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Abstract
Frontotemporal dementia (FTD) phenotypes have distinctive and well-established cortical signatures, but their subcortical 
grey matter profiles are poorly characterised. The comprehensive characterisation of striatal and thalamic pathology along 
the ALS-FTD spectrum is particularly timely, as dysfunction of frontostriatal and cortico-thalamic networks contribute to 
phenotype-defining cognitive, behavioral, and motor deficits. Ten patients with behavioral-variant FTD, 11 patients with 
non-fluent-variant primary progressive aphasia, 5 patients with semantic-variant primary progressive aphasia, 14 ALS-FTD 
patients with C9orf72 hexanucleotide expansions, 12 ALS-FTD patients without hexanucleotide repeats, 36 ALS patients 
without cognitive impairment and 50 healthy controls were included in a prospective neuroimaging study. Striatal, thalamic, 
hippocampal and amygdala pathology was evaluated using volume measurements, density analyses and connectivity-based 
segmentation. Significant volume reductions were identified in the thalamus and putamen of non-fluent-variant PPA patients. 
Marked nucleus accumbens and hippocampal atrophy was observed in the behavioral-variant FTD cohort. Semantic-variant 
PPA patients only exhibited volumetric changes in the left hippocampus. C9-positive ALS-FTD patients showed preferential 
density reductions in thalamic sub-regions connected to motor and sensory cortical areas. C9-negative ALS-FTD patients 
exhibited striatal pathology in sub-regions projecting to rostral-motor and executive cortical areas. The bulk of striatal and 
thalamic pathology in non-fluent-variant PPA patients was identified in foci projecting to motor areas. Subcortical density 
alterations in svPPA patients were limited to basal ganglia regions with parietal projections. Striatal and thalamic changes 
in FTD exhibit selective, network-defined vulnerability patterns mirroring cortical pathology. Multi-modal cortico-basal 
imaging analyses confirm that the subcortical grey matter profiles of FTD phenotypes are just as distinct as their cortical 
signatures. Our findings support emerging concepts of network-wise degeneration, preferential circuit vulnerability and 
disease propagation along connectivity patterns.
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Introduction

Despite the clinical and genetic heterogeneity of fronto-
temporal dementia (FTD), phenotypes along the ALS-FTD 
spectrum are recognized by their distinctive clinical features. 
They are associated with unique grey-matter atrophy pat-
terns on structural imaging and regional hypometabolism 
on PET. The cortical grey matter signatures of these pheno-
types have been gradually complemented by the characteri-
sation of their strikingly selective white matter involvement. 
(Omer et al. 2017; Lu et al. 2014) It is increasingly recog-
nised however that cognitive and behavioral deficits should 
not be linked to focal cortical pathology alone, but should 
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ideally be explored from a network perspective. (Verstraete 
et al. 2015) The concept of circuit-wise degeneration in not 
only supported by imaging studies, but also by neuropsy-
chology and post mortem pathology data. Network failure 
has been elegantly demonstrated by selective language defi-
cits in ALS-FTD, (Grossman et al. 2008) verbal abstraction 
deficits in FTD, (Lagarde et al. 2015) and other linguistic 
studies. (Bak et al. 2001).

There is now compelling evidence that impairments 
in specific cognitive and behavioral domains are driven 
by selective network failure in specific frontostriatal and 
cortico-basal circuits, which are relayed through specific 
basal ganglia nuclei. (Bede 2017) However, while the func-
tional anatomy of cortico-basal circuitry is well established, 
(Bonelli and Cummings 2007; O’Callaghan et al. 2013) 
subcortical grey matter pathology in FTD phenotypes are 
surprisingly understudied. (Halabi et al. 2013) Existing stri-
atal studies of FTD often focus on a single FTD phenotype 
(Macfarlane et al. 2015) and frequently evaluate overall 
volumes for entire structures as opposed to characterising 
thalamic and striatal sub-regions.(Moller et al. 2015) Fur-
thermore, many FTD imaging studies focus on hippocampal 
pathology alone, without evaluating other subcortical grey 
matter structures. (de Souza et al. 2013).

