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Abstract

Activation of the peripheral vestibular apparatus simultaneously elicits a reflex vestibular
nystagmus and the vestibular perception of self-motion (vestibular-motion perception) or
vertigo. In a newly characterised condition called Vestibular Agnosia found in conditions with
disrupted brain network connectivity, e.g. traumatic brain injury (TBI) or neurodegeneration
(Parkinson’s Disease), the link between vestibular reflex and perception is uncoupled, such
that, peripheral vestibular activation elicits a vestibular ocular reflex nystagmus but without
vertigo. Using structural brain imaging in acute traumatic brain injury, we recently linked
vestibular agnosia to postural imbalance via disrupted right temporal white-matter circuits
(inferior longitudinal fasciculus), however no white-matter tracts were specifically linked to
vestibular agnosia. Given the relative difficulty in localizing the neuroanatomical correlates of
vestibular-motion perception, and compatible with current theories of human consciousness
(viz. the Global Neuronal Workspace Theory), we postulate that vestibular-motion perception
(vertigo) is mediated by the coordinated interplay between fronto-parietal circuits linked to
whole-brain broadcasting of the vestibular signal of self-motion. We thus used resting state
functional MRI (rsfMRI) to map functional brain networks and hence test our postulate of an
anterior-posterior cortical network mediating vestibular agnosia. Whole-brain rsfMRI was
acquired from 39 prospectively recruited acute TBI patients (and 37 matched controls) with
preserved peripheral and reflex vestibular function, along with self-motion perceptual
thresholds during passive yaw rotations in the dark, and posturography. Following quality
control of the brain imaging, 25 TBI patients’ images were analyzed. We classified 11 TBI
patients with vestibular agnosia and 14 without vestibular agnosia based on laboratory testing
of self-motion perception. Using independent component analysis, we found altered functional
connectivity within posterior (right superior longitudinal fasciculus) and anterior networks (left
rostral prefrontal cortex) in vestibular agnosia. Regions of interest analyses showed both inter-
hemispheric and intra-hemispheric (left anterior-posterior) network disruption in vestibular
agnosia. Assessing the brain regions linked via right inferior longitudinal fasciculus, a tract
linked to vestibular agnosia in unbalanced patients (but now controlled for postural imbalance),
seed-based analyses showed altered connectivity between higher order visual cortices involved
in motion perception and mid-temporal regions. In conclusion, vestibular agnosia in our patient
group is mediated by multiple brain network dysfunction, involving primarily left frontal and
bilateral posterior networks. Understanding the brain mechanisms of vestibular agnosia

provide both an insight into the physiological mechanisms of vestibular perception as well as
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an opportunity to diagnose and monitor vestibular cognitive deficits in brain disease such as

TBI and neurodegeneration linked to imbalance and spatial disorientation.

Keywords: vestibular agnosia; self-motion perception; traumatic brain injury; vestibular

cognition; vertigo; resting-state functional connectivity.

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’) (Calzolari et al., 2021). Vestibular agnosia has also been
recorded in elderly patients, typically with small vessel disease and imbalance (Chiarovano et
al., 2016; Imbaud Genieys, 2007; Seemungal, 2006), and in patients with advanced Parkinson’s
Disease with falls (Yousif et al., 2016). The clinical consequences of VA, in which there is an
uncoupling of symptomatic complaint from objective deficit, include impaired recognition by
clinicians of easily treatable balance diagnoses in acute cases (due to patients’ lack of vertigo
complaint), and reduced reliability of a retrospective clinical history which also impedes
accurate diagnosis in the chronic setting (Seemungal, 2016). We also noted that TBI patients
with VA showed greater postural instability than TBI cases without VA, and combined with
the previous report in PD patients with imbalance, suggests a link between VA and imbalance
(Calzolari et al., 2021; Yousif et al., 2016).

We recently showed that in acute TBI patients with imbalance, objective laboratory-obtained
measures of VA correlate with impaired brain structural integrity in the white matter (identified
using diffusion tensor imaging - DTI) in the right inferior longitudinal fasciculus (ILF)
(Calzolari et al., 2021). This DTI analysis thus identified the overlap in imbalance and VA,
however the neural correlates distinct to VA were not identified since a whole brain correlation
with VA scores did not reach significance. One explanation is that our study was not
appropriately powered - despite the very large clinical effect size - to detect the damaged white
matter integrity mediating VA. Another explanation is that VA could arise from disconnections
in separate (i.e. non-overlapping) hubs in the whole brain connectome. Put another way, VA is
not linked to damage in a unique brain region but could arise from damage to a number of

distinct brain networks.
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There is evidence to support the notion that self-motion perception is not localizable. We
previously showed that the duration of vertigo sensation in the dark (elicited by a rapid stop
from constant angular rotation) in healthy individuals correlated with a widespread, bilateral
white matter network (Nigmatullina et al., 2015). Subsequent tractography studies also showed
that vestibular networks are bihemispheric linked via the corpus callosum (Kirsch et al., 2016;
Wirth et al., 2018). In support of a diffused coding for self-motion perception is the lack of
effect of acute focal stroke (or focal neurostimulation) on vestibular-motion perception (Kaski
et al., 2016; Seemungal et al., 2008).

