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ARTICLE INFO ABSTRACT
Keywords: Objective: C9orf72 mutation carriers with different neurological phenotypes show cortical and subcortical atro-
Amyotrophic Lateral Sclerosis phy in multiple different brain regions, even in pre-symptomatic phases. Despite there is a substantial amount of
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knowledge, small sample sizes, clinical heterogeneity, as well as different choices of image analysis may hide
anatomical abnormalities that are unique to amyotrophic lateral sclerosis (ALS) patients with this genotype or
that are indicative of the C9orf72-specific trait overlain in fronto-temporal dementia patients.

Methods: Brain structural and resting state functional magnetic imaging was obtained in 24 C9orf72 positive
(ALSC9+) ALS patients paired for burden disease with 24 C9orf72 negative (ALSC9-) ALS patients. A compre-
hensive structural evaluation of cortical thickness and subcortical volumes between ALSC9+ and ALSC9- patients
was performed while a region of interest (ROI)-ROI analysis of functional connectivity was implemented to assess
functional alterations among abnormal cortical and subcortical regions. Results were corrected for multiple
comparisons.

Results: Compared to ALSC9- patients, ALSC9+ patients exhibited extensive disease-specific patterns of thalamo-
cortico-striatal atrophy, supported by functional alterations of the identified abnormal regions. Cortical thinning
was most pronounced in posterior areas and extended to frontal regions. Bilateral atrophy of the mediodorsal and
pulvinar nuclei was observed, emphasizing a focal rather than global thalamus atrophy. Volume loss in a large
portion of bilateral caudate and left putamen was reported. The marked reduction of functional connectivity
observed between the left posterior thalamus and almost all the atrophic cortical regions support the central role
of the thalamus in the pathogenic mechanism of C9orf72-mediated disease.

Conclusions: These findings constitute a coherent and robust picture of ALS patients with C9orf72-mediated
disease, unveiling a specific structural and functional characterization of thalamo-cortico-striatal circuit alter-
ation. Our study introduces new evidence in the characterization of the pathogenic mechanisms of C9orf72
mutation.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and heteroge-
neous neurodegenerative disorder characterized by the involvement of
motor neurons and some associated neuronal pathways (Chio et al.,
2014). C9orf72 repeat expansion is the most common genetic cause
associated with ALS and frontotemporal dementia (FTD) (Renton et al.,
2011). C9orf72 mutation carriers show some peculiar clinical and neu-
ropsychological features in comparison with wild-type ALS patients
(Tazzolino et al., 2021; Van Der Ende et al., 2021), such as earlier disease
onset, more frequent bulbar impairment, a faster disease progression
that also determines a lower survival (Glasmacher et al., 2020). More-
over, they are characterized by a higher frequency of cognitive
impairment, such as language alterations, associated with extrapyra-
midal signs and psychiatric disorders (Esselin et al., 2020).

Magnetic resonance imaging (MRI) is a widely used neuroimaging
technique capable of unraveling the pathological changes in-vivo during
disease progression. By assessing both anatomical and functional con-
sequences of the spread of the disease, MRI allows for distinguishing
various ALS endophenotypes with possible different genetic causes and
prognoses (Chio et al., 2014). In previous structural MRI-based studies,
C9orf72 mutation carriers reported different cortical alterations when
compared to non-mutation carriers. In particular, C9orf72 mutation
carriers showed diffuse symmetrical cortical volume loss involving the
primary motor areas, but also extending beyond motor regions to
include orbitofrontal, opercular, fusiform, lingual, cingulate, and tem-
poral areas (Bede et al., 2013a; Byrne et al., 2012). Moreover, C9orf72-
related ALS showed greater structural alterations in the cortical thick-
ness of extra-motor regions, particularly in posterior areas, such as the
occipital cortex and cuneus, when compared to ALS patients (Agosta
et al., 2017; Bede et al., 2013a; Westeneng et al., 2016). Subcortical
atrophy in C9orf72 mutation carriers is mainly localized in the thalamus
(Agostaetal., 2017; Bede et al., 2013a; Bede et al., 2013b; Chipika et al.,
2020b; Chipika et al., 2020c; Floeter et al., 2016; McKenna et al., 2022;
Westeneng et al., 2016). Interestingly, pulvinar alterations have been
proposed as a C9orf72-specific trait based on findings in FTD patients
(Bocchetta et al., 2020; Lee et al., 2014; McKenna et al., 2022), but have
not been confirmed by others in ALS patients (Chipika et al., 2020b;
Chipika et al., 2020c).