Distinctive, genotype-specific imaging signatures have 
been proposed in FTD based on both cortical, (Whitwell 
et al. 2009; Luis et al. 2016) and subcortical grey matter 
involvement. (Premi et al. 2014) The practical relevance of 
characterising basal ganglia signatures is further highlighted 
by emerging machine-learning approaches. These algo-
rithms rely on multimodal MR data and pattern-recognition 
methods to accurately categorise patients into diagnostic, 
prognostic, genotypic, and phenotypic sub-groups. (Meyer 
et al. 2017; Bede et al. 2017; Whitwell et al. 2012; Schuster 
et al. 2017) In addition to separating FTD phenotypes, the 
evaluation of basal ganglia mediated functional networks has 
potential clinical implications for distinguishing FTD from 
Alzheimer disease. (Zhou et al. 2010; Filippi et al. 2013, 
2017), thus obviating the need for PET imaging. While sub-
cortical grey matter degeneration has been previously linked 
to specific cognitive domains in ALS, (Machts et al. 2015) 
network-based segmentation of these structures may offer 
further pathological insights.

The connectivity-based characterisation of basal ganglia 
pathology is particularly timely in the FTD spectrum, as 
the concepts of network-wise degeneration (Ahmed et al. 
2016; Guo et al. 2016), pre-symptomatic circuit vulner-
ability, (Lee et al. 2017) spread along connectivity patterns 
(Verstraete et al. 2013), and prion-like hypotheses (Jucker 
and Walker 2013) are increasingly recognised as key mecha-
nisms of propagation. Another rationale to comprehensively 
characterise FTD-associated imaging signatures stems from 
the recognition that a long presymptomatic phase precedes 

symptom manifestation in FTD, which may have implica-
tions for earlier recruitment into clinical trials. (Jiskoot et al. 
2016; Rohrer et al. 2015; Lee et al. 2017).

From a connectivity perspective, it is therefore particu-
larly pertinent to determine whether concomitant degen-
eration of interconnected grey matter regions occurs in a 
cortico-basal pattern. The primary hypothesis of this study 
is that subcortical grey matter degeneration mirrors cortical 
atrophy. A secondary hypothesis is that selective and focal 
basal ganglia degeneration occurs in the main FTD pheno-
types, similarly to the focal changes observed at a cortical 
level. (Omer et al. 2017) The objective of this study is the 
comprehensive characterisation of subcortical grey matter 
pathology in the main FTD phenotypes along the ALS-FTD 
spectrum.

Methods

Participants

Patients were recruited from the specialist behavioral clinic 
at St James’s Hospital, and the ALS/FTD clinic at Beaumont 
Hospital Dublin. A total of 138 participants were included in 
a prospective imaging study. Of these, 10 patients had behav-
ioral-variant FTD (bvFTD), 11 patients had non-fluent-variant 
primary progressive aphasia (nfvPPA), 5 patients had seman-
tic-variant primary progressive aphasia (svPPA), 14 ALS-FTD 
patients carried C9orf72 hexanucleotide repeat expansion, 
12 ALS-FTD patients had normal C9orf72 repeats, 36 ALS 
patients without behavioral or cognitive deficits (ALSnci) and 
fifty healthy controls (HC). The demographic and clinical pro-
file of the study participants is presented in Table 1. All partici-
pants provided informed consent in accordance with the Medi-
cal Ethics Approval of the research project (Ethics (Medical 
Research) Committee - Beaumont Hospital, Dublin, Ireland). 
Exclusion criteria included unexpected intracranial pathology, 
such as hydrocephalus or meningioma, prior cerebrovascular 
event, and traumatic brain injury. FTD and ALS-FTD was 
diagnosed based on the Rascovsky criteria (Rascovsky et al. 
2011) and the behavioral profile of all ALS-FTD patients was 
consistent with the ALS-bvFTD. Participating ALS patients 
had ‘possible’, ‘probable’ or ‘definite’ ALS according to 
the revised El Escorial research criteria (Brooks et al. 2000; 
Ludolph et al. 2015). ALSnci patients had no cognitive impair-
ment based on a comprehensive neuropsychological battery, 
including tests for executive function, letter fluency, category 
fluency, attention, memory, language, visuo-spatial skills, and 
behavioral domains. The neuropsychological battery, reference 
psychometric values and patient categorisation have been pre-
viously described. (Phukan et al. 2012; Elamin et al. 2013, 
2011) While participating patients were screened for depres-
sion, no formal IQ measurements were undertaken.
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Magnetic resonance imaging

Magnetic Resonance (MR) data were acquired on a 3 T 
Philips Achieva system using an 8-channel receive-only 
head coil. T1-weighted images were acquired using a 3D 
Inversion Recovery prepared Spoiled Gradient Recalled 
echo (IR-SPGR) sequence, with a field-of-view (FOV) 
of 256 × 256 × 160 mm, spatial resolution of 1 mm3, TR/
TE = 8.5/3.9 ms, TI = 1060 ms, flip angle = 8°, SENSE fac-
tor = 1.5, and an acquisition time of 7 min 32 s.

