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ABSTRACT
Background: The thalamus is a key subcortical hub of numerous corticobasal and corticocortical circuits mediating a wealth of 
cognitive, behavioural, sensory and motor processes. While thalamic pathology is increasingly recognised in amyotrophic lateral 
sclerosis, its degeneration is often assessed in isolation instead of adopting a network-wise perspective and assessing the integrity 
of its rich cortical projections.
Methods: A prospective imaging study was conducted in a cohort of genetically stratified patients to assess the structural and 
functional integrity of thalamo-cortical circuits and volumetric alterations longitudinally.
Results: The white matter integrity of thalamic projections to the anterior cingulate cortex, cerebellum, dorsolateral prefrontal 
cortex (DLPFC), Heschl's gyrus, medial frontal gyrus (MFG), orbitofrontal cortex, parietal cortex, postcentral gyrus and precen-
tral gyrus (PreCG) is affected at baseline in ALS, which is more marked in C9orf72 hexanucleotide repeat carriers. Precentral 
gyrus and cerebellar grey matter volumes are also reduced, particularly in C9orf72. Longitudinal analyses capture progressive 
disconnection between the thalamus and frontal regions (DLPFC and MFG) in both C9orf72 positive and sporadic patients and 
progressive thalamo-PreCG disconnection in the sporadic C9orf72 negative cohort. Functional connectivity analyses revealed 
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increasing thalamo-cerebellar connectivity in sporadic ALS and increasing thalamo-DLPFC connectivity in intermediate-length 
CAG repeat expansion carriers in ATXN2 over time.
Discussion: Our data provide evidence of extensive thalamo-cortical connectivity alterations in ALS. Corticobasal circuits me-
diating extrapyramidal, somatosensory, cognitive and behavioural functions are increasingly affected as the disease progresses. 
The degeneration of thalamic projections support the conceptualisation of ALS as a ‘network disease’ and the notion of ‘what 
wires together degenerates together’.

1   |   Introduction

There is considerable neuroimaging and post-mortem ev-
idence of significant thalamic disease burden in ALS. Early 
studies of ALS tend to evaluate the thalamus as a single struc-
ture, evaluating overall volumes and surface deformations [1], 
whilst more recent ALS studies have segmented the thalamus 
into distinct nuclei, functional subregions or according to cor-
tical connectivity patterns [2, 3]. The involvement of the thal-
amus has also been demonstrated in ALS by robust functional 
and metabolic imaging studies [4–6]. There is ample post-
mortem evidence of thalamic pathology in ALS [7] and tha-
lamic involvement is regarded to be a stage-defining feature 
of pTDP-43 propagation [8]. Hexanucleotide repeat expansion 
carrier status in C9orf72 is thought to be associated with tha-
lamic vulnerability [4, 9] with a predilection for specific sub-
regions [10].

The physiological role of the thalamus is relaying thermocep-
tive, nociceptive, proprioceptive and vibrioceptive informa-
tion through the ventral posterolateral nuclei; auditory inputs 
via the medial geniculate nuclei; gustatory information via 
the ventral medial nuclei; and visual afferents through the 
lateral geniculate nuclei are widely known [11]. However, the 
non-sensory functions of the thalamus are often overlooked. 
Limbic functions are relayed through anterior, dorsal and 
pulvinar nuclei [11, 12]; language processes are conveyed 
by ventral nuclei [11] and the intralaminar and reticular nu-
clei play a physiological role in arousal and alertness [11]. 
Associative processes are relayed through midline nuclei 
[11, 12] which contribute to the reconciliation of somatosen-
sory and visuospatial information [11]. The anterior nuclei are 
important hubs of the Papez circuit [13] which is known to be 
affected in ALS [14–16]. The physiological role of thalamus-
mediated cognitive and behavioural functions has an ever-
increasing literature and is now supported by complex human 
neuroimaging studies [12, 13, 17, 18].

