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Abstract

Background: While amyotrophic lateral sclerosis (ALS) is widely recognised as a multi-network disorder with extensive frontotemporal
and cerebellar involvement, sensory dysfunction is relatively under evaluated. Subtle sensory deficits have been sporadically reported,
but there is a prevailing notion that sensory pathways may be relatively spared in ALS. Methods: In a prospective neuroimaging study
we have systematically evaluated cerebral grey and white matter structures involved in the processing, relaying and mediation of sensory
information. Twenty two C90rf72 positive ALS patients (C9+ ALS), 138 C9orf72 negative ALS patients (C9- ALS) and 127 healthy
controls were included. Results: Widespread cortical alterations were observed in C9+ ALS including both primary and secondary
somatosensory regions. In C9- ALS, cortical thickness reductions were observed in the postcentral gyrus. Thalamic nuclei relaying
somatosensory information as well as the medial and lateral geniculate nuclei exhibited volume reductions. Diffusivity indices revealed
posterior thalamic radiation pathology and a trend of left medial lemniscus degeneration was also observed in C9- ALS (p = 0.054). Our
radiology data confirm the degeneration of somatosensory, visual and auditory pathways in ALS, which is more marked in GGGGCC
hexanucleotide repeat expansion carriers. Conclusions: In contrast to the overwhelming focus on motor system degeneration and fron-
totemporal dysfunction in recent research studies, our findings confirm that sensory circuits are also affected in ALS. The involvement of
somatosensory, auditory and visual pathways in ALS may have important clinical ramifications which are easily overlooked in the con-
text of unremitting motor decline. Subtle sensory deficits may exacerbate mobility, contribute to fall risk, impair dexterity, and worsen
bulbar dysfunction, therefore comprehensive sensory testing should also be performed as part of the clinical assessments in ALS.
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1. Introduction
1.1 Background

Amyotrophic lateral sclerosis (ALS) is a neurodegen-
erative disease which is primarily characterized by the de-
generation of upper and lower motor neurons [1,2]. While
frontotemporal pathology is often observed [3], sensory
neuropathy, dorsal root ganglion pathology and the degen-
eration of brain structures involved in sensory processing

34] and taste [35,36] may be overshadowed by progressive
limb weakness and bulbar dysfunction [37]. It is notewor-
thy, that Riluzole, the first FDA approved for the treatment
of ALS has been associated with mild circumoral pares-
thesia [38] but this is rarely a cause for discontinuation.
Sensory changes have also been observed in the larynx on
fibre-optic endoscopic evaluation of swallowing with sen-
sory testing (FEEST) [39,40].

are not recognised as core features of the disease. Nonethe-
less, sensory involvement has been observed clinically [4—
7], and demonstrated by electrophysiology [4,8—11], neu-
roimaging [9,12,13] and neuropathology studies [4,14—17].
Sensory dysfunction is thought to be more common in fa-
milial ALS than in sporadic ALS [1,18], and sensory dis-
turbances have also been observed in other motor neuron
disease phenotypes [19-22]. The literature of sensory dys-
function in ALS is conflicting; most studies report nega-
tive findings [23-25], but few studies have evaluated sen-
sory regions specifically [9]. Clinically, subtle paraesthesia
[5,26-28], numbness [2], pain [29], vestibular symptoms
[30], proprioceptive deficits [31], changes in olfaction [32—

The substrate of sensory symptoms is most commonly
studied by electrophysiology or post mortem, and it is sel-
dom specifically evaluated on neuroimaging [41]. Alter-
ations in sensory nerve action potentials (SNAP) [11,42],
somatosensory evoked potentials (SEP) [8,43—46], visual
evoked potentials (VEP) [47,48], auditory evoked poten-
tials [8,48] and sensory action potential amplitudes (SAPA)
[49] have been sporadically described. There are in-
consistent reports on the impairments of thermal sensory
pathways, but study protocols differ considerably [24,50].
Overt visual deficits are rarely reported by patients, but im-
paired visuospatial function has been consistently demon-
strated in ALS [51,52]. Microscopically, dorsal root gan-
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glion, dorsal column, thalamus, sensory cortex and sen-
sory nerve degeneration has also been observed [25,53,54].
Occipital lobe pathology has been noted in both famil-
ial and sporadic ALS patients [55] and occipital pTDP-43
pathology has also been described [56]. On neuroimaging,
dorsal column degeneration [9,57,58], thalamic pathology
[59,60] and postcentral gyrus [61,62] atrophy have consis-
tently been reported. Structural [63], diffusion [64], func-
tional [65], susceptibility [66], and MR spectroscopy [67]
have all captured some degree of parietal and occipital lobe
involvement. Despite these reports, there is a prevailing
notion that ALS spares sensory networks [68], and no ded-
icated cerebral studies have systematically investigated the
cortical, subcortical and white matter components of sen-
sory pathways.

1.2 Objectives, aims and hypotheses

The primary objective of this study is the systematic
evaluation of cortical, subcortical and white matter struc-
tures involved in the processing, relaying and mediation of
sensory information. Accordingly, a comprehensive panel
of cerebral structures was defined associated with specific
somatosensory, visual and auditory processes (Table 1).
Some of the selected regions such as the postcentral gyrus,
the ventral posterolateral (VPL), ventromedial (VM), lat-
eral geniculate (LGN) and medial geniculate (MGN) nuclei
of the thalamus and the medial lemniscus are either exclu-
sively or primarily involved in sensory functions. Other
regions included in the panel, such as the insular cortex,
supramarginal gyrus, superior temporal gyrus, and the pos-
terior thalamic radiation mediate a combination of sensory
and non-sensory functions. We hypothesised that cere-
bral structures involved in somatosensory processes are
not spared in ALS. Direct clinico-radiological correlations
were not sought, as peripheral and spinal components of
sensory pathways were not evaluated in this study [9,69].

