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Structural and functional connectivity 
of vestibular graviceptive to sensory 
and motor circuits
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Processing of vestibular graviceptive signals from the inner ear is essential for spatial perception, bipedal stance, locomotion, and navi
gation in a three-dimensional world. Acute unilateral ischaemic lesions along the central vestibular pathways lead to deficits of gravi
tational processing which can be quantified as perceptual tilts of the subjective visual vertical (SVV). For ipsiversive and contraversive 
directional tilts, dichotomous networks were documented from the brainstem to the thalamus. In the current lesion-network mapping 
study, we asked whether this dichotomy of directional tilts of gravitational processing is maintained at the cortical level. 107 patients 
with acute right-hemispheric infarcts (mean age 66 years, ±13 years) in the territory of the middle cerebral artery were included in the 
study. To examine the association of tilts of the SVV with lesion locations, support-vector regression lesion-symptom mapping 
(SVR-LSM) was used with tilt of the SVV as a continuous variable. Analyses were carried out for ipsi- and contraversive tilts 
separately. In addition, we performed disconnectome mapping and SVR-LSM-disconnectome analyses by referencing lesions to a nor
mative connectome detect structural networks associated with SVV tilts. Similarly, functional connectivity mapping was used to de
termine the functional networks associated with SVV tilts. The SVR-LSM with the functional maps revealed the statistical association 
between SVV tilt and functional networks. The SVR-LSM analysis demonstrated distinct clusters associated with either ipsi- or con
traversive SVV tilts. Ipsiversive tilt clusters were centered around the parieto-(retro)-insular opercular cortex [PIVC, retroinsular area 
(Ri), posterior insular long gyrus (Ig), parietal operculum (OP2-3)]. The contraversive tilt cluster showed additional involvement of 
the motor system (basal ganglia) and the ventral prefrontal cortex (Brodman area BA44, inferior frontal gyrus). In lesions with ipsi
versive tilts, a disconnection of fronto-insular tracts and the arcuate fascicle was found. Contraversive tilt related disconnection was 
observed in the superior longitudinal fascicle (SLFII) and the medial temporal cortex (perirhinal, entorhinal cortex). Cortico-fugal 
connections could be traced down via the thalamus to the cerebellum and vestibular nuclei. The functional networks associated 
with ipsiversive and contraversive tilts showed a similar pattern: more restricted in the core vestibular and ocular motor cortical net
work for ipsiversive tilts, additional involvement of the motor system for contraversive tilts. Thus, the current data demonstrate partly 
separated cortical networks for gravitational processing associated with directional SVV tilts. These could imply differential routes of 
vestibular input for sensory and motor processing.
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Introduction
Graviceptive directional input is necessary for the control of 
bipedal stance, locomotion, and spatial navigation, as well as 
the computation of self-perception and motor outputs.1,2

Human vestibular graviceptors are located in the otolith or
gans of the inner ear and supported by input from the vertical 
semicircular canals.2-5 The lack of reliable gravitational 
priors can lead to severe disorders of balance and postural 
stability.1 Apart from the vestibular brainstem pathways 
for balance control, the thalamo-cortical vestibular network 
plays a key role in maintaining balance relative to gravity.6,7

A disturbance in the thalamo-cortical network has detrimen
tal effects on postural stability. For example, thalamic asta
sia due to an acute thalamic lesion leads to a strong 
tendency to fall to one side in the absence of a paresis.8,9

Similarly, contraversive pusher syndrome is characterized 
by a severe transmodal tilt of verticality perception.10 It is 
the consequence of a thalamo-cortical disconnection for 
multimodal graviceptive processing as was found in thalamic 
and connected cortical lesions.11-13

Furthermore, a dichotomy for vestibular graviceptive pro
cessing, with separate pathways and networks for ipsiversive 
and contraversive graviceptice tilts, has been demonstrated 
from the brainstem to the thalamus.14-16 Recent data showed 
evidence that these distinct pathways have differential cor
tical connections.7 These findings suggest a functional spe
cialization: (i) vestibular perceptive for the uncrossed 
pathway to the core vestibular cortical network hubs and 
(ii) vestibular modulation of motor control for the crossed 
pathway that connects to the entire somato-motor network.7

In the current multimodal imaging study, we tried to an
swer whether distinct cortical hubs for directional verticality 
tilts and associated whole-brain networks exist in the right 
hemisphere (RH).