Perhaps significantly, although we found that most TBI patients with VA were unbalanced,
some patients with severe VA had normal balance, indicating that there are at least two distinct
hubs linked to VA, i.e., one related to postural control and one which is unrelated to postural
control (Calzolari et al., 2021). Assuming that VA in our cohort is not linked to disconnection
of ascending vestibular signals to cortical level (on the basis that such an anatomical
disconnection at thalamic level would be associated with severe disability incompatible with
laboratory assessment), it follows that a parsimonious hypothesis underlying VA suggests that
there are (at least) two main network hubs linked to VA, a posterior brain network which
receives the main bottom-up vestibular signals that mediates a sensory processing and
sensorimotor functions (e.g. postural control, spatial orientation), and an anterior network
linked to perceptual ignition (Del Cul et al., 2007). Thus, dysfunction of the posterior network
should always be linked to loss of perception via impaired afferent signal processing and
associated sensorimotor impairment (e.g. imbalance); whereas dysfunction of the anterior
‘ignition’ network mediating vestibular perceptual ignition will mediate VA but not necessarily
sensorimotor dysfunction (if the posterior network is intact). Obviously, most patients with
severe TBI with widespread disconnection will manifest combined deficits. We thus postulate
that vestibular-motion perception (vertigo), is mediated by the coordinated interplay between
fronto-parietal circuits linked to whole-brain broadcasting of the vestibular signal of self-

motion.

To test our postulate of an anterior-posterior cortical network mediating vestibular agnosia, 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 functional connectivity within
posterior networks, and (iii) inter-network impaired functional connectivity. We further
hypothesize that posterior networks containing putative vestibular regions (parieto-insular

vestibular cortex, mid temporal regions) will have disrupted functional projections. Finally,
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since we previously showed that VA was linked to imbalance via damage to the right inferior
longitudinal fasciculus (ILF) (Calzolari et al., 2021) and ILF connects higher order visual
cortices to the temporal regions (Latini et al., 2017; Panesar et al., 2018), we probed the cortical
regions mapped by right ILF using lingual gyrus as seed, which is often linked to motion- and
illusion-perception (Cha & Chakrapani, 2015; Della-Justina et al., 2014; Kahane et al., 2003;
Roberts et al., 2017). To assess our predictions, we evaluated functional connectivity via resting

state fMRI (rsfMRI) in both grey and white matter brain networks.

2 Material and Methods

2.1 Participants and Recruitment

The data reported in this paper was collected as part of an MRC-funded prospective study
(Calzolari et al., 2021). Thirty-nine acute TBI patients 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,;
(i1) age 18-65; (iii) preserved vestibular function. Exclusion criteria were: (i) additional active
pre-morbid medical, neurological, or psychiatric condition (unless inactive or controlled); (ii)
musculoskeletal 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, posturography, neuroimaging, and questionnaires for
perceived balance, and cognitive examination. The details for all tests has been reported
previously (Calzolari et al., 2021). Procedures involved in assessment of peripheral vestibular
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
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constant rotation was used to assess peripheral dysfunction. All TBI patients included in the

study had intact peripheral vestibular function (Calzolari et al., 2021).

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 (Calzolari et al., 2021).
Figure 1 shows the apparatus used to determine participants’ vestibular-perceptual thresholds
during passive yaw-plane rotations in the dark (Seemungal et al., 2004). Participants sat on a
rotating chair in dark and were instructed to press right or left button as soon as they perceive
the rotation in respective direction (Figure 1A and Figure 1B). Lights were turned on after each
trial in order to allow the decay of post-rotatory vestibular effects. White noise was provided
via 2 speakers (for each ear) attached with the chair to mask any auditory cues from the

environment.
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Figure 1. Vestibular thresholds. Apparatus. (A) Rotating Chair. (B) Raw traces for two

subsequent rotations for a patient.