2. Methods
2.1 Participants

A total of 287 participants, 160 patients with ALS
(‘ALS’) 127 healthy controls (‘HC’) were included in a
prospective, single-centre imaging study. All participants
provided informed consent as required by the Ethics Ap-
proval of this research project (Beaumont Hospital, Dublin,
Ireland). Exclusion criteria included a history of traumatic
brain injury, cerebrovascular events, neoplastic, paraneo-
plastic and neuroinflammatory diagnoses. A total of 7 pa-
tients were excluded after enrolment because of incidental
radiological findings. Patients with ALS were diagnosed
according to the revised El Escorial criteria. Key demo-
graphic and clinical variables (ALSFRS-r) were recorded
for all participants at the time of their scan and a ded-
icated sensory assessment was performed in a subset of
C90rf72 negative patients (n = 45). The cohort of pa-
tients who underwent sensory assessment had no cervical

or lumbar spondylosis, carpal tunnel syndrome, type I di-
abetes or pharmacotherapy associated with sensory symp-
toms. Methods for genetic screening for hexanucleotide re-
peat expansions in C90rf72 have been described previously
[70]. Repeat-primed PCR was used and expansions longer
than 30 repeats were considered pathological.

2.2 Sensory assessment

Forty-five patients with ALS were systematically as-
sessed for clinical signs of sensory dysfunction. Nocicep-
tion was assessed using a ‘neurotip’ on the face, upper limbs
and lower limbs bilaterally. Vibrioception and propriocep-
tion were assessed in the upper and lower limbs bilaterally.
For nociception, vibrioception and proprioception, a score
of ‘2’ indicated normal sensation in the relevant body re-
gion, ‘1’ indicated reduced sensation, and ‘0’ indicated sen-
sory loss in the investigated sensory domain. Graphaeste-
sia, the ability to recognise symbols traced on the skin, and
stereognosis, the ability to perceive the form of solid ob-
jects by touch, were assessed in the upper limbs bilaterally.
For graphaestesia and stereognosis, the patient was given a
score of ‘1’ for each correct answer, and ‘0’ for each incor-
rect answer. A composite score of 84 indicated no sensory
deficits and lower scores corresponded with more severe
sensory deficits.

2.3 Screening for sensory symptoms

Additionally, a brief 7-item questionnaire was admin-
istered to screen for subjective symptoms pertaining to (1)
upper limb paraesthesia, (2) lower limb paraesthesia, (3)
cold sensitivity, (4) perioral paraesthesia, (5) tongue numb-
ness, (6) changes in taste and (7) deterioration in sense of
smell. Each item was scored 0-2, ‘0’ meaning no symp-
toms in the relevant sensory domain.

2.4 Magnetic resonance imaging

Images were acquired on a 3 Tesla Philips Achieva
Magnetic resonance (MR) platform as part of a standardised
neuroimaging protocol. T1-weighted (T1w) images were
acquired with a 3D Inversion Recovery prepared Spoiled
Gradient Recalled echo (IR-SPGR) sequence with the fol-
lowing key parameters: field-of-view (FOV) of 256 Xx
256 x 160 mm, flip angle = 8°, spatial resolution of 1
mm?, SENSE factor = 1.5, TR/TE = 8.5/3.9 ms, TT = 1060
ms. Diffusion tensor images (DTI) data were acquired
with a spin-echo echo planar imaging (SE-EPI) pulse se-
quence with a 32-direction Stejskal-Tanner diffusion en-
coding scheme; FOV =245 x 245 x 150 mm, 60 slices with
no interslice gap, spatial resolution = 2.5 mm3, TR/TE =
7639/59 ms, SENSE factor =2.5, b-values =0, 1100 s/mm?,
dynamic stabilisation and spectral presaturation with inver-
sion recovery (SPIR) fat suppression. Fluid-attenuated in-
version recovery (FLAIR) images were acquired with an
Inversion Recovery Turbo Spin Echo (IR-TSE) sequence to
screen for comorbid inflammatory or vascular pathologies.
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Table 1. Panel of anatomical regions evaluated; key functions and connections.

Anatomical regions Main functions Key connections

Ss3id dNI

Cortical regions

-primary somatosensory cortex -third-order neurons from thalamic VPL and VM ascend to the primary somatosensory cortex

-processing afferent somatosensory inputs (touch, pressure, pain and temperature) -visual and auditory cortices
Postcentral gyrus . K . . . . .
-integration of sensory and motor inputs necessary for skilled movement -subcortical structures encoding sensory modalities

-motor cortex

Posterior insula:

-multimodal sensory integration, interoception, perceptual self-awareness, autonomic control and -projects to lateral and central amygdaloid nuclei

emotional guidance of social behaviour -connects reciprocally with the secondary somatosensory cortex

Insula
-receives input from ventral posterior inferior and VM nuclei of thalamus

-posterior insula receives inputs from pain, temperature, visceral, and vestibular pathways, which ~ Anterior insula:

are processed in mid-insular cortex and transferred to anterior insula for further processing and in- -projects to anterior amygdaloid area (AAA) and lateral, medial, cortical, accessory basal magno-

teraction with areas involved in cognitive and emotional control

cellular and medial basal amygdaloid nuclei

Supramarginal gyrus

-part of the somatosensory association cortex
-interprets tactile sensory data and involved in perception of space and limb location
-involved in identifying postures and gestures of other people, a part of the mirror neuron system

-located just anterior to the angular gyrus
-these two structures make up the inferior parietal lobule forming a multimodal complex that inter-

prets somatosensory, visual, and auditory information

-object recognition and visual object processing

-middle longitudinal fasciculus, inferior longitudinal fasciculus, vertical occipital fasciculus, inferior

Lateral occipital cortex -facial recognition and motion perception fronto-occipital fasciculus, optic radiations, and U-shaped fibres connect lateral occipital lobe to it-

self as well as parts of the temporal, parietal, and medial occipital cortices

-location of part of primary auditory cortex

. -part of the high-order associative auditory cortex . e . . . .
Superior temporal gyrus -auditory radiation from medial geniculate body to primary auditory cortex

-encodes sound features that are more complex and heterogeneous

-contains Wernicke’s area (dominant cerebral hemisphere)

-Also known as Heschl’s gyrus
Transverse temporal gyrus

. . . -auditory radiation from medial geniculate body to primary auditory cortex
-Location of primary auditory cortex

Thalamic nuclei

. . . -somatic afferents from trunk and limbs
Ventral posterolateral somatic sensation for contralateral trunk and limbs

-efferents to somatic sensory cortex

. . . -somatic afferents from head
Ventromedial somatic sensation for contralateral head/face .
-efferents to somatic sensory cortex

Lateral posteri -determining visual saliency, visually guided behaviours and multisensory processing of infor- -afferents from superior colliculus, primary visual, auditory and somatosensory cortex
ateral posterior

mation related to aversive stimuli -efferents to parietal association cortex
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Table 1. Continued.