Machine-learning based multivariate lesion-symptom map
ping (support-vector regression lesion-symptom mapping) was 
used to determine the cortical and subcortical regions that are 
essential for vestibular graviception. Furthermore, we studied 
disconnectome mapping to establish the structural and func
tional (dis-) connectivity pattern of directional cortical gravi
ceptive processing.

Our hypothesis was that separable cortical networks are 
associated with ipsiversive and contraversive graviceptive 
vestibular processing.

Materials and methods
Patient selection
Prospectively, 107 patients (48 female, 59 male, mean age 66 
years) with an acute, first ever cortico-subcortical infarct 
within the RH MCA-territory were enrolled. Data was col
lected at Mainz University Hospital and at LMU University 
Hospital, LMU Munich, Germany. Three patients showed 
substantial thalamic involvement and were not included in 

the final analysis (all with contraversive tilts), resulting in a 
total of 104 patients. Some data from the Mainz cohort 
have been published previously.17

All patients received a dedicated neurological and neuro- 
otological work-up. This included a detailed neuro-orthoptic 
assessment including measurements of the subjective visual 
vertical (SVV) by the hemispheric dome method14,18 as an es
timate of vestibular graviception.

For SVV measurements, patients sat in complete darkness 
looking into a hemispheric dome with their head on a chin 
rest mounted ∼1 m from the visual target. Patients had to ad
just a luminous rod projected in the center of the dome to their 
subjective vertical using a joystick. To minimize visual cues to 
orientation, a randomized dot pattern was displayed in the 
half-spherical dome. The rod started with a randomized offset 
of 10°–40° from the objective vertical to either side with a 
measurement precision of up to 0.01°. We used the mean of 
8 static measurements of SVV obtained under binocular view
ing conditions. Here, a mean deviation of > ±2.5° was consid
ered pathological (normal range ± 2 SD ≙ 2.5°).18 Negative 
values indicate left-sided tilts, while values above 0° indicate 
right-sided tilts. Tilts to the side of the lesion are defined as ip
siversive tilts, tilts to the contralateral side as contraversive tilts.

Neuropsychological testing was performed by means of 
the paper-pencil neglect tests (bells test19), the scale for con
traversive pushing,20,21 and the Edinburgh handedness in
ventory. Exclusion criteria were prior ischaemic infarct, 
severe white matter lesion load (Fazekas >2), reduced level 
of consciousness, or aphasia with inability to comprehend 
the study instructions.

Imaging
All patients received a cranial MRI in the acute phase that in
cluded diffusion-weighted imaging [DWI; 3 mm, echo time 
(TE) = 880 milliseconds, repetition time (TR) = 1400 millise
conds, 48 slices] sequences. Lesions were delineated on the 
acute phase DWI in MRICROGL (https://www.nitrc.org/ 
projects/mricrogl) and normalized to MNI152 space using 
the Clinical Toolbox using SPM12 (https://www.fil.ion. 
ucl.ac.uk/spm/software/spm12/) in Matlab (version 2022a, 
https://de.mathworks.com).

Multivariate lesion-symptom mapping
Multivariate support-vector regression lesion-symptom 
mapping (SVR-LSM) was used to determine the statistical as
sociation between tilts of the perception of verticality with 
specific lesion locations.22 SVR-LSM analyses were per
formed using a non-linear radial basis function kernel as im
plemented in the SVR-LSM toolbox.22 Hyperparameters 
were kept at the default setting of the SVR-LSM toolbox 
(cost = 30, γ = 5).23 For the SVR, lesion maps were vector
ized, lesion volume was used as a regressor for the behaviour
al and lesion data.

Extensive permutation testing (10 000 permutations) was 
performed to determine a statistical P-value threshold on a 
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voxel-level based on the SVR-β values calculated by SVR. False 
discovery rate (FDR) correction was applied afterwards to the 
resulting voxelwise-thresholded P-value maps (P = 0.05) to 
control for false positives using the FDR function in FSL, 
FDR was set to 5% (q = 0.05) (https://fsl.fmrib.ox.ac.uk/fsl, 
supplementary table 1 shows the P-value-cut-offs of the 
FDR-correction).7

SVV tilts were used as a continuous variable. A conserva
tive lesion threshold of 10% of the sample was applied. The 
statistical model included hyperparameter optimization, and 
k-fold cross-validation with k = 5 iterations was used to op
timize model fit. Separate analyses were conducted for le
sions that caused ipsiversive and contraversive tilts of the 
SVV. Cases with an SVV tilt of exactly 0° (n = 12) were in
cluded in both analyses. All results are depicted with the 
FDR-corrected significance thresholds on a high-resolution 
7T post-mortem MRI template.24