The clinical, genetic and neuroimaging overlap between ALS 
and FTD is well recognised [3, 19] with shared imaging pat-
terns, genetic variants and comorbid presentations. Thalamic 
pathology and thalamo-cortical connectivity alterations are well 
recognised in FTD [10] and there is a wealth of neuroimaging 
literature highlighting thalamic involvement in FTD [20] and its 
specific clinical manifestations [21]. The FTD imaging literature 
demonstrates the important neuropsychological manifestations 
of thalamic pathology, highlighting how focal thalamic changes 
may manifest in specific cognitive and behavioural deficits [21]. 
The physiological role of specific cortico-thalamic networks 
in mediating specific executive, language and behavioural 
functions is well described [18, 22]. Both the ALS and FTD 

literature suggest that subcortical changes do not occur in iso-
lation, but mirror cortical atrophy patterns, and interconnected 
cortical and subcortical foci exhibit concomitant degeneration 
[2, 21, 23, 24]. This is in line with clinical observations [23, 24] 
supporting the conceptualisation of ALS-FTD as a network dis-
ease or circuitry dysfunction, rather than the manifestation of 
focal cortical disease. The demonstration of focal subcortical 
disease and associated cortical disease seems to be consistent 
with ‘prion-like’ trans-synaptic propagation hypotheses  [25]. 
Accordingly, insights from the ALS-FTD spectrum not only 
confirm phenotype-defining clinical manifestations of thalamic 
disease burden but also indicate a central role in disease propa-
gation. With the recognition of pre-manifest or pre-symptomatic 
processes, there is increasing evidence of thalamic involvement 
in both ALS and FTD [26–31]. Despite the consensus of thalamic 
volume reductions in ALS-FTD, studies evaluating progressive 
thalamic changes over time are somewhat inconsistent [1, 32].

In light of the existing literature, we aim to look beyond focal 
thalamic pathology and examine the connectivity patterns of the 
structure to specific cortical and cerebellar regions. Our objec-
tive is the comprehensive characterisation of cortico-thalamic 
connectivity using both structural and functional approaches 
and to explore if genotype specific patterns exist. Additionally, 
we sought to establish if progressive longitudinal changes occur 
in the symptomatic phase of the disease.

2   |   Methods

2.1   |   Participants

A total of 263 participants, 150 patients with ALS and 113 
healthy controls (HC) were enrolled in this study. All partic-
ipants gave informed consent in accordance with the Ethics 
Approval of this research study (Beaumont Hospital, Dublin, 
Ireland). ALS patients were stratified by their genetic status: 
patients carrying GGGGCC hexanucleotide repeat expansions 
in C9orf72 (‘C9POS’ N = 15), sporadic patients testing nega-
tive for a panel of ALS-associated genetic variants as well as 
C9orf72 repeat expansions (“C9NEG”, N = 130) and patients 
carrying an intermediate-length CAG repeat expansion in 
ATXN2 (“ATX”, N = 5). Methods for genetic screening are 
summarised in Data S1. Longitudinal neuroimaging with four 
MRI sessions was organised with an inter-scan interval of 
4 months (111–135 days). Core demographic and clinical data 
were systematically recorded, including age, sex, symptom 
duration, time of diagnosis, handedness, education, site of dis-
ease onset, ALS functional rating scale (ALSFRS-r) (Table S1). 
Exclusion criteria for HC encompassed neurological or psy-
chiatric disease and a family history of ALS. Participating 
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ALS patients had “definite ALS” according to the revised El 
Escorial criteria.

2.2   |   Neuroimaging

Scanner parameters and the neuroimaging protocol have been 
previously described [33], but are also summarised in Data S2. 
Eleven physiologically relevant [18, 22, 34] cortico-thalamic 
networks were selected and cortical regions of interest (ROIs) 
defined accordingly: (1) The anterior cingulate cortex (ACC) 
due to its role in the ‘anterior cingulate circuit’ mediating ex-
ecutive function; (2) cerebellar cortex, due to its involvement in 
ALS [35, 36]; (3) dorsolateral prefrontal cortex (DLPFC) due to 
its role in the ‘dorsolateral prefrontal circuit’ conveying execu-
tive function; (4) Heschl's gyrus given its contribution to audi-
tory function mediated via the medial geniculate nucleus; (5) 
mammillary bodies as they form part of the ‘Papez circuit’; (6) 
medial frontal gyrus (MFG) as it is implicated in apathy; (7) or-
bitofrontal cortex (OFC) as it's part of to ‘orbitofrontal circuit’; (8) 
parietal cortex given their diverse role in various cognitive func-
tions [37]; (9) postcentral gyrus (PostCG) due to it central role in 
sensory processing; (10) precentral gyrus (PreCG) as a primary 
motor region; (11) primary visual cortex (V1) given its associ-
ation with the lateral geniculate nucleus. Each cortical region 
was defined in “subject space” using atlas parcellation schemes 
summarised in Table S2.

