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Vestibular Agnosia - where peripheral vestibular activation triggers the usual reflex nystagmus response but with
attenuated or no self-motion perception - is found in brain disease with disrupted cortical network functioning, e.
g. traumatic brain injury (TBI) or neurodegeneration (Parkinson’s Disease). Patients with acute focal hemispheric
lesions (e.g. stroke) do not manifest vestibular agnosia. Thus, brain network mapping techniques, e.g. resting
state functional MRI (rsfMRI), are needed to interrogate functional brain networks mediating vestibular agnosia.
Hence, we prospectively recruited 39 acute TBI patients with preserved peripheral vestibular function and ob-
tained self-motion perceptual thresholds during passive yaw rotations in the dark and additionally acquired
whole-brain rsfMRI in the acute phase. Following quality-control checks, 26 patient scans were analyzed. Using
self-motion perceptual thresholds from a matched healthy control group, 11 acute TBI patients were classified as
having vestibular agnosia versus 15 with normal self-motion perception thresholds. Using independent
component analysis on the rsfMRI data, we found altered functional connectivity in bilateral lingual gyrus and
temporo-occipital fusiform cortex in the vestibular agnosia patients. Moreover, regions of interest analyses
showed both inter-hemispheric and intra-hemispheric network disruption in vestibular agnosia. In conclusion,
our results show that vestibular agnosia is mediated by bilateral anterior and posterior network dysfunction and
reveal the distributed brain mechanisms mediating vestibular self-motion perception.

identified.
There is evidence to support the notion that self-motion perception is

1. Introduction

We recently characterized a clinical syndrome called vestibular
agnosia (VA) in patients with acute traumatic brain injury (TBI), where,
despite preserved peripheral and reflex vestibular functioning, patients
had an attenuated vestibular-mediated sensation of self-motion
(‘vestibular-motion perception’) [5]. Vestibular agnosia has also been
recorded in elderly patients, typically with small vessel disease and
imbalance [7,29,52], and in patients with advanced Parkinson’s Disease
with falls [65]. We recently showed that in acute TBI patients with
imbalance, objective measures of VA correlate with impaired white
matter structural integrity in the right inferior longitudinal fasciculus
(ILF) [5]. This structural analysis thus identified the overlap in imbal-
ance and VA, however the neural correlates distinct to VA were not

not localizable [68]. We previously showed that the duration of
motion-perception sensation in the dark (elicited by a rapid stop from
constant angular rotation) in healthy individuals correlated with a
widespread, bilateral white matter network [42]. Subsequent tractog-
raphy studies also showed that vestibular networks are bihemispheri-
cally linked via the corpus callosum [32,61]. In support of a distributed
coding for self-motion perception is the lack of effect of acute focal le-
sions (stroke - [31]) or via non-invasive stimulation [54] on
vestibular-motion perception.

Previous work suggests that an anterior and a posterior thalamo-
cortical pathway convey vestibular signals to cortical circuits mediating
vestibular functions including self-motion perception and spatial
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orientation [8]. The anterior pathway originates from vestibular nuclei
and projects to regions including the hippocampus via anterior-dorsal
thalamus and entorhinal cortex [8,26]. The hippocampus projects to
pre-frontal brain regions [55,62], and these long-range (hippocampal-
prefrontal) projections have been reported to mediate the saliency of
sensory stimuli for attentional networks [55]. The posterior thalamo-
cortical pathway, primarily projects to posterior cortical brain region i.
e., parieto-insular vestibular cortex (PIVC), which previously has been
linked to the processing of self-motion [36].

Generally, posterior brain networks are considered to encode sensory
inputs whereas anterior networks encode higher order functions and
integrate sensory inputs [18]. This large-scale coordination of brain
networks has been shown in spatial and visual sensory modalities in
primates and humans, where sensory processing and integration is
associated with unique activation within parietal regions (intra-
network) and a distinct activation of fronto-parietal (inter-) networks
[15,19,21]. Similar unique activations associated with anterior-
integrative and posterior-sensory processing networks, and large scale
anterior-posterior inter-network connectivity has been linked to cross-
modal sensory perception disorders [16]. Accordingly, we postulated
that there are (at least) two main cortical networks mediating VA; a
posterior cortical network, receiving the main bottom-up vestibular
signals mediating sensory processing, and an anterior cortical network
linked to sensory integration, which in turn then triggers perception via
‘perceptual ignition” mechanism [10]. Thus, dysfunction of the posterior
network could result in loss of perception via impaired afferent signal
processing; whereas a sensory integration dysfunction in anterior net-
works could also mediate VA.

Currently no study has shown the brain regions specifically associ-
ated with impaired self-motion perception with intact peripheral func-
tioning (i.e. VA). Our general objective was to identify brain regions
associated with VA. Moreover, to test our postulate of an anterior-
posterior cortical network mediating VA, we hypothesize that VA in
acute TBI is mediated by multi-network dysfunction, i.e. (i) by impaired
functional connectivity within anterior networks, (ii) impaired func-
tional connectivity within posterior networks, and (iii) inter-network
impaired functional connectivity. In addition, we previously showed
that VA is linked to imbalance via damage to the right inferior longi-
tudinal fasciculus (ILF) [5]. Previous reports using diffusion imaging and
tractography show that the ILF has its strongest structural link with the
mid temporal and the lingual gyri and secondly with the calcarine gyrus
[45]. The presence of these connections has also been confirmed in
another study via white-matter dissection and tractography in humans
[34]. Both, mid temporal and lingual gyri are reported to induce sen-
sations of rotational motion in response to electrical stimulation [30],
and additionally, the lingual gyrus (V3v/V4v) and calcarine region (V2)
both display increased functional connectivity with galvanic vestibular
stimulation [12]. We thus predict that damage to the ILF will result in
altered functional connectivity in the mid temporal gyrus, lingual gyrus,
and calcarine gyrus. To assess our hypotheses, we evaluated functional
connectivity via resting state fMRI in both grey and white matter func-
tional brain networks.