Disconnectome and lesion-network 
mapping
Historically, lesion-symptom mapping studies were only able 
to associate direct damage to brain areas with a related symp
tom. However, functional and structural disconnection of re
gions distant from the lesion might also be relevant for the 
occurrence of symptoms. In this regard, both functional and 
structural disconnection have been used to study distant effects 
of lesions on brain function.25,26 For disconnectome mapping, 
lesion maps are used as seeds for tractography in a separate da
taset of healthy subjects. Streamlines passing through a specific 
lesion are transformed to visitation maps and the probability 
of disconnection of white matter tracts is then calculated 
from these large connectomic datasets. The result is a discon
nection probability map that can then be used to explain net
work effects in patients. Here, it leverages the advantages of 
average normative connectomes in healthy subjects with high 
n and high-quality tractography data to infer the network dys
function in the patient group. Therefore, it indirectly assesses 
voxel-wise white-matter disconnections based on voxelwise 
disconnection probabilities. This approach has been imple
mented in the BCB toolkit (http://toolkit.bcblab.com/).27

All lesions were used to create disconnectome maps that de
termine the lesion-specific disconnection probability of white 
matter tracts using the BCB toolkit. For this, for each lesion- 
seed a tractography is performed in a separate sample of 180 
individuals with high-quality 7T tractography data from the 
human connectome project (HCP).26,28 The patients’ lesions 
in MNI152 space were registered to the native space of each 
healthy participant’s tractography data using affine and diffeo
morphic deformations. This seed was then used to perform the 
tractography in TrackVis (http://www.trackvis.org/). The re
sults were transformed to visitation maps, binarized, and regis
tered to MNI152 space. From these maps, the percentage of 
overlap of each voxel in the normalized subject visitation 
maps was depicted as the voxelwise probability of disconnec
tion for each lesion. The number of voxels within the individ
ual disconnectome map was thresholded at 0.5 (50% or higher 

probability of disconnection). Tract designation in the 
BCB-toolkit is based on a dedicated white matter atlas in 
MNI-space that used state-of-the art spherical deconvolution 
tractography in comparison to Klingler dissections.29

The resulting disconnectome maps were binarized and 
used as input data for a separate SVR-LSM analysis as de
scribed above (i.e. the same control of lesion volume on the 
imaging and behavioural data was applied).7,30 Separate 
analyses were carried out for disconnection of tracts causing 
ipsiversive versus contraversive tilts.

The disconnectome maps provide a probability of discon
nection in a specific voxel. Allocation of the described cor
tical areas and of specific white matter tracts in the 
following maps is based on information from tract atlases 
and anatomical expertise in cortico-fugal vestibular projec
tions as well as in inter- and intrahemispheric association 
tracts. However, it is possible that multiple tracts are affected 
in a specific voxel (see also Supplementary Fig. 5).

The individual normalized lesion maps were used as seeds 
for the whole-brain resting-state functional connectivity ana
lysis. We used the 100 unrelated subjects preprocessed resting- 
state functional MRI (fMRI) dataset (54 females, 46 males, 
mean age = 29.1 ± 3.7 years) from the HCP (https://www. 
humanconnectome.org/; release Q3). The resting-state fMRI 
data were acquired as part of the HCP 900 data release using 
a gradient-echo echo planar imaging sequence (TR = 720 ms, 
TE = 33.1 ms, flip angle = 52°, field of view = 208 × 180, ma
trix size = 104 × 90, 2 mm3 isotropic, 72 slices, multiband fac
tor = 8, echo spacing = 0.58 ms, band width = 2290 Hz/pixel, 
2 sessions, 1200 volumes). Axial oblique acquisitions alter
nated between phase encoding in a right-to-left and 
left-to-right direction.31 Data were processed following the 
HCP functional preprocessing guidelines.32,33 Processing in
cluded artefact removal, motion correction, and registration 
to standard Montreal Neurological Institute space in volumet
ric format (MNI152 space).33 The functional connectivity 
analysis was performed using CONN toolbox version 22.a 
(http://www.nitrc.org/projects/conn) for MATLAB (version 
2022a).34 For denoising, the following time series were used 
as covariates in a nuisance regression model; white matter 
and CSF confounds were each considered with their first 5 
principal components. Furthermore, 6 principal temporal 
components of the movement parameters (3 translation and 
3 rotation parameters) were used. Images were denoised 
with a temporal band-pass filter (0.008–0.09 Hz).

