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Abstract
Objective  To comprehensively examine the clinical presentation of patients diagnosed with frontotemporal dementia–motor 
neuron disease (FTD–MND) compared to FTD subtypes. To clarify the heterogeneity of behavioural and language deficits 
in FTD–MND using a data-driven approach.
Methods  Patients with FTD–MND (n = 31), behavioural variant FTD (n = 119), non-fluent variant primary progressive 
aphasia (n = 47), semantic variant primary progressive aphasia (n = 42), and controls (n = 127) underwent comprehensive 
clinical, cognitive and behavioural assessments. Two-step cluster analysis examined patterns of behavioural and language 
impairment. Voxel-based morphometry and tract-based spatial statistics were used to investigate differences across the 
subgroups that emerged from cluster analysis.
Results  More than half of FTD–MND patients initially presented with variable combinations of deficits (e.g., mixed 
behaviour/cognitive, mixed behaviour/cognitive/motor deficits), with 74% of them meeting criteria for FTD–MND within 
24 months with a median of 12 months. The frequency and severity of behavioural and language abnormalities in FTD–MND 
lie between that seen in the three FTD phenotypes. Cluster analysis identified three patterns of behavioural and language 
impairment in FTD–MND. The three FTD–MND subgroups demonstrated different profiles of white matter tract disruption, 
but did not differ in age at onset, disease duration or patterns of cortical atrophy.
Conclusions  While highly heterogeneous, in terms of behavioural and language deficits, and disease severity, the presenta-
tion of FTD–MND may be distinct to that of FTD. Distinct white matter degeneration patterns may underpin heterogeneous 
clinical profiles in FTD–MND. FTD presenting with mixed behavioural-language disturbances should be monitored closely 
for at least 12–24 months for the emergence of MND symptoms/signs.
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Introduction

One of the challenges in the study of neurodegenerative dis-
eases is identifying uniform patient groups that can be tar-
geted for trials of potential therapies. Frontotemporal demen-
tia–motor neuron disease (FTD–MND), the syndrome where 
diagnostic criteria for frontotemporal dementia (FTD) and 
motor neuron disease (MND) are met concurrently, repre-
sents an attractive cohort of patients for the development of 
therapies aimed at slowing progression of or reversing TAR 
DNA binding protein 43 kDa (TDP-43) pathology. Firstly, 
almost all FTD–MND patients have underlying TDP-43 
pathology [6], whereas other FTD phenotypes can variably 
be caused by TDP-43, tau, or ubiquitinated fused in sarcoma 
(FUS) pathology [8]. Secondly, patients with FTD–MND 
have a worse prognosis than other FTD phenotypes, with 
rapid progression over months or a few years, rather many 
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years or decades [17]. Not only does rapid progression high-
light an urgent need for effective therapies, but it may facili-
tate the development of effective treatments, because shorter 
trial protocols may be sufficient to determine the efficacy of 
potential treatments.

Clinical, genetic, and pathological investigations have 
highlighted the links between FTD and MND [7, 12, 27] 
suggesting that FTD and MND may be part of the same dis-
ease spectrum, which includes FTD–MND [6]. However, the 
relationship between behaviour, language, and motor symp-
toms in FTD–MND remains incompletely understood. Do 
all patients initially present with FTD–MND, or do most 
convert to FTD–MND from either pure FTD or pure MND? 
Can such a conversion be predicted? Direct comparisons of 
behaviour and language deficits in FTD–MND to the behav-
iour and language phenotypes of FTD are scarce. Some stud-
ies have classified FTD–MND cases along the lines of exist-
ing FTD phenotypes [44], but others [14] including our own 
[18] have emphasized mixed behaviour and language defi-
cits. Such studies suggest that improved sub-classification 
of FTD–MND may aid prognostication, readying the stage 
for trials of TDP-43 therapies [39].

The present study aimed to address the following ques-
tions: (1) Is the frequency and severity of behaviour and 
language disturbances in FTD–MND comparable to those of 
other FTD phenotypes? (2) Given the clinical heterogeneity 
of FTD–MND, can subgroups of patients be discerned? (3) 
Do FTD–MND subgroups differ? (4) Does the pattern of 
neuroanatomical change drive clinical heterogeneity?