From a functional perspective, only a few studies have investigated
C9orf72-related functional alterations, identifying heterogeneous pat-
terns of altered connectivity in ALS and FTD patients (Agosta et al.,
2017; Lee et al., 2017; Smallwood Shoukry et al., 2020).

Despite this considerable amount of knowledge, there is still a lack of
comprehensive information about the anatomical-structural peculiar-
ities - and functional repercussions - that characterize C9orf72 geneti-
cally mediated ALS. Small sample sizes of C9orf72-related ALS patients,
clinical heterogeneity, as well as the different choices of image analyses
in previous studies could have hidden peculiar anatomical and func-
tional features that can characterize these patients in comparison to
sporadic ALS patients and possible structural imaging signature over-
lapping with FTD patients.

In this study, we aim at investigating the structural alterations in
cortical and subcortical structures, and the functional impairments un-
derpinning these structural changes, between C9orf72 ALS mutation
carriers and wild-type ALS patients. Concerning all previous studies,
participants were matched for disease burden, to characterize the ge-
notype signature controlling for possible differences due to the clinical
phenotype.

2. Materials and methods
2.1. Data collection

We collected the clinical data of all patients that underwent 1.5 T
MRI assessment at diagnosis in the Turin ALS centre. We paired 24 ALS
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patients carrying C9orf72 expansion (ALSC9+) with 24 wild-type pa-
tients (ALSC9-) matched for age, gender, ALSFRS- total score, and dis-
ease duration, using a one-by-one pairing technique. Age was considered
similar in a range of + 5 years, ALSFRS-R at time of MRI performance in
a range of + 5 points, and disease duration from the onset in a range of
+ 3 months.

2.2. C9orf72 repeat expansion detection

All participants were screened for the C9orf72 intronic expansion
using a conventional repeat-primed Polymerase Chain Reaction (PCR).
Repeat-primed PCR was performed as follows: 100 ng of genomic DNA
were used as template in a final volume of 28 ml containing 14 ml of
FastStart PCR Master Mix (Roche Applied Science, Indianapolis, IN,
USA), and a final concentration of 0.18 mM 7-deaza-dGTP (New En-
gland Biolabs, Ipswich, MA, USA), 13 Q-Solution (QIAGEN, Valencia,
CA, USA), 7% DMSO (Sigma-Aldrich), 0.9 mM MgCl2 (QIAGEN), 0.7
mM reverse primer consisting of ~ four GGGGCC repeats with an anchor
tail, 1.4 mM 6FAM-fluorescent labeled forward primer located 280 bp
telomeric to the repeat sequence, and 1.4 mM anchor primer corre-
sponding to the anchor tail of the reverse primer (sequences available in
Supplemental Experimental Procedures). A touchdown PCR cycling
program was used where the annealing temperature was gradually
lowered from 70 °C to 56 °C in 2 °C increments with a 3 min extension
time for each cycle. The repeat-primed PCR is designed so that the
reverse primer binds at different points within the repeat expansion to
produce multiple amplicons of incrementally larger size. The lower
concentration of this primer in the reaction means that it is exhausted
during the initial PCR cycles, after which the anchor primer is prefer-
entially used as the reverse primer. Fragment length analysis was per-
formed on an ABI 3730xI genetic analyzer (Applied Biosystems, Foster
City, CA, USA), and data were analyzed using GeneScan software
(version 4, ABI). Repeat expansions produce a characteristic sawtooth
pattern with a 6 bp periodicity. Repeat lengths of > 30 units with the
characteristic sawtooth pattern were considered to be pathogenic
(Renton et al, 2011). All patients included had no mutation in SOD1,
TARDBP, and FUS genes.

2.3. MRI acquisition

Imaging data were acquired using a Signa HDxt EchoSpeed 1.5-MRI
scanner (General Electric) equipped with a 8-channels head coil. A high-
resolution 3D T1-weighted (T1w) structural sequence (TR = 11.82 ms,
TE = 4.92 ms, FOV = 240 x 240 mmz, voxel size = 0.47 x 0.47 x 1
mm?, flip angle = 12°, 120 axial slices) was acquired for each participant
in a MRI session including other sequences. Among these additional
sequences, a eye-closed resting-state functional magnetic resonance
imaging (rs-fMRI) acquisition (TR = 2250 ms, TE = 5 ms, FOV = 210 x
210 mm?, voxel size = 3.28 x 3.28 x 5mm>, flip angle = 90°, number of
volumes = 585, 25 axial slices) was obtained in a subset of patients (n =
19 ALSC9+, n = 19 ALSC9-).