The voxel values in the resulting functional connectivity (fc) 
maps represent the correlation between the time course of the 
seed region (i.e. the lesion) and the rest of the brain. SVR-LSM 
analyses were carried out for correlated networks based on the 
unthresholded lesion-specific functional connectivity maps 
controlling for lesion volume as described above.

Statistical analysis of demographic data
Statistical analyses of clinical and demographic data were 
performed with SPSS version 29.0.2.0 (https://www.ibm. 
com/de-de/products/spss-statistics). Group differences were 
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determined between the ipsiversive and contraversive tilts of 
the SVV. Normal distribution of the data was tested using 
the Kolmogorov-Smirnov-Test. If the criteria for normal dis
tribution were not met, medians, interquartile ranges (IQR) 
and minima/maxima were reported. Group differences were 
determined using the Mann–Whitney U-test with an 
α-threshold of 0.05. For group differences in the distribution 
of dexterity (handedness), a X2-test was performed.

Patient consent and data availability
The study was performed in accordance with the 1964 
Declaration of Helsinki, latest adaption Fortaleza 2013. 
The study was approved by the institutional review boards 
of LMU University Hospital, LMU Munich, Germany, and 
the University of Mainz, Germany. All patients gave in
formed written consent to participate in the study.

Results
Clinical characteristics
Key demographic data of the patients are presented in 
Table 1. All patients had right-hemispheric lesions. Patients 
with SVV measures of exactly 0° (n = 12) were considered 
in the analysis of ipsiversive and contraversive tilts of 
the SVV, i.e. in both analysis groups. Therefore, the ipsiver
sive tilt group included 60 patients (48 patients with direc
tional tilt and 12 patients with 0° tilt of the SVV), the 
contraversive tilt group included 56 patients (44 patients 
with directional tilt and 12 patients with 0° tilt of the 
SVV). A total of 43 patients (41.35%) showed pathological 
tilts of SVV of ≥2.5° to either side (n = 21 with ipsiversive 
tilt, n = 22 with contraversive tilt). Median values of abso
lute SVV tilt were 1.26° (IQR = 3.3°) in ipsiversive tilts and 
1.55° (IQR = 3.0°) in contraversive tilts without a 

significant difference (Mann–Whitney U-test, P = 0.716) 
(Fig. 1). No significant difference was shown in the size 
of lesion volumes between the two groups (Mann– 
Whitney U-test, P = 0.272).

Distribution of gender showed no significant difference 
between the groups of ipsiversive and contraversive tilts of 
SVV (X2-test, P = 0.921). Co-occurrence of contralateral 
paresis or contralateral somatosensory deficits was high in 
both groups, whereas spatial neglect (determined as Center 
of Cancellation > 0.081 in the Bells Test or personal/peri- 
personal neglect evident on clinical examination), and con
traversive pushing occurred in less than a third of patients. 
The frequency of spatial neglect, contralateral somatosen
sory deficits or paresis and contraversive pushing was not 
significantly different between the two groups (Table 1).

SVR-LSM
We found overlapping but also distinct clusters associated 
with ipsiversive and contraversive tilts of the SVV. Clusters 
associated with both ipsiversive and contraversive tilts 
were located in the posterior insula (posterior insular long 
gyrus) and adjacent opercular cortex (OP2-3, Fig. 2A and B).

The clusters that were associated only with contraversive 
tilts were located more anteriorly in the frontal operculum 
centered around the ventrolateral prefrontal cortex (BA44) 
and subcortically in the globus pallidus, putamen and the an
terior limb of the internal capsule (ALIC) as well as in the se
cond branch of the superior longitudinal fascicle (SLFII; 
Fig. 2A).

Ipsiversive tilt clusters centered around the posterior in
sula and included all parts of the human homologue of the 
parieto-(retro-) insular vestibular cortex—area PIVC [areas 
Ri—retroinsula and OP2-3 (parietal opercular cortex)]. 
The cluster extended anteriorly towards the mid insula and 
adjacent operculum. Additional clusters were found in the 

Table 1 Clinical and demographic data

Ipsiversive tilt (n = 60) Contraversive tilt (n = 56) P-value

Demographic data
Age, median years (range, IQR) 68.0 (36.0–89.0, 19.5) 67.0 (33.0–86.0, 19.8) 0.840a

Gender (%) 0.489a

Female 24 (40.0) 26 (46.4)
Male 36 (60.0) 30 (53.6)