Methods

Participants

Patients diagnosed with FTD–MND, behavioural variant 
FTD (bvFTD), non-fluent variant primary progressive apha-
sia (nfvPPA), semantic variant primary progressive aphasia 
(svPPA), and healthy controls, were included in the study. 
FTD–MND and FTD patients were recruited from FRON-
TIER, the frontotemporal dementia research clinic in Sydney 
Australia. Healthy control participants were recruited from 
a database of volunteers. The diagnosis of FTD was made 
according to the current consensus criteria and further clas-
sified into the established subtypes: bvFTD, nfvPPA, and 
svPPA [13, 29, 35]; only patients with probable or definite 
bvFTD were included in this study. MND was diagnosed 
in accordance with the El Escorial and Awaji criteria [5, 
11]. FTD–MND was diagnosed when both FTD and MND 
diagnostic criteria were fulfilled [45]. FTD–MND patients 
were either diagnosed with FTD–MND at the initial assess-
ment, or at a later review assessment. For those patients who 
developed FTD–MND after presenting with FTD or MND, 

only data acquired after the fulfillment of the FTD–MND 
diagnosis were included in the study. Data extracted from the 
clinical file included: age at symptom onset, initial mode of 
presentation, and ‘Time to FTD–MND’, defined as the time 
from first symptom onset to established FTD–MND diagno-
sis. The majority of FTD–MND patients met criteria for the 
dual diagnosis within 24 months. In contrast, 56% of bvFTD, 
52% of nfvPPA and 83% of svPPA had a disease duration 
longer than 36 months. All FTD patients were monitored for 
the development of FTD–MND.

Patients with the right temporal variant of FTD, or pos-
sible (as opposed to probable or definite) bvFTD, as well as 
patients with extensive cerebrovascular disease, significant 
head injury, prior history of mental illness, movement dis-
order, alcohol and other drug abuse were excluded from the 
present study. The study was approved by the ethics com-
mittees of the University of New South Wales and South 
Eastern Sydney Local Health District. In accordance with 
the Declaration of Helsinki, written informed consent was 
obtained from all participants, or their carers.

Clinical assessments

Clinical features, including comprehensive behavioural 
changes, neuropsychiatric symptoms and language impair-
ments, were assessed by experienced behavioural neurolo-
gists (JRB and JRH) using a consistent approach [16]. These 
features were reported by carers and recorded as present 
or absent for behavioural disturbances, including loss of 
insight, insidious change in personality/social behaviour, 
disinhibition, apathy, loss of sympathy/empathy, stereotyped 
behaviours and hyperorality/dietary changes. Neuropsychi-
atric features including aggression, agitation, delusions, hal-
lucinations, mood disturbance, anxiety and mental rigidity 
were recorded. In addition, the presence or absence of dys-
arthria—including flaccid (i.e., moist, indistinct) and spastic 
(i.e., harsh, strained voice)—motor speech apraxia, slowed 
speech rate, phonological errors, syntax errors, anomia, 
word finding difficulties, impaired word/sentence compre-
hension, impaired word/sentence repetition, surface dys-
lexia, and dysgraphia were systematically assessed. Apha-
sic features, such as motor speech apraxia (i.e., effortful, 
distorted, and impaired ability of coordinating phonemes on 
single word production) or phonological errors (i.e., incor-
rectly selecting phonemes on single word production) [31] 
were distinguished from dysarthria (i.e., selecting phoneme 
correctly, but indistinct, moist, or breathy production due to 
lower motor neuron weakness, or harsh, effortful, strangled 
speech due to upper neuron weakness).
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Cognitive assessments

The Addenbrooke’s Cognitive Examination, either the sec-
ond (ACE-R) [25] or third (ACE-III) [19] iteration, was 
used as a measure of general cognition. To ensure a uniform 
dataset, ACE-R scores were transformed to ACE-III scores 
using recently validated algorithms [42]. Disease severity 
was measured using the Frontotemporal Dementia Rating 
Scale (FRS) [26].