Genetic testing

DNA samples from patients were tested for the presence of 
the pathogenic GGG​GCC​ hexanucleotide repeat expansion 
in C9orf72 by repeat-primed PCR as described previously. 
(Byrne et al. 2012; Bede et al. 2013a) Amplified fragments 
were analysed using an Applied Biosystems (Foster City, 
CA, USA) 3130xl Genetic Analyser and visualised using 
GeneMapper version 4.0. Patients carrying more than 30 
hexanucleotide repeats were considered positive for the 
expansion. Using targeted next-generation sequencing, 
patients were also screened and tested negative for estab-
lished, definitively pathogenic mutations in genes previously 
implicated in ALS and FTD: SOD1, ALS2, SETX, SPG11, 
FUS, VAPB, ANG, TARDBP, FIG4, OPTN, ATXN2, VCP, 
UBQLN2, SIGMAR1, CHMP2B, PFN1, ERBB4, HNRNPA1, 
MATR3, CHCHD10, UNC13A, DAO, DCTN1, NEFH, 
PRPH, SQSTM1, TAF15, SPAST, ELP3, LMNB1, SARM1, 
C21orf2, NEK1, FUS, CHMP2B, GRN, MAPT, PSEN1, 
PSEN2, TBK1.

Volumetric characterisation of subcortical grey 
matter structures

Following standard pre-processing steps and brain extrac-
tion, the subcortical segmentation and registration tool 
FIRST (Patenaude et al. 2011) of the FMRIB’s Software 
Library (FSL) was used to estimate volumes of seven 

subcortical grey matter structures in the left and right hemi-
spheres; the caudate nucleus, thalamus, nucleus accum-
bens, hippocampus, amygdala, putamen, and pallidum. 
Pipelines for subcortical segmentation and volume estima-
tions were previously described (Bede et al. 2013b). Briefly, 
FSL-FIRST uses a two-stage affine registration algorithm 
to register input T1 data sets to the Montreal Neurologi-
cal Institute 152 (MNI152) standard space and a model-
based approach is then implemented for the segmentation 
of subcortical structures. Subcortical mesh and volumetric 
outputs are generated following automatic boundary correc-
tions. Exploratory comparative statistics were carried out 
with IBM’s SPSS Statistics version 22. Analyses of covari-
ance (ANCOVA) were conducted to compare volumes of 
subcortical structures between study groups. Assumptions 
of normality, linearity and homogeneity of variances were 
verified. Volumes of subcortical grey matter structures were 
included as dependent variables, and study group alloca-
tion as the categorical independent variable. Age at the time 
of MRI scan was used as covariate. A p-value ≤ 0.05 was 
considered significant. For illustrative purposes, boxplots of 
volumes and plots of estimated marginal means of volumes 
were generated to highlight inter-group volumetric differ-
ences for each structure. A supplementary table was also 
generated with the estimated marginal means of volumes 
for each anatomical structure, standard error, between-
group ANCOVA significance and p-values for Bonferroni-
corrected post hoc testing.

Basal ganglia segmentation based on cortical 
connectivity patterns

To characterise individual subcortical structures beyond 
their volumetric profile, parcellation was performed based 
on cortical connectivity patterns both for the striatum and 
the thalamus. The Oxford-GSK-Imanova striatal connec-
tivity atlas was utilised for striatal segmentation. (Tziortzi 
et  al. 2014) For thalamic parcellation, the probabilistic 
Oxford thalamic connectivity atlas was used, which provides 