2.4. Structural MRI data analysis

To identify alteration of cortical and subcortical regions, we per-
formed two different analyses: vertex-wise analyses on cortical thickness
and subcortical nuclei shape and volume analyses on subnuclei of
thalamus, amygdala, and hypothalamus.

For each participant, N4 bias field correction was applied as a pre-
processing step on T1w image to normalize variations in image intensity
across the volume (Nicholas J. Tustison et al., 2011).

First, the vertex-wise analysis (i.e cortical thickness vertex-wise
analysis and subcortical shape vertex-wise analysis) was conducted on
cortical and subcortical nuclei surfaces.

For cortical thickness vertex-wise analysis we used FreeSurfer soft-
ware (version 7; https://surfer.nmr.mgh.harvard.edu/). Preprocessed
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T1lw images underwent the “recon-all” pipeline which included affine
registration to the MNI305 atlas (Collins et al., 1994), skull stripping,
segmentation of grey matter, white matter, and cerebrospinal fluid
(CSF), based on maps of prior probabilities, and reconstruction of white
matter and pial surfaces. Visual inspection and manual correction were
conducted on the output by an expert operator (A.N.) blind to the ge-
netic classification, to verify and remove the presence of inaccuracies of
pial and white boundary surfaces. Cortical thickness was obtained as the
distance between the vertices of the white and pial surface. “-qcache”
flag was used to process and resample the individual cortical surfaces
onto common (fsaverage) space. To compare the cortical thickness be-
tween pathological groups, a vertex-wise analysis on surfaces was per-
formed using a General Linear Model (GLM) approach, as implemented
in “qdec” module, including as covariates age, gender, disease pro-
gression, and number of body regions involved (NBRI) (Manera et al.,
2019) at the date of MRI scans. Monte Carlo simulation with a cluster
threshold of p < 0.05 was used to correct for multiple comparisons. In
order to perform all analyses in the same space, coordinates of the peaks
of the observed cortical abnormalities were transformed from MNI305
to MNI152 using the matrix provided in https://surfer.nmr.mgh.harvard
.edu/fswiki/CoordinateSystems.

For subcortical shape vertex-wise analysis we used FIRST tool
(Patenaude et al., 2011), part of FMRIB Software Library — FSL (Jen-
kinson et al., 2012). The T1w images were transformed to the MNI152
standard space and then segmented to obtain the subcortical surfaces (i.
e. bilateral putamen, caudate, pallidum, thalamus, hippocampus).
Amygdala was not included in this shape analysis due to the lower
sensitivity in detecting differences between groups (Alexander et al.,
2020). Then, the segmentation outputs were carefully checked by the
same operator (A.N.) and a vertex-wise analysis was performed for each
single subcortical structure using a GLM as implemented in “first_utils”
and employing age, gender, disease progression, and NBRI as con-
founding variables. Results were corrected for multiple comparisons
using p < 0.05 familywise cluster correction (FWE) (“randomize”
module).

Second, volume analyses were conducted on subnuclei of the thal-
amus and amygdala and hypothalamic subunits. After the “recon-all”
pipeline, thalamic nuclei (Iglesias et al., 2018), amygdala nuclei (Saygin
et al., 2017), and hypothalamic subunits (Billot et al., 2020) segmen-
tation modules were applied as implemented in FreeSurfer. Thalamic
nuclei segmentation was performed with the updated version of the
“quantifyThalamicNuclei.sh” script, as recommended by FreeSurfer’s
guidelines (https://freesurfer.net/fswiki/ThalamicNuclei). After a vi-
sual check for errors, no manual interventions were performed on the
data. Total intracranial volume (TIV) was obtained from the “aparc” file.
Volumes of thalamic, amygdalar, and hypothalamic nuclei were ob-
tained. To reduce the number of comparisons, the 25 thalamic nuclei for
each hemisphere were merged in 14 subregions according to Bocchetta
et al. (2020): anteroventral (AV), laterodorsal (LD), lateroposterior (LP),
ventral anterior (VA), ventral lateral anterior (VLa), ventral lateral
posterior (VLp), ventral posterolateral (VPL), ventromedial (VM),
Intralaminar, Midline, mediodorsal (MD), lateral (LGN) and medial
(MGN) geniculate, pulvinar [the association between Freesurfer par-
cellation and these subregions is reported in Supplementary Table 1
according to (Bocchetta et al., 2020)]. For the amygdala and hypo-
thalamus, each subunit was considered separately. All extracted vol-
umes were expressed as a percentage of TIV.