2. Material and methods
2.1. Patient recruitment

The data reported in this paper was collected as part of an MRC-
funded prospective study [5]. 146 acute TBI patients were clinically
assessed from whom 39 (Mean age + SD: 41.64 + 13) were recruited
from the St Mary’s Hospital Major Trauma Centre (London, UK) and
King’s College Hospital (London, UK). Inclusion Criteria were: (i) blunt
head injury resulting in admission to the major trauma ward; (ii) age
18-65; (iii) preserved peripheral vestibular function. Exclusion criteria
were: (i) additional active pre-morbid medical, neurological, or psy-
chiatric condition (unless inactive or controlled); (ii) musculoskeletal
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condition impairing ability to balance; (iii) substance abuse history; (iv)
pregnancy; and (v) inability to obtain consent or assent. Thirty-seven
matched healthy controls were also recruited following written
informed consent. The study was conducted in accordance with the
principles of the Declaration of Helsinki and was approved by the local
Research Ethics Committee.

2.2. Procedure

All participants completed assessment of peripheral and reflex
vestibular function, vestibular perceptual testing, reaction times, pos-
turography, neuroimaging, and questionnaires for perceived balance,
and cognitive examination. The details for all tests have been reported
previously [5]. Procedures involved in assessment of peripheral vestib-
ular dysfunction, vestibular perceptual testing, posturography, and
resting-state scans are listed here.

2.3. Assessment of peripheral vestibular function

Patients were assessed for their peripheral vestibular function to
exclude peripheral dysfunction as a cause of impaired vestibular
perception. Video head impulse testing and rotational chair testing with
eye movement assessment of VOR gain for the stopping response from
90°/s constant rotation was used to assess peripheral dysfunction. All
TBI patients included in the study had intact peripheral vestibular
function [5].

2.4. Vestibular perceptual threshold

Vestibular perceptual thresholds were determined as a measure of
self-motion perception and to classify subjects having abnormal
perceptual thresholds with VA [5,52,53]. Fig. 1 shows the apparatus and
method used to determine participants’ vestibular-perceptual thresholds
during passive yaw-plane rotations in the dark [53]. Participants sat on a
rotating chair in the dark and were instructed to press either a right or
left button as soon as they perceived a rotation in the respective direc-
tion (Fig. 1A and Fig. 1B). Lights were turned on after each trial in order
to allow post-rotatory vestibular effects to decay. White noise was pro-
vided via 2 speakers (for each ear) attached to the chair to mask any
auditory cues from the environment.

2.5. Posturography

Postural sway was assessed using a force platform for 60 s duration
under four conditions: hard surface with eyes open (HO), hard surface
with eyes closed (HC), soft surface with eyes open (SO), and soft surface
with eyes closed (SC). Subjects were instructed to stand with their arms
hanging loosely and to maintain their balance. SC condition is primarily
vestibular dependent due to reduced proprioceptive (soft surface) and
visual feedback (eyes closed); SC has also been shown to best differen-
tiate in balance performance between TBI patients and healthy controls
[5]. Root mean square (RMS) sway calculated using custom MATLAB
scripts, during SC condition was thus chosen as the covariate for
removing the confounding effect of balance from motion perception in
neuroimaging analysis.

2.6. Vestibular agnosia classification

Vestibular perceptual thresholds from 37 healthy participants (Mean
Perceptual Thresholds: 0.76 deg./s?, SD = 0.42) were used to establish a
normative range. We previously used a more conservative approach by
classifying patients with having VA if their mean perceptual threshold
(average of perceptual thresholds in right and left direction rotations)
were above the mean + 3 standard deviation of the perceptual thresh-
olds of healthy controls [5]. This criterion enhances specificity but at the
cost of reduced sensitivity. We thus used a less conservative but arguably
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Fig. 1. Vestibular thresholds. Apparatus and methods. (A) Rotating Chair. (B) Representative raw traces of the signals during a chair rotation.

more objective approach for classification using all 76 participants
(healthy: 37; TBI: 39) through k-means clustering. We identified 3
clusters (Fig. 2): i) cluster 1 was composed of subjects with normal
perceptual thresholds (labeled as healthy controls and normal TBI in
Fig. 2); ii) cluster 2 was composed of subjects with moderately high
perceptual thresholds (labeled as healthy outliers and moderate VA TBI
in Fig. 2), and iii) cluster 3 was composed of subjects with high
perceptual thresholds (labeled as high VA TBI in Fig. 2). 19 TBI patients
from cluster 2 and 3 with moderately high and high perceptual thresh-
olds respectively (Mean Perceptual Thresholds: 4.20 deg./s%, SD =
3.92), were classified as having vestibular agnosia (VA+) whereas 20
TBI patients (Mean Perceptual Thresholds: 0.85 deg./sz, SD = 0.28)
clustered with the healthy subjects in cluster 1 were considered patients
without vestibular agnosia (VA-).

3. Neuroimaging

Historically, fMRI studies have assessed activity in grey matter [43]
whereas fMRI activity within the white-matter was considered noise.
However, recent evidence suggests that the BOLD signal in white matter
has similar hemodynamic response characteristics as in grey matter [20]

and the functional activity in underlying white-matter tracts maps along
the direction of white-matter tracts [13,14]. Several studies have re-
ported the presence of a white-matter functional architecture corre-
sponding to resting state functional activity [28,35,47] as well as task
related activity [27,28,38]. We thus performed neuroimaging analysis in
grey- and white-matter regions separately using resting-state fMRI
scans. After excluding 13 of 39 TBI patients due to different field of view
scanning parameters (n = 12 of 39) and different TR time (n = 1 of 39),
we were left with 26 TBI patients (11 VA+ and 15 VA-) whose data were
included in the neuroimaging analysis.

