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Abstract

Introduction - The integration of vestibular, visual, and somatosensory cues allows the
perception of space through the orientation of our body and surrounding objects with
respect to gravity. The main goal of this study was to identify the cortical networks
recruited during the representation of body midline and the representation of verticality.
Methods - Thirty right-handed healthy participants were evaluated using fMRI. Brain
networks activated during a subjective straight-ahead (SSA) task were compared to those
recruited during a subjective vertical (SV) task. Results - Different patterns of cortical
activation were observed, with differential increases in the angular gyrus and left
cerebellum posterior lobe during the SSA task, in right rolandic operculum and cerebellum
anterior lobe during the SV task. The activation of these areas involved in visuo-spatial
functions suggests that bodily processes of great complexity are engaged in body
representation and vertical perception. Discussion - Interestingly, the common brain
networks involved in SSA and SV tasks were areas of vestibular projection that receive
multisensory information (parieto-occipital areas) and the cerebellum, and reveal a
predominance of the right cerebral and cerebellar hemispheres. The outcomes of this first
fMRI study designed to unmask common and specific neural mechanisms at work in
gravity- or body-referenced tasks pave a new way for the exploration of spatial cognitive

impairment in patients with vestibular or cortical disorders.

Key-word: ego-centered reference frame; geo-centered reference frame; visual vertical;

visual straight ahead; fMRI
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Introduction

The spatial positions and orientations of objects, bodies and of their parts may be
represented in distinct reference frames depending on the ongoing behaviour. In an ego-
centered frame (Vallar et al., 1999), they are referenced to our own body (‘this can is on
my left”). When the reference is not bodily, the frame is said to be allo-centered (Galati et
al., 2010). In this case, it may be object-centered, the reference being an object (‘the tag is
placed in the middle of the book cover’, ‘the line is not parallel to the edge of the sheet’)
or geo-centered (Gentaz et al., 2008), the reference being the earth vertical (‘the painting
is not hung vertically’). While there are a few papers comparing the neuronal network
subtending the ego-centered reference frame with the network subtending the object-
centered reference frame, the direct comparison with the geo-centered frame is still

missing.

In an ego-centered frame, positions are defined relative to the person's body or body
segment (head, trunk, or limb). One classical tool for assessing the ego-centered frame is
the subjective straight-ahead (SSA) task. The SSA is the participant's representation of the
direction "just ahead" of the body, which is contained in the midsagittal plane dividing the
body and surrounding spaces into two symmetrical right and left parts. Most often, to assess
this representation, the participant was asked to indicate in a horizontal plane where the
intersection with the midsagittal plane lay. Brain areas underlying the SSA have been
described in a few fMRI studies (Galati et al., 2000; Vallar et al., 1999; Saj et al., 2014).
Selective activity was found in the occipital, superior parietal, and inferior frontal cortices,
as well as in the precuneus and supplementary motor area in the right hemisphere. The

insula, thalamus, and cerebellum were also activated in the left hemisphere. In stroke
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patients, in particular in those suffering from spatial neglect, damage of the same cortical
structures proved to be involved in ipsilesional SSA deviation (Barra et al., 2009;
Rousseaux et al., 2013). An ipsilesional SSA deviation has also been observed after
unilateral vestibular injury, in particular after left injury (Saj et al., 2013, 2021; Borel et
al., 2021). As they have been shown to be vestibular projection areas, the aforementioned

cortical areas could be involved, which remains an open issue.

The geo-centered reference frame makes it possible to reference the positions and
displacements of our body as well as surrounding objects with respect to gravity. The
classical evaluation task is the subjective vertical (SV). The SV is often assessed by asking
the subject to align a rod with the gravity. Neuroimaging studies using EEG (Lopez et al.,
2013) and fMRI (Saj et al., 2019) reported that gravity coding activates bilateral temporo-
occipital and parieto-occipital cortical networks associated with cerebellar and brainstem
areas. These activations, in healthy control, were characterized with a right dominance
tendency, involving notably the temporo-parietal junction and middle frontal gyrus. by
right-hemisphere-dominanee. In stroke patients, damages to these regions were shown to
bias the SV toward the left (Barra et al., 2010), the bias counterclockwise more markedly
in cases of spatial neglect (Saj et al., 2012; Rousseaux et al., 2015). Furthermore, the SV
tilt, ipsilesional, is a frequent clinical sign of vestibular loss which occurs in unilateral
lesions from the brainstem to the parieto-insular vestibular cortex (Dieterich and Brandt,

2019).