Statistical analyses were performed on volumes using R software
4.0.3. We tested the normal distribution using Shapiro-Wilk test, then
we applied Mann-Whitney U-test to compare the extracted volumes data
between ALSC9+ e ALSC9-. Results were corrected for multiple com-
parisons using Holm correction of p < 0.05.

2.5. Resting-state fMRI data analysis

To identify functional alterations among cortical and subcortical
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regions that were significantly atrophic between the two pathological
groups, we performed a region of interest (ROI)-to-ROI functional con-
nectivity analysis. Connectivity analyses were carried out using the
CONN connectivity toolbox (v. 20.b) (Whitfield-Gabrieli & Nieto-
Castanon, 2012). The “default MNI” preprocessing pipeline was used.
For each participant, functional images were realigned to the first vol-
ume, unwarped, and slice-timing corrected (slice order = interleaved,
bottom-up), to reduce motion artifacts and geometric distortions.
Outlier volume identification was performed with the Artifact Rejection
Toolbox (ART) implemented in CONN. Structural images were
segmented into gray matter, white matter (WM), and cerebrospinal fluid
(CSF) tissue classes. Structural and functional images were registered
and normalized into standard MNI space. Functional data resampling to
2 mm isotropic voxels was performed and images were smoothed with a
full-width at half-maximum (FWHM) 6 mm Gaussian kernel. The
anatomical component-based noise correction (aCompCor) was adopted
to extract noise signals from WM and CSF components on a voxel-by-
voxel level. Subsequently, a 0.008 — 0.1 Hz bandpass filter was
applied to the time-series to remove low-frequency drifts and high-
frequency noise.

At the first-level analysis, a ROI-to-ROI approach was adopted to
investigate functional connectivity patterns among cortical and
subcortical regions resulting significantly different in structural MRI
analyses between groups. Spherical ROIs (radius = 6 mm) centered on
the significant peak coordinates resulting from vertex-wise analyses
were generated (coordinates are reported in Supplementary Tables 2
and 3). For each participant, realignment parameters, ART outlier vol-
umes scrubbing parameters, physiological noise components obtained
using aCompCor, and “effect of rest’” (initial magnetization transient
effects) were entered as covariates in the first-level analysis (Nieto-
Castanon, 2020). At the second-level analysis, participants’ ROI-to-ROI
connectivity matrices were compared between ALSC9+ and ALSC9-
groups, with age, gender, disease progression, and NBRI as confounding
variables. The Functional Network Connectivity (FNC) method imple-
mented in CONN was adopted to analyze the connectivity patterns be-
tween the ROIs (Nieto-Castanon, 2020; (Jafri et al., 2008). FNC first
identifies networks of related ROIs with a data-driven hierarchical
clustering procedure. The entire set of connections between all pairs of
ROIs is then analyzed using a multivariate parametric General Linear
Model analysis. A False Discovery Rate (FDR) p < 0.05 cluster-level
threshold is applied to adjust for multiple comparisons and control the
false discovery rate. Specifically, among all network-to-network con-
nectivity sets only those deemed significant were selected. Additionally,
a connection-level post-hoc uncorrected p threshold was set at < 0.01
(CONN’s default = 0.05) to select only the most robust individual con-
nections within each significant cluster.

Standard Protocol Approvals, Registrations, and Patient Consents. The
study design was approved by the Ethical Committee of the Azienda
Ospedaliero-Universitaria Citta della Salute of Turin (Prot.
N.0021674-24/02/2022).

3. Results

The main clinical features of included patients are summarized in
Table 1. As a result of the matching, no significant differences were
found between groups.

3.1. Structural MRI

Vertex-wise analysis showed a decrease of cortical thickness mainly
in posterior regions, but also extended to frontal regions, in ALSC9+
compared to ALSC9- patients. In particular, we showed a decreased
cortical thickness in bilateral precentral and postcentral cortex, superior
frontal gyrus, and precuneus, in left inferior temporal cortex, fusiform
and parahippocampal gyri, lateral and medial orbital frontal cortex,
posterior and rostral anterior cingulate, in right superior parietal and
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Table 1

Demographic and clinical characteristics of patients. § Results for Chi-square test
between ALSC9+ and ALSC9-; * results for two-sample independent t-test be-
tween ALSC9+ and ALSC9. Abbreviations: IQR = interquartile range; ALSbi =
ALS patients with behavioural impairment; ALSci = ALS patients with cognitive
impairment; ALScbi = ALS patients with cognitive and behavioural impairment;
ALS-FTD = amyotrophic lateral sclerosis — frontotemporal dementia.