2.5 Posturography

Postural sway was assessed using a force platform for 60 seconds 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 be the condition that best predicts difference in balance
between TBI patients and healthy controls (Calzolari et al., 2021). Root mean square (RMS)

sway calculated using custom MATLAB scripts, during SC condition was thus chosen as the


https://doi.org/10.1101/2021.12.03.471139
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.03.471139; this version posted December 7, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

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 were used to establish a
normative range. We have previously used a more conservative approach by classifying
patients with having VA if their mean perceptual threshold (average of thresholds in right and
left direction rotations) were above the mean + 3 standard deviation of the perceptual thresholds
of healthy controls (Calzolari et al., 2021). This criterion enhances specificity but at the cost of
reduced sensitivity. We thus used a slightly lenient and arguably objective approach for
classification using all 76 subjects (healthy: 37; TBI: 39) through k-means clustering. We
identified 3 clusters (Figure 2): i) cluster 1 was composed of subjects with normal perceptual
thresholds (labeled as healthy controls and normal TBI in Figure 2); ii) cluster 2 was composed
of subjects with moderately high perceptual thresholds (labeled as healthy outliers and
moderate VA TBI in Figure 2), and iii) cluster 3 was composed of subjects with high perceptual
thresholds (labeled as high VA TBI in Figure 2). 19 TBI patients from cluster 2 and 3 with
moderately high and high perceptual thresholds respectively, were classified as having
vestibular agnosia (VA+) whereas 20 TBI patients clustered with the healthy subjects in cluster
1 were considered patients without vestibular agnosia (VA-). 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-) who were
considered the control group, with TBI patients with vestibular agnosia (VA+).
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Figure 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.

3 Neuroimaging

Historically, fMRI studies have assessed activity in grey matter (Ogawa et al., 1992) 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 (Fraser et al., 2012) and the functional activity in underlying
white-matter tracts maps along the direction of white-matter tracts (Ding et al., 2013, 2016).
Several studies have reported the presence of a white-matter functional architecture
corresponding to resting state functional activity (Huang et al., 2020; Li et al., 2020; Peer et
al., 2017) as well as task related activity (Huang et al., 2018, 2020; Marussich et al., 2017).

We thus performed neuroimaging analysis in grey- and white-matter regions separately using
resting-state fMRI scans. After excluding 14 of 39 TBI patients due to different field of view
scanning parameters (n = 12 of 39), excessive motion artifacts (n = 1 of 39), and failed
segmentation (n = 1 of 39), we were left with 25 TBI patients (11 VA+ and 14 VA-) whose

data were included in the neuroimaging analysis.
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3.1 Image Acquisition

Structural and functional MRI images were acquired using a 3T 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 x 1
mm?; Slices: 160; field of view: 256 x 256 mm; slice thickness: 3 mm; TR = 2300 ms; TE: 2.98
ms); and (i) 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 minutes). Subjects were instructed to keep their eyes closed,
stay awake, and to try not to think of anything.

3.2 Preprocessing

Data were preprocessed using the CONN Toolbox (Whitfield-Gabrieli & Nieto-Castanon,
2012) 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 framewise
displacement of 0.5 mm were labeled as outliers (Power et al.,, 2012). (4) Structural
segmentation and normalization. (5) Functional normalization using deformation fields
estimated from structural normalization. (6) Semi-automated lesion masking using T1 images
with ITK-SNAP software (Yushkevich et al., 2006) and subtraction of lesions from individual
participants’ segmented maps. (7) Group analysis space masks: two analysis space masks were
created: 1) grey-matter (GM) specific; 2) white-matter (WM) specific. Segmented masks of
individual participants were intersected with functional masks to remove regions with missing
functional data. These individual masks were binarized (GM: p > 0.2; WM: p > 0.8) and then
averaged across subjects. VVoxels identified in >70% subjects were used for GM specific mask
creation whereas voxels in >90% were selected for WM specific mask creation. (8) Lesion
masks of all subjects were then combined and subtracted from the two group analysis space
masks. (9) Smoothing (6 mm FWHM) was performed within the grey- and white-matter using
GM and WM masks separately. (10) Subsequently, denoising was performed using aCompCor
(Behzadi et al., 2007) approach as implemented in CONN, in which six motion regressors (3
translational and 3 angular motion), their temporal derivatives, cerebrospinal fluid (10 principal
components), and outlier scans identified by ART toolbox were regressed out. One subject with

>50% (199 of 300) outlier scans was removed from the analysis. (11) Data was then band-pass
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filtered with 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 (Murphy et al., 2009).

3.3 Second-Level Analysis

Group level analysis was performed to determine the differences between VA+ (n = 11) TBI
patients and VA- (n = 14) TBI patients. 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. Grey
matter volume was added as a covariate in GM specific whereas white matter volume was

added in WM specific analysis.

3.3.1 Independent Component Analysis

Group ICA was performed to assess the intra-network resting state differences in VA+ and
VA- groups using Fast ICA algorithm in CONN toolbox (Whitfield-Gabrieli & Nieto-
Castanon, 2012). 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 GM specific ICA, independent components containing putative vestibular regions (i.e.
parietal operculum (OP2), temporo-parietal, mid temporal, thalamus, and insular regions) were
considered components of interest and were evaluated for group comparisons (VA+ vs VA-).