Anatomical regions

Main functions

Key connections

Lateral geniculate

-primary visual relay centre that receives retinofugal fibers and transmits visual information to

the visual cortex

-afferent from optic tract
-efferent to primary visual cortex

Medial geniculate

-central role in auditory processing

-afferent from brachium of inferior colliculus
-efferent to primary auditory cortex

Amygdalar nuclei

Lateral nucleus

-involved in tactile, auditory, visual, olfactory, nociceptive processes as well as cognition and

attention

-subcortical afferents—VP nucleus of thalamus, MGN, hypothalamus, midbrain reticular formation,
cerulean nucleus

-cortical afferents—parietal, superior temporal gyrus, occipital, piriform lobe, hippocam-
pus/entorhinal cortex, insula, orbital cortex, Basal nucleus of Meynert

-receives extrinsic sensory inputs and sends projections to other amygdala nuclei

Medial nucleus

-generates innate emotional responses to chemosignals
-key role in innate emotional behaviours, relaying olfactory information to hypothalamic nuclei

involved in reproduction and defence

-termination of olfactory fibres from olfactory bulb
-projections to ventromedial nucleus of hypothalamus

Cortical nucleus

-processing of pheromonal information and olfaction
-presumably participates in ingestive, defensive and reproductive behaviours as a part of the

vomeronasal amygdala

-termination of olfactory fibres from olfactory bulb

-projections to ventromedial nucleus of hypothalamus

White matter

Medial lemniscus

-part of the dorsal column-medial lemniscus pathway

-transmits proprioception, touch and vibration

-internal arcuate fibres cross over at great sensory decussation then ascend as the medial lemniscus,

synapsing at VPL nucleus of thalamus

Posterior thalamic radiation

-connect the caudal parts of the thalamus with the parietal and occipital lobes through posterior

thalamic peduncle and posterior limb of the internal capsule

-connect thalamus, parietal and occipital lobes

AAA, anterior amygdaloid area; MGN, Medial geniculate nucleus; VM, Ventromedial nucleus; VP, ventral posterior nucleus; VPL, Ventral posterolateral nucleus.
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Table 2. The demographic and clinical profile of study participants.

C9+ ALS C9- ALS HC
Study groups p value
n=22 n=138 n=127
Age (years) 59.05(6.176)  61.46 (10.161)  59.30 (10.960) 0.195
Sex (male) 13 (59.09%) 81 (58.70%) 74 (58.27%) 0.996
Onset (bulbar) 2 (9.09%) 22 (15.94%) N/a 0.403
Onset (spinal) 20 (90.91%) 116 (84.06%) N/a 0.403
Handedness (right) 19 (86.36%) 122 (88.41%) 112 (88.19%) 0.963
ALSFRS-R 37.91(6.852)  37.17 (6.121) N/a 0.604

ALSFRS-r, revised ALS functional rating scale.

FLAIR data were acquired in axial orientation: FOV =230
x 183 x 150 mm, spatial resolution = 0.65 x 0.87 x 4
mm, 30 slices with 1 mm gap, TR/TE = 11,000/125 ms, TI
= 2800 ms, 120° refocusing pulse, with flow compensation
and motion smoothing and a saturation slab covering the
neck region. Clinical sequences (T1w and FLAIR) were
radiologically reviewed for incidental findings and datasets
from all participants underwent quality control review for
movement artifacts before computational analyses.

2.5 Grey matter metrics

The standard anatomical reconstruction pipeline of the
FreeSurfer image analysis suite [71], was implemented, in-
cluding non-parametric non-uniform intensity normaliza-
tion, affine registration to the MNI305 atlas, intensity nor-
malization, skull striping, automatic subcortical segmenta-
tion, linear volumetric registration, neck removal, tessel-
lation of the grey matter-white matter boundary, surface
smoothing, inflation to minimize metric distortion, and au-
tomated topology correction [72]. The relevant cortical la-
bels of the Desikan-Killiany atlas were utilized to retrieve
average cortical thickness and cortical volumes values from
the postcentral gyrus, insula, superior temporal, transverse
temporal, supramarginal, and lateral occipital cortices in the
left and right cerebral hemispheres separately. The thala-
mus was parcellated into 25 sub-regions by Bayesian infer-
ence using a probabilistic atlas developed based on histo-
logical data [73]. The volumes of the following thalamic
nuclei were evaluated in the two hemispheres separately:
ventral posterolateral (VPL), ventromedial (VM), lateral
posterior (LP), lateral geniculate (LGN), medial geniculate
(MGN). The amygdala was segmented into 9 sub-regions
using a probabilistic atlas developed based on histological
[73,74]. The volumes of the lateral (LN), medial (MN), and
cortical nuclei (CN) were estimated in each hemispheres
separately.

2.6 White matter metrics

Raw diffusion tensor data were eddy current cor-
rected, skull stripped, and a tensor model was fitted in
FMRIB’s software library to create maps of axial diffu-
sivity (AD), fractional anisotropy (FA), mean diffusivity
(MD), and radial diffusivity (RD). FSL’s tract-based statis-
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tics (TBSS) module was implemented for non-linear reg-
istration, skeletonisation and the creation of a mean FA
mask. Diffusivity values were retrieved from the four (AD,
FA, MD, RD) concatenated diffusivity files using the me-
dial lemniscus and posterior thalamic radiation labels of the
ICBM-DTI-81 white-matter atlas [75].