To our knowledge, there is no available study directly comparing the networks underlying
ego-centered and geo-centered reference frames. Thus, in order to fill this gap, we recorded

the brain activity of the same healthy participants while they judged different spatial
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properties of the same set of tilted (or not) and shifted (or not) lines. In separate blocks of
trials, they evaluated the verticality of these lines or their position relative to their

midsagittal plane.

Methods

Subjects. Thirty right-handed volunteers (mean age: 27.4 £2.8 years; 14 males and 16
females) were recruited from the general population. The participants were recruited
through advertisements on social media and on bulletin boards at the university and
hospital. The written informed consent was obtained for participation in this study (CCER-
2011-11-250). Exclusion criteria were past history of cerebral disease, epilepsy, head
trauma, vestibular or oculo-motor disorders or major psychiatric illness; visual acuity
below 20/40; left handedness; pregnancy; claustrophobia or contraindication to magnetic
field exposure (pacemaker, metallic prosthesis, dental apparatus, etc); addiction or intake

of any drug interfering with neuronal activity or cerebral blood flow.

Behavioral design

Tasks

In the subjective straight ahead task, the participants had to indicate whether or not the
center of visual lines (one per trial) were in their body midsagittal plane. In the subjective
vertical task, the participants judged whether or not the same visual lines (one per trial)
were aligned with the true vertical. In both tasks, the participant gave binary responses by
pressing keys with the index (yes) and middle fingers (no) of the right hand.

Material
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The material and the stimuli were the same for SSA and SV tasks; only the instruction
differed. In each trial, a line (length = 10°; thickness = 1°) was projected on a vertical
screen reflected by a mirror mounted on the head coil in the MRI scanner. An irregular
frame was put around on the screen so as to avoid systematic strategies and minimize frame
effects. The lines were either straight (0°, 24 times) or tilted by -30°, -25°, -20°, -15°, -10°,
-5°, 5°,10°, 15°, 20°, 25° or 30° (12 tilts, 3 times each). The center of the displayed line
was either in the midsagittal plane of the participant (0°) or deviated by 3° toward the left
or the right. In each of these 3 positions, the line was presented 8 times straight and once
with each of the 12 tilts. The order of the 60 visual stimuli was pseudo-random. Each was
presented in the first 1500 ms of the trial which lasted between 3000 and 4500 ms (pseudo-
randomly jittered). The participant could give his response during the whole duration of
the trial.

Procedure

The tasks were administered in a blocked design in order to maximize signal-to-noise ratio
and to minimize attentional demands. Two fMRI runs separated by a 30-sec pause, one per
task, were obtained in each participant. Instructions were given on the screen prior to each
run. A run included 10 blocks separated by 2-sec pauses, except the 5™ which lasted 4 sec.
A block comprised 6 different stimuli, and lasted 24 sec. One half of the participants began

by the SSA task, the other by the SV task.

Acquisition of fMRI data
MRI data were acquired in the Brain and Behaviour Laboratory at the University Medical

Center in Geneva, Switzerland, using a 3-T whole-body TRIO system (Siemens) with the
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standard head-coil configuration. Functional T2*-weighted images were obtained using
echoplanar imaging (EPI) with axial slices (TR/TE/Flip = 2200 ms/30 ms/85°, FOV =235
mm, matrix = 128x128). Each functional volume was comprised of 32 contiguous 3.5 mm-
thick slices, parallel to the inferior surface of occipital and temporal lobes. For each patient,
a high-resolution anatomical image was also acquired after the functional scans, using a
3D-GRE T1-weighted sequence (FOV =250 mm, TR/TE/Flip = 15 ms/5.0 ms/30°, matrix
= 256x%256, slice-thickness = 1.25 mm). This anatomical image was co-registered with

functional images for subsequent normalization procedure.

