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ABSTRACT
Objective: Certain frontotemporal lobar degeneration subtypes, including TDP-A and B, can either occur sporadically or in as-
sociation with specific genetic mutations. It is uncertain whether syndromic or imaging features previously associated with these 
patient groups are subtype or genotype specific. Our study sought to discern the similarities and differences between sporadic 
and genetic TDP-A and TDP-B.
Methods: We generated individual atrophy maps and extracted mean atrophy scores for regions of interest—frontotemporal, oc-
cipitoparietal, thalamus, and cerebellum—in 54 patients with FTLD-TDP types A or B. We calculated asymmetry as the absolute 
difference in atrophy between right and left frontotemporal regions, and dorsality as the difference in atrophy between dorsal 
and ventral frontotemporal regions. We used ANCOVAs adjusted for disease severity to compare atrophy extent or imbalance, 
neuropsychological tests, and behavioral measures.
Results: For some regions, volumetric differences were found either between TDP subtypes (e.g., worse occipitoparietal and 
cerebellum atrophy in TDP-A than B), or within subtypes depending on genetic status (e.g., worse thalamic and occipitoparietal 
atrophy in C9orf72-associated TDP-B than sporadic TDP-B). While progranulin mutation-associated TDP-A and sporadic TDP-A 
cases can be strongly asymmetric, TDP-A and TDP-B associated with C9orf72 tended to be symmetric. TDP-A was more dorsal 
in atrophy than TDP-B, regardless of genetic status.
Interpretation: While some neuroimaging features are FTLD-TDP subtype-specific and do not significantly differ based on 
genotype, other features differ between sporadic and genetic forms within the same subtype and could decrease accuracy of 
classification algorithms that group genetic and sporadic cases.
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1   |   Introduction

Frontotemporal lobar degeneration (FTLD) refers to a group of 
pathologically heterogeneous neurodegenerative disorders that 
are characterized based on the presence of abnormal protein ag-
gregates. FTLD with inclusions containing TAR DNA-binding 
protein-43 kDa (TDP-43, FTLD-TDP) is typically found in ~50% 
of patients [1]. Based on the morphology and distribution of the 
aggregates, FTLD-TDP is further classified into pathological 
subtypes, the most common being types A, B, and C [2]. The 
term ‘unclassifiable’ (TDP-U) is applied to patients who do not 
fit within a defined subtype or present with inclusions too sparse 
for classification.

Patients with FTLD-TDP subtypes show similarities to each 
other, but also differ with respect to their clinical syndromic 
presentations and in their clinical and neuroimaging findings 
within the same syndrome. For example, TDP-A often presents 
with behavioral variant frontotemporal dementia (bvFTD) but 
can also present with corticobasal syndrome (CBS), non-fluent 
variant primary progressive aphasia (nfvPPA), or an amnestic, 
multidomain, Alzheimer's Disease-type dementia (AD-D) [3]. 
Those with bvFTD due to TDP-A have been shown to have a 
dorsal pattern of atrophy with greater severity of volume loss 
compared to TDP-B, which often presents with bvFTD with or 
without motor neuron disease (MND) [4].

Certain FTLD subtypes can occur sporadically or in associ-
ation with specific genetic mutations, with a family history 
observed in 30%–50% of those with the disease [5]. Clinical 
and neuroimaging findings associated with these genetic 
mutations have been described. For example, patients with 
progranulin (GRN) mutations have an asymmetric presenta-
tion [6], while those with a C9orf72 hexanucleotide repeat ex-
pansion can have thalamic [6] and cerebellar atrophy [6] and 
show greater occipitoparietal atrophy compared to sporadic 
bvFTD [6].

Currently, it is unclear whether the described associations are 
genotype or subtype specific; for example, is asymmetric atro-
phy specific to GRN mutation carriers, or is it more generally 
associated with TDP-A, including sporadic cases and those with 
C9orf72 expansions? These distinctions are valuable not only 
to uncover regional vulnerabilities that are pertinent to under-
standing the onset and spread of particular mutations and FTLD 
subtypes, but to improve the accuracy of approaches used to pre-
dict pathological diagnoses in vivo. For example, it would only 
be appropriate to group sporadic TDP-B and TDP-B-C9orf72 
into the same category of a classification algorithm if they can 
both be identified by the same shared traits. While post-mortem 
neuropathological assessment remains the mainstay for diag-
nosing FTLD and distinguishing subtypes, neuroimaging holds 
promise as a non-invasive technique that can potentially provide 
crucial support in identifying signature profiles for each FTLD 
subtype during life.

This study aimed to determine the clinico-anatomical similari-
ties and differences between sporadic and genetic forms of FTLD 
Types A (sporadic, GRN, C9orf72) and B (sporadic or C9orf72). 
We also considered TDP-U, though by definition we expected 
greater heterogeneity in this group. TDP-C was excluded as it 

is historically exclusively sporadic; however, the authors ac-
knowledge recent discoveries are beginning to link TDP-C with 
Annexin A11 aggregation [7] and in some cases with ANXA11 
mutations. We hypothesized that distinct patterns of atrophy 
would be observed within and between FTLD-TDP subtypes 
demonstrating subtype and mutation specific neuroimaging 
features.

2   |   Methods

2.1   |   Participants

We retrospectively identified patients evaluated at the UCSF 
Memory and Aging Center between May 1999 and August 
2019 who had completed genetic testing and were determined 
at autopsy to have FTLD-TDP types A, B, or U. This resulted in 
83 participants (41 female) aged 40–81 (M = 62.04, SD = 8.02) 
at presentation. Participants underwent a multidisciplinary 
evaluation, including a neuropsychological battery designed to 
assess memory, language, visuospatial abilities, and executive 
function [8]. As part of their multidisciplinary evaluation, par-
ticipants received diagnoses of clinical syndromes according 
to accepted criteria in use at the time [9–15]. Additionally, the 
Neuropsychiatric Inventory (NPI) [16] and Clinical Dementia 
Rating scale sum-of-boxes (CDR-SB) [17] were also acquired as 
measures of behavioral symptom severity and functional im-
pairment. All assessments were conducted within 3-months 
of their initial diagnosis. For patients evaluated at multiple 
time points, we selected the earliest point that included all 
required data. Informed written consent was acquired from 
participants or their authorized representatives in adherence 
to the protocols approved by the UCSF Committee on Human 
Research.