2.3   |   Volumetry

To assess grey matter (GM) alterations in ALS genotypes, 
we calculated thalamic and cortical ROI volumes. T1w data 
were pre-processed using the Computational Anatomy 
Toolbox (CAT12), which is an extension to the SPM12 tool-
box (Wellcome Department of Cognitive Neurology). Pre-
processing steps include denoising, affine registration to the 
bias-corrected image to improve downstream Local Adaptive 
Segmentation (LAS). LAS is an intensity transformation step 
applied to all tissue classes to enhance the accuracy of down-
stream Adaptive Maximum A Posterior (AMAP) segmenta-
tion, which models local variations of the parameters as slowly 
varying spatial functions to correct for both intensity inhomo-
geneities as well as local intensity variations. Subsequently, 
partial volume segmentation, skull-stripping and spatial 
normalisation were performed. Spatial normalisation relies 
on the integration of the Dartel and Geodesic Shooting nor-
malisation, which is based on existing templates in Montreal 
Neurological Institute (MNI) space. The CAT12 pipeline en-
ables the registration of commonly used atlases in subject 
space and the estimation of ROI GM volumes and total intra-
cranial volume (TIV). In this study, we used labels from the 
Automated Anatomical Labelling Atlas version 3 (AAL3) for 
cortical ROIs; the Spatially Unbiased Infratentorial Template 
(SUIT) for the cerebellum; the Computational Brain Anatomy 
Laboratory atlas (CoBrA) for the mammillary bodies. GM 
volume estimates for the ROIs were calculated in CAT12, ex-
tracted and averaged across hemispheres. The thalamus was 
defined using the ‘recon-all’ pipeline of FreeSurfer, which in-
cludes thalamic segmentation and volume estimation in sub-
ject space (Table S2).

2.4   |   Structural Connectivity

Microstructural white matter (WM) integrity of eleven differ-
ent thalamic projections was estimated using tractography. 
dMRI data were pre-processed using the standard MRtrix3 
pipeline, which includes noise removal, Gibb's Ringing arte-
fact removal, motion, eddy current and bias field corrections. 
Fibre orientation distribution (fODF) was then estimated in 
each voxel using constrained spherical deconvolution (CSD) 
and further normalised. The main advantage of CSD as com-
pared to commonly-used tensor-based models is its enhanced 
accuracy in resolving multiple fibre orientations in voxels 
containing crossing fibres even at low b-values. The tracts-of-
interest were defined in each individual subject by first gener-
ating 5000 streamlines between the thalamus and the eleven 
target ROIs bilaterally. Streamlines were generated using 
probabilistic tractography. Outputs are illustrated in Figure 1. 
Track data were mapped onto a high-resolution image in sub-
ject space using Track Density Imaging (TDI). The resulting 
images were binarised to produce maps, which we used to 
extract average fractional anisotropy (FA) and average radial 
diffusivity (RD) per tract.