All 10 independent components were evaluated for group comparisons in WM specific ICA.

3.3.2 Region of Interest Analysis

ROI Analysis was used to assess the inter-network resting state differences between VA+ and
VA- groups. To select the network ROIs, we used the dice coefficient, which is a measure of
spatial overlap between two images. The dice coefficient was measured for overlap between
standard atlases and the independent components from our GM- and WM-specific ICA. For
GM specific ROI analysis, we used an atlas of resting state networks available with CONN
toolbox, determined using Human Connectome Project dataset of 497 subjects. Resting state
network ROIs with dice-coefficient > 0.1 (25 ROIs) were included in GM specific ROI
analysis. Grey-matter resting state networks have been shown to have the dice-coefficients
greater than 0.1 (Branco et al., 2016, 2020; Tie et al., 2014).

10
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Since there are no established white-matter resting-state networks, white matter regions from
the ICBM-DTI-81 atlas (Mori et al., 2008; Oishi et al., 2008) were used as ROIs. The regions
with the dice-coefficient > 0.01 (29 ROIs) were included in WM specific ROl analysis. As only
10 independent components were estimated in WM specific ICA, the components were not
sufficient to resolve all white-matter regions available in the ICBM-DTI-81 atlas with a
considerable value of the dice-coefficient. Thus, we used a lenient cut-off for the dice-

coefficient in WM specific ROI analysis to include more white-matter regions in the analysis.

3.3.3 Seed-Based Analysis

For testing the hypothesis that posterior networks containing putative vestibular regions will
have disrupted functional projections, we selected 3 resting-state networks determined via GM
specific ICA as seeds (supplementary Figure S1). All three networks contained regions from
PIVC (parietal operculum), mid temporal, and insular regions. Furthermore, we probed the
brain regions mapped by ILF using bilateral lingual gyri as seeds using default atlas of CONN,

which is a combination of the Harvard-Oxford atlas and the AAL atlas.

4 Statistical Analysis

The assumptions of gaussian random field theory (RFT) are required for whole brain analysis
(Nichols, 2012) 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 (Zhang et al., 2009). Moreover, the choice of cluster height threshold (either
p<0.01 or p<0.001) has no impact on false positive rate when using permutation statistics for

whole brain analysis as demonstrated in a previous study (Eklund et al., 2019).

Thus, all group level differences in ICA and seed-based analysis were evaluated using
permutation statistics (Bullmore et al., 1999) and cluster mass FDR correction as implemented
in the CONN toolbox. 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 WM specific ROI analysis, a connection level threshold of p<0.01 and ROI level FDR
mass correction was used. For GM specific ROI analysis, we used a parametric multivariate
pattern analytic (MVVPA) measure called “Functional Network Connectivity” (Jafri et al., 2008)
implemented in the CONN toolbox.
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5 Results

5.1 Independent Component Analysis
5.1.1 GM Specific Independent Component Analysis

Group differences were identified in I1C-8, a resting-state network largely composed of bilateral

superior and mid temporal regions of posterior division and of temporooccipital part (Figure

3A). VA+ group compared to VA- group had decreased functional connectivity at right intra-
calcarine cortex (MNI coordinates: 06, -72, 12) in 1C-8, shown in Figure 3B (t(20) = -4.42,
pFDR < 0.05; effect size = -3.79).

z=12 y=-72 x=6 -4.55

Figure 3. GM Specific ICA. (A) Independent component 8. (B) Group comparison between
VA+ and VA- patients showing decreased functional connectivity in right intra-calcarine
cortex inside the independent component-8.

Additionally, group differences were also identified in 1C-18, a resting state-network composed
of regions from bilateral rostral prefrontal cortex, bilateral hypothalamus and thalamus (Figure
4A). VA+ group compared to VA- group had increased functional connectivity at left frontal
pole (MNI coordinates: -42, 48, 00) in 1C-18, shown in Figure 4B (t(20) = 5.43, pFDR < 0.05;
effect size = 4.582).
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14.19

z=0 y =48 X =-42

Figure 4. GM Specific ICA. (A) Independent component 18. (B) Group comparison between
VA+ and VA- patients showing increased functional connectivity at left frontal pole inside the

independent component-18.

5.1.2 WM Specific Independent Component Analysis

In IC-8 (Figure 5A), we found that VA+ compared to VA- group had increased functional
connectivity (t(20) = 6.34, pFDR < 0.05; effect size = 1.629) in a cluster (MNI: 39, -51, 06)
composed of right superior longitudinal fasciculus (SLF), right posterior thalamic radiation
(PTR), right retrolenticular part of internal capsule (RLIC), and right sagittal stratum (SS),
shown in (Figure 5B).
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Figure 5. WM Specific ICA. (A) Independent component 8. (B) Group comparison between
VA+ and VA- patients showing a cluster predominantly composed of right superior

longitudinal fasciculus.