Clinical data
Lesion volume, median in ml (range, IQR) 11.4 (0.1–306.0, 25.5) 7.7 (0.1–102.2, 15.7) 0.272a

SVV, median degrees (range, IQR) 1.3 (0.0–24.8, 3.3) 1.6 (0.0–15.9, 3.0) 0.716a

Handedness (%) 0.463b

Right 52 (86.7) 50 (89.3)
Left 7 (11.7) 5 (8.9)

Ambidextrous 1 (1.7) 0 (0.0)
Symptoms

Contralateral paresis (%) 45 (75.0) 41 (73.2) 0.680b

Contralateral somatosensory deficit (%) 56 (93.3) 50 (89.3) 0.503b

Visual Neglect (%) 12 (20.0) 19 (33.9) 0.092b

Pusher-Syndrome (%) 10 (16.7) 13 (23.2) 0.381b

Clinical and demographic data of the patients with ipsiversive and contraversive tilts of the SVV. Note that each group includes 12 patients with no directional SVV tilt (0°).
aMann–Whitney-U-test. bX2 test.
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ventral motor cortex (area 3av, Fig. 2B; Supplementary Fig. 
1 shows the results if only patients with SVV tilts <2.5° are 
considered). C shows integrated results from A to B. Note 
that there are distinct but also overlapping clusters asso
ciated with ipsiversive (hot colour scheme) and contraversive 
tilts (cold colour scheme).

SVR-LSM-disconnectome mapping
Disconnections of contraversive SVV tilt mediating tracts 
were located more medially and dorsally around the second 
branch of the superior longitudinal fascicle (SLFII, Fig. 3A 
and D). In addition, we detected disconnection of the ALIC 
and disconnection of the medial temporal lobe, namely the 
perirhinal/entorhinal cortex. Downstream disconnections 
could be traced through the thalamus to the midbrain and 
to the area of the vestibular nuclei (VN) of the pontomedul
lary brainstem (likely representing the middle longitudinal 
fascicle/ascending Deiters’ tract and parapontine reticular 
formation projections) (Fig. 3C). Additional disconnection 
was observed with the cerebellum via the superior cerebellar 
peduncle connecting the vestibular cortical network with the 
deep cerebellar nuclei and lobule IX.

Disconnection of tracts associated with ipsiversive tilt 
(Fig. 3B) were centered around the PIVC and provide short 
distance connections via the fronto-insular tracts and longer 

range temporo-parieto-frontal connections via the arcuate 
fascicle (AF) and extreme capsule. Brainstem disconnection 
clusters were sparse and likely located in the medial lemnis
cus (ML, Fig. 3C).

Contraversive tilt-related disconnection of fronto-parietal 
association tracts was located more medially and dorsal 
(SLFII) compared with the disconnection of tracts associated 
with ipsiversive tilts (AF, Fig. 3D).

SVR-LSM-functional disconnection
The fc maps were used for an SVR-LSM analysis to find as
sociations between SVV tilts and the functional networks. 
We found an association of the core cortical vestibular net
work for ipsiversive tilts and additional involvement of the 
motor system for contraversive tilts (Fig. 4). In addition to 
these findings, the SVR-LSM analysis for contraversive 
SVV tilt also revealed cerebello-cortical fc between the motor 
cerebellum (lobule IV), crus I and sensory and vestibular lo
bules VIIIB, IX, X (uvula, nodule, flocculus), and the cortex.

Discussion
The current multimodal lesion-network study differentiated 
locations and functions of the vestibular cortical network 

Figure 1 (A) Violin plot of the distribution of SVV values for contraversive (n = 44) and ipsiversive (n = 48) tilts, 12 patient had a 
tilt of 0°. (B) Distribution of lesion volumes among patients with contraversive (blue) and ipsiversive (red) tilts. Y-axis shows SVV 
deviation in degrees in A and lesion volume in mm3 in B. X-axis shows plots for contraversive and ipsiversive SVV tilts. Integrated box plots indicate 
median and interquartile range (IQR), whiskers show the range of 1.5 × IQR. Dots represent individual measurements. Median SVV tilts and lesion 
volumes were not significantly different between both groups (Mann–Whitney U-test, U = 966; standard error: 130; z = 0.862; P = 0.716 for 
median tilt, Mann–Whitney U-test, U = 1027; standard error 144, z = ; −1.5p = 0.272 for median lesion volume). SVV, subjective visual vertical.
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related to gravity perception in the RH. The following find
ings were established: (i) Separate cortical and subcortical 
network hubs seem to exist for crossed or uncrossed gravity 
projections. (ii) Disconnectome mapping provided evidence 
for the involvement of fronto-temporo-parietal association 
tracts for uncrossed (AF/SLFIII) and crossed gravity process
ing (SLFII). (iii) The crossed projections for gravity process
ing connected the VN and vestibulo-cerebellum with the 
basal ganglia (BG), the vestibular cortex area PIVC, and 
the perirhinal cortex. The vestibular connection with the 
medial temporal lobe could be related to the head direction 
pathway for spatial navigation that has been established in 
rodents.35 The uncrossed projections could convey vestibu
lar coordinates for head position and sensory postural con
trol. (iv) The functional lesion-network similarly reflected 
the specific functional network topography of the uncrossed 
and crossed projections. The functional lesion-networks 
connect cerebellar network hubs with the cortex.