2.5   |   Functional Connectivity

To evaluate functional connectivity (FC) changes, we calculated 
correlations of the BOLD signal between the thalamus and the 
eleven target ROIs. rs-fMRI data were pre-processed using the 
standardised feat pipeline from the FMRIB Software Library 
(FSL) which includes brain extraction, intensity normalisa-
tion, and slice-time correction. We corrected for head-motion 
artefacts using FSL's ICA-based Automatic Removal of Motion 
Artefacts (ICA-AROMA) and complemented data cleaning with 
regression of confounding effects of WM and cerebrospinal fluid 
(CSF). The cleaned data were transformed into MNI152 2 mm 
standard space by combining an initial linear co-registration 
of the native functional to the native high-resolution structural 
image using 6° of freedom (DOFs), followed by non-linearly 
warping into standard space using 12 DOFs. We calculated 
FC between the thalamus and the eleven target ROIs within 
Matlab R2022b (The Mathworks, Natick, USA), making use of 
the CoSMoMVPA as Fisher z-transformed Pearson correlation 
coefficient between the mean BOLD time course of each pair 
of ROIs.

2.6   |   Statistical Modelling

Statistical inferences were computed within RStudio, ver-
sion 2022.12.0 + 353 (based on R version 4.2.2). Differences 
in means of age and education between all ALS patients (ag-
gregating across genotypes) and HC were investigated using 
Welch two-sample t-tests, whereas differences in sex and 
handedness frequencies were compared using Chi-square 
testing. To test for cross-sectional differences in neuroimag-
ing metrics between patient genotypes and HC, a one-way 
analysis of variance (ANOVA) was implemented, correcting 
for confounding effects of age, sex, handedness, years of ed-
ucation and symptom duration (the latter only for ALS pa-
tients). In volumetric analyses, we additionally corrected for 



4 of 16 European Journal of Neurology, 2025

the total intracranial volume (TIV). For each comparison, we 
evaluated the main effect of Group (i.e., ALS genotype/HC), 
and where significant, we further explored pairwise differ-
ences in groups using post hoc testing with Tukey's Honest 
Significant Difference (Tukey HSD). We report as adjusted 
p-values (padj), accounting for all possible pairs of compari-
sons. To test for longitudinal differences between ALS geno-
types and HC, a linear mixed effects model was implemented 
(using R's nmle package). In that model, we defined Time (i.e., 
session) as a random effect and the subject identifier as fixed 
effects. We corrected for confounding effects of age, sex, hand-
edness, years of education and symptom duration (latter only 
for ALS patients). In volumetric analyses, we additionally cor-
rected for TIV. For each comparison, we evaluated the inter-
action effect ‘Time x ALS Genotype’ versus ‘Time × HC’ (i.e., 
we used HC as reference group in the model). Analogous to 
the cross-sectional comparisons, we used p-values at ≤ 0.05 as 
indicative of significant differences.

3   |   Results

3.1   |   Subjects

A total of 150 patients with ALS (15 C9POS, 130 C9NEG, 5 ATX) 
and 113 HC were included. The majority of patients and some 
controls had longitudinal data with up to three follow-up scans. 
Multimodal MRI with T1w, dMRI and rs-fMRI data were avail-
able for most but not all participants (Table  S1). Patients and 
controls were matched for age (t(250.39) = 0.027, p =. 979) and 
handedness (X2(1, N = 150) = 0.264, p = 0.608). The ALS cohort 
had fewer years of education (t(239.77) = −2.92, p = 0.004) and 
relatively more males compared to HC (X2(1, N = 150) = 9.06, 
p = 0.003).

3.2   |   Cross-Sectional Connectivity

Figure  2 summarises the main tractographic findings and 
Table  1 provides the statistical details. ANOVAs captured SC 
differences between the four study groups for most projections, 
including the ones to the ACC, cerebellum, DLPFC, Heschl's 
gyrus, MFG, OFC, parietal cortex, PostCG, and PreCG. No in-
tegrity differences were identified in mammillary and visual 
cortex projections. Post hoc testing indicated that group differ-
ences were mostly driven by C9orf72 positive patients (higher 
RD, lower FA) particularly when compared to controls, but in 
some tracts also in comparison to C9NEG (Table 1). No differ-
ences were detected for the ATX genotype, which may be due to 
insufficient power (N = 5). Interestingly, RD was more sensitive 