2.2   |   Genetic and Pathological Diagnosis

DNA was extracted from available blood or frozen tissue sam-
ples and screened for genetic mutations associated with auto-
somal dominant inheritance of FTD or Alzheimer's disease, 
using standardized methods previously described [18]. These 
included mutations in the genes APP, C9orf72, FUS, GRN, 
MAPT, PSEN1, PSEN2, and TARDBP, with additional screen-
ing available for TBK-1 in four patients. Postmortem neuro-
pathological examinations, conducted in accordance with 
previously reported protocols [19, 20], involved the application 
of consensus diagnostic criteria to determine pathological di-
agnoses [21].

2.3   |   Image Acquisition

T1-weighted images were available for a subset of participants 
(n = 54), collected on one of three scanners—1.5 T (n = 16), 3 T 
(n = 33), and 4 T (n = 5)—based on the scanner in use at the time 
of their evaluation. We used the initial scan that passed qual-
ity control assessments following the participants' diagnostic 
evaluation (mean interval = 1.65 months, SD = 3.97 months, 
range = 0–23.5 months). The acquisition parameters have been 
previously published [4].
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2.4   |   Atrophy Maps

The preprocessing phase encompassed segmentation into mul-
tiple brain tissues, as well as alignment and normalization to 
standard adult tissue probability map templates in Montreal 
Neurological Institute (MNI) space, which are included with 
SPM12 (http://​www.​fil.​ion.​ucl.​ac.​uk/​spm/​). Subsequently, we 
applied modulation and smoothing using an 8 mm full width at 
half maximum Gaussian kernel.

To assess voxel-wise atrophy, we utilized W-scores relative to 
a healthy control group to account for the effect of normal vari-
ation or nuisance covariates on volumes, following protocols as 
previously reported [4]. Each structural image underwent a com-
prehensive visual quality assessment to identify and address any 
excessive motion artifacts, and we carefully checked the quality of 
the transformation to the template space. To evaluate the fit accu-
racy, we employed the r2 coefficient of determination at each voxel.

In each voxel, multiple linear regression was conducted with age, 
sex, scanner type, and total intracranial volume as covariates, 
using the reference group. The healthy control group consisted of 
383 cognitively normal controls assessed at the UCSF Memory and 
Aging Center. Patient W-scores were determined as the discrep-
ancy between observed and expected gray matter volume, divided 
by the standard deviation in controls ([(observed—expected)/
SD]). The parameters used for estimating expected and SD in par-
ticipants were derived from the control group. W-scores exhibit a 
mean value of 0 and a standard deviation of 1, with scores below 0 
indicating lower volume compared to controls.

2.5   |   Region of Interest Masks

We selected regions a priori based on potentially distinguishing 
features that have been described for each included subtype or 
genetic mutation. To compare volumes of these pre-selected re-
gions, we derived mean W-scores for either individual regions 
of interest (ROIs) or masks composed of a combination of re-
gions derived from the Brainnetome atlas [22] and automated 
anatomical labelling atlas 3 [23] for the cerebellum. We created 
a frontotemporal mask, akin to the one described in Sokolowski 
et  al. (2023) [24], by extracting W-scores from brain regions 
commonly affected by atrophy in bvFTD. We delineated regions 
of interest encompassing the prefrontal and temporal cortices, 
insula, and striatum (nucleus accumbens, dorsal caudate, and 
putamen). Notably, we grouped frontotemporal cortical regions 
based on whether they are more often associated with a dorsal 
or ventral pattern of atrophy and divided the subcortical struc-
tures and insula into ventral (ventral insula, amygdala, nucleus 
accumbens) and dorsal (dorsal insula, dorsal caudate, and dor-
solateral putamen) regions. Additional ROIs included the thala-
mus, cerebellum, and occipitoparietal regions (Table S1, S3).

2.6   |   Asymmetry and Dorsality Indices

Previous research observed differences in asymmetry across gen-
otypes [6] and differences in dorsal or ventral predominance of 
atrophy across subtypes [4], therefore we included both measures 

in our analysis to further understand if these differences are gen-
otype or subtype specific. We calculated an asymmetry index 
(AI) as the absolute value of the difference between mean W-
scores for all voxels in the right and left frontotemporal regions 
only (excluding the thalamus, cerebellum and occipitoparietal re-
gions). Larger AI indicates greater asymmetry. Additionally, we 
computed a dorsality index (DI) by subtracting the W-scores of 
dorsal minus ventral frontotemporal regions. A positive DI indi-
cates ventral-predominant frontotemporal atrophy, while a neg-
ative DI indicates dorsal-predominant frontotemporal atrophy.

2.7   |   Statistical Analysis

We categorized participants into different comparison groups, 
considering their FTLD-TDP subtype and genetic status, as well 
as grouping by the presence or absence of MND. We conducted 
ANOVAs and t-tests to assess differences across these groups 
for age, education, CDR-SB and CDR-Total. Accounting for dif-
ferences in disease severity with the CDR-SB, we conducted 
ANCOVAs to compare the extent or imbalance of atrophy, neuro-
psychological test scores, and behavioral measures among these 
groups. To account for the effect of total atrophy on the degree 
of right/left and dorsal/ventral imbalance, we included fronto-
temporal atrophy as a covariate in the asymmetry and dorsality 
ANCOVAs. Subsequently, we performed post hoc tests on any sig-
nificant findings resulting from three-group comparisons, while 
employing the Bonferroni method to address multiple compari-
sons. Categorical variables were compared by chi-square with 
post hoc comparison by z-tests with Bonferroni adjustment. All 
statistical analyses took place in R Statistical Software (v4.2.1) [25].

3   |   Results

3.1   |   Syndromic Diagnoses

Eighty-three participants with TDP-A (n = 30), TDP-B (n = 39), 
or TDP-U (n = 14) were identified (Figure 1). We found no signif-
icant difference in distribution of syndromes (bvFTD compared 
to non-bvFTD) between TDP-A, TDP-B, and TDP-U (χ2 (df = 2, 
N = 83) = 5.88, p = 0.053). Within TDP-A, we found a signifi-
cant difference in distribution of syndromes (bvFTD compared 
to non-bvFTD) between GRN, C9orf72, and sporadic, driven 
by the low frequency of bvFTD in sporadic cases (χ2 (df = 2, 
N = 30) = 9.76, p = 0.008). Post hoc tests were non-significant 
after correcting for multiple comparisons. No significant dif-
ference in distribution of syndromes (bvFTD compared to non-
bvFTD) were found for TDP-B.