Distinct cortical terminations of 
ipsilateral and contralateral 
graviceptive pathways
Vestibular graviception is conveyed via several subcortical 
pathways to the thalamic nuclei and from there reaches the 
cortical vestibular network hubs.7,36,37 Differential connect
ivity profiles for ipsilateral and contralateral projections 
have been established in the brainstem and up to the thalamic 
level in humans.6,7,14-16 The functional connectivity profiles 
of ipsilateral and contralateral projections via the thalamus 
suggested a preserved dichotomy of ipsilateral and contralat
eral gravity projections.7 A few studies have used SVV tilts 
after hemispheric infarcts, to establish the cortical areas 
that are crucial for verticality perception.38,39 While these 
studies used the absolute tilt of the SVV, the current analysis 
took the directionality of the tilt into account. With the cur
rent data, we could confirm the importance of the PIVC for 

A

B C

Figure 2 (A) SVR-LSM of lesions associated with contraversive SVV tilts (in °, n = 56). (B) SVR-LSM of lesions associated with 
ipsiversive SVV tilts (in °, n = 60). A Contraversive tilts shows clusters in the frontal opercular cortex (FOP, Brodman area 44 (BA44), the BG 
(anterior and posterior putamen, globus pallidus (external part (GPe), and caudate nucleus). Additional clusters were located in the ALIC and 
SLFII. Furthermore, clusters were found around the PIVC including Ri, Ig, OP2. B SVR-LSM of ipsiversive tilts shows clusters located mainly around 
the PIVC (areas Ri, Ig, OP2-3). C shows integrated results from A to B. Note that there are distinct but also overlapping clusters associated with 
ipsiversive (hot colour scheme) and contraversive tilts (cold colour scheme). All results presented with their significance thresholds (P < 0.05, 
FDR-corrected for multiple comparisons after extensive permutation testing (10 000 permutations). SVR-LSM support-vector regression 
lesion-symptom mapping, Gpe external segment of the globus pallidus, FOP frontal opercular cortex, BA44 Brodman area 44, SLFII 2nd branch of 
the superior longitudinal fascicle, PIVC parieto-(retro-) insular vestibular cortex, Ri retroinsular cortex, Ig insular posterior long gyrus, OP2 
parietal opercular cortex, FDR, false discovery rate; RH, right hemisphere, (FDR-corrected P-value).
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A