Digit span forwards and backwards tasks assessed basic 
attention and working memory, respectively [15, 23, 43]. 
The Trail making test parts A and B measured processing 
speed and divided attention [4]. Trails B-A time and letter 
fluency (F, A, S) were used as measures of executive func-
tion [3]. The Rey Auditory Verbal Learning Test (RAVLT) 
[38] and Rey Complex Figure (RCF) recall were used to 
assess verbal and visuospatial memory [33].

Behavioural disturbances were measured using the Cam-
bridge Behavioural Inventory-Revised (CBI-R) [47]. The 
Sydney Language Battery (SYDBAT) was used to assess 
expressive and receptive language skills, and used as a meas-
ure of confrontational naming and semantic knowledge [37]. 
The single word repetition subtask was not included in the 
final analysis to avoid potential confounding effects of dys-
arthria, resulting in a revised SYDBAT total score of 0–90 
points. The Test for Reception Of Grammar (TROG) exam-
ined syntactic comprehension ability [10]. To avoid fatigue 
affecting performance in FTD–MND patients, the TROG 
was abbreviated to 2 instead of 4 sentences across 20 blocks, 
resulting in a revised TROG total score of 0–40 points. Both 
SYDBAT and TROG can be completed without the need for 
participants to produce speech, so performance was unlikely 
to be affected by dysarthria.

Statistical analyses

Data analyses were performed using IBM SPSS Statistics 
24. One-way analysis of variance (ANOVA) with post hoc 
Sidak tests (normally distributed data) and Kruskal–Wallis 
with post hoc Mann–Whitney U tests (non-normally dis-
tributed data) were applied. Chi-square tests were employed 
for categorical variables. A p value < 0.05 was considered 
statistically significant for group comparisons. Bonferroni 
correction was used for multiple comparisons. The corrected 
p value was based on the number of multiple comparisons, 
with a corrected p value < 0.005 (for a comparison number 
n = 10) or a corrected p value < 0.0083 (number of compari-
sons n = 8). To avoid confounding effects of disease duration 
on test performance of disease groups, multivariate analysis 
of covariance (MANCOVA) was employed for tasks with 
total as well as sub-scores (i.e., ACE-III, CBI-R, RAVLT 

and SYDBAT), and analysis of covariance (ANCOVA) was 
applied for the remainder of cognitive assessments.

To explore the distribution of behaviour and language 
disturbances of FTD–MND, and to avoid reducing statisti-
cal power when using FTD–MND group alone, a two-step 
cluster analysis was conducted using bvFTD, FTD–MND, 
nfvPPA and svPPA patients. Furthermore, to avoid lowering 
the quality of the clustering solution and to improve the dis-
crimination based on behaviour and language performance 
in cluster analysis, a limited number of variables sensitive 
to deficits encountered in FTD phenotypes were selected: 
(1) a combined behavioural score of CBI-R subdomains 
reported to be sensitive to changes in bvFTD [48] (i.e., 
abnormal behaviours, eating habits, motivation, stereotypic 
and motor behaviours); (2) SYDBAT naming was chosen 
given the demonstration of confrontational naming impair-
ments in FTD–MND [21, 22]. Euclidean distance was used 
for distance measure and Bayes Information Criterion (BIC) 
was for clustering criterion [28]. To validate stability, mul-
tiple steps were conducted: (1) examination of the predictor 
importance and the score of silhouette measure of cohesion 
and the separation were used to assess cluster solution qual-
ity [36]; (2) the resulting cluster number was used in a hier-
archical cluster analysis using the average-linkage method 
with squared Euclidean distance [49] to verify whether clus-
ter membership changed from one algorithm to another for 
each case. Using these approaches, a stable cluster model is 
evident when more than 80% of cases do not change cluster 
membership [36].