3.1. Control group

Healthy control data was not used in the imaging analysis and were
used only in supporting the classification of vestibular agnosia. Imaging
analysis compared TBI patients without vestibular agnosia (VA-) to TBI
patients with vestibular agnosia (VA+). Thus, we selected the VA- TBIL
patients as control group. Our rationale behind this was to minimize the
TBI specific findings and only identify the regions associated with
vestibular agnosia. Using healthy control group would result in
numerous findings that would be associated with brain injury and not
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Fig. 2. K-means clustering with 3 clusters. K-mean clustering was performed on subjects’ perceptual thresholds on right and left sides and three clusters

were determined.
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with vestibular agnosia per se, which is not the focus of this study. Thus,
we used VA+ and VA- for imaging comparisons and performed stringent
controls on imaging data for increasing the homogeneity between the
two patient groups.

3.2. Patient group

The detailed demographics of the patients included in this study (n =
26) are listed in Table 1. There were no differences in the age of the two
sub-groups (Mean + SD: VA+ group: 43 + 15.34 years; VA- group:
42.07 + 13.61 years) confirmed via independent t-test assuming un-
equal variances (t = 0.16, p > 0.05). Also, we had more males (n = 20)
than females (n = 6), however, chi-square test indicated no difference in
gender in the two sub-groups of VA+ (n = 4 females) and VA- (n = 2
females) (X2 = 0.257, p > 0.05).

Seven patients of n = 26 (3 vestibular agnosia (VA+) and 4 without
vestibular agnosia (VA-)) performed the behavioural testing while they
were on a medication. Four (1 VA+ and 3 VA-) of these 7 patients were
also scanned while they were prescribed a neuroactive medication. We
have reported the type of neuroactive medication of these patients in
Table 2. Previous reports show no evidence of an effect of medication on
the vestibular mediated self-motion perception [46,64] including a
double-blind, randomized control, crossover study, which showed that
Prochlorperazine has no effect upon any measure of nystagmic or
perceptual vestibular function [46].

We evaluated the vigilance of patients to see if there were any dif-
ferences between the two groups (VA+ and VA-). All patients performed
a reaction time task in which mean reaction times were measured from
stimulus onset to the time of the button press. For the patients included
in this study, we found that there was no significant difference (t
(19.853) = 0.846, p = 0.408) between the reaction times of the patients

Table 1
Patient demographics.

Table 2
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Patient medications.

Patient ~ Medication prescribed when behavioural Medication prescribed
testing performed when scanned

1 None None

2 Levetiracetam None

3 Levetiracetam None

4 None None

5 Levetiracetam Levetiracetam

6 None None

7 None None

8 None None

9 None None

10 None None

11 None None

12 None None

13 None None

14 None None

15 None None

16 NA NA

17 Levetiracetam Levetiracetam

18 Sertraline Sertraline

19 None None

20 Prochlorperazine None

21 None None

22 None None

23 None None

24 None None

25 None None

26 Modafinil Modafinil

NA: Missing information; None: No medication prescribed when laboratory
testing/scan was performed.

Pt Gender: GCS MOI Severity Injury to Injury to scan DAI on Vestibular CT brain lesions
Age MAYO lab (Days) MRI agnosia
testing
(Days)

1 M: 23 13 Assault  Mod-Sev 10 19 . 4 R Temporal pole & Qccipital SDH, R Temporoparietal
SAH, Frontal Contusions

2 F: 54 15 RTA Mod-Sev 5 10 - - R Cerebral & Frontal SDH

3 F: 59 14 Fall Mod-Sev 2 9 + + R Frontal Contusions, Contracoup L Anterior Temporal

4 M: 65 14 Fall Mod-Sev 21 21 - + R Frontal & Parietotemporal SDH, L SAH

5 M: 37 14 RTA Mod-Sev 11 11 + + None

6 F: 62 15 Fall Mild-Prob 13 22 - + None

7 M: 40 15 Fall Mod-Sev 4 13 - - R Parietal SAH

8 M: 58 15 Fall Mod-Sev 6 13 - L Frontal SAH

9 M: 42 15 RTA Mod-Sev 7 16 N ;;;mtal SAH, R Contracoup Temporo-occipital SAH, R

10 M: 30 15 Fall Mod-Sev 11 16 — — None

. L SAH & SDH, R Temporal Lobe Contusion, Bilateral

11  F: 60 15 Fall Mod-Sev 4 12 - - Frontal SAH and SDH

12 M: 47 15 Fall Mod-Sev 12 21 — — L SAH, L SDH

13 M:49 14 Fall Mod-Sev 19 25 - + Bifrontal and R Temporoparietal IPH, L SAH & SDH

14 M: 47 15 Fall Mod-Sev 15 21 _ R Parietal SDH, Haemorrhagic Contusion L Inferior
Temporal Pole

15 M: 24 8 Assault  Mod-Sev 20 26 + - R, L Temporal SDH, SAH

16  F: 40 13 Fall Mod-Sev 33 33 + - L Temporoparietal SDH

17 M:56 14 Fall Mod-Sev 15 23 - - R Frontal SDH, L Tentorium SDH

18  M: 39 15 Fall Mod-Sev 29 27 + — Bifrontal Contusions and SAH

19 M:18 15 RTA Mod-Sev 16 21 + + None

20 M:34 3 Assault ~ Mod-Sev 28 41 - + R Temporal & L Occipital SDH

21 M: 48 14 Fall Mod-Sev 14 31 — + Bifrontal SAH, SDH

22 M:59 15 Fall Mild-Prob 22 22 + - None

23 M:36 12 RTA Mod-Sev 77 77 - + L SDH, SAH (Right parietotemporal injury)

2%  F:20 15 RTA Mod-Sev 24 2% . _ R Parietal, R Anterior Temporal SDH, L Parietal and R
Frontal SAH