Analysis of fMRI data

All fMRI data were processed and analysed using the general linear model for event-related
designs in SPM12 (Wellcome Department of Imaging Neuroscience, London, UK;
http://www.fil.ion.ucl.ac.uk/spm). Functional images were realigned, corrected for slice,
normalized to an EPItemplate (re-sampled at a voxel-size of 3x3x3 mm?®), spatially
smoothed (8§ mm FWHM), and high-pass filtered (cutoff: 180 sec). Statistical analyses
were performed on a voxelwise basis across the whole-brain, using a mixed blocked and
event-related design (Mechelli et al., 2003).

Individual visual events were modelled by a standard synthetic haemodynamic response
function (HRF). This HRF was estimated at each voxel by a General Linear Model (GLM)
using a least-square fit to the data, for each condition, and each individual participant.
Statistical maps (SPM[t]) generated from comparisons between conditions in individual
subjects were then included in a second-stage random-effect analysis, using one-sample t-

tests (Friston et al., 1998). The resulting maps SPM[t] were thresholded at conventional
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statistical values (voxel threshold at P < 0.001 and cluster threshold at P < 0.05). In line
with previous imaging studies of our group (Saj et al., 2014), only the clusters comprising
more than 10 significant adjacent voxels were considered. Main comparisons were
performed between body representation and verticality perception tasks, whereas
conjunctions were tested for potential overlap between conditions. Thus, these analyses
enabled us to identify the neural networks selectively responsible for body representation

or verticality perception coding as well as those common to both spatial processes.

Results

Behavioral data

The behavioral data showed that the two tasks did not differ neither for the rate of correct
responses, nor for the response time. The average data showed similar rates of correct
responses (SSA: 94+4%; SV = 92+1%; SSA vs. SV: p=0.245) and response times (SSA:

644 + 135 ms; SV: 629 £105 ms; SSA vs. SV: p=0.862) in both tasks.

Neuroimagery data

Common Activation for SSA and SV tasks

During both the SSA and SV tasks, bilateral activations occurred in the postcentral gyrus
and the superior occipital lobe. Right middle temporal gyrus and inferior parietal lobule
were also activated. Activations also took place in the right posterior (lobule VI) and left
anterior (lobule V) cerebellar lobes. For both the brain and the cerebellum, the volume

activated was much greater on the right side (Table 1).
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Straight-ahead task

The specific brain activations during SSA relative to the SV task were localized principally
in the right parieto-occipital cortices (Table 1). The contrast SSA > SV showed activations
within the right occipital, parietal (angular gyrus, precuneus), temporal (middle, fusiform
and parahippocampal gyri), and frontal (middle gyrus) lobes. In the left hemisphere,
activations were limited to the inferior frontal gyrus, precuneus and cerebellar posterior
lobe (Crus 1). The parameters of activity (beta values in arbitrary units) extracted from

these regions are shown for each task (Figure 1A).

Verticality task

The opposite contrast SV > SSA (Table 1) showed right side activations in the rolandic
operculum, the precentral gyrus and middle frontal gyrus, as well as the anterior and
posterior cerebellar lobe. The left anterior cerebellar lobe was also activated. The
parameters of activity (beta values in arbitrary units) extracted from these regions are

shown for each task (Figure 1B).

Discussion

The aim of this study was to reveal differences and similarities in the functional
neuroanatomical correlates of ego-centered and geo-centered representations. More
specifically, body midline (SSA) and vertical (SV) representations were directly compared
in fMRI for the first time. The major findings were a predominance of right hemisphere
activations and a strong involvement of cerebellum in both tasks. These data provide

insight into the anatomical basis of the ego-centered and geo-centered reference frames in

10
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healthy participants and help to understand the consequences of brain lesions or vestibular

disorders.