5.2 Regions of Interest Analysis

5.2.1 GM Specific Regions of Interest Analysis

GM specific ROI analysis resulted in a single group of 2 ROI connections (Figure 6A) with
significant differences in functional connectivity in the VA+ compared to VA- group (F(2,19)
= 16.23, pFDR < 0.01). The 2 connections were between the following resting state networks:
1) posterior division of left superior temporal gyrus (pSTG L) and anterior cerebellar network
ROIs, with VA+ group showing increased functional connectivity compared to VA- group; 2)
posterior division of right superior temporal gyrus (pSTG R) and posterior cerebellar network
ROIs, with VA+ group showing decreased functional connectivity compared to VA- group. As
ROI analysis does not provide localization, we performed a post-hoc seed-based analysis using
the bilateral pSTG resting networks as seeds to possibly localise regions in the cerebellar
networks. We found no significant differences between VA+ and VA- groups after correction
for multiple comparisons, however results with uncorrected cluster p-values are reported here
to provide some localisation. Post-hoc seed based analysis revealed two clusters (Figure 6B):
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1) cluster 1 with MNI coordinates of cluster centre (-09, -75, -21) with regions including left
cerebellum 6 and left cerebellum crus 1 (F(2,19) = 29.04, p < 0.01 uncorrected); 2) cluster 2

with MNI coordinates of cluster centre (+30, -63, -21) and was composed of right cerebellum
6 (F(2,19) = 16.31, p < 0.05 uncorrected).
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Figure 6. GM Specific ROl Analysis. (A) Bilateral connections between superior temporal
gyrus and cerebellar resting state ROIs. (B) Regions within cerebellum resting state ROIs
localised to left cerebellum 6, left cerebellum crus 1, and right cerebellum 6 using bilateral
superior temporal gyri as seeds.

5.2.2 WM Specific Regions of Interest Analysis

WM specific ROI analysis resulted in a single group of 6 connections (Figure 7), all with
increased functional connectivity in VA+ compared to VA- group (ROl mass = 66.17, pFDR
<0.05). Genu of corpus callosum (GCC), left superior longitudinal fasciculus (SLF), right SLF,
left superior corona radiata (SCR), left posterior thalamic radiation (PTR), and left superior
fronto-occipital fasciculus (SFOF) were all functionally connected to left anterior corona
radiata (ACR), shown in Figure 7.
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Figure 7. WM Specific ROl Analysis. (A) A group of ROI connections including genu of
corpus callosum (GCC), left superior longitudinal fasciculus (SLF), right SLF, left superior
corona radiata (SCR), left posterior thalamic radiation (PTR), and left superior fronto-occipital
fasciculus (SFOF), all functionally linked to left Anterior Corona Radiata (ACR).

5.3 Seed-Based Analysis

5.3.1 Regions with Altered Functional Connections to Vestibular Networks

IC-13, IC-20, and IC-23, determined via GM specific ICA and composed of putative vestibular
regions, were selected as seeds for seed-based analysis (supplementary Figure S1). We found
that left thalamus (MNI: -12, -27, 12) had increased functional connectivity with the seed
networks (F(3,18) = 24.72, pFDR < 0.05) in VA+ group compared to VA- group (Figure 8A).
The region was localised to be a part of antero-dorsal thalamus (medial and lateral) using
Melbourne Subcortex Atlas (Tian et al., 2020).

5.3.2 Disconnection Between Temporal and Higher Order Visual Cortices
Using bilateral lingual gyrus (LG) as seed regions, we found a cluster composed of superior

and mid temporal regions with increased functional connectivity in the VA+ compared to the
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VA- group (F(2,19) = 23.47, pFDR < 0.05). MNI coordinates of cluster centre were (60, -27,

00) and the cluster was composed of superior and mid temporal regions (Figure 8B).
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Figure 8. Disconnection between temporal and higher order visual cortices. (A) Left
thalamus had increased functional connectivity with putative vestibular regions. (B) Increased
functional connectivity of right mid- and superior-temporal regions when using bilateral lingual

gyri as seed.