ALSC9+ (n = ALSCY- (n = s
24) 24)

Male/Female ratio 14/10 13/11 0.771

Bulbar/spinal onset 6/18 8/16 0.525

Cognitive classification n (%) n (%) 0.665

Normal cognition 10 (41.7) 14 (58.3)

ALSbi 2(8.3) 2(8.3)

ALSci 2(8.3) 2(8.3)

ALScbi 1(4.2) 1(4.2)

ALS-FTD 4(16.7) 1(4.2)

Unknown 5(20.8) 4 (16.7)
median (IQR) median (IQR) p*

Age (years) 58.7 60.6 0.902
(50.9-68.3) (52.9-66.6)

ALSFRS-R score 42.5 43.0 0.983
(37.3-45.0) (37.0-45.0)

Disease duration (months) 11.0 (8.0-14.7) 11.0 (9.0-19.0) 0.717

Overall survival (years) 2.61 2.70 0.845
(2.17-3.55) (2.11-3.99)

Disease progression (AALSFRS-R/ 0.51 0.47 0.606

months) (0.32-0.91) (0.31-0.69)

Number of body regions involved 2.00 2.00 0.979

(1.00-3.00) (1.00-2.75)

supramarginal cortex (Fig. 1A, Supplementary Table 2). Vertex-wise
analysis also showed an extensive decrease in bilateral thalamic vol-
ume in ALSC9+ when compared to ALSC9- patients, more prominent in
the superior-lateral-posterior portions of the thalamus, in the lateral and
medial portions of bilateral caudate, and left putamen (Fig. 1B, Sup-
plementary Table 3).

Regarding the volume measures in the subnuclei/subunits of the
thalamus, amygdala, and hypothalamus, we did not observe any group
differences in amygdala nuclei and hypothalamic subunits, while we
identified significant differences in thalamic nuclei. In particular, we
observed an important reduction of volume in ALSC9+ compared to
ALSC9- patients in bilateral MD, followed by bilateral Pulvinar. More-
over, significantly decreased volumes were also observed in left AV, VA,

ALSC9-vs ALSC9+

-5.0 -20 20 5.0

ALSC9- > ALSC9+ ALSC9+ > ALSCS-

Left
hemisphere

Right
hemisphere
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VLp, and right LP (Fig. 2, Table 2).

3.2. Resting-state fMRI

ROI-ROI functional connectivity analyses revealed that ALSC9+
patients, compared to patients with ALSC9- patients, showed a signifi-
cant decrease in functional connectivity in one cluster of multiple con-
nections (F(2,31) = 7.56; p-FDR-corrected for multiple comparisons =
0.012) and a significant increase in functional connectivity in one
cluster including one connection (F(2,31) = 6.21; p-FDR-corrected for
multiple comparisons = 0.018). Notably, the left thalamus exhibited a
significant decrease in functional connectivity with the right thalamus,
left postcentral cortex, left posterior cingulate cortex, and right middle
temporal cortex, while the left banks of the superior temporal sulcus
with the left posterior cingulate cortex. In contrast, the left rostral
middle frontal cortex showed increased functional connectivity with the
left supramarginal gyrus (Fig. 3, Supplementary Table 4).

4. Discussion

Using two cohorts of ALS patients with similar disease burdens, our
study reveals extensive disease-specific patterns of thalamo-cortico-
striatal atrophy and underlying functional connectivity alterations in
ALSC9+ compared to wild-type ALSC9- patients. In ALSC9+ patients,
cortical thinning was most pronounced in posterior areas, but also
extended into frontal regions. Moreover, genetically mediated patients
showed bilateral thalamic volume decrease, as well as loss of volume in
large portions of bilateral caudate nuclei and left putamen. Among
thalamic nuclei, the atrophy was more prominent in bilateral MD nuclei,
followed by bilateral pulvinar nuclei. Additionally, the marked reduc-
tion of functional connectivity between the left posterior thalamus and
almost all the atrophic cortical regions identified indicates the thalamus’
central role in the pathogenic mechanisms of C9orf72.

