lateral body

position.

As for hemiplegic subjects (Fig. 5B), the ANOVA showed a

group effect [F(1, 48) = 14.20; P 5 0.001] and a body position

effect [F(2, 96) = 14.94; P 5 0.001] but no interaction between

both factors [F(2, 96) = 0.40; P = 0.66]. The variability of visual

vertical estimates after ipsilesional and contralesional tilts did not

differ (P = 0.93) and were much higher than that found in the

upright condition (both P 5 0.001).

In addition, in upright subjective visual vertical, variability was

much higher in hemiplegic subjects than in paraplegic subjects

[t(35) = 2.82; P 5 0.01]. The subjective visual vertical variability

was much lower in control subjects than in patients.

Discussion
We designed this study to test our hypothesis that somatosensory

graviception plays a major role in the construction of internal

model of verticality, and to reveal whether or not the resistance

to the Aubert effect described in subjects with an altered

somaesthesia responds to selection or ponderation mechanisms

between vestibular and somaesthetic graviception. We selected

76 subjects with clear somatosensory patterns (39 controls, 23

hemiparetics, 14 paraplegics), and asked them to perform a similar

paradigm of verticality perception, both in upright and tilted pos-

tures. Neural correlates underlying biases in visual vertical were

analysed in patients.

Visual vertical in the upright position
Many studies have shown that the visual vertical is normally ex-

tremely precise in the upright position, an argument in favour of a

robust representation of the vertical in the normal brain. Because

the variability of the visual vertical estimates was greater in para-

plegic than in control subjects, the first novelty revealed by our

study is that somatosensory information may improve the stability

of verticality perception. As no direct stimulus of gravity exists, the

brain uses all information available to estimate the earth vertical

and when information is congruent (upright posture), the more

information available the stronger the construction of an internal

model of verticality. The upright posture is ecological and corres-

ponds to the position required for subjects to get a precise and

stable orientation for action.

To the best of our knowledge, our study is one of the first to

investigate verticality perception among a group of paraplegic

subjects. As expected, no bias was found in visual vertical since

the brain was intact and the somatosensory deficit was bilateral

(Mazibrada et al., 2008).

Many subjects with a hemisphere stroke show an altered verti-

cality representation, tilted to the contralesional side (Brandt et al.,

1994; Kerkhoff and Zoelch, 1998; Yelnik et al., 2002; Barra et al.,

2008; Pérennou et al., 2008) and have greater within-subject vari-

ability than control subjects (Yelnik et al., 2002). These troubles

are the consequences of a cerebral lesion, and are greatly influ-

enced by its location and extension. The present study provides

statistical confirmation of the initial description by Brandt et al.

(1994) whose investigation of 14 patients with well delimited tem-

poral infarcts showing pathological subjective visual vertical tilts

revealed that the area in most cases included the long insular

gyrus and the adjacent superior temporal gyrus or the transverse

Figure 5 Comparison of the variability of visual vertical estimates for hemiplegic, paraplegic and control subjects in different body

postures. Mean visual vertical variability (within-subject standard deviations of visual vertical estimates); (A) in 14 upright or tilted

paraplegic subjects and their 12 matched in age control subjects; (B) in 23 upright or tilted hemiplegic subjects and their 27 matched in age

control subjects. The error bars correspond to the standard errors.
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temporal gyrus. Verticality can be perceived through different