5.4 Discussion

Using DTI imaging, we previously identified that VA was linked to imbalance via damage to
right ILF (Calzolari et al., 2021), however, we were unable to identify 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 brain regions functionally
associated with vestibular agnosia. We found that vestibular agnosia is linked to: (i) increased
functional connectivity in a bilateral white-matter network; (ii) increased functional
connectivity in SLF; (iii) a disrupted functional link between regions mapped by ILF (Lingual
gyrus (V3v/V4) and mid/superior temporal regions); (iv) a disrupted functional link between
the left thalamus and resting state networks containing putative vestibular regions (PIVC,

insular, and superior/mid temporal regions).
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5.4.1 Vestibular Agnosia and White-Matter fMRI

Using white-matter ICA, we found that vestibular agnosia was linked to a cluster
predominantly composed of right superior longitudinal fasciculus (SLF). The cluster also
included voxels from right posterior thalamic radiation (PTR), right retrolenticular part of

internal capsule (RLIC), and right saggital stratum (SS) (Figure 5B).

A previous study has shown that electrical stimulation of the right SLF in awake neurosurgery
provokes sensations of vertigo (Spena et al., 2006). Similarly, another study found that left SLF
electrical stimulation evoked a more complex illusion of flying (Kahane et al., 2003). This
indicates a bilateral coding of self-motion sensations via SLF. We also previously found that a
large white-matter cluster in temporo-parietal region mainly composed of the SLF and more
prominent in the right hemisphere, was linked to duration of vertigo sensation in healthy
subjects (Nigmatullina et al., 2015). In addition to the involvement of SLF in mediating vertigo
sensations, the SLF importantly, connects temporo-parietal regions with frontal cortex
(Barbeau et al., 2020). This connection may mediate anterior-posterior connectivity involved
in transmitting (a) bottom-up vestibular signals to frontal cortex for sensory gating; (b)
recurrent activity following frontal sensory gating to posterior regions for signal amplification

as hypothesized by the Global Neuronal Workspace theory (Baars, 2005; Newman et al., 1997).

The right retrolenticular internal capsule (RLIC) and right posterior thalamic radiation (PTR)
have been linked with impaired balance in mild TBI and elderly adults (Gattu et al., 2016;
Rosario et al., 2016), which we also found in our cohort of moderate-severe TBI (Calzolari et
al., 2021). Impaired DTI parameters in RLIC are also known to be associated with impaired
spatial navigation (Wu et al., 2016). Since we controlled for the variance explained by balance
in our resting-state analysis, our results suggest that the RLIC may also participate in a network
mediating multiple vestibular functions, such as balance, spatial navigation, and vestibular
perception of self-motion, i.e. this region may function as a vestibular hub. Furthermore, we
have also previously reported that right posterior thalamic radiation (PTR) and the right saggital
stratum (SS) are linked to vestibular perception of self-motion in patients with impaired balance
(Calzolari et al., 2021). Our results from resting-state analysis confirm the specific role of right
PTR and right SS in mediating vestibular perception of self-motion. Notably the right ILF tract
passes through the right SS, and right ILF intra-cortical electrical stimulation evokes yaw-plane

rotational vertigo sensation (Kahane et al., 2003).
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While our ICA results show differences predominantly in the right hemisphere, the white-
matter network found in ROl analysis is left lateralized with two interhemispheric connections,
firstly, between the left anterior corona radiata (ACR) and right SLF and secondly a callosal
connection between left ACR and genu of corpus callosum (GCC) (Figure 7). Abnormal DTI
parameters in the same network of white-matter tracts shown in Figure 7 has previously been
reported to be linked to impaired balance in elderly patients with small vessel disease (Rosario
etal., 2016), although this study did not assess patients’ ability to perceive self-motion. Notably
however, there are multiple accounts of VA in patients with small vessel disease and impaired
balance (Chiarovano et al., 2016; Imbaud Genieys, 2007; Seemungal, 2006), thus suggesting
the involvement of overlapping albeit distinct networks, mediating multiple vestibular

functions.

It is possible that the right lateralized differences from ICA could have altered the functional
activation in multiple bilateral networks that are involved in self-motion perception. However,
since each patient did not have purely right lateralised damage, damage to any part of these
multiple bilateral networks could possibly result in altered connectivity of the networks
involved in self-motion perception leading to VA. Furthermore, since the inter-network ROI
findings also include corpus callosum, it is possible that damage to corpus callosum, common
in TBI (Ghajari et al., 2017; Jolly et al., 2020), could have exclusively caused VA, in at least
some of our subjects. Another possibility is that the vestibular processing of self-motion is
predominantly right hemispheric and the left lateralized networks identified in our results are
due to the overactivity in the left hemisphere, either as a compensatory response to right
hemispheric function, or due to loss of right hemispheric inhibition upon left hemisphere
activity, or both.