C9orf72 cases made up most of the TDP-U participants (13/14), 
almost half of TDP-B cases (16/39), and a minority of TDP-A 
cases (5/30). All 5 of the TDP-A-C9orf72 cases presented with 
bvFTD. People with TDP-A-sporadic rarely presented as bvFTD 
(1/7). No bvFTD cases with TDP-A developed MND. Of the 
TDP-A-nfvPPA cases, 3/4 were GRN carriers and 1 sporadic. 
TDP-B participants typically included MND in sporadic cases 
(18/22) and C9orf72 expansion carriers (12/16). MND was pres-
ent in the one TBK-1 participant. All participants with TDP-U 
carried C9orf72 repeat expansions, except for 1 with a TARDBP 

http://www.fil.ion.ucl.ac.uk/spm/
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mutation. TDP-U-C9orf72 was split between whether they devel-
oped MND (6/10) or not. The aim of this study was to compare 
sporadic and genetic forms of each FTLD-TDP subtype. Given 
that no TDP-U cases were sporadic, this subtype was generally 
excluded from further analysis. However, we included TDP-U 
cases for a specific comparison among C9orf72 repeat expansion 
to investigate whether atrophy patterns are similar among ex-
pansion carriers regardless of subtype or are distinct in TDP-U 
patients.

3.2   |   Demographic and Clinical Characteristics

Table 1 summarizes demographic characteristics, clinical vari-
ables, and the corresponding statistical differences between 
diagnostic groups. We found no significant differences for sex, 
years of formal education, CDR Total, nor CDR-SB score be-
tween TDP-A and TDP-B participants. Participants with TDP-A 
were significantly older at the time of their initial assessment 
at UCSF (M = 65) than those with TDP-B (M = 60). When con-
trolling for CDR-SB score, we found TDP-A participants lived 
significantly longer from their first initial visit compared to 
those with TDP-B; however, no significant differences were ob-
served for survival from age of onset.

We compared functional measures and NPI scores between 
groups (Table 1). Notably, hallucinations and delusions, which 
have been described as occurring in FTLD-TDP and these ge-
netic mutations, were infrequent across both subtypes, with 
no significant differences between genetic and sporadic cases 
within each subtype (Table 1).

We compared performance between diagnostic groups on a bat-
tery of neuropsychological assessments including memory, lan-
guage, visuospatial abilities, and executive function (Table S2). 
Notably, we observed no differences between TDP-A and TDP-B 
participants across all assessments.

To investigate any differences within bvFTD specifically, we ran 
the same analysis limiting only to bvFTD participants (Table S3).

3.3   |   Imaging Analysis

Atrophy analyses included 54 participants (25 female) aged 
45–81 (M: 62.30, SD: 7.54) who had brain imaging and CDR-SB 
data. We ran three main comparisons: TDP-A vs. TDP-B; 3 × 1 
ANCOVA for C9orf72, GRN, and sporadic within TDP-A; and 
TDP-B-C9orf72 vs. TDP-B-sporadic. Because there was only one 
case with a TBK-1 mutation within subtype TDP-B, this was ex-
cluded from all within TDP-B comparisons.

Certain differences between FTLD-TDP subtypes may reflect 
differences in the frequency of syndromes between genetic and 
sporadic groups, therefore we ran additional analyses limited 
only to those with a bvFTD syndrome (40 participants, 23 male, 
aged 45–81; M = 60.7, SD = 7.45). After applying this restriction, 
there was only one remaining TDP-A-sporadic participant, pre-
cluding statistical comparisons. Direct comparisons for TDP-A 
bvFTD participants were therefore limited to TDP-A-GRN ver-
sus TDP-A-C9orf72.

3.4   |   Frontotemporal

Frontotemporal volume loss was not significantly different 
between TDP-A and TDP-B participants when controlling for 
disease severity using CDR-SB (p = 0.145) (Figure  2A). While 
mutation carriers within TDP-A had greater overall atrophy, 
particularly C9orf72 carriers, these differences were non-
significant (p = 0.121). We found no significant difference be-
tween genetic and sporadic groups within TDP-B (p = 0.686).

No significant differences were found when limiting to bvFTD 
cases only (Figure S1A).

FIGURE 1    |    Clinical Syndrome and Mutation Status Distribution within Subtypes. Abbreviations: AD-D, Alzheimer's disease type (amnestic mul-
tidomain) dementia; ALS, Amyotrophic lateral sclerosis; bvFTD, behavioral variant frontotemporal dementia; C9orf72, chromosome 9 open reading 
frame 72; CBS, corticobasal syndrome; GRN, progranulin gene; lvPPA, logopenic variant primary progressive aphasia; MCI, mild cognitive impair-
ment; MND, motor neuron disease; nfvPPA, nonfluent variant primary progressive aphasia; PPA (U), primary progressive aphasia (unclassified); 
svPPA, semantic variant primary progressive aphasia; TBK-1, TANK-binding kinase 1 gene; TARDBP, TAR DNA binding protein gene.
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3.5   |   Occipitoparietal

Participants with TDP-A presented with greater occipitoparietal 
atrophy compared to those with TDP-B (p = 0.027) (Figure 2B). 
This appears to be driven by the relative lack of occipitoparietal 
atrophy in sporadic cases within TDP-B, supported by TDP-B-
sporadic cases showing significantly less atrophy than TDP-B-
C9orf72 (p = 0.025).

When limiting to bvFTD only, these same patterns were ob-
served; however, the differences were no longer significant 
(p = 0.088 and p = 0.111, respectively) (Figure S1B).

3.6   |   Thalamus

We found no significant difference between thalamic atrophy 
in TDP-A patients compared to TDP-B (p = 0.099) (Figure 2C). 
Sporadic cases presented with the least atrophy in both sub-
types. No significant differences were found within TDP-A 
(p = 0.114), with a significant difference observed within TDP-B 
when comparing C9orf72 cases to sporadic (p = 0.029).

When limiting to bvFTD cases, TDP-A participants pre-
sented with significantly greater thalamic atrophy compared 
to TDP-B (p = 0.041). Sporadic TDP-B bvFTD cases again 

FIGURE 2    |    Boxplots representing atrophy (W-scores) across participants stratified by genotype (C9orf72, GRN, sporadic) and FTLD-TDP subtype 
(TDP-A and TDP-B) for (A) frontotemporal; (B) occipitoparietal; (C) thalamic; and (D) cerebellar regions, and for (E) absolute value of asymmetry 
(right–left); and (F) dorsality (negative values depicting dorsal predominant atrophy, positive showing ventral predominant atrophy). X in the center 
of each box represents the mean. *p < 0.050; ***p < 0.001. NS, non-significant.
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showed less atrophy than bvFTD TDP-B C9orf72 partici-
pants; however, this was not significantly different (p = 0.163) 
(Figure S1C).