Regarding the ego-centered representation, this study evidences the crucial role of parietal
lobe areas (angular gyrus and precuneus). These regions were found to be strongly
activated in body parts location tasks (Vuilleumier, 2013). They are involved in body
representation in healthy subjects (Saj et al., 2014). Moreover, damage to these regions
may be responsible for deficits in body representation. Comparing stroke patients, with or
without spatial neglect, Rousseaux et al. (2013) showed that, in patients with spatial
neglect, body representation alterations involved lesions of the inferior parietal cortex and
the middle part of the superior temporal gyrus. It is interesting to note here that these
cortical structures are also areas of vestibular projections, which could explain the
disturbance of the SSA in patients with vestibular impairment (Saj et al., 2013, 2021; Borel
et al., 2021). Another result of the present study was the involvement of the cerebellum in
body representation. Lesions of the cerebellum, more specifically damages to the left
cerebellum posterior lobe were also found in stroke patients with spatial neglect (Milano
and Heilman, 2014; Chaudhari et al., 2015). In addition, in healthy subjects, Marotta et al.,
(2021) recently showed that during movement, body position in space is coded by the
cerebellum. Other studies of ego-centered representation showed the involvement of
frontoparietal areas network including inferior parietal lobule, intraparietal sulcus and
precuneus, the temporoparietal and inferior frontal (premotor) cortices, as well as the

cerebellum (Vallar et al., 1999; Galati et al., 2000; Saj et al., 2014).

Concerning the subjective vertical task, the data showed an involvement of the rolandic

operculum (including the anterior insula), confirming previous results in EEG (Lopez et

11
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al., 2011), and cerebellum in line with fMRI data of Saj et al. (2019). Indeed, the insular
cortex, known to be strongly influenced by vestibular stimulation (Bottini et al., 2001;
Dieterich and Brandt, 2008), constitutes a critical vestibular-somatosensory integration
center likely contributing to the perception of the vertical (Brandt and Dieterich, 1999;
Rousseaux et al., 2015). The specific lesion of the rolandic operculum may lead to impaired
perception of subjective visual vertical (Baier et al., 2021) as well as postural instability
(Dai et al., 2022). In stroke patients with or without spatial neglect, Rousseaux et al. (2014)
showed that lesions of insula were associated with altered judgments of verticality in both
visual and haptic modalities, confirming data of other studies (Barra et al., 2010, Baier et
al., 2012, Brandt et al., 1994). Barra et al. (2010) reveal the existence of a synthesis
involving the posterolateral thalamus between the vestibular and somaesthetic system for
developing and updating internal constructs of verticality. The posterolateral thalamus has
a direct link with the cerebellum (Bostan and Strick, 2018). A specific result of the present
study was the involvement of the cerebellum in the verticality representation, more
specifically the right cerebellar side. This region has already been observed in fMRI studies
in healthy participants (Saj et al., 2019) or during optokinetic stimulation (Bense et al.,
2006). The major role of the cerebellum, in particular the posterior part, in vertical

perception is confirmed by the consequences of cerebellar stroke (Barmack, 2003).

The last outcomes of this study concern the common regions involved in the SSA and SV
tasks, carried out in ego-centered and geo-centered reference frames, respectively. Both
tasks involved several cortical regions (postcentral gyrus, inferior parietal lobule and
superior occipital lobe) and the cerebellum (lobules V and VI). Noteworthy, these regions

are part of the multimodal vestibular projection network (Eickhoff et al., 2006; Lopez et

12
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Blanke, 2011; zu Eulenburg et al., 2012; Frank and Greenlee, 2018). They are involved in
spatial representations generated from multiple sensory inputs and contributing to postural
control (Merfeld et al., 1999; Shadmehr and Krakauer, 2008), as well as in visuospatial
functions (Cojan et al., 2021). The postural and visuospatial disorders observed in stroke
or vestibular patients could be due, at least in part, to alterations of these reference frames.
Our data support the view that a sensory loss known to alter a given reference frame may
have consequences in the functioning of another frame. Thus, vestibular loss disrupted not
only ego-centered representation based on movements performed in the dark (Péruch et al.,
1999) but also allo-centered representation acquired on the basis of visual information
alone, in a virtual visual environment (Péruch et al., 2005). In the same vein, blind people
have difficulty in appreciating their body movements based on vestibular information alone

(von Breven et al., 1997).