Table 1   The demographic and clinical profile of study participants

ALSnci C9-Pos C9-Neg bvFTD nfvPPA svPPA HC p value
ALS-FTD ALS-FTD

n 36 14 12 10 11 5 50

Mean age ± SD (y) 59.7 ± 10.72 56.35 ± 10.4 65.25 ± 10.7 62.1 ± 6.83 67.54 ± 7.27 62.5 ± 7.04 61.22 ± 8.5 0.066
Handedness, Right, n (%) 33 (91.6%) 12 (85.7%) 11 (91.6%) 9 (90%) 10 (90.9%) 5 (100%) 46 (92%) 0.983
Gender, Male, n (%) 16 (44.4%) 10 (71.4%) 8 (66.6%) 6 (60%) 3 (27.2%) 3 (60%) 24 (48%) 0.303
Mean education ± SD (y) 13.22 ± 3.68 11.71 ± 3.12 12.83 ± 3.01 13.20 ± 3.55 12.55 ± 2.97 13.60 ± 4.56 13.36 ± 3.69 0.826
Mean symptom duration ± SD (y) 2.23 ± 1.02 2.2 ± 0.69 2.28 ± 1.01 2.66 ± 1.17 2.4 ± 0.61 2.83 ± 0.55 N/a 0.621
Mean ALSFRS-r ± SD 39.44 ± 4.31 36.5 ± 10.52 39.41 ± 8.24 N/a N/a N/a N/a 0.384
Genotype Negative C9orf72 Negative Negative Negative Negative Negative
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connectivity probabilities to 7 cortical zones based on prob-
abilistic diffusion tractography. (Behrens et al. 2003a, b; 
Johansen-Berg et al. 2005) Basal ganglia sub-regions and 
their corresponding cortical projections are summarised in 
Fig. 1. Brain-extracted individual T1-weighted structural 
data sets were spatially registered to the MNI152 standard 
space merged into 4D data sets, and density values were 
retrieved from the above striatal and thalamic sub-regions. 
Analyses of covariance (ANCOVA) were used to compare 
regional density alterations between FTD phenotypes cor-
recting for age. Based on estimated marginal means, per-
centage grey matter density change was also calculated 
compared to healthy controls to characterise preferential 
subcortical pathology in each phenotype.

Subcortical grey matter morphometry

Following brain extraction and tissue-type segmentation, 
grey-matter partial volume images were aligned to MNI152 
standard space using affine registration. A study specific 
template was created, to which the grey matter images from 

each subject were non-linearly coregistered. A voxelwise 
generalized linear model and permutation-based non-para-
metric testing were used to highlight density alterations in 
a merged subcortical grey matter mask accounting for age 
and gender. (Winkler et al. 2014; Nichols and Holmes 2002) 
The Harvard-Oxford subcortical probabilistic structural atlas 
was used to generate a merged subcortical grey mask incor-
porating the left and right caudate, thalamus, accumbens, 
hippocampus, amygdala, putamen, and pallidum. (Frazier 
et al. 2005; Desikan et al. 2006).

Cortical thickness changes

The FreeSurfer image analysis suite was used to carry out 
cortical thickness measurements and comparative statis-
tics. (Fischl 2012) Standard pre-processing steps were 
implemented, including motion corrections, averaging of 
the structural T1 weighted data, removal of non-brain tis-
sue, segmentation of the subcortical white matter and deep 
grey matter structures, intensity normalization, tessellation 
of the grey matter-white matter boundary, and automated 

Fig. 1   Basal ganglia segmentation based on the cortical connectivity 
patters. Top: Striatal parcellation based on the Oxford-GSK-Imanova 
atlas; yellow colour indicates striatal regions projecting to limbic 
regions, green: caudal motor regions, blue rostral motor regions, 
aquamarine: executive region, copper: parietal, red: occipital and pur-

ple: temporal cortex. Bottom: Thalamic segmentation based on the 
probabilistic Oxford connectivity atlas: green colour indicates tha-
lamic regions connecting to the motor cortex, aquamarine: occipital, 
purple: parietal, yellow: prefrontal, copper: premotor, red: sensory 
and blue: temporal
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topology correction. (Bruce Fischl and Dale 2000) False 
Discovery Rate (FDR) correction was used to correct for 
multiple comparisons at p < 0.05 and group comparisons 
were corrected for age.