25 M:29 3 Fall Mod-Sev 27 28 - - L Frontal and Temporal SAH

26 M:28 14 RTA Mod-Sev 7 12 + - None

+/—: present/absent; DAL diffuse axonal injury; GCS: Glasgow Coma Scale (in Accident & Emergency); L: left; Mod/Sev/Prob: moderate/severe/probable; MOI:
mechanism of injury; R: right; RTA: road traffic accident; SAH: subarachnoid haemorrhage; SDH: subdural haemorrhage; IPH: intraparenchymal haemorrhage.
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with vestibular agnosia (VA+) and those without (VA-), confirmed via
Welch’s independent t-test (without equal variance assumption). Addi-
tionally, a Bayesian independent t-test showed a bayes factor of BFyg =
0.481, which is negligible evidence for the hypothesis that the mean
reaction times of two groups are different. Thus, both subgroups of pa-
tients performed the test equally well showing no effect of delayed
response due to inattention or sedatives.

We also performed Welch’s independent t-tests comparing the dif-
ference in “Days from injury to lab testing” and “Days from injury to
scan” between the subgroups VA+ and VA- (reported in Table 1). We
found no differences in the days from injury to lab testing of the two
subgroups (t(13.408) = 0.533, p = 0.533) with bayes factor of BFo =
0.441, nor was there any difference in days from injury to scan (t
(12.038) = 1.098, p = 0.294) with bayes factor of BF1y = 0.641, sug-
gesting no evidence of difference in time to test or scan from the injury.
Note that none of these tests were corrected for multiple comparisons as
to show that there was no or minimal heterogeneity in the sample of
patients.

3.3. Image acquisition

Structural and functional MRI images were acquired using a 3 T
Siemens Verio (Siemens) scanner, using a 32-channel head coil. The
scanning protocol included: (i) 3D T1-weighted images acquired using
MPRAGE sequence (image matrix: 256 x 256; voxel size: 1 x 1; Slices:
160; field of view: 256 x 256 mm; slice thickness: 1 mm; TR = 2300 ms;
TE: 2.98 ms); (ii) T2*-weighted images sensitive to blood oxygenation
level dependent (BOLD) signal for resting state fMRI (image matrix: 64
x 64; voxel size: 3 x 3 x 3 mm?; Slices: 35; field of view: 192 x 192 mm;
flip angle: 80°; slice thickness: 3 mm; TR = 2000 ms; TE: 30 ms; volumes
= 300; scan time = 10 min); and (iii) FLAIR scans (voxel size: 1 x 1 mm;
Slices: 160; field of view: 250 mm); slice thickness: 1 mm; TR = 5000 ms;
TE: 395 ms). Subjects were instructed to keep their eyes closed, stay
awake, and to try not to think of anything.

3.4. Preprocessing

Data were preprocessed using the CONN Toolbox [60] based on
Statistical Parametric Mapping (SPM12; http://www.fil.ion.ucl.ac.
uk/spm/). Preprocessing steps were as follows. (1) Realignment to
mean functional image, unwarping, and susceptibility distortion
correction. (2) Slice timing correction. (3) Functional outlier detection
using ART (artifact detection toolbox), with scans exceeding a conser-
vative framewise displacement threshold of 0.5 mm labeled as outliers
[48]. (4) Structural segmentation and normalization. (5) Indirect func-
tional normalization using deformation fields estimated from structural
normalization. (6) Group analysis space masks: two analysis space
masks were created: 1) grey-matter (GM) specific; 2) white-matter (WM)
specific. The individuals’ segmented masks were binarized (GM: p > 0.2;
WM: p > 0.8) and then averaged across subjects. To control for partial
volume effects, the average masks were then binarized at p > 0.7 for GM
specific mask and p > 0.9 for WM specific mask creation. (7) Smoothing
(6 mm FWHM) was performed within the grey- and white-matter using
GM and WM masks separately. (8) Subsequently, denoising was per-
formed in which six motion regressors (3 translational and 3 angular
motion), their temporal derivatives, mean cerebrospinal fluid, and
outlier scans identified by ART toolbox were regressed out. (9) Data
were then band-pass filtered with a frequency range of 0.008-0.1 Hz.
White matter activity and the global signal were not regressed out since
white-matter activity was the signal of interest whereas the global signal
regression is known to introduce negative correlations [40]. The mean
motion for the VA+ group (Mean + SD: 0.15 + 0.05) and for the VA-
group (Mean =+ SD: 0.17 + 0.06) was not different from each other when
compared statistically using two-sided independent t-test and assuming
unequal variances (p > 0.05).
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3.4.1. Lesion mapping

For lesion mapping, all intrinsic brain lesions were included whereas
extrinsic lesions (e.g. a subdural- haematoma) were not masked as le-
sions. We used a lesion prediction algorithm (LPA) in the Lesion Seg-
mentation Toolbox (v3.0.0) (http://www.applied-statistics.de/Ist.html)
to segment white-matter lesions in a fully automated way using FLAIR
scans. Lesion masks were then further inspected visually for any struc-
tural damage using T1-contrast scans. Any lesions identified in T1 scans
were mapped in a semi-automated way using MRIcron software [50].
The volume (in millilitres) of the lesion masks of the individuals was
then estimated in MRIcron. The mean lesion volume was higher in the
VA+ group (Mean =+ SD: 17.70 + 17.23) compared to VA- group (Mean
+ SD: 7.07 + 7.70), however, a two-sided independent t-test (assuming
unequal variances) showed that the lesion volumes were not signifi-
cantly different (p > 0.05). We also performed a point-biserial correla-
tion to confirm if there was a correlation between lesion volume and
vestibular agnosia, but we found no significant correlation (Pearson’s r
= 0.314, p > 0.05).