2.7 Statistics

Assumptions of normality were examined using the
Kolmogorov-Smirnov test. Skewness and kurtosis were
assessed separately for each study group. Since all vari-
ables followed a normal distribution, parametric statistics
were applied. The age and ALSFRS-r profile of the study
groups were compared multivariate analysis of variance
(MANOVA). Sex, symptom onset and handedness propor-
tions in the study groups were contrasted using Pearson’s
chi-squared test. White matter variables and cortical thick-
ness measures were contrasted using multivariate analysis
of covariance (MANCOVA) with age and sex and covari-
ates. Volumetric profiles (cortical, thalamic nuclei, amyg-
dalar nuclei) of the study groups were also appraised in
MANCOVAs with the following covariates, age, sex and to-
tal intracranial volume (TIV). Bonferroni corrections were
used to account for multiple comparisons and reduce Type I
error. Output statistics were summarised in comprehensive
tables to report estimated marginal means (EMM), standard
error (SE), p-values and post hoc pairwise comparisons. To
further illustrate focal pathology, radar plots were gener-
ated for the two patients groups where EMMs were ex-
pressed as the percentage of reference (HC) EMM in the
given anatomical region.

3. Results
3.1 Demographic profiles

The study groups were matched for age, sex and hand-
edness. Patient groups were matched for site of onset and
functional disability (Table 2). Forty-five patients were
specifically evaluated for the presence of sensory signs and
symptoms, and all of these patients tested negative for the
CYorf72 gene.
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Table 3. Clinical sensory assessment scores in C90rf72 negative patients (n = 45) “ Lower scores indicate more severe sensory

deficits on examination. © With regards to symptoms, lower scores indicate milder manifestations, ‘0> denotes no symptom in

the relevant sensory domain.

Scores % of patients with some deficit Min. Score Max. Score Mean Std. Deviation
Nociception (0-36) 57.8 21 36 33.47 3.641
Vibrioception (0-24) 80.0 6 24 19.16 4.537
A Proprioception (0—12) 28.9 6 12 11.49 1.141
Sensory deficits .
Graphaesthesia (0-6) 48.9 2 6 4.98 1.234
Stereognosis (0—6) 28.9 2 6 5.51 0.944
Total deficit score (0-84) 95.6 48 84 74.60 7.381
Paraesthesia hands/fingers (0-2) 333 0 2 0.42 0.656
Paraesthesia feel/toes (0-2) 20.0 0 2 0.29 0.626
Cold sensitivity hands/fingers (0-2) 24.4 0 2 0.38 0.716
B Tingling around lips (0-2) 8.9 0 2 0.11 0.383
Symptoms
Tongue numbness (0-2) 11.1 0 2 0.16 0.475
Changes in taste (0-2) 24.4 0 2 0.33 0.640
Changes in smell (0-2) 17.8 0 2 0.22 0.517
Total Symptoms Score (0-14) 68.9 0 6 1.89 1.921

Number of patients systematically assessed n = 45, CN-V, Trigeminal nerve; LLL, left lower limb; LUL, left upper limb; RLL, right lower

limb; RUL, right upper limb.

3.2 Clinical signs and symptoms

On clinical examination, vibrioception was the most
commonly affected sensory domain detected in 80.0% of
the patients, subtle nociceptive deficits were identified
in 57.8%, and proprioceptive deficits were ascertained in
28.9% of patients. Graphaesthesia was abnormal in 48.9%
and stereognosis was abnormal in 28.9% of the 45 patients
who had a dedicated sensory assessment at the time of their
scan. Subtle facial sensory deficits were identified in 11.1%
of patients. On the sensory symptom questionnaire, 68.9%
reported at least one sensory symptom, and only 31.1% pa-
tients reported having no sensory symptoms at all. 33.3%
had paraesthesia in the hands/fingers, 20% had paraesthe-
sia in the feet/toes and 24.4% of patients reported cold sen-
sitivity in hands/fingers. Tingling around the lips was re-
ported in 8.9% and tongue numbness in 11.1%. 24.4% re-
ported changes in taste and 17.8% of patients reported some
change in smell (Table 3).

3.3 Cortical alterations

C9- ALS patients exhibited cortical volume reductions
in the insula bilaterally, and the left supramarginal and right
superior temporal gyrus compared to healthy controls (Ta-
ble 4). Each cortical region associated with sensory pro-
cessing showed atrophic change in C9+ ALS bilaterally in
comparison to both healthy controls and to C9- ALS. C9-
ALS patients showed cortical thickness reductions in all
evaluated regions except the lateral occipital region bilat-
erally and the right postcentral cortex. Cortical thickness
changes were observed in all regions bilaterally in C9+ ALS
in contrast to healthy controls, and in all regions except the
transverse temporal bilaterally and the right insula when
compared to C9- ALS (Fig. 1).

3.4 Subcortical nuclear degeneration

In C9- ALS, volumes of all thalamic nuclei involved
in sensory processing were reduced except the lateral genic-
ulate nucleus (LGN) bilaterally and the left lateral posterior
nucleus (Table 5). Sensory nuclei volumes were also re-
duced in C9+ ALS in comparison to healthy controls bilat-
erally except in the left medial geniculate nucleus. In the
amygdalae of C9- ALS patients, volumetric reduction was
observed in the right lateral and right cortical nuclei in com-
parison to healthy controls. Volumes reductions were also
observed in the amygdalae of C9+ ALS patients in com-
parison to healthy controls in the lateral and cortical nuclei
bilaterally and the left medial nucleus. When C9+ ALS pa-
tients are contrasted with C9- ALS patients, the volume of
the left lateral nucleus was observed to be significantly re-
duced.