B

C D

Figure 3 SVR-LSM using the lesion-based disconnectome maps. (A) The contraversive tilt disconnectome network (SVV tilt 
in °, n = 56). (B) Ipsiversive tilt disconnectome network (SVV tilt in °, n = 60). (C) Brainstem disconnection for contraversive 
and ipsiversive SVV tilts. (D) Separate fronto-parietal disconnection in ipsiversive and contraversive SVV tilts. A The 
contraversive tilt disconnectome network showed cortico-fugal disconnection via the thalamus to the VN (via MLF, ATD) and 
vestibulo-cerebellum via SCP to lobule IX and the DCN. Cortico-cortical disconnection was found for the SLFII and the ALIC with connections to 
the mesial temporal lobe (PRC and HC). B The ipsiversive tilt disconnectome network included mainly the AF/SLFIII and extreme capsule, 
providing local connections between insula, operculum, and parietal cortex (IPS). This included connections towards the somatosensory cortical 
areas as well as towards the intraparietal sulcus. C Coronal depiction of results from A and B for clear visualization of minor clusters in the 
brainstem (ML, MLF) D Overlay of the results from A and B shows distinct disconnection of fronto-parietal association tracts (SLFII for 
contraversive tilts, AF/SLFIII for ipsiversive tilts). ALIC anterior limb of the internal capsule, AF arcuate fascicle, ATD ascending Deiters’ tract, ML 
medial lemniscus, MLF medial longitudinal fascicle, DCN deep cerebellar nuclei, HC hippocampus, SCP superior cerebellar peduncle, SLFIII 3rd 
branch of the superior longitudinal fascicle, VN vestibular nuclei, PRC peri-rhinal cortex, AF arcuate fascicle, SVR-LSM support-vector regression 
lesion-symptom mapping, FDR false discovery rate, RH right hemisphere, pFDR (false-discovery rate corrected P-value). All results presented with 
their significance thresholds (P < 0.05, FDR-corrected for multiple comparisons after extensive permutation testing (10 000 permutations).
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cortical graviceptive processing as it appeared that PIVC re
ceived both crossed and uncrossed projections. In our opin
ion, the bilateral projections to the PIVC would be integrated 
for one global percept of the self in space. This could serve as 
a reference frame for spatial perception. The additional uni
lateral projections could be used for specific functions. Based 
on the anatomical location the crossed pathways could be in
volved in locomotor planning and navigation since they con
nect with the BG (anterior and posterior putamen, globus 
pallidus and caudate nucleus) and the ALIC and SLFII. The 
uncrossed pathway could mediate the multisensory vestibu
lar control of eye, head and body posture by providing local 
connections between insula, operculum, and parietal cortex, 
including connections towards the somatosensory cortical 
areas as well as towards the intraparietal sulcus (Fig. 5).

Vestibular BG projections
Vestibular projections to the BG are understudied in hu
mans. In rodents, vestibular BG connections to the putamen 
and caudate nucleus have been demonstrated.42 In a prior 
lesion-mapping effort in humans, vestibular projections to 
the parafascicular nucleus of the thalamus were detected.7

The parafascicular nucleus projects to the BG, which led to 

the hypothesis that this thalamic network hub is important 
for vestibular modulation of motor output.43 The current 
data now provide indirect evidence for the importance of 
the putamen and caudate for the contralateral (crossed) 
gravity pathway.7,42,44 An association of contralateral grav
iceptive processing with the motor system and frontal cortex 
(BG, motor and prefrontal cortex) was also observed in the 
current functional network analysis. The SLFII provides 
the white matter connection that links parietal projections 
of the contralateral pathway with the frontal cortex.

Ascending vestibular projections to 
thalamo-cortical and limbic networks
Like the BG connections, vestibular projections via the anter
ior thalamic nuclei to the peri- and enthorinal cortex were 
shown in rodents.45-47 In humans, lesions of the anterior 
thalamic nuclei are inherently difficult to study because 
most of these lesions lead to disorders of consciousness. 
With the current disconnectivity analysis, the gravity net
work from the VN via the thalamus and BG could be ex
tended to the cortex and the entorhinal/ peri-rhinal cortex 
(PRC), which could use vestibular signals for heading direc
tion for navigation.48 In addition, the functional lesion- 

Figure 4 SVR-LSM using the fc maps for ipsiversive (SVV tilt in °, n = 56). Contraversive tilts (SVV tilt in °, n = 60). The ipsiversive 
tilt network (hot colour scheme) was mainly located around the cortical vestibular network. The contraversive tilt network (cold colour scheme) 
additionally included the BG and frontal cortex. We found fc with cerebellar motor lobule VI, crus I (Cr I), sensorimotor lobule VIIIB and vestibular 
lobules IX, X (uvula, nodulus). All results depicted with the significance threshold (P < 0.05, FDR-corrected for multiple comparisons after extensive 
permutation testing (10 000 permutations). SVR-LSM support-vector regression lesion-symptom-mapping, FDR false discovery rate.
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network provided evidence for cerebellar connections with 
the cortical vestibular and motor networks regarding gravi
ceptive processing, namely through connections with motor 
lobule VI and crus I, sensorimotor lobule VIIIB, and the ves
tibular lobules IX, X (uvula, nodulus, flocculus).