To increase the homogeneity between the two patient groups and to
remove any effects that can be explained due to brain lesions, we used
this estimated lesion volume as a confound regressor at group-level
analysis.

3.4.2. Control for partial volume effects

We used extremely stringent thresholds for creating group masks to
control for any partial volume effects. White matter masks were binar-
ized at p > 0.8 (compared to default of p > 0.5). Additionally, after
generating the average white-matter group mask, we binarized the mask
at an extremely conservative threshold of p > 0.9. Similarly, for grey
matter we used p > 0.2 threshold for generating binary mask and after
generating the average grey-matter group mask, we binarized it at a
conservative p > 0.7. This kind of stringent control for group masks is
not often performed and is likely to improve specificity of the analysis
and the homogeneity of the two patient groups.

3.4.3. Control for volume differences

To ensure that the group functional differences were not due to the
volumetric differences between the patient groups, we estimated grey-
and white-matter volumes of individuals by performing voxel based
morphometry (VBM) analysis using CAT12 software [22]. These volume
estimates were then used as confound regressors in group level analysis.

3.5. Second-level analysis

A group level analysis was performed to determine the differences
between VA+ (n = 11) TBI patients and VA- (n = 15) TBI patients.

3.5.1. Confound regressors

RMS sway and lesion volume were added as covariates in group-
analysis to remove the effects explained by balance and extent of
injury. In addition, volume regressors were also added to control for
tissue atrophy as a result of injury or volumetric differences between
subjects. Grey matter volume was added as a covariate in GM specific
analysis whereas white matter volume was added in WM specific
analysis.

3.5.2. Independent component analysis

Group independent component analysis (ICA) was performed to
assess the intra-network resting state differences between VA+ and VA-
groups using Fast ICA algorithm in CONN toolbox [60]. The optimal
number of the independent components (ICs) were estimated in the
GIFT toolbox (https://trendscenter.org/software/) using a modified
minimum description length algorithm (MDL). The optimal number of
ICs for GM specific analysis were found to be 38 and 10 for WM specific
analysis. In grey-matter, however, we estimated 15 ICs to reduce over-
fitting and sub-division of ICs, and to avoid statistical evaluation of
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multiple ICs.

3.5.3. Region of interest analysis

A ROI Analysis was used to assess the inter-network resting state
differences between VA+ and VA- groups. A ROI-to-ROI analysis as-
sesses the connectivity between all pairs of ROIs, using a ROI-ROI matrix
where each ROI is assumed to have a functional connection with all
other ROIs. The functional connections from each ROI to all other ROIs
are then compared statistically between the two groups (VA+ and VA-)
and corrected for multiple comparisons.

For GM specific ROI analyses, we used an atlas of resting state net-
works available with CONN toolbox, determined using Human Con-
nectome Project dataset of 497 subjects. We did not select specific ROIs,
but rather used all available ROIs (32 ROIs) for the ROI-ROI analysis.

Since there are no established white-matter resting-state networks,
white matter regions from the ICBM-DTI-81 atlas [39,44] were used as
ROIs. We used all 50 regions for the ROI-ROI analysis. Both of these are
equivalent to a whole brain analysis but at a network level instead of
voxel level.

4. Statistical analysis

The assumptions of Gaussian random field theory (RFT) are required
for whole brain analysis [41] and thus parametric RFT statistics are not
applicable for GM or WM specific analysis. Permutation statistics (non-
parametric), however, does not require Gaussian RFT assumptions [66].
Moreover, the choice of cluster height threshold (either p < 0.01 orp <
0.001) has no impact on false positive rate when using permutation
statistics for whole brain analysis as demonstrated in a previous study
[171.
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Thus, all group level differences in ICA and seed-based analysis were
evaluated using permutation statistics [4] and cluster mass FWE (family-
wise error) correction for multiple comparisons. Cluster height
threshold for all grey-matter specific analysis was selected as p < 0.001
and for all white-matter specific analysis as p < 0.01, as choice of height
thresholds reveal different architecture in grey- and white-matter. For
both GM and WM specific ROI analysis, ROI level FWE mass correction
for multiple correction was used.

The findings are reported as MNI coordinates (MNI: x, y, z). For
discussion purposes, findings from previous studies, if in Talairach
space, were converted to MNI using the Yale bioimage suite [33].

4.1. Sample size

Effect sizes in the TBI cohort are often large such that the differences
between patients are easily visible to the naked eye during the clinical
assessments. In our cohort, vestibular agnosia was not only apparent
during clinical assessment [5], the difference is also very large when
comparing objectively assessed perceptual thresholds of VA+ (4.20
deg./sz) vs VA- (0.85 deg./sz) with an effect size of Cohen’s d = 1.2.
Considering that this is the first study looking at the functional brain
correlates of VA, it was not possible to appropriately power the study
using previous data. However, from previous studies, it is evident that
even small sample sizes in TBI cohorts, such as 11 TBI with post-
traumatic amnesia (PTA) vs 8 TBI without PTA [9], 12 TBI with post-
concussion syndrome (PCS) vs 16 TBI without PCS [57], and 8 con-
cussed TBI vs 11 healthy [67] are adequate to identify functional brain
differences with decent effect sizes (Hedge’s g up to 1.8). Similarly,
functional brain differences in a group of 7 vs 7 TBI patients with
impaired or normal balance, which is also mediated by vestibular

-5.94
t-value

Fig. 3. GM Specific ICA. (A) Independent component 3. (B) Group comparison between VA+ and VA- patients showing decreased functional connectivity in two
clusters composed of right temporo-occipital fusiform cortex and left lingual gyrus. (colorbar represent t-values; voxel level p < 0.001 & cluster level p < 0.05).
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networks, have also recently been identified [63]. It follows that given
the stringent controls in the imaging analysis, the large clinical and
objective effect size, and a sample size comparable to other similar
rsfMRI studies in TBI, the likelihood of any false positives in our data is
low. Since no previous study has looked at vestibular agnosia, our study
will allow future sample size calculations for studies evaluating vestib-
ular agnosia.