3.7   |   Cerebellum

TDP-A participants overall presented with significantly greater 
cerebellar atrophy than those with TDP-B (p = 0.037). Across 
both TDP-A and TDP-B participants, C9orf72 carriers displayed 
more atrophy than others with the same subtype; however, these 
differences were not significant within TDP-A (p = 0.165), nor 
within TDP-B (p = 0.372) (Figure 2D).

Limiting to bvFTD cases only, the significant difference between 
TDP-A and TDP-B participants was still observed (p = 0.010) 
(Figure S1D).

3.8   |   Asymmetry

Overall, participants with TDP-A presented with significantly 
more asymmetry (absolute) than those with TDP-B (p < 0.001) 
(Figure  2E). TDP-A participants with GRN often showed pro-
nounced asymmetry, including the most extreme cases, but also 
the greatest variance. Sporadic TDP-A cases also presented with 
asymmetry, whereas C9orf72 cases presented with the most 
symmetrical atrophy across both subtypes. No significant effect 
was found for gene within TDP-A (p = 0.103) while we observed 
significantly lower asymmetry in TDP-B-C9orf72 participants 
compared to TDB-B-sporadic (p = 0.004).

When limiting to bvFTD only, the significant difference between 
TDP-A and TDP-B remained (p = 0.005). Within TDP-A partic-
ipants with bvFTD, GRN cases demonstrated non-significantly 
greater asymmetry compared to C9orf72 cases (p = 0.057). 
Within TDP-B cases, C9orf72 were again significantly more 
symmetric than TDP-B-sporadic (p = 0.029) (Figure S1E).

3.9   |   Dorsality

We observed a significantly greater degree of dorsal atrophy in 
people with TDP-A, as compared to TDP-B (p < 0.001). Although 
sporadic participants showed a greater degree of dorsal atrophy 
than GRN and C9orf72 in TDP-A participants, we found no 
main effect of gene status (p = 0.099) (Figure 2F). No significant 
difference was observed between TDP-B-C9orf72 and TDP-B-
sporadic participants (p = 0.249).

When limiting to bvFTD only, TDP-A participants again showed 
a significantly greater degree of dorsal atrophy compared to 
TDP-B participants (p = 0.048) (Figure S1F).

3.10   |   Motor Neuron Disease

Within our cohort of participants identified with either TDP-A or 
TDP-B, only those with TDP-B had MND. In our cohort, bvFTD 
participants were the only subtype in TDP-B with enough par-
ticipants to perform statistical analysis. Controlling for CDR-SB, 

although bvFTD TDP-B participants with MND had margin-
ally less atrophy in frontotemporal regions (M: −1.1; SD: 0.59; 
n = 20) compared to bvFTD TDP-B participants without MND 
(M: −1.37; SD: 0.37; n = 4), this was not significantly different 
(p = 0.355). Within C9orf72 carriers, we observed bvFTD TDP-B 
MND participants had a similar degree of atrophy (M: −1.1; SD: 
0.68; n = 8) compared to those without MND (M: −1.19; SD: 0.32; 
n = 3, p = 0.815). Within sporadic cases, bvFTD TDP-B partici-
pants with MND showed less atrophy (M: −1.11; SD: 0.58; n = 11) 
than the one case without MND (M: −1.91; n = 1) which pre-
cluded statistical analysis.

3.11   |   Additional Analyses

We compared TDP-A, TDP-B, and TDP-U for C9orf72 repeat 
expansion carriers to determine if the atypical pattern of TDP-
43 pathology in the TDP-U patients is associated with distinct 
patterns of atrophy. Although we found no significant main 
effect of subtype (A, B, or U) across all six ROI comparisons, 
including when limiting to bvFTD only, TDP-A again showed 
the greatest degree of dorsality compared to both TDP-B and 
TDP-U. Furthermore, TDP-U presented with predominantly 
symmetric frontotemporal atrophy, similar to both TDP-A and 
TDP-B. TDP-U patients exhibited greater frontotemporal, tha-
lamic, and cerebellar atrophy compared to TDP-A patients, with 
a degree of variability similar to that seen in TDP-B patients. 
Occipitoparietal atrophy was similar across all three subtypes 
(see Figure S2).

We compared TDP-A-sporadic (n = 4) and TDP-B-sporadic 
(n = 16) solely to ensure subtype specific findings were not dis-
proportionately influenced by mutation carriers. Congruent 
with our earlier findings, we found no significant difference 
between TDP-A-sporadic and TDP-B-sporadic for both fronto-
temporal volume (p = 0.567), and thalamic atrophy (p = 0.609). 
Furthermore, TDP-A-sporadic again presented with signifi-
cantly more frontotemporal asymmetry (p = 0.017), and a sig-
nificantly greater degree of dorsality (p < 0.001) compared to 
TDP-B-sporadic. Conversely, the removal of mutation carriers 
with high cerebellar atrophy resulted in the loss of a significant 
difference between TDP-A-sporadic and TDP-B-sporadic in cer-
ebellar volume (p = 0.890). Although TDP-A-sporadic presented 
with greater occipitoparietal atrophy, this was no longer signifi-
cantly different (p = 0.103), likely due to insufficient power. As 
only one TDP-A-sporadic presented with bvFTD, we were un-
able to limit to bvFTD only comparisons.

4   |   Discussion

In this study, we investigated the clinical and neuroimaging fea-
tures of a cohort of patients with autopsy-confirmed FTLD-TDP 
types A, B, and U. We identified distinct patterns of regional 
atrophy, asymmetry, and dorsality across genetic and sporadic 
variants of FTLD, indicating that both FTLD subtype and geno-
type influence the pattern of neurodegeneration. Independent of 
genetic status, TDP-A presented with more dorsal-predominant 
frontotemporal atrophy and greater atrophy than TDP-B in the 
cerebellum and occipitoparietal regions. Symmetry appears 
to be a specific feature of C9orf72 mutations, present across 
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subtypes, whereas GRN carriers show a high degree of asym-
metry on average, but also notable variability. Within TDP-B, 
preservation of occipitoparietal regions is suggestive of sporadic 
disease. Furthermore, greater thalamic atrophy is observed to 
a greater degree in those with genetic mutations, regardless of 
subtype. These results suggest that genetic status needs to be 
considered when using clinical and imaging features to predict 
pathological diagnosis.