FIGURE 1    |    Thalamo-cortical tractography. Representative tractog-
raphy outputs between the thalamus and 11 cortical regions of interest. 
Sagittal, coronal and axial views are presented from left to right for each 
cortical projection. ACC, anterior cingulate cortex; DLPFC, dorsolater-
al prefrontal cortex; Heschl, Heschl's gyrus; Mammillary, mammillary 
bodies; MFG, medial frontal gyrus; OFC, orbitofrontal cortex; Parietal, 
parietal cortex; PostCG, postcentral gyrus; PreCG, precentral gyrus; V1, 
primary visual cortex.
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FIGURE 2    |     Legend on next page.
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in detecting tract integrity changes compared to FA, which is 
illustrated in Figure  2. For projections between the thalamus 
and PreCG, both metrics indicated disconnection in C9POS and 
C9NEG genotypes. We failed to identify group differences in 
functional connectivity between the study groups (Figure 3A–C 
and Table 1).

3.3   |   Cross-Sectional Volumetry

Figure 3D,E summarises the main volumetric findings. Global 
atrophy was detected in the C9POS group as indicated by lower 
TIV compared to all other ALS genotypes as well as HC. Focal 
atrophy was only detected in some target ROIs, including the 
PreCG and the cerebellar cortex, but not the thalamus. The 
C9POS group was more affected in these regions than the other 
study groups. Comprehensive statistical details are provided in 
Table 1.

3.4   |   Longitudinal Structural Connectivity

Few longitudinal changes were identified SC between the study 
groups (Figure  4). Progressive disconnection was identified 
between the thalamus and frontal regions (DLPFC and MFG) 
in both C9POS and C9NEG compared to controls. Moreover, 
progressive thalamo-PreCG disconnection was observed for 
C9NEG, as indicated by both increasing RD and decreasing FA. 
Similar to the cross-sectional findings of the study, we found that 
RD was superior in detecting progressive changes compared to 
FA. Comprehensive statistical details are provided in Table 2.

3.5   |   Longitudinal Functional Connectivity

Linear mixed effects models were used to evaluate longitudinal 
FC changes. In brief, longitudinal comparisons of FC trajecto-
ries yielded few significant differences (Figure  4); increasing 
thalamo-cerebellar FC was detected in C9NEG (t(187) = 2.08, 
p = 0.039) and increasing thalamo-DLPFC FC was identified in 
ATX (t(194) = 2.41, p = 0.017) compared to controls over time.

3.6   |   Longitudinal Volumetry

Decreasing cerebellar cortex volume was detected in C9NEG pa-
tients (t(200) = 2.08, p = 0.039) over time compared to controls. In 
C9POS, decreasing OFC (t(200) = −3.00, p = 0.003, Figure 4) and 
PreCG volume was noted compared to controls (t(200) = −2.17, 
p = 0.031, Figure 4). There was a tendency for more rapid TIV 
decline in ATX versus HC over time (t(200) = −1.92, p = 0.056). 
No progressive thalamic atrophy was identified in the study 
groups. Further statistical details are presented in Table 2.

4   |   Discussion

Our data demonstrate thalamo-cortical disconnection in ALS, 
which is particularly marked in GGGGCC hexanucleotide re-
peat carriers in C9orf72. While there is a plethora of reports of 
precentral gyrus, frontotemporal and more recently of cerebel-
lar grey matter degeneration in ALS, we demonstrate that white 
matter bundles connecting these regions to the thalamus show 
concomitant degeneration. We demonstrate that white matter 
projections from the thalamus to the anterior cingulate cortex, 
cerebellum, dorsolateral prefrontal cortex, Heschl's gyrus, me-
dial frontal gyrus, orbitofrontal cortex, parietal cortex, post-
central gyrus and precentral gyrus are all affected. This is in 
line with the rich clinical literature of cognitive dysfunction, 
behavioural impairment, deficits in social cognition, apathy, ex-
trapyramidal manifestations and somatosensory alterations in 
ALS [38–41].