5. Results
5.1. Independent component analysis

5.1.1. GM specific independent component analysis

To identify differences within specific grey-matter resting state net-
works, we looked at independent components. In grey-matter specific
ICA, group differences were identified in IC-3, a striatal resting-state
network largely composed of caudate and putamen, and also contain-
ing voxels from bilateral supplementary motor area (SMA), anterior
cingulate cortex, left-frontal pole, bilateral thalamus, and bilateral pre-
and post-central gyrus (Fig. 3A showing group independent component
estimated via group ICA). We found two clusters in which VA+ group
compared to VA- group had decreased functional connectivity. First
cluster (MNI coordinates: +30, —51, —21) was composed of 22 voxels
with 16 voxels at right temporo-occipital fusiform cortex and 6 voxels
comprising right cerebellum lobule VI, shown in Fig. 3B, slice z = —20 (t
(21) = —6.37, pFWE <0.05). Second cluster (MNI coordinates: —03,
—90, —09) was composed of 17 voxels with 13 voxels at left lingual
gyrus, 3 voxels comprising left occipital pole, and 1 voxel covering left

Journal of the Neurological Sciences 443 (2022) 120458

occipital fusiform gyrus, shown in Fig. 3B, slicesz = —14 toz = —8 (t
(21) = —6.12, pFWE <0.05).

Additionally, group differences were also identified in IC-12, a
lateral visual resting state-network largely composed of regions from
bilateral superior and inferior lateral occipital cortex and also included
clusters from bilateral insular cortex, bilateral post-central gyrus,
bilateral supramarginal gyrus, bilateral parahippocampal region, left
hippocampus, and right lingual gyrus (Fig. 4A showing group inde-
pendent component estimated via group ICA). We found a cluster in
which VA+ group compared to VA- group had decreased functional
connectivity. The cluster (MNI coordinates: +24, —54, —09) was
composed of 19 voxels with 10 voxels in right lingual gyrus, 6 in right
temporo-occipital fusiform cortex, 2 in right cerebellum lobule VI, and 1
voxel overlapping right cerebellum lobules IV, V. The regions are shown
in Fig. 4B, slices z = —20 to z = —8 (t(21) = —5.76, pFWE <0.05).

The findings in Figs. 3 and 4 are displayed on a representative brain;
for accurate anatomical locations we refer the reader to MNI coordinates
of cluster centres.

5.1.2. WM specific independent component analysis

To identify differences within specific networks, we looked at inde-
pendent components. We found no significant differences in functional
connectivity between VA+ and VA- group in white-matter specific ICA.

5.2. Regions of interest analysis

5.2.1. GM specific regions of interest analysis
For between resting-state network differences, we performed grey-

-5.54
R t-value

Fig. 4. GM Specific ICA. (A) Independent component 12. (B) Group comparison between VA+ and VA- patients showing showing decreased functional connectivity
in a cluster largely composed of right lingual gyrus and right temporo-occipital fusiform cortex (slices z = —20 to z = —8). (colorbar represent t-values; voxel level p <

0.001 & cluster level p < 0.05).
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Left ACR Right ACR

Left UNC:
Right SCR

Right SLF

Right PCR

Left PTR

Fig. 5. WM Specific ROI Analysis. 50 white-matter regions from ICBM-DTI-81
atlas were compared for differences in functional connectivity between VA+
and VA- groups. A difference in functional connectivity was found in a group of
ROI connections including left and right anterior corona radiata (ACR), right
superior corona radiata (SCR), right superior longitudinal fasciculus (SLF), right
posterior corona radiata (PCR), left uncinate fasciculus (UNC), and left poste-
rior thalamic radiation (PTR). Red represents the group of connections that
have higher functional connectivity in VA+ (vs VA-) and blue represents the
group of connections that have lower functional connectivity in VA+ (vs VA-).
(evaluated at p < 0.01).

matter ROI-ROI analysis. We found no significant differences in func-
tional connectivity between VA+ and VA- group in grey-matter specific
ROI-ROI analysis using 32 seed ROIs.

5.2.2. WM specific regions of interest analysis

For differences between white-matter networks, we looked at white-
matter ROI-ROI differences using 50 white-matter ROIs. WM specific
ROI analysis resulted in a single group of 6 connections (Fig. 5), (ROI
mass = 101.80, pFWE <0.05). This group was composed of: left and
right anterior corona radiata (ACR), right superior corona radiata (SCR),
right superior longitudinal fasciculus (SLF), right posterior corona
radiata (PCR), left uncinate fasciculus (UNC), and left posterior thalamic
radiation (PTR). The VA+ group in all of these ROIs had increased
functional connectivity with the left PTR except the left UNC, which had
decreased functional connectivity with the left PTR.