Conclusion

In conclusion, this study evidenced some distinct neuro-anatomical correlates of geo-
centered and ego-centered representations. It also showed a strong predominance of right
hemisphere activations and an involvement of cerebellum in both representations. The
common structures underlying these representations proved to be multisensory integration
areas, and particularly areas of vestibular projection, which could explain deficits occurring
after both peripheral sensory damage and central damage. It could also provide a basis for
understanding the “multi-referenced” spatial deficits found in complex behaviours such as
spatial navigation and characterized by more extensive deficits than the initial sensory

damage would have suggested.
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374  Legends

375 Table 1 - Anatomical location and statistical results for brain areas showing specific
376 activity during the SSA and SV tasks (Montreal Neurological Institute coordinates). L:
377 Left hemisphere; R: Right hemisphere; BA: Brodmann Area.

378  Figure 1 - Activated brain regions are projected on a standard anatomical template.

379 Parameter estimates of activity (beta value, in arbitrary units, averaged across
380 responsive voxels in each cluster) are shown for main peaks in each task condition. A)
381 comparison between SSA vs SV (x,y,z: 30,-76,40); B) SV vs SSA (x,y,z: 20,-25,13). L:
382 Left hemisphere; R: Right hemisphere; BA: Brodmann Area; C) Full brain maps of
383 activations.
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387

388

Table 1

MNI
Area hemi x vy 1z BA T Z p vol (mm3)
SSA and SV : common regions
Postcentral Gyrus R 60 -16 34 BA2 4.56 4.24 <0.001 1647
Postcentral Gyrus L -42 -40 64 2.10 2.48 0.005 270
Inferior Parietal Lobule R 39 -37 49 2.70 2.63 0.005 378
Middle Temporal Gyrus R 51 -64 -2 4.18 3.92 <0.001 6048
Superior Occipital lobe R 21 -91 22 BA19 4.47 4.17 <0.001 2781
Superior Occipital lobe L -6 -103 10 BA18 2.01 2.80 0.005 297
Superior Occipital lobe L -15 -94 19 BA19 1.99 2.60 0.005 108
Cerebellum Posterior Lobe (lobule VI) R 18 -55 -20 C6 4.51 4.19 <0.001 5184
Cerebellum Anterior Lobe (lobule V) L -27 -58 -26 6 1.97 2.54 0.005 135
SSAvs SV
Inferior Frontal Gyrus L -57 23 4 BA45 3.13 3.00 0.001 270
Middle Frontal Gyrus R 33 26 34 3.25 3.11 0.001 459
Angular gyrus R 30 -49 37 3.17 3.04 0.001 297
Precuneus L -12 -67 52 3.44 3.02 0.001 378
Precuneus R 27 -73 40 3.13 3.00 0.001 1512
Middle Temporal Gyrus R 39 -82 19 BA19 2.95 2.84 0.002 810
Fusiform gyrus R 39 -31 -20 BA20 2.34 252 0.004 567
Parahippocampal Gyrus R 33 -43 -14 BA37 2.41 2.46 0.005 297
Occipital Lobe R 30 -67 -2 3.68 3.48 <0.001 621
Occipital Lobe R 33 -76 25 3.01 2.89 0.002 783
Cerebellum Posterior Lobe L -18 -76 -29 2.96 2.85 0.002 297
SV vs S5A
Middle Frontal Gyrus R 39 59 10 BA10 2.68 2.59 0.005 108
Precentral Gyrus R 24 25 52 2.70 2.61 0.004 108
Rolandic Operculum R 45 -1 13 3.22 3.08 0.001 162
Cerebellum Anterior Lobe R 21 -46 -32 2.81 2.71 0.003 540
Cerebellum Anterior Lobe L -21 -40 -38 2.80 2.71 0.003 297
Cerebellum Posterior Lobe R 18 -61 -32 V8 3.32 3.17 0.001 351
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