The most common presenting syndrome across all FTLD-TDP 
subtypes was bvFTD; however, 40% of TDP-A cases displayed 
alternative syndromes such as AD-D, CBS, nfvPPA, lvPPA, and 
svPPA, reflecting the varied clinical spectrum reported in GRN 
carriers [26], as well as a notably low frequency of bvFTD in 
sporadic cases (1/7). All GRN mutation carriers presented with 
TDP-A pathology. More than half of TDP-B cases were sporadic 
(22/39), with the remainder having C9orf72 expansions and one 
TBK-1 mutation. While generally associated with TDP-B or less 
often TDP-A, nearly as many C9orf72 expansion carriers were 
unclassifiable according to the TDP schema as were found to 
have TDP-B. MND was present in over half (8/14) of TDP-U 
cases, and in the majority of TDP-B (31/39), regardless of genetic 
status, but was absent in TDP-A patients.

Prior studies have shown greater frontotemporal atrophy in 
TDP-A than TDP-B [4, 27, 28]. Although these subtype compar-
isons were non-significant in this study, we observed greater 
atrophy in genetic forms of TDP-A than B, particularly when 
limiting to those with bvFTD. GRN carriers have a fast rate of 
atrophy during the symptomatic phase [29]; by selecting their 
first scan we may not have captured the severity of atrophy they 
would display later in the disease course. Despite prior studies 
reporting C9orf72 carriers with bvFTD and minimal atrophy 
[30], we did not find a difference in frontotemporal volume be-
tween mutation carriers and sporadic TDP-B. In previously re-
ported low-atrophy C9orf72 carriers, symptoms may correlate 
with C9orf72-specific pathological features, including RNA foci, 
dipeptide inclusions, and TDP-43 dysfunction, whereas on av-
erage, those with C9orf72-related TDP-B in this study may be 
assessed at a stage of TDP-43 aggregation. While frontotemporal 
atrophy is a hallmark of all forms of FTLD, we found atrophy 
outside of frontotemporal areas was helpful in distinguishing 
subtypes; as TDP-A demonstrated greater cerebellar and occip-
itoparietal atrophy (and thalamic atrophy in bvFTD) compared 
to TDP-B. Increased cerebellar atrophy in TDP-A concurs with 
previous research demonstrating cerebellar atrophy is associ-
ated with TDP-A pathology [6]. Recent research suggests cere-
bellar structural involvement may serve as a useful marker in 
C9orf72-related disorders, with greater atrophy in genetic than 
sporadic cases [31]. We observed C9orf72 cases had higher cer-
ebellar atrophy (across both subtypes), followed by GRN mu-
tations, with sporadics showing the least atrophy regardless of 
subtype; however, these differences were non-significant, per-
haps reflecting lack of power. GRN carriers presented the most 
striking and varied atrophy in this region indicating cerebellar 
atrophy is not specific to C9orf72-related disorders but may be 
associated with both genetic mutations.

Both GRN and C9orf72 carriers are associated with small vol-
umes in posterior regions [6, 32]. In the current study, TDP-A 

mutation carriers presented with similar atrophy to sporadic. 
Within TDP-B, sporadic cases showed markedly less atrophy 
than C9orf72 carriers, who had similar atrophy to TDP-A mu-
tations. Our findings reveal preservation of the occipitoparietal 
regions is suggestive of TDP-B-sporadic pathology compared to 
other included subtypes and mutations.

Numerous studies have observed thalamic atrophy in C9orf72 
carriers compared to noncarriers [32–35]. In our cohort, within 
both subtypes, C9orf72 carriers presented with more thalamic 
atrophy than sporadic cases, which was significant within 
TDP-B. Thalamic atrophy was also often present in GRN carri-
ers supporting research demonstrating thalamic atrophy is not 
unique to C9orf72 carriers [36] but may reflect greater subcorti-
cal atrophy in these genetic variants.

We observed distinct signatures of frontotemporal asymme-
try. TDP-A is often associated with asymmetry of the frontal, 
temporal, and parietal lobes [37]. Early research suggested 
asymmetry might be specific to TDP-A pathology [27]; how-
ever, subsequent studies have reported greater asymmetry in 
GRN carriers compared to other FTLD mutations, suggesting 
genetic mutation specificity [6, 38]. Our observations indicated 
greater asymmetry in TDP-A compared to TDP-B, primarily 
due to higher levels of asymmetry in GRN and sporadic cases. 
Consistent with previous research, GRN carriers displayed 
the highest levels of asymmetry but also the largest variabil-
ity [39], highlighting heterogeneity in lateralization. Notably, 
our observations indicate that absence of asymmetry does not 
preclude a GRN mutation. While this study would not capture 
longitudinal changes in atrophy, variability in the degree of 
asymmetry may be attributed to shifts in hemispheric atro-
phy over time, supported by early work observing increased 
asymmetry with disease progression in GRN carriers [40]. 
The pathological mechanism driving the asymmetry remains 
unclear; however, it is possible that TDP-43 proteinopathy 
induced by GRN mutations interacts with pre-existing brain 
asymmetries, exacerbating structural perturbations [41]. 
Although TDP-B showed greater symmetry overall, this was 
significantly more pronounced in C9orf72 compared to spo-
radic cases (including when limited to bvFTD). This, along-
side the symmetrical presentation found in TDP-A-C9orf72 
mutations, suggests symmetry is a C9orf72 feature rather than 
specifically TDP-B, corroborating previous research demon-
strating symmetric frontal, temporal and parietal atrophy as-
sociated with this mutation [6].

Increased dorsality in TDP-A compared to TDP-B cases is 
supported by research observing significant atrophy in dorsal 
regions in TDP-A [4, 28, 42]. Whitwell et  al., (2012) reported 
atrophy in GRN mutation carriers typically affects more dorsal 
frontal and temporal regions [6]. We found, within TDP-A, both 
C9orf72 and GRN carriers displayed similar dorsality; however, 
GRN again demonstrated the largest variability. Sporadic TDP-A 
cases presented with pronounced dorsality, although no signif-
icant effect of genotype was found. Regardless of mutation sta-
tus, TDP-B displayed slightly more ventral-predominant atrophy 
than TDP-A, consistent with prior work showing that most often 
there is an intermediate balance of dorsal-ventral atrophy in this 
subtype [24]. TDP-A inclusions are often cytoplasmic, leading 
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to dysregulation of RNA metabolism, particularly in neurons 
responsible for cortico-cortical connections [43], which may 
explain the preferential dorsal atrophy. The upper cortical lay-
ers (II/III), which are heavily involved in dorsal cognitive net-
works, are especially vulnerable in TDP-A.