Imaging acquisition

MRI acquired after FTD–MND criteria being fulfilled were 
included in imaging analyses. Only scans of sufficient qual-
ity for voxel-based morphometry (VBM) and tract-based 
spatial statistics (TBSS) analyses were included (n = 20). 
Age- and sex-matched healthy controls (n = 20) were 
included for comparison.

Three-dimensional, structural T1-weighted and diffusion-
weighted images were obtained on a 3 T Philips MRI scan-
ner with an eight-channel head coil. Acquisition sequences 
for T1-weighted images were as follows: coronal orienta-
tion, matrix 256 × 256, 200 slices, 1 mm3, echo time/inver-
sion time = 2.6/5.8 ms, flip angle α = 8°. Diffusion-weighted 
acquisition: 32 gradient directions, repetition time/echo 
time/inversion time: 8400/68/90 ms, b value = 1000 s/mm2, 
55 2.5 mm horizontal slices, end resolution: 2.5 × 2.5 × 2.5 
mm3, 96 × 96 matrix; repeated 2 times.

Voxel‑based morphometry (VBM) analysis

The FMRIB FSL software package (https​://fsl.fmrib​.ox.
ac.uk/fsl/fslwi​ki/) was used for voxel-based morphometry 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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(VBM) analysis. Brain extraction [40] was followed by 
grey matter (GM) and white matter (WM) segmentation. 
Spatial intensity variations (bias field or radio-frequency 
inhomogeneities) were then corrected [50]. GM volumes 
were concatenated and averaged to Montreal Neurological 

Institute standard space (MNI152) [2]. All grey matter 
images were registered nonlinearly after a study-specific 
template being created. The Jacobian of the warp field was 
used for modulation of each voxel. An isotropic Gaussian 

Table 1   Demographic and cognitive profiles across groups

Data were presented as mean ± standard deviation, sex data were present as male N (%). Where relevant, parentheses indicate the possible maxi-
mum score. Overall p value was from Kruskal–Walls test when included controls
– not applicable, NS nonsignificant, bvFTD behavioural variant FTD, FTD–MND frontotemporal dementia–motor neuron disease, nfvPPA non-
fluent variant primary progressive aphasia, svPPA semantic variant primary progressive aphasia, ACE-III Addenbrooke’s Cognitive Examina-
tion–version III, FRS Frontotemporal Dementia Rating Scale, RCF Rey Complex Figure, RAVLT Rey Auditory Verbal Learning Test
*p < 0.05; **p < 0.01
F values were from group comparison MANCOVA or ANCOVA when only included disease groups and disease duration was used as a covari-
ate. Bonferroni correction for multiple comparisons: avs. controls (p < 0.005)
b vs. bvFTD (p < 0.005)
c vs. FTD–MND (p < 0.005)
d vs. nfvPPA (p < 0.005)
e vs. svPPA (p < 0.005)

bvFTD (n = 119) FTD–MND (n = 31) nfvPPA (n = 47) svPPA (n = 42) Controls (n = 127) Overall p value F values

Age 62.4 ± 8.8a,d 64.3 ± 6.9 67.9 ± 10b 64.7 ± 7.5 67.4 ± 6.5b ** –
Education (years) 11.9 ± 2.8 12.6 ± 3.5 12 ± 3.2 12.6 ± 3 12.8 ± 3 NS –
Age at onset 58.3 ± 8.8d 61.3 ± 6.9 64.4 ± 9.9b 60 ± 7.9 – * –
Disease duration 

(years)
4.3 ± 3.1c 2.9 ± 2.1b,e 3.4 ± 2e 4.8 ± 2.4c,d – ** –

Survival duration 
(months)