3.5 White matter alterations

Significant inter-group AD and MD differences were
observed in the right medial lemniscus and post hoc com-
parisons revealed AD differences between C9+ ALS and
C9- ALS patients (p = 0.038). A trend of FA reduction was
observed in C9- ALS compared to healthy controls in the
left medial lemniscus (p = 0.054) (Table 6). FA reductions
and increased RD were observed in the bilateral posterior
thalamic radiation in both C9+ and C9- ALS in comparison
to healthy controls. Increased posterior thalamic radiation
MD was also detected in C9- ALS in contrast to healthy
controls in the right hemisphere (Fig. 2).
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Table 4. Cortical grey matter volumes (mm®) and cortical thickness (mm) in C90rf72 positive ALS patients (C9+ ALS), C90rf72
negative ALS patients (C9- ALS) and healthy controls (HC). For cortical volume values, estimated marginal means and
standard error are adjusted for age (60.32), sex (1.41) and total intracranial volume (TIV) (1542959.99). For cortical thickness

values, estimated marginal means and standard error are adjusted for age (60.32) and sex (1.41).

Post-hoc comparisons

Structure Study group EMM Standard error  p value
C9+vs HC C9-vs HC  C9+ vs C9-
C9+ ALS 7916.754 239.708
left postcentral C9- ALS 8983.901 96.087 <0.001 <0.001 0.862 <0.001
HC 9132.497 99.762
C9+ ALS 7610.712 227.482
l‘ight postcentral C9- ALS 8711.645 91.186 <0.001 <0.001 1.000 <0.001
HC 8757.073 94.673
C9+ ALS 6309.209 162.726
left insula C9- ALS 6873.812 65.229 <0.001 <0.001 0.037 0.005
HC 7111.916 67.723
C9+ ALS 6234.165 169.753
right insula C9- ALS 6853.342 68.045 <0.001 <0.001 0.032 0.003
HC 7107.363 70.648
C9+ ALS 9121.066 301.457
left supramarginal C9- ALS 10569.938 120.839 <0.001 <0.001 0.024 <0.001
HC 11039.497 125.460
Cortical Volumes C9+ ALS 8268.990 278.070
right supramarginal C9- ALS 9426.911 111.464 <0.001 <0.001 0.258 <0.001
HC 9705.642 115.727
C9+ ALS 10573.185 317.292
left lateral occipital C9- ALS 11804.076 127.186 0.002 0.014 0.490 0.001
HC 11546.145 132.051
C9+ ALS 10313.655 315.875
right lateral occipital C9- ALS 11854.095 126.618 <0.001 <0.001 1.000 <0.001
HC 11726.933 131.461
C9+ ALS 10641.573 318.005
left superior temporal C9- ALS 11774368 127.472 <0.001 <0.001 0.073 0.003
HC 12193.572 132.347
C9+ ALS 9812.695 269.843
right superior temporal C9- ALS 10910.344 108.167 <0.001 <0.001 <0.001 0.001
HC 11530.403 112.303
C9+ ALS 1006.992 44.887
left transverse temporal C9- ALS 1131.138 17.993 0.003 0.002 0.361 0.033
HC 1171.835 18.681
C9+ ALS 776.246 33.451
right transverse temporal C9- ALS 883.787 13.409 0.001 0.001 0.653 0.010
HC 907.819 13.922
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Table 4. Continued.

Post-hoc comparisons

Structure Study group EMM  Standard error  p value
C9+vs HC C9-vsHC  C9+vs C9-
C9+ ALS 1.857 0.025
left postcentral C9- ALS 1.998 0.010 <0.001 <0.001 0.012 <0.001
HC 2.041 0.011
C9+ ALS 1.859 0.025
right postcentral C9- ALS 1.986 0.010 <0.001 <0.001 0.080 <0.001
HC 2.018 0.010
C9+ ALS 2.691 0.039
left insula C9- ALS 2.855 0.015 <0.001 <0.001 0.001 <0.001
HC 2.940 0.016
C9+ ALS 2.765 0.039
right insula C9- ALS 2.864 0.015 <0.001 <0.001 <0.001 0.053t
HC 2.961 0.016
C9+ ALS 2.270 0.029
left supramarginal C9- ALS 2.439 0.012 <0.001 <0.001 <0.001 <0.001
HC 2.508 0.012
Cortical Thickness C9+ ALS 2249 0.028
right supramarginal C9- ALS 2.396 0.011 <0.001 <0.001 <0.001 <0.001
HC 2.473 0.012
C9+ ALS 2.012 0.027
left lateral occipital C9- ALS 2.130 0.011 <0.001 <0.001 1.000 <0.001
HC 2.130 0.011
C9+ ALS 2.036 0.024
right lateral occipital C9- ALS 2.143 0.010 <0.001 <0.001 1.000 <0.001
HC 2.144 0.010
C9+ ALS 2.551 0.036
left superior temporal C9- ALS 2.652 0.014 <0.001 <0.001 <0.001 0.027
HC 2.766 0.015
C9+ ALS 2.591 0.036
right superior temporal C9- ALS 2.694 0.015 <0.001 <0.001 <0.001 0.026
HC 2.832 0.015
C9+ ALS 2.206 0.046
left transverse temporal C9- ALS 2.300 0.018 <0.001 0.002 0.010 0.178
HC 2.378 0.019
C9+ ALS 2213 0.051
right transverse temporal C9- ALS 2.330 0.020 0.001 0.001 0.025 0.102
HC 2.409 0.021

Significant intergroup differences at p < 0.05 after Bonferroni correction for multiple comparisons are highlighted in bold print,  indicates

a statistical trend of 0.05 < peor < 0.07.