modalities—the ‘visual’ perception of the vertical that relies on

visuo-vestibular information, the ‘postural’ perception of the ver-

tical derived from graviceptive-somaesthetic information, and the

tactile (haptic) vertical (Pérennou et al., 2008). These three mod-

alities can be concomitantly altered by a lesion involving the par-

ietal cortex, and can be subjected to dissociated biases for other

lesion locations (Pérennou et al., 2008). The primary role of the

insula in the visual perception of the vertical emphasizes the major

contribution of the vestibular information to the visual vertical

(Brandt et al., 1994; Bronstein et al., 2003) and the major role

of the insula in the high-order spatial integration of the vestibular

information (Brandt et al., 1994; Brandt and Dieterich, 1999). Our

study is the first to show an influence of the lesion extension on

the frequency and magnitude of visual vertical tilts, a relationship

previously found for the postural vertical with a quantification of

lesion extension less sensitive than in the present study (Pérennou

et al., 2008). Together with the fact that—in hemisphere

strokes—lesion locations other than the insula may induce tilts

of the visual vertical (Dieterich and Brandt, 1993a; Pérennou

et al., 2008) or of the postural vertical (Pérennou et al., 2008),

especially the temporal cortex, the parietal cortex and the thal-

amus (Dieterich and Brandt., 1993b; Pérennou et al., 2008), the

relationship between lesion extension and abnormalities in verti-

cality perception indicates that verticality representation depends

more on the competencies of neural circuits than on the specificity

of a given brain structure. We postulate that these neural circuits

might cover the thalamo-parietal projections for the somaesthetic

graviception (Pérennou et al., 2008) and the thalamo-insular pro-

jections for the vestibular graviception. Other mechanisms such as

ocular torsions might be involved in visual vertical bias in upright

patients after lesions of the cerebellum or of the brain stem

(Dieterich and Brandt, 1993a; Bronstein et al., 2003; Pérennou

et al., 2008; Baier et al., 2009).

The Aubert effect responds to properties
of an internal model
The Aubert effect often manifests itself when many normal sub-

jects are tested by being tilted laterally. This Aubert effect consists

of a deviation of visual vertical estimates in direction of the body

tilts (Aubert, 1861). It is supposed to result from a compromise

that the brain reaches to get a precise and stable representation of

verticality in a tilted posture, from the integration of the vestibular

and the somaesthetic graviception (Mittelstaedt, 1983). It is

known to be stronger for angles 460� (Day and Wade, 1969;

Parker et al., 1983), but it has been reported in previous studies

for angles similar to those used in our study (560�) (Witkin and

Asch, 1948; Wade, 1972; Van Beuzekom and Van Gisbergen,

2000; Trousselard et al., 2003, 2004). Our results also confirmed

the observations of case studies where subjects with no somato-

sensory function below the neck (Yardley, 1990) and subjects suf-

fering from a hemisensory loss lying on their anaesthetized side

(Anastasopoulos et al., 1999) did not exhibit the expected Aubert

effect when tilted in the way that normally brought about an

Aubert effect. In hemiplegic subjects, we also confirm that tilting

patients towards the ispilesional side (non-paretic) could be a way

to recalibrate the sense of verticality (Barra et al., 2008).

The primary goal of our study consisted of investigating the

modulation of the visual vertical and analysing the link between

the pattern and the degree of somatosensory loss, precisely quan-

tified, and the modulation of verticality perception by lateral body

tilts. Our results revealed that the Aubert effect is not an on–off

effect responding to a selection by the brain of a given piece of

sensory information, but rather a progressive effect responding to

the modulation of the visual vertical perception as a function of

somatosensory availability. This modulation was abolished in de-

afferented subjects, reduced in subjects with hypoaesthesia, and

preserved when subjects were tilted to a side with a normal sen-

sitivity. This demonstrates the existence of an internal model of

verticality in human, with a biological (subjective) vertical con-

structed by synthesizing available sensory information.

Neural basis of the Aubert effect
Our study is the first to analyse the neural correlates of the Aubert