102 ± 43.3c 52.7 ± 37.5b,d,e 80.7 ± 29.1c,e 138.9 ± 35.6c,d – ** –

Sex (male %) 72 (60.5%) 23 (74.2%) 23 (48.9%) 22 (52.4%) 64 (50.4%) NS –
ACE-III
 Attention (18) 14.5 ± 3.2a 14.7 ± 3.6a 15 ± 2.9a 14.2 ± 3.2a 17.2 ± 0.6b,c,d,e ** 0.342
 Memory (26) 17.1 ± 6a,e 17 ± 6.2a,e 19 ± 7a,e 11.4 ± 5.9a,b,c,d 24.3 ± 1.8b,c,d,e ** 11.881
 Fluency (14) 5.9 ± 3.9a,e 3.9 ± 3.7a 5 ± 3.3a 4 ± 3.4a,b 12 ± 1.5b,c,d,e ** 3.723
 Language (26) 21 ± 5a,c,e 17.4 ± 5.3a,b,e 19.1 ± 4a,e 11.9 ± 5a,b,c,d 25.2 ± 1.1b,c,d,e ** 35.471
 Visuospatial (16) 13.6 ± 2.8a 12.7 ± 3a,d 14.4 ± 1.8a,c 14.3 ± 2.3a 15.5 ± 0.9b,c,d,e ** 3.477
 Total (100) 71.9 ± 17a,e 65.3 ± 18a 72.1 ± 16.2a,e 55.3 ± 17.4a,b,d 94.2 ± 3.4b,c,d,e ** 10.818

FRS logit score 
(5.39)

− 0.6 ± 1.5d,e 0.3 ± 1.6d,e 2.3 ± 1.8b,c 1.3 ± 1.2b,c – ** 40.427

Digit span forwards 5.8 ± 1.3a,d 5.4 ± 1.1a,e 4.9 ± 1.3a,b,e 6.3 ± 1.5a,c,d 7.2 ± 1.2b,c,d,e ** 9.114
Digit span backwards 3.6 ± 1.2a,c 2.8 ± 1.3a,b,e 3.3 ± 1a,e 4.3 ± 1.5a,c,d 5.3 ± 1.3b,c,d,e ** 7.421
Letter fluency 22.6 ± 13.6a,c 11.3 ± 9.3a,b,e 17.1 ± 11.8a 23.9 ± 10.8a,c 45.2 ± 12.4b,c,d,e ** 4.083
Trails A time (s) 62.4 ± 49.3a 68.5 ± 38.9a 67 ± 43.4a 49.9 ± 25.3a 33.8 ± 12.2b,c,d,e ** 2.083
Trails B time (s) 160 ± 86a 166.7 ± 104.4a 155.3 ± 87.4a 139.4 ± 100.5a 78.9 ± 27.5b,c,d,e ** 0.5
Trails B—A time (s) 112.4 ± 74.2a 115.8 ± 89.3a 106.7 ± 75.4a 91.2 ± 89.2a 45.1 ± 23.9b,c,d,e ** 0.662
RCF copy score (36) 25.5 ± 8.1a 25.3 ± 8.9a 29.5 ± 5.6 31.6 ± 3.8 32 ± 2.8b,c ** 8.805
RCF 3 min score (36) 8.1 ± 6.8a,d 9.6 ± 8.4a 14.1 ± 6.7a,b 11.8 ± 7.4a 17.2 ± 5.7b,c,d,e ** 7.845
RAVLT total (75) 29.3 ± 12.6a 24.6 ± 11.5a 38.3 ± 16a 24.3 ± 5.5a 50.5 ± 8.8b,c,d,e ** 4.697
RAVLT LOT 11.4 ± 7.4a,d 11 ± 6.3a 17.6 ± 8.4b,e 7.7 ± 5.5a,d 18.6 ± 6.2b,c,e ** 5.746
RAVLT A30 mins 

(15)
4.1 ± 3.5a,d 4.6 ± 3.5a 8 ± 5.1b,e 1.2 ± 1.2a,d 9.9 ± 2.9b,c,e ** 8.235

RAVLT recognition 
(15)

11.6 ± 3.5a 12.7 ± 1.8 13.3 ± 2.7e 8.6 ± 3.3a,d 13.6 ± 1.4b,e ** 3.652
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kernel (sigma = 3 mm) was used for smoothing the normal-
ised and modulated grey matter images. Patterns of grey 
matter intensity decrease were explored using a whole-brain 

general linear model (GLM). Non-parametric permutation-
based testing was then conducted with 5000 permutations 
per contrast [30].