6. Discussion

Using DTI imaging, we previously identified that VA was linked to
imbalance via damage to the right ILF [5], however, we were unable to
identify the brain regions specifically explaining VA. Given our a priori
hypothesis that vestibular-motion perception is mediated by multiple
brain networks, we used resting-state fMRI to identify the functional
brain networks linked to vestibular agnosia. We found that vestibular
agnosia is linked to: (i) altered functional connectivity in a bilateral
white-matter network; and (ii) decreased functional connectivity in
bilateral lingual gyri (V3v/V4) and temporo-occipital regions.
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6.1. Vestibular agnosia and white-matter fMRI

Using white-matter ROI analysis, we found that vestibular agnosia
was linked to a bilateral and anterior-posterior network (Fig. 5)
composed of left and right anterior corona radiata (ACR), right superior
corona radiata (SCR), right superior longitudinal fasciculus (SLF), right
posterior corona radiata (PCR), left uncinate fasciculus (UNC), and left
posterior thalamic radiation (PTR). However, we did not find any dif-
ferences between VA+ or VA- groups when looking at white-matter ICA.

Abnormal DTI parameters in the same network of white-matter tracts
as we found (shown in Fig. 5), has previously been reported to be linked
with impaired balance in elderly patients with small vessel disease [51]1;
although this study did not assess patients’ ability to perceive self-
motion. Notably however, there are multiple accounts of VA in pa-
tients with small vessel disease and impaired balance [7,29,52], thus
suggesting the involvement of overlapping albeit distinct networks,
mediating multiple vestibular functions.

Electro-cortical stimulation to the right SLF [58] and left SLF [30]
induces sensations of self-motion in the yaw plane indicating a bilateral
coding of self-motion sensations via SLF. We also previously found that a
bilateral network mainly composed of the SLF was associated with the
duration of vestibular self-motion sensation following a whole body yaw
rotational acceleration (‘stopping responses’) in the dark in healthy
subjects [42]. Thus, our finding of right SLF is in line with previous
reports and complements the role of right SLF in self-motion processing
specifically in yaw-plane.

The left posterior thalamic radiation (PTR), bilateral superior corona
radiata (SCR), and right posterior corona radiata (PCR) have been linked
with impaired balance in mild TBI and elderly adults [23,51]. Since we
controlled for the variance explained by balance in our resting-state
analysis, our results suggest that these networks also have a unique
functional role in mediating yaw-plane perception of self-motion.

While we did not find any differences in white-matter ICA, in a
previous version of this analysis in which we completely removed in-
dividuals’ brain lesions from the group analysis mask (even though all
lesions were heterogenous), we found a large cluster in right SLF with
increased functional connectivity in the VA+ subjects [24]. However,
since lesions were heterogenous, we decided against this aggressive
control for lesions and included those regions in the group analysis mask
and instead used the lesion volume estimate as confound.

The absence of any significant group differences (VA+ vs VA-) in
white-matter ICA is not contradictory to ROI-ROI analysis. ROI analysis
was performed to assess if functional link between multiple resting-state
networks is altered in VA+ compared to VA- whereas ICA assessed if
functional connectivity within a particular resting-state network is
altered in VA+ compared to VA-. The absence of ROI-ROI difference
could reflect that individual white-matter resting-state networks are not
altered in vestibular agnosia, but insufficient power could also be the
reason of absence of these findings.

6.2. Vestibular agnosia and grey-matter fMRI

Using ICA we found decreased functional connectivity in two inde-
pendent components (ICs) in the VA+ group; one IC containing func-
tional differences composed of the left lingual gyrus and another
comprising functional differences within the same regions on right
hemisphere. In addition, both ICs also contained right temporo-occipital
fusiform cortex. Given our previous report of ILF white matter micro-
structural disruption in VA patients [5], and the known connectivity of
the ILF linking the temporal and lingual gyri [34,45], this pattern of
findings was perhaps predictable.

6.2.1. Role of lingual gyrus in self-motion processing

The lingual gyrus appears to be an important vestibular processing
hub that is also involved in visuo-vestibular motion processing
[12,49,69]. Indeed electrocortical stimulation of the lingual gyrus
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evoked a yaw-plane self-motion sensation [30]. Hence, in addition to
previous data implicating the lingual gyrus in motion processing, our
data further suggest that a right hemisphere network involving the
lingual gyrus and mid-temporal regions connected via the right ILF, is
involved in yaw-plane self-motion processing. However, it is important
to note that in our findings, the coordinates of cluster centres (MNI: 30,
—51, —21) and (MNI: 24, —54, —09) were more anterior in comparison
to [30] MNI: (26, —71, +5) as well as [12] MNI: (24, —82, —8). Thus, the
role of the lingual gyrus in processing of yaw-plane self-motion needs to
be further investigated.

6.2.2. Role of temporo-occipital fusiform cortex in self-motion processing

In addition, our findings also contained right temporo-occipital
fusiform cortex, which is also a part of higher order visual regions that
are involved in motion processing. Previous reports show that the oc-
cipital fusiform gyrus (V4) [12] and temporo-occipital junction (V5/
MT) are linked to BOLD activations during visual motion stimuli [71].
V5/MT is reported to show reduced BOLD activation during illusory
self-motion sensation [71], however, the fusiform gyrus (V4) is reported
to show BOLD increases [12] and decreases [3] in response to vestibular
stimulation. While human MT complex has been shown to be modulated
by vestibular stimulation [1,69], it is possible that activation of human
MT complex is due to the activation of MST, since another study has
shown strong vestibular modulation of MST with no effect in MT [56]. It
is however important to note that the human MT complex is located
more laterally (MNI Coordinates: (43, —63, —2) [1]; (39, —60, —8) [6])
compared to our finding of right temporo-occipital fusiform cortex (MNI
Coordinates: (30, —51, —21)), which is located more medially (Fig. 3B).