effect. In subjects with stroke suffering a contralesional body tilt

we found no correlation between lesion extension and visual ver-

tical modulation, but a critical role of the posterolateral thalamus,

more specifically an area encroaching on the ventro-posterior lat-

eral nuclei. The existence of an Aubert effect requires the integrity

of the posterolateral thalamus, which plays a functional role in the

processing of both the vestibular (Dieterich et al., 2005) and the

somaesthetic (Pérennou et al., 2008) graviception. This role is

supported by the existence, in humans, of projections from the

anterior part of the pulvinar and from the ventro-posterior lateral

nuclei to the parieto-insular, temporal and parietal cortices

(Behrens et al., 2003; Zhang et al., 2010). Studies on the

monkey have shown most ascending vestibular fibres in the

ventro-posterior lateral nuclei to be in close contact, intermingled

with somaesthetic relay cells (Buttner and Lang, 1979). This prox-

imity creates the conditions for synthesizing vestibular and som-

aesthetic graviceptions. Because no brain area other than the

posterolateral thalamus was found to be involved in the resistance

to the Aubert effect, and because the resistance to the Aubert

effect was unrelated to lesion extension, we conclude that the

posterolateral thalamus acts as an integrative complex in the syn-

thesis of vestibular and somaesthetic graviceptions. This synthesis

is a condition for developing an internal model of verticality, which

consequently involves the thalamus. It might account for the crit-

ical role of the thalamus in orienting the body against gravity

(Masdeu and Gorelick, 1988; Karnath et al., 2005; Pérennou

et al., 2008).

Our study shows that although both hemispheres are compe-

tent to perform this synthesis, it is performed in the hemisphere

that processes the most relevant somatosensory information. In a

subject laterally tilted, the most relevant somatosensory informa-

tion is given by the hemibody submitted to the pressure of the

body tilt. Therefore it is processed by the opposite hemisphere. For

instance, a right hemisphere stroke involving the posterolateral

thalamus perturbs the synthesis of the somaesthetic graviception

given by the left hemibody and of the vestibular graviception

given by the left otolith. This perturbation abolishes the Aubert
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effect when the subject is tilted to the left whereas the Aubert

effect is present when the subject is tilted to the right. In this latter

position the synthesis of vestibular and somaesthetic graviceptions

by the left hemisphere is not perturbed.

Although resistance to the Aubert effect was not significantly

different for right and left strokes, the present study cannot make

a definitive conclusion about a possible lateralization for the syn-

thesis of the vestibular and somaesthetic graviception in the pos-

terolateral thalamus. This lateralization would be in line with the

predominance of the right vestibular cortex (Dieterich et al., 2005)

and of the right thalamo-parietal projections involved in processing

the somaesthetic graviception (Pérennou et al., 2008).

Alternatively, the existence of a bilateral direct ascending vestibu-

lar projection from the vestibular nuclei to the inferior part of the

insula, which bypasses the posterolateral thalamus and is stronger

in the right hemisphere (Dieterich et al., 2005), could explain a

relative symmetry in the synthesis of the vestibular and somaes-

thetic graviceptions by the left and right thalamus, and at the

same time be compatible with a strong right hemisphere domin-

ance for the representation of verticality (Pérennou et al., 2008).

Further studies will be needed to clarify this point.

Nature of somaesthetic graviception
To the best of our knowledge, our study is the first that assessed

the perception and variability of visual vertical in patients with a

gradient of somatosensory loss precisely quantified. This provides

the opportunity to test the validity of Mittelstaedt’s model (1983)

for explaining the Aubert effect. According to Mittelstaedt (1983),

the Aubert effect expresses a vectorial resultant between a gravi-

tational vector (veridically sensed by the otolith organs) and the

main longitudinal axis of the body (the idiotropic vector). In our

study, the orientation of the idiotropic vector was constant (the

angle of the body tilt) whereas the length of the idiotropic vector

varied with the degree of hypoaesthesia. The more pronounced

the hypoaesthesia, the shorter the idiotropic vector. The resultant

gravitational and idiotropic vectors were close to the gravitational

vector in severe hypoaesthaesia that encounters the resistance to

the Aubert effect in deafferented patients. This demonstrates the

validity of Mittelstaedt’s model (1983) for explaining the Aubert

effect.