Results

Subcortical grey matter volumetrics

Basal ganglia structures exhibited significant volume 
reductions across the ALS-FTD spectrum. Figure 2. The 
age-adjusted estimated marginal means of subcortical grey 
matter structures and post hoc comparisons between FTD 
phenotypes and healthy controls are summarised in Sup-
plementary Table 1 and Supplementary Fig. 1. Non-fluent-
variant PPA patients showed significant bilateral thalamic 
and putaminal changes in addition to unilateral accumbens 
nucleus, hippocampus, and caudate atrophy. The behavio-
ral-variant FTD cohort exhibited bilateral nucleus accum-
bens and hippocampal atrophy. No significant amygdala 
involvement was captured in any of the FTD phenotypes. 
While the C9-negative ALS-FTD cohort showed volume 
reductions in all nuclei of the basal ganglia with the excep-
tion of the amygdala, subcortical grey matter atrophy in 
C9-positive ALS-FTD patients was limited to the bilateral 
thalami, hippocampi, and right accumbens nucleus. ALS 
patients without cognitive or behavioral deficits showed 
no significant volume reductions in any of the structures.

Basal ganglia segmentation based on cortical 
connectivity patterns

Density analyses revealed phenotype-specific patterns of 
subcortical grey matter degeneration across the ALS-FTD 
spectrum. Table 2. Similarly to our volumetric analyses, 
ALSnci patients showed no density reductions. C9-posi-
tive ALS-FTD patients showed primarily density reduc-
tions in thalamic regions connected to motor and sensory 
cortical areas. C9-negative ALS-FTD patients exhibited 
striatal pathology in sub-regions projecting to rostral-
motor and executive cortical regions. Figure 3. BvFTD 
patients showed density reductions in striatal regions con-
nected to occipital and motor regions. The bulk of striatal 
and thalamic pathology in non-fluent-variant PPA patients 
was identified in regions projecting to motor areas. The 
most marked focal density changes in svPPA patients were 
identified in parietal projection foci. Percentage change 
of basal ganglia segments compared to controls grouped 
by FTD phenotypes is presented in Supplementary Fig. 2.

Subcortical density alterations

The morphometry-type analyses restricted to the subcorti-
cal grey matter mask revealed phenotype-specific focal den-
sity alterations in comparison to controls at p < 0.05 FWE 
adjusted for age. Figure 4. Relatively limited pathology 
was identified in hexanucleotide repeat expansion carrying 
ALS-FTD patients in contrast to the C9-negative ALS-FTD 
cohort. Behavioral-variant FTD patients exhibit strikingly 
symmetric anterior hippocampal and putamen pathology. In 
comparison to the symmetric and widespread basal ganglia 
pathology in non-fluent-variant FTD patients, semantic-var-
iant patients show more restricted left sided hippocampal 
changes.

Cortical thickness changes

When individual FTD phenotypes were contrasted to healthy 
controls, only the two language-variant FTD cohorts showed 
statistically significant cortical thickness reductions using 
the false-discovery rate corrections. Figure 5. Cortical thick-
ness reductions of ALSnci, bvFTD, and ALS-FTD cohorts 
did not reach statistical significance following FDR correc-
tions for multiple comparisons.

Discussion

Despite the wealth of neuropsychology, histopathology and 
imaging studies in FTD, basal ganglia pathology is surpris-
ingly understudied in vivo. Our findings confirm that FTD is 
associated with considerable subcortical grey matter degen-
eration. As previously demonstrated with respect to corti-
cal signatures, specific phenotypes can be linked to distinct 
subcortical imaging patterns. (Omer et al. 2017; Bede et al. 
2016) Our study also illustrates the advantage of using sev-
eral complementary imaging modalities. While volumetric 
analyses may highlight overall structure vulnerability, focal 
changes can be mapped by region-of-interest morphometry 
and connectivity-based analyses provide a network-wise 
perspective.

One of the key findings of our study is the relatively lim-
ited basal ganglia pathology in ALS patients without cogni-
tive or behavioral impairment. The ALScni cohort, did not 
exhibit statistically significant volumetric or focal density 
alterations compared to controls. Moreover, this cohort did 
not show extra-motor cortical thickness alterations either, 
underscoring the detection sensitivity of comprehensive 
neuropsychological batteries. Irrespective of their geno-
type, ALS-FTD cohorts showed basal-ganglia changes in 
subcortical grey-matter foci which project to motor regions, 
suggestive of concomitant cortical-subcortical degenera-
tion. Non-fluent-variant PPA patients showed widespread 
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and bilateral basal ganglia pathology across all the imaging 
modalities, compared to the much more focal and unilateral, 
left sided changes observed in semantic-variant PPA mir-
roring their respective cortical signatures. These findings 
support our main study hypothesis of concomitant cortico-
subcortical grey matter degeneration.