The underlying mechanisms through which C9orf72 repeat expan-
sions exert neuronal degeneration are not completely understood (Xu
et al., 2021). Indeed, although disease progression affects both motor,
behavioral, and cognitive networks for ALSC9+ patients, there is still a
need to measure disease-driven impairment. Recent studies conducted
on ALSC9+ carriers explored lifelong behavioural and personality
characteristics, pointing out that subtle personality traits like fixed

ALSC9+ > ALSC9-

P

Anterior \

Left

Posterior superior

t score - Degree of atrophy
Less atrophy  —— ey More atrophy
0.01 55

Fig. 1. Cortical and subcortical alterations between ALSC9+ and ALSC9- patients. Panel A: vertex-wise analysis showing significant changes in cortical brain
thickness (panel A) ALSC9-+ patients compared to ALSC9- patients. All results were reported with p < 0.05 corrected for multiple comparisons using Monte Carlo
cluster-based simulation. Clusters color-coded in blue indicate significantly decreased cortical thickness in ALSC9+ patient group compared to ALSC9- patient group.
Panel B: vertex-wise analysis showing a significant decrease in the shape of subcortical regions in ALSC9+ compared to ALSC9- patients. Results were corrected using
p < 0.05 family-wise error (FWE) -corrected threshold. Only significant results are shown. Abbreviations: ALSC9- = amyotrophic lateral sclerosis C9orf72 non
mutation carriers; ALSC9+ = amyotrophic lateral sclerosis C9orf72 mutation carriers. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Table 2

Thalamic nuclei: significant statistical differences in volume of thalamic nuclei between ALSC9+ and ALSC9- patients. Abbreviations: ALSC9- = amyotrophic lateral
sclerosis C9orf72 non mutation carriers; ALSC9+ = amyotrophic lateral sclerosis C9orf72 mutation carriers; TIV = total intracranial volume; AV = anteroventral; LD =
laterodorsal; LP = latero posterior; VA = ventral anterior; VLa = ventral lateral anterior; VLp = ventral lateral posterior; VPL = ventral posterolateral; VM =
ventromedial; MD = mediodorsal; LGN = lateral geniculate; MGN = medial geniculate.

Thalamus - Left side

AV LD LP VA Vla VLp VPL VM Intralaminar Midline MD LGN MGN Pulvinar
ALSC9+ Mean 0.008 0.002 0.007 0.028 0.038 0.050 0.056 0.001 0.026 0.001 0.057 0.016 0.008  0.113
SD 0.001 0.001 0.002 0.003 0.004 0.005 0.007 0.000 0.003 0.000 0.007 0.003 0.001 0.014
ALSC9- Mean 0.009 0.002 0.008 0.031 0.041 0.054 0.059 0.001 0.028 0.001 0.065 0.018 0.007  0.125
SD 0.001 0.001 0.001 0.003 0.004 0.006 0.006 0.000 0.003 0.000 0.007 0.003 0.001 0.013
2z score —2.89 —-0.95 -2.27 -3.38 -2.75 -2.84 —2.51 -1.95 -2.25 -2.25 —3.54 -2.19 1.34 -2.97
p-value 0.045  0.511 0.172 0.008 0.059 0.047  0.102 0.203 0.172 0.172 0.005 0.172 1 0.035
Thalamus - Right side
AV LD LP VA VLa VLp VPL VM Intralaminar Midline MD LGN MGN Pulvinar
ALSC9+ Mean 0.009 0.001 0.007 0.029 0.039 0.051 0.054 0.001 0.026 0.001 0.057 0.016 0.008  0.108
SD 0.001 0.001 0.001 0.004 0.004 0.006 0.007 0.000 0.003 0.000 0.008 0.002 0.001 0.015
ALSC9- Mean 0.010 0.002 0.008 0.031 0.042 0.054 0.057 0.001 0.028 0.001 0.067 0.017 0.008  0.121
SD 0.001 0.000 0.001 0.003 0.004 0.005 0.005 0.000 0.003 0.000 0.009 0.002 0.001 0.013
2 score —2.66 -1.83 —-2.86 -2.71 -2.19 —2.08 -1.26 -1.70 —-1.64 —2.06 —-3.64 -2.45 015 —-3.50
p-value 0.069 0.237 0.046 0.064 0.172 0.187 0.414 0.267 0.267 0.187 0.004 0.115 1 0.006