4. Discussion

While ALS is primarily associated with motor and

frontotemporal dysfunction [76—80], we have demonstrated
the degeneration of anatomical structures involved in so-
matosensory, visual and auditory processing. Both corti-
cal volumes and cortical thickness were significantly re-
duced in the postcentral, insular, supramarginal, lateral oc-

cipital, superior temporal and transverse temporal cortices
bilaterally in C9+ ALS patients in comparison to healthy
controls. Bilateral insular, supramarginal, superior tempo-
ral and transverse temporal as well as left postcentral cor-
tical thickness reductions were also observed in C9- ALS
patients.
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Table 5. Thalamic and amygdalar nuclear volumes (mm?®) in C90rf72 positive ALS patients (C9+ ALS), C90rf72 negative ALS
patients (C9- ALS) and healthy controls (HC). Estimated Marginal Means And Standard Error Are Adjusted For Age (60.32),
Sex (1.41) And Total Intracranial Volume (TIV) (1542959.99).

Post-hoc comparisons

Structure Study group EMM standard error  p value
C9+vs HC C9-vs HC  C9+vs C9-
C9+ ALS 6279.851 154.835
left thalamus proper C9- ALS 6968.154 62.066 <0.001 <0.001 0.002 <0.001
HC 7282.553 64.439
C9+ ALS 5922.869 137.042
right thalamus proper C9- ALS 6593.957 54.933 <0.001 <0.001 0.002 <0.001
HC 6873.343 57.034
C9+ ALS 808.611 23.181
left ventral posterolateral (thalamus) C9- ALS 821.560 9292 <0.001 0.004 <0.001 1.000
HC 890.153 9.647
C9+ ALS 740.267 20.922
right ventral posterolateral (thalamus) C9- ALS 768.988 8.386 <0.001 0.003 <0.001 0.617
HC 815.432 8.707
C9+ ALS 18.802 0.590
left ventromedial (thalamus) C9- ALS 19.396 0.236 <0.001 0.001 <0.001 1.000
HC 21.230 0.245
C9+ ALS 17.468 0.638
right ventromedial (thalamus) C9- ALS 18.504 0.256 <0.001 <0.001 <0.001 0.404
HC 20.158 0.266
C9+ ALS 94.283 4.323
left lateral posterior (thalamus) C9- ALS 110.495 1.733 <0.001 <0.001 0.062t 0.002
HC 116.344 1.799
C9+ ALS 88.676 3.816
right lateral posterior (thalamus) C9- ALS 102.224 1.530 <0.001 <0.001 0.017 0.004
HC 108.403 1.588
C9+ ALS 146.082 5.403
left lateral geniculate nucleus C9- ALS 165.165 2.166 <0.001 <0.001 0.510 0.004
HC 169.490 2.249
C9+ ALS 139.186 5.126
right lateral geniculate nucleus C9- ALS 158.301 2.055 0.001 <0.001 1.000 0.002
HC 160.663 2.133
C9+ ALS 103.127 3.749
left medial geniculate nucleus C9- ALS 103.568 1.503 0.030 0.425 0.036 1.000
HC 109.090 1.560
C9+ ALS 96.508 3.267
right medial geniculate nucleus C9- ALS 101.851 1.309 0.002 0.009 0.021 0.395
HC 107.026 1.360
C9+ ALS 587.603 18.059
left lateral nucleus (amygdala) C9- ALS 638.607 7.239 <0.001 0.001 0.094 0.029
HC 661.328 7.516
C9+ ALS 621.303 17.962
right lateral nucleus (amygdala) C9- ALS 658.510 7.200 <0.001 0.002 0.015 0.170
HC 688.082 7.476
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Table 5. Continued.

Post-hoc comparisons

Structure Study group EMM  standard error  p value
C9+vsHC  C9-vs HC C9+ vs C9-
C9+ ALS 16.070 1.118
left medial nucleus (amygdala) C9- ALS 18.595 0.448 0.018 0.017 0.592 0.114
HC 19.436 0.465
C9+ ALS 20.066 1.316
right medial nucleus (amygdala) C9- ALS 21.801 0.528 0.437 0.628 1.000 0.673
HC 21.855 0.548
C9+ ALS 20.734 1.055
left cortical nucleus (amygdala) C9- ALS 23331 0.423 0.001 0.001 0.050¢ 0.071
HC 24.809 0.439
C9+ ALS 23.693 0.978
right cortical nucleus (amygdala) C9- ALS 25.864 0.392 <0.001 0.001 0.020 0.123
HC 27.416 0.407

Significant intergroup differences at p < 0.05 after Bonferroni correction for multiple comparisons are highlighted in bold print, ¢ indicates

a statistical trend of 0.05 < peor < 0.07.

The postcentral gyrus is the location of the primary
somatosensory cortex which processes somatosensory in-
puts from the entire body and integrates sensory and mo-
tor signals. It is abundantly interconnected with subcortical
structures encoding sensory modalities [81] and our data in-
dicate that it is affected in both C9+ ALS and C9- ALS.
Our data also confirm insular cortex degeneration irrespec-
tive of hexanucleotide repeat status. The insular cortex has
ample connections to the secondary somatosensory cortex,
sensory nuclei in the thalamus and the amygdala and is
involved in multimodal sensory processing, interoception,
autonomic control and integration of sensory signals with
cognition and emotion. The supramarginal gyrus is part of
the somatosensory association cortex and is involved in the
perception of space and limb location and the interpretation
of tactile sensory data. There is a benefit associated with
evaluating multiple cortical measures as imaging indices
have different sensitivity profiles to capture pathological
changes. For example, left postcentral cortex involvement
in C9- ALS was only detected on cortical thickness anal-
yses. C9+ ALS patients predominantly exhibited symmet-
rical cortical changes, whereas C9- ALS patients showed
more selective cortical pathology which was unilateral in
certain regions.

We have confirmed previous reports of overall thala-
mus volume reduction in C9+ ALS [60], and additionally,
demonstrated focal changes in nuclei relaying sensory in-
formation; the ventral posterolateral, ventromedial, lateral
posterior and lateral geniculate nuclei bilaterally and right
medial geniculate nucleus. In C9- ALS, we observed bilat-
eral ventral posterolateral, ventromedial and medial genic-
ulate nucleus degeneration as well as right lateral posterior
nucleus pathology. Physiologically, the ventral posterolat-
eral and ventromedial nuclei have a primary sensory func-
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tion; they relay somatosensory information from the head
and body. Our cross-sectional study captures the degener-
ation of structures involved in sensory processing both at
a subcortical and cortical level. Longitudinal data are re-
quired to clarify the chronology of cortical and subcortical
involvement which may then contribute to the corticofugal
versus corticopetal spread debate [82—84].