The considerable radiological heterogeneity of the ALS-
FTD spectrum is best explained by differing neuropatho-
logical processes. These may also account for the signifi-
cant differences in progression rates, and the relatively focal 
changes in svPPA compared to the more widespread pathol-
ogy observed in nfvPPA. While svPPA is nearly always 

Fig. 2   Volume reductions of subcortical structures along the ALS-FTD spectrum. Red colour indicates ALSnci patients, orange: bvFTD, purple: 
C9-negative ALS-FTD, aquamarine: C9-positive ALS-FTD, grey: healthy controls, blue: nfvPPA, green: svFTD
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Table 2   Age-adjusted estimated marginal means of density values in basal ganglia regions defined by cortical connectivity projections. Group 
comparisons are corrected for age

Subcortical structure Grey matter Density (Estimated marginal mean age = 61.58)

C9-Pos C9-Neg ALSnci BV-FTD HC nfvPPA svPPA ANCOVA

ALS-FTD ALS-FTD p - value

Striatum
 Caudal-Motor Segment 0.1325 0.1055 0.1539 0.1126 0.1364 0.0540 0.1026 p < 0.0005
 Executive Segment 0.2764 0.1780 0.3047 0.2169 0.2775 0.1324 0.2275 p < 0.0005
 Limbic Segment 0.3064 0.2153 0.3064 0.2124 0.2907 0.1752 0.2656 p < 0.0005
 Occipital Segment 0.1730 0.1426 0.1919 0.1216 0.1842 0.0965 0.1401 p < 0.0005
 Parietal Segment 0.1372 0.1124 0.1519 0.1081 0.1457 0.0697 0.1065 p < 0.0005
 Rostral-Motor Segment 0.1231 0.0877 0.1528 0.0967 0.1351 0.0386 0.1074 p < 0.0005
 Temporal Segment 0.2641 0.2144 0.2725 0.2309 0.2606 0.2053 0.2361 p < 0.0005

Thalamus
 Motor Segment 0.0489 0.0504 0.0640 0.0453 0.0578 0.0316 0.0495 p < 0.0005
 Occipital Segment 0.2531 0.2435 0.2656 0.2439 0.2565 0.2460 0.2176 0.194
 Post-Parietal Segment 0.1331 0.1324 0.1498 0.1307 0.1400 0.1218 0.1277 0.028
 Pre-Frontal Segment 0.1706 0.1473 0.1707 0.1669 0.1562 0.1352 0.1581 0.064
 Pre-Motor Segment 0.0411 0.0379 0.0511 0.0393 0.0450 0.0210 0.0427 p < 0.0005
 Sensory Segment 0.0340 0.0368 0.0474 0.0314 0.0423 0.0245 0.0375 p < 0.0005
 Temporal Segment 0.2800 0.2547 0.2753 0.2803 0.2588 0.2642 0.2646 0.321

Fig. 3   Density changes in FTD phenotypes in comparison to controls in basal ganglia regions defined by cortical connectivity patterns
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associated with underlying TDP-43 pathology, the clinical 
syndrome of nfvPPA is most commonly linked to abnor-
mal aggregates of tau. (Hodges et al. 2010; Snowden et al. 
2007) The clinical syndrome of behavioral variant FTD is 
pathologically more heterogeneous than language variants 
and can be caused by underlying TDP, FUS or TAU pathol-
ogy. (Perry et al. 2017) Advances in TDP-43 PET ligand 
development, progress in neurofilament studies and contin-
ued improvements in CSF and serum biomarker panels may 
help to subcategorise patients in future studies based on their 
underlying pathology. (Steinacker et al. 2017).

Despite the comparable symptom duration and motor dis-
ability of C9-positive and C9-negative ALS-FTD patients, 
their imaging profiles are strikingly divergent. The language 
and behavioral profile of the two ALS-FTD cohorts were 
similar therefore unlikely to account for the considerable 
radiological differences. Contrary to previous studies, we 
have observed significantly more widespread and severe 

basal ganglia changes in C9-negative ALS-FTD patients. 
This cohort, which tested negative for a comprehensive 
panel of genes implicated in both ALS and FTD, exhibited 
catastrophic, multifocal basal ganglia degeneration. These 
findings serve as a reminder that C9orf72 hexanucleotide 
expansions do not account for all cases of ALS-FTD and 
highlight the urgency for further genetic, neuropsychology 
and epidemiology studies in ALS-FTD.