Translational use of the gravity 
network
With the current data, a cortico-subcortical network model 
for uncrossed graviceptive processing for postural control 
and crossed graviceptive processing for motor output modu
lation and navigation could be established in the RH. How 
might these findings be translated into clinical practice? 
The perception of gravity relative to the position of the 
body in the 3-dimensional space is one of the most essential 
human percepts, as it is crucial for bipedal stance and loco
motion.1 It seems that the formation of a global reference 
frame for the self in space relies on both the crossed and un
crossed projections to the cortical vestibular core area, the 
PIVC. One could probe this concept in a dedicated fMRI 

study that investigates the proposed networks with specific 
tasks related to postural control and navigation. Indeed, 
non-invasive neuromodulation by galvanic vestibular stimu
lation was tested in patients with progressive supranuclear 
palsy and shown to improve postural symptoms.49-51

Connectivity-based modulation of this network could also 
improve postural stability in patients with severe postural 
disorders such as thalamic astasia or contraversive pushing. 
On the other hand, the more anteriorly crossed graviceptive 
projection could be especially important for spatial naviga
tion with projections to the PRC.

Limitations
All disconnectivity analyses were conducted in high-quality 
tractography and resting state functional connectivity data 
in healthy adults and therefore only indirectly assess connec
tomic changes. The data do not demonstrate changes in 
functional connectivity on the individual patient level. This 
might present a potential confound because inter-individual 
variability of the structural and functional connections 

Figure 5 Functional specialization model of the crossed and uncrossed vestibular pathways. The bilateral termination in the PIVC 
could provide a head-centered reference frame for spatial orientation and postural control for a common percept of balance. The crossed 
projections to the motor system (motor planning) and hippocampus (navigation) could provide graviceptive information for task- and 
direction-specific movements. The latter seem not to have a bilateral representation. Hippocampal subfield segmentation image from,40

histological brain template in MNI space from.41 VN vestibular nucleus, DCN deep cerebellar nuclei, BG basal ganglia, VA ventral anterior thalamic 
nucleus, Pf parafascicular nucleus, VPL/VPI ventral posterior lateral / inferior thalamic nucleus, PIVC parieto-(retro-) insular vestibular cortex, PRC 
peri-rhinal cortex, HC hippocampus, IFG inferior frontal gyrus.
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cannot be studied conclusively. However, the comprehensive 
study of neurological patient samples is inherently difficult 
due to the acuity of the disease, limited patient numbers, mo
tion artefacts and the time that patients can lie in the MRI 
scanner. This is especially true for DWI for tractography, 
where long scanning times with little head motion are required 
in addition to the clinical scan. Furthermore, the microenviron
ment close to the ischaemic lesion presents potential confoun
ders for structural and functional connectivity.52,53 The 
approach using normative connectomes to study network al
terations in neurologic patients is widely used and has yielded 
reliable results in numerous studies.7,25,54 Therefore, we are 
confident that the given limitations are clearly outweighed by 
the advantages of having high-quality data from large datasets 
to account for inter-individual differences.

In addition, the voxel-wise statistics on the disconnectome 
maps have some limitations. We cannot directly assess the af
fection of specific white matter tracts as multiple crossing or 
adjacent tracts can pass through a given voxel.

For the SVR-lesion-networks we used the HCP 100 unre
lated subjects’ dataset for fcMRI and a separate dataset of 
180 subjects with high-quality tractography data at 7T. 
These data represent curated subsamples of the full HCP da
taset and have been used in several studies in the past.25,55

The ideal dataset for lesion-network mapping is debated.56

Prior studies have shown that using the 100 unrelated sub
jects’ dataset can provide similar results compared with the 
full HCP dataset albeit with higher t-values in greater sample 
sizes as results stabilized beyond 150 subjects.57 In contrast 
to prior studies, we additionally performed a SVR with the 
fc-maps to determine voxel associated with SVV tilts after 
permutation testing and FDR-correction to account for the 
lower sample size compared with other studies using the en
tire HCP dataset.58,59

In all SVR analyses, lesion volume was regressed out of be
havioural and lesion data. Therefore, these results might be 
overly conservative. However, alternative analyses regres
sing lesion volume only in lesion data showed no significant 
differences in the general pattern of the distribution of sig
nificant voxels (see Supplementary Figs 2–4).

So far, we described right-hemisphere lesion-based con
nectivity networks. Whether this connectivity profile can be 
translated to left-hemisphere lesions is currently not known. 
Given the known right-hemispheric dominance for vestibular 
processing, it would be interesting to see if the same dichot
omy can be observed in the left hemisphere as well.

Conclusions
The current data extend the network for gravity processing 
from the VN and cerebellum to the cortex of the RH. This net
work model now includes BG and medial temporal lobe struc
tures, possibly for motor output modulation and navigation. 
In view of the hemispheric dominance of vestibular networks, 
a key question for future studies will be whether a similar net
work organization also exists in the left hemisphere.

Supplementary material
Supplementary material is available at Brain Communications
online.
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