The amygdala mediates a multitude of functions in-
cluding reward processing, memory consolidation, fear
conditioning etc., but also integrates somatosensory, visual,
auditory, olfactory, gustatory and visceral sensory modal-
ities. Amygdalar degeneration had been previously impli-
cated in both ALS and in primary lateral sclerosis [85—-88].
In our C9+ ALS cohort, volumes of the lateral and cortical
nuclei bilaterally and the left medial nucleus were reduced.
In C9- ALS patients, the volumes of the right lateral and
cortical nuclei were reduced compared to healthy controls.
The lateral nucleus is involved in relaying nociceptive, tac-
tile, auditory, visual and olfactory processes. The medial
nucleus is recipients of olfactory information and is also
involved in pheromone-processing. The integration of our
cortical and subcortical grey matter findings suggests that
GGGGCC repeats in C9orf72 are associated with more se-
vere and more widespread degeneration of sensory regions
compared to C9- ALS and these changes are more likely to
be bilateral.

Overt visual symptoms are seldom experienced in
ALS, but alterations in visual evoked potentials [47,48] and
retinal changes on optical coherence tomography (OCT)
[89] have been reported. Our radiological findings indi-
cate that multiple components of the visual pathway are af-
fected. Both the volume and thickness of the lateral occipi-
tal cortex which is involved in object and facial recognition,
as well as the volume of the right lateral geniculate nucleus,
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Table 6. Axial diffusivity (AD), fractional Anisotropy (FA), mean diffusivity (MD) and radial diffusivity (RD) in C9orf72
positive ALS patients (C9+ ALS), C90rf72 negative ALS patients (C9- ALS) and healthy controls (HC). Estimated marginal
means and standard error are adjusted for age (60.32) and sex (1.41).

Post-hoc comparisons

Structure Study group EMM standard error p value
C9+vs HC C9-vsHC  C9+vs C9-
C9+ ALS 0.0011438 0.000015
AD medial lemniscus left C9- ALS 0.001174  5.853586 x 1076 0.149 0.154 1.000 0.295
HC 0.001179  6.096982 x 1076
C9+ ALS 0.001154  1.410245 x 107
AD medial lemniscus right C9- ALS 0.001192  5.644191 x 1076 0.044 0.096 1.000 0.038
HC 0.001187  5.878880 x 1076
C9+ ALS 0.568855 0.009018
FA medial lemniscus left C9- ALS 0.558068 0.003609 0.212 1.000 0.322 0.805
HC 0.566511 0.003759
C9+ ALS 0.561060 0.008291
FA medial lemniscus right C9- ALS 0.556778 0.003318 0.060% 1.000 0.054t 1.000
HC 0.568222 0.003456
C9+ ALS 0.000671  9.836082 x 1076
MD medial lemniscus left C9- ALS 0.000691 3.936673 x 1076 0.165 0.342 1.000 0.174
HC 0.000688  4.100363 x 1076
C9+ ALS 0.000678  9.294528 x 1076
MD medial lemniscus right C9- ALS 0.000702  3.719929 x 106 0.035 0.542 0.228 0.066¢
HC 0.000692  3.874606 x 1076
C9+ ALS 0.000433  9.959697 x 1076
RD medial lemniscus left C9- ALS 0.000450 3.986148 x 1076 0.188 1.000 0.605 0.331
HC 0.000443  4.151894 x 1076
C9+ ALS 0.000441  9.336970 x 1076
RD medial lemniscus right C9- ALS 0.000456  3.736915 x 1076 0.058¢ 1.000 0.092 0.370
HC 0.000444  3.892298 x 1076
C9+ ALS 0.001265  1.389886 x 107>
AD posterior thalamic radiation left C9- ALS 0.001283  5.562710 x 1076 0.312 0.387 1.000 0.667
HC 0.001288  5.794011 x 1076
C9+ ALS 0.001236  1.392658 x 107
AD posterior thalamic radiation right C9- ALS 0.001256 5.573804 x 1076 0.362 0.500 1.000 0.521
HC 0.001257  5.805567 x 1076
C9+ ALS 0.510931 0.008419
FA posterior thalamic radiation left C9- ALS 0.531271 0.003369 <0.001 <0.001 0.001 0.077
HC 0.549686 0.003509
C9+ ALS 0.502567 0.008459
FA posterior thalamic radiation right C9- ALS 0.522972 0.003385 <0.001 <0.001 <0.001 0.078
HC 0.542817 0.003526
C9+ ALS 0.000783  1.113229 x 107
MD posterior thalamic radiation left C9- ALS 0.000778  4.455453 x 1076 0.159 0.558 0.268 1.000
HC 0.000767  4.640713 x 1076
C9+ ALS 0.000770  1.040189 x 107
MD posterior thalamic radiation right C9- ALS 0.000767 4.163127 x 1076 0.035 0.363 0.046 1.000
HC 0.000752  4.336233 x 1076
C9+ ALS 0.000543  1.160346 x 107
RD posterior thalamic radiation left C9- ALS 0.000526  4.644025 x 1076 0.002 0.015 0.017 0.553
HC 0.000507  4.837127 x 1076
C9+ ALS 0.000537  1.088973 x 107
RD posterior thalamic radiation right C9- ALS 0.000522 4358372 x 106 <0.001 0.006 0.001 0.659
HC 0.000500  4.539596 x 1076

Significant intergroup differences at p < 0.05 after Bonferroni correction for multiple comparisons are flagged in bold print. * indicates a
statistical trend of 0.05 < peor < 0.07.
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Fig. 1. Cortical thickness profile in C90rf72 positive ALS patients (C9+ ALS), C90rf72 negative ALS patients (C9- ALS), healthy
controls (HC), based on estimated marginal means adjusted for age and sex. Error bars represent 95% confidence intervals. Left

denoted by (L) and right denoted by (R). Significant inter-group differences corrected for multiple comparisons are highlighted with
asterisks: * p value between 0.01 and 0.05, ** p value between 0.001 and 0.01, *** p value < 0.001.

which is the primary visual relay centre to the visual cortex
is reduced in C9+ ALS. Volume of the lateral posterior nu-
cleus is reduced bilaterally in C9+ ALS, but only the right
nucleus is reduced in C9- ALS. The lateral posterior nucleus
has a role in visual saliency and visually guided behaviours
with afferents from the superior colliculus, primary visual,
auditory and somatosensory cortices and efferents to the
parietal association cortex.