While the presence or absence of MND can have a striking ef-
fect on prognosis and disease course, the association of MND 
on extra-motor atrophy remains unclear [44]. Greater atrophy 
in prefrontal and temporal regions has been reported in bvFTD 
compared to ALS and FTD-ALS patients [45]. Although we 
found a trend towards less atrophy in those with MND, no 
significant differences were observed, supporting previous re-
search that reported no differences between bvFTD and FTD-
ALS patients for any brain region [46]. Studies showing less 
atrophy in those with FTD-MND may also compare to an FTD 
group of mixed pathological diagnoses, including subtypes 
with greater atrophy.

The presence of psychosis has shown potential at differenti-
ating FTLD-TDP from tau pathology [4, 47]. Severe psychotic 
symptoms have been suggestive of a genetic abnormality [48] 
and are common in C9orf72 carriers, with rates up to 50% 
[49]. Additional research found TDP-B pathology to be more 
common in non-C9orf72 carriers with psychosis than with-
out, suggesting that the presence of psychotic symptoms is 
more strongly associated with FTLD-TDP type B pathology 
than with the C9orf72 mutation [50]. Although we found 
TDP-B-sporadic scored slightly higher on hallucinations and 
delusions from the NPI than TDP-B-C9orf72 carriers, this dif-
ference was non-significant. Overall, we did not find evidence 
to support a specific association between psychotic symptoms 
and TDP-B pathology. In this cohort, hallucinations and delu-
sions were infrequent across both subtypes, with no signifi-
cant effect of mutation status. While the low rate and severity 
of psychotic symptoms compared to prior studies may suggest 
insensitivity of the NPI for these features, this study found no 
differences according to genetic status, suggesting these fea-
tures may be related to pathological diagnosis.

One of the limitations of our study is the small sample size in 
certain groups, which reduced power and precluded statistical 
analysis for some combinations of subtype, genotype, and syn-
drome. Another limitation is the data collection timeframe from 
1999 to 2019, which resulted in missing data or evolution in 
some clinical measures. Despite this, our research sample, from 
a large FTD center drawing from 20 years of study, adds valuable 
insight into the varied neuroimaging signatures that may help 
predict underlying pathology and presence of genetic mutations 
in FTLD.

Overall, our study demonstrated that genetic mutation status 
significantly influences some, though not all, clinical and neu-
roimaging features of FTLD-TDP types A and B, highlighting 
the need to account for both pathological subtype and genetic 
status in future classification approaches. Further research is 
needed to explore the underlying mechanisms driving the ob-
served differences, in order to understand how sporadic and 
genetic forms interact with selective regional vulnerability to 
result in distinct patterns of neuroanatomic atrophy within the 
same TDP-43 subtypes.

Author Contributions

S.C.: writing – original draft, writing – review and editing, visualization, 
validation, software, investigation, methodology, formal analysis, data 
curation. R.S.: writing – review and editing, visualization, validation, in-
vestigation, formal analysis, data curation. A.R.K.R.: writing – review and 
editing, validation, resources, data curation. A.S.: writing – review and 
editing, resources, data curation. N.G.C.: writing – review and editing, re-
sources, data curation. D.L.: writing – review and editing, resources, data 
curation. A.L.L.: writing – review and editing, resources, data curation. 
E.M.R.: writing – review and editing, resources, data curation. Y.C.: writ-
ing – review and editing, resources, data curation. S.S.: writing – review 
and editing, resources, data curation. L.T.G.: writing – review and editing, 
resources, data curation. D.H.G.: writing – review and editing, resources, 
data curation. M.L.G.T.: writing – review and editing, resources, data cura-
tion. J.H.K.: writing – review and editing, resources, data curation. H.J.R.: 
writing – review and editing, resources, data curation. B.L.M.: writing 
– review and editing, resources, data curation. W.W.S.: writing – review 
and editing, resources, data curation. D.C.P.: writing – review and editing, 
visualization, validation, supervision, methodology, funding acquisition, 
conceptualization, investigation, formal analysis.

Acknowledgements

The authors acknowledge the invaluable contributions of the study 
participant and families as well as the assistance of the support 
staffs at each of the participating sites. This work was supported by 
the National Institute of Aging (U19 AG063911, U01 AG045390, P01 
AG019724, P30 AG062422, U24 AG21886, R01 AG062758, and R01 
AG059794) and the National Center for Advancing Translational 
Sciences (U54 NS092089).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available on request 
from the corresponding author. The data are not publicly available due 
to privacy or ethical restrictions.

References

1. I. R. A. Mackenzie and M. Neumann, “Molecular Neuropathology 
of Frontotemporal Dementia: Insights Into Disease Mechanisms From 
Postmortem Studies,” Journal of Neurochemistry 138, no. S1 (2016): 
54–70.

2. F. Laferrière, Z. Maniecka, M. Pérez-Berlanga, et  al., “TDP-43 Ex-
tracted From Frontotemporal Lobar Degeneration Subject Brains Dis-
plays Distinct Aggregate Assemblies and Neurotoxic Effects Reflecting 
Disease Progression Rates,” Nature Neuroscience 22, no. 1 (2019): 65–77.

3. M. Torso, G. R. Ridgway, M. Jenkinson, S. Chance, and the Fronto-
temporal Lobar Degeneration Neuroimaging Initiative and the 4-Repeat 
Tau Neuroimaging Initiative (4RTNI), “Intracortical Diffusion Tensor 
Imaging Signature of Microstructural Changes in Frontotemporal Lobar 
Degeneration,” Alzheimer's Research and Therapy 13, no. 1 (2021): 180.
4. D. C. Perry, J. A. Brown, K. L. Possin, et al., “Clinicopathological Cor-
relations in Behavioural Variant Frontotemporal Dementia,” Brain 140, 
no. 12 (2017): 3329–3345.
5. A. Gifford, N. Praschan, A. Newhouse, and Z. Chemali, “Biomarkers 
in Frontotemporal Dementia: Current Landscape and Future Direc-
tions,” Biomarkers in Neuropsychiatry 8 (2023): 100065.