In accordance with previous reports, precentral gyrus and cer-
ebellar grey matter volumes are significantly reduced in ALS, 
particularly in C9orf72. Longitudinal white matter analyses 
capture progressive disconnection between the thalamus and 
frontal regions (DLPFC and MFG) in both C9orf72 positive and 
sporadic patients and progressive thalamo-PreCG disconnection 
in the sporadic C9orf72 negative cohort. Progressive thalamo-
frontal disconnection, irrespective of C9orf72 status, is likely to 
contribute to the multitude of progressive neuropsychological 
deficits observed in ALS. The dorsolateral prefrontal circuit is 
a key mediator of executive function [18, 22] and medial frontal 
gyrus (MFG) pathology has been consistently implicated in ap-
athy [18, 22].

Fronto-thalamic circuits have also been associated with lan-
guage function [42], decision making [43], and cognitive rea-
soning [44]. Progressive thalamo-primary motor cortex (PreCG) 
disconnection in the large sporadic cohort is not surprising 
either, as progressive motor network degeneration is one of 
the hallmarks of ALS [33]. We identified increasing thalamo-
cerebellar functional connectivity in C9NEG and increasing 
thalamo-DLPFC FC in ATX. While motor reserve, adaptive 
and compensatory processes have been previously suggested in 
ALS [45, 46], there is no post mortem evidence for hypertrophic 
changes, and we found no supportive evidence from our diffu-
sivity data.

Similar to previous white matter connectivity analyses in 
motor neuron diseases [33, 47], RD seems to be the most sen-
sitive marker of white matter degeneration, both in detect-
ing baseline WM pathology as well as capturing progressive 
changes over short follow-up intervals. It outperforms both 
FA, but particularly FC, which barely captures longitudi-
nal changes. There is a striking paucity of longitudinal im-
aging studies in ALS, despite the fact that only such studies 

FIGURE 2    |    Cross-sectional structural connectivity (SC) profiles. Radial diffusivity (RD) distributions are shown on the left (A-D), fractional 
anisotropy (FA) profiles on the right (E-H). * indicates adjusted p ≤ 0.05 in post hoc pairwise comparisons using Tukey's HSD testing. ATX, Patients 
with ALS carrying an intermediate length CAG repeat expansion in ATXN2, C9NEG = Sporadic patients with ALS testing negative for ALS asso-
ciated genetic variants as well as C9orf72 hexanucleotide repeat expansions; C9POS, Patients with ALS carrying GGGGCC hexanucleotide repeat 
expansions in C9orf72; DLPFC, dorsolateral prefrontal cortex; HC, healthy controls; PostCG, postcentral gyrus; PreCG, precentral gyrus.
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can accurately map propagation patterns over time and help 
the development of sensitive monitoring markers with prag-
matic utility in clinical trials [48]. Another factor to consider 
is that by the time patients fulfill diagnostic criteria and are 
recruited into research studies, some of their disease-defining 
brain regions (PreCG, CST) may already be very severely af-
fected and further deterioration may be difficult to capture 
over time. This is sometimes referred to as ceiling or floor-
ing effect. In our study, for example, we detect progressive 
motor cortex degeneration in the C9POS group, but not in 
the large sporadic C9NEG cohort. To comprehensively assess 

progressive changes, map spread patterns accurately and ver-
ify academic concepts such as ‘prion-like propagation’ etc., the 
recruitment of presymptomatic mutation carriers is probably 
the best approach, followed by their follow-up over many time 
points until phenoconversion and beyond. The few existing 
presymptomatic studies in ALS [49] consistently capture tha-
lamic changes [31, 50, 51] sometimes before cortical changes 
are detectable [31]. These observations may suggest that sub-
cortical and thalamic pathology are crucial seeds of disease 
spreads, but need to be verified in large prospective studies. It 
is also noteworthy that the descriptive statistics of academic 