behavioural patterns and limited empathy are present in early life
(Gossink et al., 2021). Language, especially as assessed by verbal fluency
performance, is also altered in ALSC9+ carriers before symptomatic
disease (Lule et al., 2020). These observations, confirmed by neuro-
imaging studies (Bertrand et al., 2018), reinforce the hypothesis that
considers C9orf72 mutation as a neurodevelopmental disease that could
facilitate neurodegenerative processes (Bede et al., 2020) and the
resulting increased neuropsychiatric vulnerability (Esselin et al., 2020).
C9orf72-mediated disease in ALS exhibits a highly precise pattern of
cortical and subcortical atrophy. Our results confirm the prevalence of
extensive cortical thickness reductions in the posterior regions,
encompassing parietal, occipital, and temporal areas, but also extended
to frontal regions among ALSC9+ as compared to ALSC9- patients
(Agosta et al., 2017; Bede et al., 2013a; Querin et al., 2022; Westeneng
et al., 2016). The diffusion studies on the staging of pathology indicate

similar white matter impairments in ALSC9+ and ALSC9- patients
compared to healthy participants (Agosta et al., 2017; Miiller et al.,
2020; Miiller et al., 2021, Kassubek et al., 2014). In this pattern, motor
tracts, such as the corticospinal tract and motor mid-segment of the
corpus callosum, were affected. These tracts are extensively connected
to the regions where we observed reduced cortical thickenss. Besides
extensive cortical atrophy, our study emphasizes that thalamic alter-
ations play a crucial role in the C9orf72 genotype as previously reported
in neuroimaging studies in both presymptomatic (Bertrand et al., 2018;
Lee et al., 2017; Querin et al., 2022; Rohrer et al., 2015) and symp-
tomatic patients (Bede et al., 2013a; Bede et al., 2013b; Querin et al.,
2022; Westeneng et al., 2016). Unquestionably, vertex-wise and sub-
nuclear analyses revealed specific atrophy of the thalamic profile in ALS
patients.

Indeed, vertex-wise analysis showed bilateral thalamic atrophy
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Fig. 3. Functional connectivity analysis between ALSC9+ and ALSC9- patients. ROI-to-ROI functional connectivity analysis between ALSC9+ and ALSC9- groups,
with age, gender, disease progression, and NBRI as confounding variables. Cluster-forming significance threshold: p < 0.05 false-discovery-rate (FDR)-corrected for
multiple comparisons; connection-level post-hoc: p < 0.01 uncorrected. Blue colour scale indicates a decrease in functional connectivity of ALSC9+ compared to
ALSC9-; red colour scale indicates an increase in functional connectivity of ALSC9+ compared to ALSC9-. Abbreviations: rh = right hemisphere; lh = left hemisphere;
MTC = middle temporal cortex; PCC = posterior cingulate cortex; STS = banks of the superior temporal sulcus; Thal = thalamus; PCG = postcentral gyrus; SG =
supramarginal gyrus; rMFC = rostral middle frontal cortex. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

extending to the superior-inferior-lateral portion, with a peak of atrophy
around the pulvinar, very similar to the pattern previously reported on
the right thalamus only (Bede et al., 2013b) and in bilateral (Chipika
et al., 2020b). According to the fine-grained parcellation method of the
thalamus in our study, ALSC9+ patients clearly showed bilateral atro-
phy of the MD and Pulvinar nuclei, high order nuclei, in comparison to
non-mutated patients, emphasizing a focal rather than global thalamus
atrophy. These two nuclei are critical to high-order associative and
integrative functions of stimuli, such as behavioral modulation, visual-
spatial, and executive functions (Benarroch, 2015; Halassa & Kastner,
2017; Ouhaz et al., 2018; Saalmann et al., 2012; Schmahmann, 2003).
These findings are in line with observations reported in the C9orf72 ALS-