6. J. L. Whitwell, S. D. Weigand, B. F. Boeve, et  al., “Neuroimaging 
Signatures of Frontotemporal Dementia Genetics: C9ORF72, Tau, Pro-
granulin and Sporadics,” Brain 135, no. 3 (2012): 794–806.



956 Annals of Clinical and Translational Neurology, 2025

7. J. L. Robinson, E. Suh, Y. Xu, et  al., “Annexin A11 Aggregation in 
FTLD–TDP Type C and Related Neurodegenerative Disease Proteinop-
athies,” Acta Neuropathologica 147, no. 1 (2024): 104.

8. J. H. Kramer, J. Jurik, S. J. Sha, et al., “Distinctive Neuropsychologi-
cal Patterns in Frontotemporal Dementia, Semantic Dementia, and Alz-
heimer Disease,” Cognitive and Behavioral Neurology 16, no. 4 (2003): 
211–218.

9. G. McKhann, D. Drachman, M. Folstein, R. Katzman, D. Price, and 
E. M. Stadlan, “Clinical Diagnosis of Alzheimer's Disease: Report of the 
NINCDS-ADRDA Work Group Under the Auspices of Department of 
Health and Human Services Task Force on Alzheimer's Disease,” Neu-
rology 34, no. 7 (1984): 939–944.

10. D. Neary, J. S. Snowden, L. Gustafson, et al., “Frontotemporal Lobar 
Degeneration,” Neurology 51, no. 6 (1998): 1546–1554.

11. M. L. Gorno-Tempini, A. E. Hillis, S. Weintraub, et al., “Classifica-
tion of Primary Progressive Aphasia and Its Variants,” Neurology 76, no. 
11 (2011): 1006–1014.

12. K. Rascovsky and M. Grossman, “Clinical Diagnostic Criteria and 
Classification Controversies in Frontotemporal Lobar Degeneration,” 
International Review of Psychiatry 25, no. 2 (2013): 145–158.

13. R. C. Petersen, G. E. Smith, S. C. Waring, R. J. Ivnik, E. G. Tangalos, 
and E. Kokmen, “Mild Cognitive Impairment: Clinical Characteriza-
tion and Outcome,” Archives of Neurology 56, no. 3 (1999): 303–308.

14. B. R. Brooks, “El Escorial World Federation of Neurology Criteria for 
the Diagnosis of Amyotrophic Lateral Sclerosis,” Journal of the Neuro-
logical Sciences 124 (1994): 96–107.

15. M. J. Armstrong, I. Litvan, A. E. Lang, et al., “Criteria for the Diagno-
sis of Corticobasal Degeneration,” Neurology 80, no. 5 (2013): 496–503.

16. J. L. Cummings, M. Mega, K. Gray, S. Rosenberg-Thompson, D. A. 
Carusi, and J. Gornbein, “The Neuropsychiatric Inventory: Compre-
hensive Assessment of Psychopathology in Dementia,” Neurology 44, 
no. 12 (1994): 2308–2314.

17. J. C. Morris, “The Clinical Dementia Rating (CDR),” Neurology 43, 
no. 11 (1993): 2412.

18. E. M. Ramos, D. R. Dokuru, V. Van Berlo, et al., “Genetic Screen in a 
Large Series of Patients With Primary Progressive Aphasia,” Alzheimers 
Dement 15, no. 4 (2019): 553–560.

19. M. S. Forman, J. Farmer, J. K. Johnson, et al., “Frontotemporal De-
mentia: Clinicopathological Correlations,” Annals of Neurology 59, no. 
6 (2006): 952–962.

20. M. C. Tartaglia, M. Sidhu, V. Laluz, et al., “Sporadic Corticobasal 
Syndrome due to FTLD-TDP,” Acta Neuropathologica 119, no. 3 (2010): 
365–374.

21. I. R. A. Mackenzie, M. Neumann, A. Baborie, et al., “A Harmonized 
Classification System for FTLD-TDP Pathology,” Acta Neuropatholog-
ica 122, no. 1 (2011): 111–113.

22. L. Fan, H. Li, J. Zhuo, et al., “The Human Brainnetome Atlas: A New 
Brain Atlas Based on Connectional Architecture,” Cerebral Cortex 26, 
no. 8 (2016): 3508–3526.

23. E. T. Rolls, C.-C. Huang, C.-P. Lin, J. Feng, and M. Joliot, “Auto-
mated Anatomical Labelling Atlas 3,” NeuroImage 206 (2020): 116189.

24. A. Sokołowski, A. R. K. Roy, S.-Y. M. Goh, et al., “Neuropsychiatric 
Symptoms and Imbalance of Atrophy in Behavioral Variant Frontotem-
poral Dementia,” Human Brain Mapping 44, no. 15 (2023): 5013–5029.

25. R Core Team, R: A Language and Environment for Statistical Com-
puting (R Foundation for Statistical Computing, 2023), https://​www.​
R-​proje​ct.​org/​.

26. B. J. Kelley, W. Haidar, B. F. Boeve, et al., “Prominent Phenotypic 
Variability Associated With Mutations in Progranulin,” Neurobiology of 
Aging 30, no. 5 (2009): 739–751.

27. J. L. Whitwell, C. R. Jack, J. E. Parisi, et al., “Does TDP-43 Type Con-
fer a Distinct Pattern of Atrophy in Frontotemporal Lobar Degenera-
tion?,” Neurology 75, no. 24 (2010): 2212–2220.

28. J. D. Rohrer, F. Geser, J. Zhou, et al., “TDP-43 Subtypes Are Asso-
ciated With Distinct Atrophy Patterns in Frontotemporal Dementia,” 
Neurology 75, no. 24 (2010): 2204–2211.

29. A. M. Staffaroni, S.-Y. M. Goh, Y. Cobigo, et al., “Rates of Brain At-
rophy Across Disease Stages in Familial Frontotemporal Dementia As-
sociated With MAPT, GRN, and C9orf72 Pathogenic Variants,” JAMA 
Network Open 3, no. 10 (2020): e2022847.

30. S. C. Vatsavayai, S. J. Yoon, R. C. Gardner, et al., “Timing and Signif-
icance of Pathological Features in C9orf72 Expansion-Associated Fron-
totemporal Dementia,” Brain 139, no. 12 (2016): 3202–3216.

31. E. G. Spinelli, A. Ghirelli, S. Basaia, et al., “Structural MRI Signa-
tures in Genetic Presentations of the Frontotemporal Dementia/Motor 
Neuron Disease Spectrum,” Neurology 97, no. 16 (2021): e1594–e1607.