There has been only one human study assessing the effect of acute focal lesions upon the
vestibular sensation of self-motion which did not find any patients with vestibular agnosia
(Kaski et al., 2016). In contrast, a number of other vestibular related function are affected by
focal lesions such as deficits in the visual vertical linked to focal lesions in PIVC (Baier et al.,
2013) and vestibular-guided spatial disorientation with focal lesions in right temporo-parietal
junction (Kaski et al., 2016). Furthermore, we have previously shown that the duration of
vestibular-motion perception is linked to a widespread bilateral white-matter network
(Nigmatullina et al., 2015). Indeed tractography studies indicate a bihemispheric vestibular
network linked via the corpus callosum (Kirsch et al., 2016; Wirth et al., 2018). Accordingly,
our finding suggesting that damaged bilateral white matter network mediates vestibular agnosia
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seem more likely than that of a compensatory network, although the two possibilities are not

mutually exclusive.

5.4.2 Vestibular Agnosia and Grey-Matter fMRI

Using ICA we found that a decreased activity, of the right Intra Calcarine Cortex (ICC) in a
bilateral mid-temporal resting-state network, and an overactivation of left frontal pole in a
bilateral rostral prefrontal cortical network, were linked to vestibular agnosia.

Various sites in the mid-temporal gyrus have previously been shown to produce rotational
sensation of self-motion induced by intra-cortical electrical stimulation (Kahane et al., 2003)
and are also activated in response to non-invasive galvanic stimulation (Della-Justina et al.,
2014). Additionally, the calcarine region is often shown to be linked with visual motion and
visuo-vestibular interaction (Cha & Chakrapani, 2015; Della-Justina et al., 2014). Since the
ILF connects the calcarine and temporal regions (Latini et al., 2017; Panesar et al., 2018), the
deactivation of the ICC within a bilateral mid-temporal resting-state network might be due to
the damage to the ILF, which we previously concluded in this cohort via DTI (Calzolari et al.,
2021).

Rostral prefrontal cortex (RPFC) is well established as a region associated with the integration
of information and creating an internal representation, which then allows attending to stimuli
(Stocco et al., 2012). There are different hypotheses explaining the possible role of the RPFC.
The ‘Gateway hypothesis’ suggests the existence of an internal representation independent of
external stimuli (equivalent to a Bayesian ‘prior’) and an internal representation linked to
environmental stimuli (equivalent to a Bayesian ‘posterior’) and RPFC mediates the interaction
between both internal representations (Burgess et al., 2007). Moreover, the left RPFC rather
than right is linked to higher order processing when integrating multiple representations (Bunge
et al., 2009). In contrast to the integration hypotheses, an ‘ignition’ hypothesis of perception
mediated by the prefrontal cortex, suggests that a stimulus must surpass a threshold to trigger
recurrent circuits that amplify and broadcast the initial signal to associated brain regions and
in so doing mediate conscious perception of the signal (Del Cul et al., 2007, 2009). Our finding
that VA+ patients show increased activation in the left frontal pole within the RPFC does not

however, allow us to discriminate between the integration or ignition hypotheses.

While looking at the inter-network differences using ROI approach, we found bilateral

functional connections between the superior temporal gyri and cerebellar resting-state
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networks. There was a relative increase in activation of left hemispheric connections and a

decrease in right hemisphere connections, for VA+ patients when compared to VA- patients.

Since resting-state networks do not provide any localization of regions per se, we localized
cerebellar regions inside the cerebellar resting-state network using a seed-based analysis. There
were no statistically significant differences, however, uncorrected findings (for multiple
comparisons and hence require a conservative interpretation) showed bilateral functional
connections from temporal gyri localized to the left cerebellum VI1/Crus I and right cerebellum
VI. The left cerebellum VI has been shown to activate in response to vestibular, visual, and
simultaneous stimulations of both modalities, however, activation in response to vestibular
stimulation is found to be significantly higher than the simultaneous stimulation of both
modalities pointing to the vestibular specific role of left cerebellum VI (Della-Justina et al.,
2014). While right cerebellum VI has not been reported previously to have a vestibular role,
our results suggest the presence of functional link of the bilateral temporal gyri and the
cerebellar resting-state networks, pointing to the existence of bilateral connections from
temporal gyri to the cerebellum.

5.4.3 Altered Connectivity of Vestibular Networks Linked to Vestibular Agnosia

Based upon the current understanding of the human vestibular cortical system, bilateral
temporo-parietal and insular cortex are usually considered important for vestibular processing
with parieto-insular vestibular cortex (PIVC), and posterior insular cortex (PIC) considered the
core vestibular regions (Wirth et al., 2018). To improve generalizability, we adopted a network-
based approach and used the resting state networks composed of these vestibular regions (PIVC
and PIC) in a seed-based analysis. We found that patients with vestibular agnosia (VA+) had
an overactivated functional link between the left thalamus and the vestibular resting-state

networks.