FTD continuum in comparison to healthy participants (Bocchetta et al.,
2022; Chipika et al., 2020b), where MD is affected across the whole
spectrum (Bocchetta et al., 2022; Chipika et al., 2020b), while pulvinar
alterations were reported as a unique feature of C9orf72 carriers in FTD
(Bocchetta et al., 2020, 2022). By controlling for disease burden be-
tween the two pathological groups we were able to pinpoint these vol-
ume changes that were previously reported either as a trend towards
significant or non-significant at all in ALSC9+ versus ALSC9- patients
(Bocchetta et al., 2022; Chipika et al., 2020b; Chipika et al., 2020c).
These results suggest that dysfunction of these high-order nuclei - which
regulate synchrony and information flow at the cortico-cortical and
cortico-subcortical levels (Mitchell, 2015) - may contribute to cognitive,
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but also neuropsychiatric symptoms that are seen in ALSC9+ compared
to ALSC9- patients (Esselin et al., 2020). In support of this assumption,
these thalamic nuclei are reported in post-mortem and in-vivo studies to
be sites of neuropathological alteration in patients carrying the C9orf72
gene (Bocchetta et al., 2020; Vatsavayai et al., 2016), as well as in pa-
tients with psychiatric disorders such as schizophrenia (Byne et al.,
2009; Kemether et al., 2003; Ouhaz et al., 2018). Furthermore, we
report a unilateral involvement of functional limbic and motor thalamic
nuclei (Schmahmann, 2003) such as the right LP, a higher-order region
relevant for somatosensory and visuo-spatial integration (Schmahmann,
2003), as well as the anterior (i. e. AV, VA) and ventrolateral (VLp) first-
order nuclei of the left thalamus primarily engaged in spatial learning,
navigation, and motor programming (Jankowski et al., 2013; Nelson,
2021; Schmahmann, 2003).

It is not surprising that the left thalamus, whose seed coordinates are
mainly located at the pulvinar (i.e., maximum atrophy on the vertex-
wise analysis), showed decreased functional connectivity with the
greatest cortical thickness changes in the posterior regions. Presymp-
tomatic mutation carriers and patients with C9orf72-related FTD display
similar functional connectivity changes in the thalamus (i.e. medial
pulvinar) (Lee et al., 2014, 2017; Smallwood Shoukry et al., 2020). On
the other hand, we observed higher functional connectivity between the
left medial frontal and supramarginal gyri in ALSC9+ patients, which
can be interpreted as a result of a compensatory effect limited by the
degree of cognitive-behavioral deficits. This observation is in line with
an earlier study that found an association between frontal-executive
dysfunction and an increase in frontoparietal network functional con-
nectivity of these two regions in ALS patients (Castelnovo et al., 2020).

Focusing on other subcortical regions, portions of the caudate and
putamen resulted structurally altered, consistent with previous MRI
studies that showed typical basal ganglia involvement in ALS and FTD
associated with C9orf72 mutations (Bede et al., 2013b; Lee et al., 2014;
Westeneng et al., 2016).

However, neither the amygdala nor the hippocampus, nor the hy-
pothalamus showed a specific signature of atrophy in mutated versus
wild-type patients. A similar result was reported by Chipika et al.
(2020a,c), showing a selective involvement of specific amygdala nuclei
in ALS patients compared to healthy participants, but not between
mutated or non-mutated patients. Therefore, although the amygdala,
hippocampus, and hypothalamus have been reported among the first
brain regions which appear structurally altered in C9orf72 expansion
carriers without evident clinical symptoms (Bocchetta et al., 2021), our
observations suggest that these abnormalities may be unrelated to the
C9orf72 genotype.

Our study is not without limitations. First, it was not possible to
include the control group. Therefore, we could not compare the patterns
obtained in patients with healthy participants. However, this does not
influence the goodness of our inferences because the primary objective
of the study was to characterize the pattern of C9orf72-mediated disease
in ALS, controlling the main sources of clinical heterogeneity. Second,
despite matching many clinical and demographic variables between
subjects in the two groups, both samples included patients who did not
undergo cognitive testing, and it was not possible to retrieve data
regarding psychiatric symptoms for all patients.

Despite these shortcomings, this research has several strengths. The
ALS sample of patients is relatively unique, both in terms of size and
match for disease burden. This may have led to the identification of
specific alterations that might have been underestimated or not suffi-
ciently highlighted in previous studies due to the clinical heterogeneity
of the patients. Finally, we used extensive multimodal analysis methods
to uncover a complete C9orf72 brain signature when compared to ALS
non-carriers.

5. Conclusion

Our study unveiled a specific structural and functional

Neurolmage: Clinical 38 (2023) 103400

characterization of thalamo-cortico-striatal circuit alteration in ALS
patients with C9orf72-mediated disease with robust data due to extreme
care in sample match and comprehensive analyses. These findings
highlight a unique contribution of C9orf72 expansions in the clinical and
neurodegenerative/neurodevelopmental profiles of ALS patients with
structural and functional imaging signatures overlapping with FTD.
These observations introduce new evidence in the characterization of
the C9orf72 patients in the continuum ALS-FTD.
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