The cortical thickness profile of the ALS-FTD spectrum 
is also interesting, as only the language variant phenotypes 
showed statistically significant reductions. Despite their con-
siderable subcortical grey matter changes, bvFTD and ALS-
FTD cohorts did not exhibit statistically significant cortical 
thinning, highlighting the comparative sensitivity of basal 
ganglia imaging in FTD and confirming the relevance of 
evaluating these structures. It is also noteworthy that cortical 
thickness alterations and voxel based morphometry reflect 
two different aspects of cortical grey matter integrity. While 

Fig. 4   Focal grey matter density 
alterations in subcortical grey 
matter structures (white mask) 
in bvFTD (blue), C9neg ALS-
FTD (aquamarine), C9pos ALS-
FTD (red), nfvPPA (yellow), 
svPPA (green)
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VBM-type analyses readily highlight regional density altera-
tions in FTD, (Omer et al. 2017) cortical thickness mapping 
in FTD may only detect focal thinning in more restricted 
cortical regions.

While our patient cohorts are matched for symptom dura-
tion, similar disease-duration does not translate to compara-
ble disease-stages across the above conditions. A ‘two-year’ 
disease duration in ALS often equates to late-phase disease 
compared to FTD where it is likely to represent early-stage 
disease. Consistent with the heterogeneity of disease tra-
jectories, a considerable number of disease-specific clini-
cal and pathological staging systems have been developed 
in recent years. (Balendra et al. 2014; Brettschneider et al. 
2013; Piguet et al. 2011) Our cross-sectional study design 
precludes conclusive observations on progression rates. Fol-
low-up studies with multi-time-point data (Bede and Hardi-
man 2017) are required to conclusively explore phenotype-
specific patterns of propagation. (Schuster et al. 2015).

This study is not without limitations. While the sample 
size of controls, ALSnci and ALS-FTD cohorts is satisfac-
tory, we acknowledge the relatively small sample size of 
svPPA patients. Despite sample size limitations, the partici-
pants of this study have been clinically, neuropsychologi-
cally and genetically characterised. A second limitation of 
the study stems from its cross-sectional design. Relatively 
few longitudinal and presymptomatic imaging studies have 
been published in FTD, (Schuster et al. 2015) and reports 
of longitudinal basal ganglia changes are particularly scarce. 
(Westeneng et al. 2015) We have intentionally not explored 
clinico-radiological correlations in this study and relied pri-
marily on descriptive structural analyses. The direct correla-
tion of psychometric variables to subcortical measures risks 
to overlook the contribution of white matter and cortical 
grey matter pathology to cognitive and behavioral deficits. 
(Bonelli and Cummings 2007) By limiting our analyses 
to structural MRI data alone we also aimed to avoid the 

Fig. 5   Cortical thinning in FTD 
phenotypes in comparison to 
healthy controls, FDR correc-
tion, p < 0.05 adjusted for age
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potentially confounding effect of psychoactive medications 
and respiratory insufficiency on the cognitive performance 
of our ALS and ALS-FTD cohorts. (Verstraete et al. 2015).

Despite the above study limitations, the novelty of the 
study lies in the multimodal characterisation of subcorti-
cal grey matter involvement in the ALS-FTD spectrum 
and in the provision of a segmentation-based evaluation 
of basal ganglia pathology. In addition to its relevance to 
emerging machine-learning applications, (Bisenius et al. 
2017) basal ganglia pathology is increasingly recognised as 
a stage-defining marker of other neurodegenerative condi-
tions. (Brettschneider et al. 2013; Peter; Bede and Hardiman 
2014) Moreover, the evaluation of subcortical grey matter 
structures may have pragmatic clinical advantages, such as 
distinguishing early-stage FTD from Alzheimer-type pathol-
ogy. (Filippi et al. 2017; Davatzikos et al. 2008; McMillan 
et al. 2014).

Conclusions

Multimodal imaging of genetically and clinically charac-
terised patient cohorts provides unique insights into phe-
notype-defining pathological profiles. Our findings suggest 
that the subcortical grey matter signatures of FTD pheno-
types are just as unique as their cortical atrophy patterns 
and that inter-connected cortical-subcortical grey matter 
regions exhibit concomitant degeneration. The preferential 
involvement of specific cortical regions is mirrored in simi-
larly selective subcortical grey matter pathology across the 
ALS-FTD spectrum. Our imaging findings support emerging 
hypotheses of connectivity based disease propagation.
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