Patterns of pressures within and at the surface of the body

(Pérennou et al., 1998), proprioceptive or visceral cues from the

trunk (Trousselard et al., 2003), have an important role in con-

structing an internal model of verticality. From experiments with

paraplegics subjected to centrifugation in lying, Mittelstaedt

(1992) suggested the existence of at least two components of

somatic graviceptive information, one ‘truncal system’ that is lost

with destruction of the last two thoracic segments of the cord

(11th and 12th thoracic vertebras) and another identified as a

possible ‘vascular’ graviceptive system operative with lesion up

to sixth cervical segment. This view is contradicted by the data

of our study with sitting paraplegic subjects. We found that the

resistance to the Aubert effect was similar in the three patients

deafferented from and below the pelvis (12th thoracic vertebra)

and the four patients deafferented up to the nipple line (fourth

thoracic vertebra). This result stresses the critical role of the

sensory information provided below the metamere T12 to deter-

mine the direction of the vertical in sitting patients. This role of the

pressure distribution under the buttocks in the transmission of in-

formation to the brain regarding the vertical direction position has

already been put forward (Pérennou et al., 1998, 2002). The pre-

sent study seems to confirm this view. The proprioception of the

lower limbs could also play an important role (Dietz et al., 1992;

Massion, 1992; Barbieri et al., 2008).

Possible limitations of our study
Our findings were probably not induced by a methodological bias.

The paradigm required large lateral body tilts but due to patients’

clinical limitations (e.g. high bedsore risk, tolerable discomfort on

the hemiplegic side) the angles were limited and not identical in

both groups of patients. This difference in body tilt angles should

not have affected the results since expected Aubert effects were

observed in control subjects with both angles and since both

groups of patients were never compared directly but compared

with their specific control groups.

We did not measure ocular torsions that could theoretically

induce a subjective visual vertical bias in some upright patients.

There was no reason to expect ocular torsion in paraplegic subjects

whereas few patients with a hemisphere stroke could have dis-

played an ocular torsion due to central vestibular disorders (Brandt

et al., 1994). However, ocular torsion happens less often in hemi-

sphere strokes than in brainstem strokes (Dieterich and Brandt,

1993a; Brandt et al., 1994). Patients with signs of vestibular dis-

orders were not included in the study that limited the inclusion of

patients with ocular torsion. The main results of the study in stroke

subjects concern the modulation of the subjective visual vertical,

and computation took into account the possible initial bias of

visual vertical (irrespective of its nature).

The time elapsed since lesion varied greatly in patients. Could it

have had an impact on the results through reorganization pro-

cesses? The absence of any statistical link between the visual ver-

tical modulation and time elapsed for both the stroke and the

paraplegia presents a case against this possibility. The time elapsed

since the spinal cord lesion was much longer than the time elapsed

since the brain lesion. It is likely that this long period of time

(93.5 � 51 months) may have facilitated the sensory reorganiza-

tion, increasing the weight of the vestibular information. Further

studies testing paraplegic and stroke subjects at various phases of

recovery could be interesting to determine more information.

Conclusion
By showing how vestibular and somaesthetic graviceptions are

synthesized in the brain, and by revealing that the posterolateral

thalamus plays a major role in this synthesis, which is a condition

for an internal model, our study yields one of the first direct pieces

of evidence of the existence of an internal model of verticality. It

also reveals the neural bases of the Aubert effect, and shows that

the somaesthetic information plays an important role in verticality

representation. When both somaesthetic and vestibular gravicep-

tive signals are congruent (upright posture), somatosensory
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information may improve the stability of verticality representation

(even in normal subjects). Somatosensory signal may also repre-

sent a rescue graviceptive signal in case of vestibular loss. When

somaesthetic and vestibular graviceptive signals are not congruent

(tilted posture), the brain synthesizes somaesthetic and vestibular

graviceptive signals to reach a precise and stable representation of

verticality that is a compromise between directions given by allo-

centric and egocentric coordinate systems. Our study shows that

this compromise is influenced by the degree of availability of the

somatosensory information, which demonstrates the validity of

Mittelstaedt’s model (1983) for explaining the Aubert effect.

However, we did not find the distinction made by Mittelstaedt

(1992) regarding the nature of the somaesthetic graviception

from the upper and lower parts of the trunk.
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