32. L. T. Takada and S. J. Sha, “Neuropsychiatric Features of C9orf72-
Associated Behavioral Variant Frontotemporal Dementia and Fronto-
temporal Dementia With Motor Neuron Disease,” Alzheimer's Research 
and Therapy 4, no. 5 (2012): 38.

33. C. J. Mahoney, J. Beck, J. D. Rohrer, et al., “Frontotemporal Demen-
tia With the C9ORF72 Hexanucleotide Repeat Expansion: Clinical, 
Neuroanatomical and Neuropathological Features,” Brain 135, no. 3 
(2012): 736–750.

34. S. Schönecker, C. Neuhofer, M. Otto, et al., “Atrophy in the Thalamus 
but Not Cerebellum Is Specific for C9orf72 FTD and ALS Patients—An 
Atlas-Based Volumetric MRI Study,” Frontiers in Aging Neuroscience 10 
(2018): 45.

35. A. R. K. Roy, F. Noohi, N. A. Morris, et al., “Basal Parasympathetic 
Deficits in C9orf72 Hexanucleotide Repeat Expansion Carriers Relate 
to Smaller Frontoinsula and Thalamus Volume and Lower Empathy,” 
NeuroImage: Clinical 43 (2024): 103649.

36. M. Bocchetta, E. Gordon, M. J. Cardoso, et al., “Thalamic Atrophy in 
Frontotemporal Dementia—Not Just a C9orf72 Problem,” NeuroImage: 
Clinical 18 (2018): 675–681.

37. J. L. Whitwell, “Neuroimaging Across the FTD Spectrum,” Progress 
in Molecular Biology and Translational Science 165 (2019): 187–223.

38. J. Beck, J. D. Rohrer, T. Campbell, et al., “A Distinct Clinical, Neuro-
psychological and Radiological Phenotype Is Associated With Progran-
ulin Gene Mutations in a Large UK Series,” Brain 131, no. Pt 3 (2008): 
706–720.

39. J. L. Whitwell, C. R. Jack, B. F. Boeve, et al., “Voxel-Based Morphom-
etry Patterns of Atrophy in FTLD With Mutations in MAPT or PGRN,” 
Neurology 72, no. 9 (2009): 813–820.

40. J. D. Rohrer, G. R. Ridgway, M. Modat, et al., “Distinct Profiles of 
Brain Atrophy in Frontotemporal Lobar Degeneration Caused by Pro-
granulin and Tau Mutations,” NeuroImage 53, no. 3 (2010): 1070–1076.

41. S. Gazzina, M. Grassi, E. Premi, et al., “Structural Brain Splitting Is 
a Hallmark of Granulin-Related Frontotemporal Dementia,” Neurobiol-
ogy of Aging 114 (2022): 94–104.

42. J. L. Whitwell, C. R. Jack, J. E. Parisi, et al., “Imaging Signatures of 
Molecular Pathology in Behavioral Variant Frontotemporal Dementia,” 
Journal of Molecular Neuroscience 45, no. 3 (2011): 372–378.

43. M. Neumann, D. M. Sampathu, L. K. Kwong, et al., “Ubiquitinated 
TDP-43 in Frontotemporal Lobar Degeneration and Amyotrophic Lat-
eral Sclerosis,” Science 314, no. 5796 (2006): 130–133.

44. A. J. da Rocha, R. H. Nunes, and A. C. M. Maia, Jr., “Dementia in 
Motor Neuron Disease: Reviewing the Role of MRI in Diagnosis,” De-
mentia and Neuropsychologia 9, no. 4 (2015): 369–379.

45. P. Lillo, E. Mioshi, J. R. Burrell, M. C. Kiernan, J. R. Hodges, and M. 
Hornberger, “Grey and White Matter Changes Across the Amyotrophic 

https://www.r-project.org/
https://www.r-project.org/


957

Lateral Sclerosis-Frontotemporal Dementia Continuum,” PLoS One 7, 
no. 8 (2012): e43993.

46. A. Ambikairajah, E. Devenney, E. Flanagan, et  al., “A Visual 
MRI Atrophy Rating Scale for the Amyotrophic Lateral Sclerosis-
Frontotemporal Dementia Continuum,” Amyotrophic Lateral Sclerosis 
and Frontotemporal Degeneration 15, no. 3–4 (2014): 226–234.

47. G. Naasan, S. M. Shdo, E. M. Rodriguez, et al., “Psychosis in Neuro-
degenerative Disease: Differential Patterns of Hallucination and Delu-
sion Symptoms,” Brain 144, no. 3 (2021): 999–1012.

48. E. M. Devenney, R. Landin-Romero, M. Irish, et  al., “The Neural 
Correlates and Clinical Characteristics of Psychosis in the Frontotem-
poral Dementia Continuum and the C9orf72 Expansion,” Neuroimage 
Clinical 13 (2016): 439–445.

49. J. S. Snowden, J. Adams, J. Harris, et  al., “Distinct Clinical and 
Pathological Phenotypes in Frontotemporal Dementia Associated With 
MAPT, PGRN and C9orf72 Mutations,” Amyotrophic Lateral Sclerosis 
and Frontotemporal Degeneration 16, no. 7–8 (2015): 497–505.

50. V. Hirsch-Reinshagen, C. Hercher, F. Vila-Rodriguez, et  al., “Psy-
chotic Symptoms in Frontotemporal Dementia With TDP-43 Tend to Be 
Associated With Type B Pathology,” Neuropathology and Applied Neu-
robiology 49, no. 4 (2023): e12921.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.


	Clinical and Imaging Features of Sporadic and Genetic Frontotemporal Lobar Degeneration TDP-43 A and B
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Participants
	2.2   |   Genetic and Pathological Diagnosis
	2.3   |   Image Acquisition
	2.4   |   Atrophy Maps
	2.5   |   Region of Interest Masks
	2.6   |   Asymmetry and Dorsality Indices
	2.7   |   Statistical Analysis

	3   |   Results
	3.1   |   Syndromic Diagnoses
	3.2   |   Demographic and Clinical Characteristics
	3.3   |   Imaging Analysis
	3.4   |   Frontotemporal
	3.5   |   Occipitoparietal
	3.6   |   Thalamus
	3.7   |   Cerebellum
	3.8   |   Asymmetry
	3.9   |   Dorsality
	3.10   |   Motor Neuron Disease
	3.11   |   Additional Analyses

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