Hearing problems are not commonly associated with

ALS, but abnormal auditory evoked potentials have also
been reported [8,48]. Our imaging findings suggest the
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involvement of auditory pathways. In C9+ ALS, we de-
tected cortical volume and thickness reductions in the su-
perior temporal and transverse temporal cortices bilaterally
and right medial geniculate nucleus atrophy. In C9- ALS,
cortical thickness changes were noted in the superior tem-
poral and transverse temporal cortices bilaterally and vol-
ume reductions in the right superior temporal cortex and
medial geniculate nucleus bilaterally. The transverse tem-
poral gyrus encompasses the primary auditory cortex and
the superior temporal region includes the high-order asso-
ciative auditory cortex and also possesses a number of non-
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Fig. 2. Radar plots of integrity measures expressed as % of estimated marginal means of controls (green) in regions of interest

associated with sensory processing. * indicates significant intergroup differences (p value < 0.05).

sensory functions. The medial geniculate nucleus is a key
hub of the auditory pathway and forms the thalamic relay
between the inferior colliculus and the auditory cortex.

A key finding of this study is the demonstration of
medial lemniscus involvement in ALS. Axial diffusivity
differences have been captured between C9+ and C9- pa-
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tients in the right medial lemniscus (p = 0.038) and there
is a trend of reduced FA in the left medial lemniscus (p =
0.054) in C9- ALS compared to healthy controls. Despite
the plethora of tractography studies in ALS [90,91], sen-
sory white matter tracts are seldom evaluated specifically
and brainstem studies typically focus on motor tract degen-
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eration [92,93]. The medial lemniscus is part of the dorsal
column-medial lemniscus pathway which transmits propri-
oception, touch and vibration. Internal arcuate fibres cross
over at the great sensory decussation then ascend as the
medial lemniscus, synapsing at the ventral posterolateral
nucleus of the thalamus. The posterior thalamic radiation
includes functionally diverse thalamocortical white matter
projections encompassing sensory and non-sensory fibres
which connect the caudal thalamus with the occipital and
parietal lobes. FA reductions and increased RD were ob-
served in the posterior thalamic radiation bilaterally in both
C9+ and C9- ALS in comparison to healthy controls.

Complementary to established motor [79,94] and
frontotemporal pathology [80,95], our results provide struc-
tural evidence of somatosensory pathway degeneration in
both C9+ ALS and C9- ALS. We have detected evidence of
multi-level pathological change spanning from the medial
lemniscus, through the thalamic nuclei and thalamocortical
radiation to the primary sensory cortex. Our data also pro-
vide evidence of the concomitant degeneration of cortical
and subcortical components of the auditory and visual path-
ways. On clinical assessment, the majority of patients only
exhibit limited sensory signs and report mild or no symp-
toms. Accordingly, the pathological changes observed on
neuroimaging may be considered sub-clinical. While so-
matosensory, visual and auditory deficits are not routinely
investigated, they may have significant implications for ac-
tivities of daily living. Proprioceptive deficits may con-
tribute to gait impairment, fall risk and impaired dexter-
ity. The wider recognition of proprioceptive deficits may
guide falls prevention strategies. Pharyngeal and laryngeal
sensory deficits [39,40] may exacerbate dysphagia, and al-
tered smell and impaired taste [35,36,96] may contribute to
diminished appetite [37]. Changes in taste are likely to be
multifactorial in ALS and may be exacerbated by other fac-
tors such as medications and oral candidiasis [35,36].

This study is not without limitations. We performed
a cross-sectional imaging study of symptomatic ALS pa-
tients; the longitudinal interrogation of integrity metrics in
these anatomical foci would provide important additional
insights [82,97]. We purposefully did not explore direct
clinico-radiological correlations between clinical scores
and imaging findings, acknowledging the contribution of
spinal [98] and peripheral components of the sensory sys-
tem to clinical manifestations [69,98,99]. Our clinical data
pertain to C90rf72 negative patients only and we did not
collect visual, auditory or olfactory clinical data to com-
plement our neuroimaging findings. Some of the anatomi-
cal regions we assessed mediate exclusively sensory func-
tions (postcentral gyrus, medial lemniscus etc.), but some
of the regions we evaluated (posterior thalamic radiation,
insula etc.) have both sensory and non-sensory roles and
their degeneration is therefore less specific to sensory func-
tions. While we have confirmed the involvement of cere-
bral hubs of sensory circuits, future studies of sensory dys-
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function in ALS should acquire quantitative electrophysiol-
ogy data to evaluate the spinal and peripheral components
of sensory networks. Notwithstanding these limitations, we
have demonstrated the degeneration of cortical, subcortical
and white matter components of somatosensory pathways
in a condition which is primarily associated with motor and
frontotemporal dysfunction.

5. Conclusions

Key subcortical hubs, white matter tracts and corti-
cal components of the somatosensory system are affected in
ALS. ALS should no longer be regarded as a condition ex-
clusively involving motor and frontotemporal regions. Sub-
clinical or subtle sensory deficits may exacerbate mobility,
impact on dexterity, increase fall risk and may have ram-
ifications for bulbar dysfunction. Somatosensory deficits
in ALS are important to recognise, should be routinely
screened for, and should be taken into account when plan-
ning multidisciplinary interventions.
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