A recent study in patients with bilateral vestibulopathy [25], using
galvanic vestibular stimulation and putative vestibular regions as seed
ROIs (Parietal operculum (OP1 and OP4) and posterior insula (Ig2)),
reported a difference in connectivity of the seeds with the fusiform gyrus
(MNI: (24, —54, —15) & (21, —54, —15)) in the patients compared to
healthy. Notably the cluster centres of these findings are closer to the
cluster centres we report in this study (MNI Coordinates = IC3: (30, —51,
—21) & IC12: (24, —54, —09)). While we cannot comment on the
structural connectivity or the vestibular inputs to the temporo-occipital
fusiform cortex, the clusters with functional connectivity differences in
our study are similar to those reported previously [25] suggesting its
specific involvement in yaw-plane self-motion processing. However,
further investigation to establish causal and structural link of the fusi-
form region in yaw-plane self-motion perception is required.

6.2.3. Regions linked to visual and vestibular self-motion processing

Note that findings reported in our study are specific to impaired yaw-
plane self-motion sensation. Galvanic vestibular stimulation (GVS)
elicits head-centric roll-plane sensations [25,56] although occasionally
may elicit yaw sensations [56]. The visual motion processing areas,
which include human middle temporal complex (hMT+) [1], human
medial superior temporal area (hMST) [56], cingulate sulcus visual
(CSv) [1,56], posterior insular cortex (PIC) [1,37], ventral intraparietal
region (VIP) [1,56], and area V6 [1] are also activated in response to
GVS in the dark (i.e. without visual input) suggesting their link to
vestibular self-motion sensation. Area V6 and VIP have been reported to
have more sensitivity for pitch plane stimulation [1], which is congruent
with the observation that Smith and colleagues [56] did not observe
strong activations of these regions in response to GVS eliciting roll-plane
self-motion sensation. Whereas hMT+, CSv, and PIC show equivalent
sensitivity to both pitch or roll type of stimulus [1]. Since these regions
have not been specifically tested for yaw-plane sensations, it could
explain the absence of these regions in our findings. However, we cannot
objectively address the role of the above mentioned regions in self-
motion perception based on our findings.

6.2.4. Sensory integration and vestibular agnosia
Sensory integration is often considered to be a function of frontal
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brain regions such as regions in the salience resting state network e.g.
rostral prefrontal cortex (RPFC) [59]. One proposal posits an accumu-
lation of evidence, with perceptual ‘ignition’ ocurring following suffi-
cient accumulated evidence [10,11]. Thus, we suggest that VA could
arise either by a sensory integration disruption or by perceptual ignition
failure. Notably, a previous version of our data suggested involvement of
the salience resting state network in mediating VA [24].

6.2.5. Role of cerebellum in self-motion processing

Lastly, in both our ICA findings, the clusters also included some
voxels from cerebellum lobule VI (IC-3: 6 voxels; IC-12: 2 voxels), which
has previously been shown to have greater fMRI activation in response
to vestibular stimulation but is also activated during simultaneous visuo-
vestibular stimulation [12], however, the interpretation of these find-
ings is limited by the small number of voxels lying in these regions.

6.2.6. Absence of grey-matter differences in ROI analysis

While we found group differences (VA+ vs VA-) in grey-matter ICA,
we did not find any group differences in grey-matter ROI-ROI analysis.
The absence of ROI-ROI differences in grey-matter could reflect that
VA+ and VA- had no differences in functional association between
multiple resting-state networks. However, the absence of the group
differences is not contradictory to our ICA findings, since ICA assessed
whether a particular resting-state network was altered in VA+ compared
to VA-, as opposed to the ROI-ROI analysis, which assessed if the func-
tional link between multiple resting-state networks is altered in VA+
compared to VA-.

7. Limitations

Vestibular agnosia (VA), while clinically apparent, can currently
only be objectively identified via self-motion perception testing in a
rotatory-chair in dark. Moreover, VA is classified based on a continuous
parameter i.e. sensory thresholds of motion perception, and thus mild or
borderline cases may or may not be classified as having VA. Another
limitation of the study is the relatively small sample size. This was partly
due to a limited number of vestibular agnosia patients, which is un-
avoidable considering that prevalence of VA is not yet known, and pa-
tients are classified post-hoc based on objective laboratory testing.
However, our sample size is comparable to previous fMRI studies in
traumatic brain injury [9,57,63].

VA is known to impact frail elderly fallers [7,29,52,53,70] and
neurodegeneration patients [65], however an advantage of our patient
group was their relative young age and good premorbid health
excluding incipient neurodegenerative disease (given our stringent
exclusion criteria), hence the findings reported herein were over-
whelmingly related to the acute TBI and not to other chronic underlying
disease.

In addition to controlling for TBI specific findings, we performed
stringent controls of imaging data to increase between group homoge-
neity of TBI patients. Since we did not find any functional differences in
default-mode network (one of the resting state networks commonly
effected in TBI), we think that our findings are non-TBI specific.

One limitation of this study is lack of a priori control for the effects of
medication. Due to the acute prospective nature of our study, some
patients performed the behavioural testing and were scanned while they
were prescribed neuroactive medications. While we found no differ-
ences in vigilance of our study subgroups, we cannot objectively
comment if the behavioural measures or scans were affected in our
patients due to neuroactive medications.

8. Conclusion
Our data provide the first evidence linking resting-state functional

networks to vestibular agnosia — impaired self-motion perception in
yaw-plane. More specifically, we show that yaw-plane self-motion



Z. Hadi et al.

perception is mediated via bihemispheric brain networks, composed of
posterior vestibular regions involved in sensory processing, higher order
posterior regions involved in perceptual ignition, and possible involve-
ment of anterior regions associated with sensory integration.
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