Notably, the MNI coordinates of the left thalamus localized to the medial and lateral parts of
the antero-dorsal thalamus, of potential relevance since the thalamus is an important vestibular
structure and is considered a ‘gateway’ for vestibular information (Dieterich et al., 2005) with
bidirectional projections linking brainstem and cortical vestibular regions (Kirsch et al., 2016).
Previous tractography studies have shown that PIVC and PIC have structural connections with
the thalamus in each hemisphere (Kirsch et al., 2016; Wirth et al., 2018). Most of the previous
studies have reported posterolateral parts of thalamus to be important centers for vestibular
processing including ventral posterior lateral nucleus (VPL), ventral posterior medial (VPM)
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nucleus, lateral posterior (LP) nucleus, and ventral lateral posterior or ventro-intermediate
nucleus (VLP/Vim) (Baier et al., 2016, 2017; Dieterich et al., 2005; Dieterich & Brandt, 1993).
However, it is important to note that most of these findings have been reported for visual tilt
perception tasks and do not provide much information about self-motion perception processing.

Reports on thalamic involvement in vestibular velocity processing are relatively sparse and are
not limited to the posterolateral thalamus. Old reports in human electrical stimulation studies
show the involvement of the ventro-intermediate (Vim) nucleus in processing of rotational
sensation of body and head (Hawrylyshyn et al., 1978; Kirsch et al., 2016; Tasker et al., 1982).
The processing of head angular velocity is shown to be linked with head direction cells in the
anterodorsal thalamus (Shinder & Taube, 2011) and brain-stem (Sharp et al., 2001), implying
a possible involvement of head direction cells within anterior thalamic nuclei in velocity

processing, which we observed in our findings.

Anterior thalamic nuclei are thought to have projections to hippocampus (Brandt et al., 2005)
possibly via the posterior parietal cortex (Smith, 1997), which, however, has not been explicitly
confirmed in humans (Lopez & Blanke, 2011). While vestibulo-hippocampal interactions are
typically linked with spatial processing, a problem in velocity integration may also result in
abnormal spatial processing and thus belying the potential relevance of velocity processing in

anterior thalamic nuclei to vestibular spatial processing.

5.4.4 Disconnection Between Higher Order Visual Cortices and Temporal Regions

We found that VA+ subjects had a disruption of functional link between right lingual gyrus
and right mid-temporal gyrus indicating disrupted functional projections from higher order
visual cortex in these patients. This disruption was perhaps predictable given the known
connectivity of the ILF linking the temporal and lingual gyri (Latini et al., 2017; Panesar et al.,
2018) and our previous report of ILF disruption in VA+ patients (Calzolari et al., 2021).

The lingual gyrus appears to be an important vestibular processing hub that is also involved in
visuo-vestibular motion processing (Della-Justina et al., 2014; Roberts et al., 2017). In
particular, the lingual gyrus is activated by visual, vestibular, and visuo-vestibular motion
stimulation, however, its activation for isolated vestibular stimulation is greater than that for
simultaneous visuo-vestibular stimulation indicating its prominent role in vestibular specific
signal processing (Della-Justina et al., 2014; Roberts et al., 2017). Indeed intra-cortical
electrical stimulation of the lingual gyrus evoked a yaw-plane sensation of self-motion (Kahane

et al., 2003). Hence, in addition to previous data implicating the lingual gyrus in visuo-
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vestibular 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 self-motion processing.

5.5 Limitations

Vestibular agnosia can currently only be objectively identified via self-motion perception
testing in a rotatory-chair in dark. Moreover, having vestibular agnosia is a continuum with
mild or borderline cases may or may not be classified as having vestibular agnosia. Since this
is one of the first studies looking at link between vestibular agnosia and resting-state functional
networks, our focus was on optimizing the sensitivity of the analysis while keeping an adequate
specificity. Another limitation of the study is the small sample size. This was partly due to a
limited number of vestibular agnosia patients as well as due to some unforeseeable scanning
parameter mismatch issues. Vestibular agnosia is known to impact elderly people and
neurodegeneration patients, however an advantage of our patient group however was their
relative young age and good premorbid health excluding incipient neurodegenerative disease
(given our stringent exclusion criteria), hence the findings reported herein were

overwhelmingly related to the acute TBI and not to other chronic underlying disease.

5.6 Conclusion

Our data provide the first evidence linking resting-state functional networks to vestibular
agnosia. More specifically, we show altered connectivity in a bihemispheric white matter
network, involvement of putative vestibular regions i.e. PIVC, insular, superior & mid-
temporal regions, and disconnection between higher order visual cortices involved in motion
processing and the superior- and mid-temporal regions in right hemisphere. The involvement
of left prefrontal regions also points to the possibility of an “ignition” failure in the loss of
vertigo perception. Our findings thus suggest that vestibular agnosia is not linked to a focal

brain abnormality but is linked to a multi-network, inter- and intra-network, dysfunction.
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