FIGURE 3    |    Cross-sectional functional connectivity (FC) and volumetry. Baseline functional connectivity profiles are shown on the left (A-C) and 
baseline volume distributions on the right (D-F) * indicates adjusted p-values ≤ 0.05 in post-hoc pairwise comparisons using Tukey’s HSD testing. 
Abbreviations: ATX, Patients with ALS carrying an intermediate length CAG repeat expansion in ATXN2; C9NEG, Sporadic patients with ALS test-
ing negative for ALS associated genetic variants as well as C9orf72 hexanucleotide repeat expansions; C9POS, Patients with ALS carrying GGGGCC 
hexanucleotide repeat expansions in C9orf72; HC, Healthy controls; PreCG, precentral gyrus.
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FIGURE 4    |    Longitudinal findings. Progressive radial diffusivity (A-C) , fractional anisotropy (F-H), functional connectivity (D,E) and volumetric 
alterations (I,J) in the four study groups. * indicates p-values ≤ 0.05, comparing the interaction effect Genotype X Time versus HC x Time in a linear mixed 
effects model. Abbreviations: ATX, Patients with ALS carrying an intermediate length CAG repeat expansion in ATXN2; C9NEG, Sporadic patients 
with ALS testing negative for ALS associated genetic variants as well as C9orf72 hexanucleotide repeat expansions; C9POS, Patients with ALS carrying 
GGGGCC hexanucleotide repeat expansions in C9orf72; DLPFC, dorsolateral prefrontal cortex; HC, Healthy controls; MFG, medial frontal gyrus, OFC, 
orbitofrontal cortex; PreCG, precentral gyrus.
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imaging studies merely represent typical disease trajectories 
of a representative patient with a specific genotype and do 
not describe disease burden in an individual patient. There 
is a significant shift from group-level descriptive studies to 
characterize disease burden in individual patients [52, 53]. 
Tractography performed in ‘subject-space’ and cortical vol-
ume estimations in specific ROIs is an important step in the 
direction of assessing anatomical integrity in individual pa-
tients and potentially permits the tracking of pathology in a 
single, specific patient over time. The two important trends of 
neuroimaging in ALS are the evaluation of presymptomatic 
or incipient disease and the development of robust methods 
to describe disease burden patterns in single individuals. The 
former is important for phenoconversion predictions and the 
understanding of disease spread processes before the disease 
manifests and irreversible and widespread network changes 
have taken place [51]. The latter is important for the accurate 
and early categorization of patients into relevant diagnostic, 
phenotypic and prognostic categories. A number of machine-
learning (ML) approaches have been developed and trialed in 
ALS to address these challenges [54], and significant develop-
ments are likely to be witnessed in the near future as larger 
and larger data sets are generated by various consortia.

This study is not without limitations. We have focused on the 
quantitative radiological evaluation of thalamic, thalamo-
cortical and cortical changes in genetically screened patients 
with ALS and have intentionally not explored clinicoradiolog-
ical correlations. Extra-motor deficits in ALS already have a 
considerable literature [55] and in this study we have specifi-
cally sought to describe thalamocortical dissociation in ALS 
genotypes without speculating on direct clinical correlates [56]. 
We also need to specifically acknowledge the small sample size 
of our ATX cohort. Moreover, the ALS cohort of this study had 
fewer years of education and relatively more males compared to 
controls. While we carefully correct for the effects of age, sex, 
handedness, and education in all of our statistical models, the 
literature on sexual dimorphism and education suggests that, 
ideally, study groups should be matched for all of these factors 
[57, 58]. We explored connectivity between well-defined an-
atomical regions, but other studies in ALS sometimes evalu-
ate the connectivity of one specific region to the entire brain 
[59, 60]. Notwithstanding these limitations, our data demon-
strate that thalamus-mediated circuits and cortico-thalamic 
and thalamo-cortical white matter projections succumb to 
progressive neurodegeneration. Our data add to the increasing 
consensus that ALS is a ‘network disease’ and its main clini-
cal manifestations stem from gradual cortico-cortico, cortico-
basal, cortico-cerebellar and cortico-spinal disconnection.

5   |   Conclusions

The core symptoms of ALS are unlikely to stem from focal 
cortical or subcortical degeneration, but are rather the results 
of networkwise degeneration of susceptible circuits. The thal-
amus gets progressively isolated from its cortical connections 
in ALS due to gradual white matter degeneration. Thalamo-
cortical white matter degeneration in ALS likely contributes 
to a multitude of cognitive, behavioral, somatosensory and 
extrapyramidal manifestations.
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