Table 2   Impaired frequency of clinical features for each disease group

Data were from clinical assessments and displayed as N (%). A range of behavioural and language symptoms was reported by carers, and 
recorded as present or absent
– not applicable, NS nonsignificant
*p < 0.05; **p < 0.01
Bonferroni correction for post hoc: ap < 0.0083
b vs. bvFTD (p < 0.0083)
c vs. FTD-MND (p < 0.0083)
d vs. nfvPPA (p < 0.0083)
e vs. svPPA (p < 0.0083)

bvFTD (n = 119) FTD–MND (n = 31) nfvPPA (n = 47) svPPA (n = 42) Overall p value

Behavioural changes
 Loss of insight 17 (17.5%)d,e 8 (29.6%)d 31 (77.5%)b,c,e 23 (42.6%)b,d **
 Changes in personality/social behaviour 93 (95.9%)c,d,e 20 (74.1%)b,d 17 (41.5%)b,c,e 25 (69.4%)b,d **
 Disinhibition 71 (78.9%)c,d,e 10 (41.7%)b,d 4 (11.8%)b,c 10 (30.3%)b **
 Apathy 85 (93.4%)d,e 20 (83.3%)d,e 19 (57.6%)c 18 (54.5%)b,c **
 Diminished responses 63 (79.7%)d,e 13 (61.9%)d 6 (20.7%)b,c,e 15 (45.5%)b,d **
 Diminished social interest 58 (75.3%)d,e 12 (54.5%) 8 (28.6%)b 16 (48.5%)b **
 Simple repetitive movements 18 (24%) 3 (13.6%) 2 (6.9%) 4 (12.5%) NS
 Compulsive 38 (47.5%)d 7 (30.4%)d 0 (0%)b,c,e 13 (39.4%)d **
 Stereotypical speech 20 (26%) 4 (16.7%) 3 (10.3%) 8 (24.2%) NS
 Altered food preferences 59 (72.8%)d,e 12 (54.5%)d 6 (20%)b,c 14 (41.2%)b **
 Binge eating 31 (38.8%)d,e 8 (34.8%)d 3 (10%)b,c 5 (15.6%)b **
 Oral exploration 2 (2.4%) 0 (0%) 0 (0%) 0 (0%) NS

Neuropsychiatric symptoms
 Aggression 31 (31.3%)d 4 (14.8%) 3 (7.7%)b 6 (16.2%) **
 Agitation 42 (42.4%)d 6 (23.1%) 6 (15.4%)b 9 (24.3%) **
 Delusions 11 (11.3%) 6 (22.2%)d,e 1 (2.6%)c 1 (2.7%)c *
 Hallucinations 9 (9.1%) 1 (3.8%) 0 (0%) 1 (2.7%) NS
 Depression 21 (21.2%) 5 (19.2%) 10 (25.6%) 13 (35.1%) NS
 Euphoria 8 (8.2%) 2 (7.7%) 0 (0%) 2 (5.4%) NS
 Anxiety 34 (34.3%) 7 (25.9%) 13 (33.3%) 12 (32.4%) NS
 Mental rigidity 74 (74.7%)d 15 (57.7%)d 8 (20.5%)b,c,e 22 (59.5%)d **
 Language impairments 57 (57%)c,d,e 24 (92.3%)b 44 (100%)b 39 (100%)b **
 Dysarthria 5 (5%)c,d 18 (66.7%)b,e 21 (47.7%)b,e 1 (2.6%)c,d **
 Slowed speech 12 (12%)c,d 18 (66.7%)b,d,e 38 (86.4%)b,c,e 3 (7.9%)c,d **
 Motor speech disorder 4 (4%)c,d 5 (20.8%)b,d,e 33 (75%)b,c,e 0 (0%)c,d **
 Phonological errors 5 (5%)c,d 5 (18.5%)b,d 23 (53.5%)b,c,e 4 (10.5%)d **
 Syntax errors 6 (6%)d 3 (11.1%)d 30 (71.4%)b,c,e 5 (13.2%)d **
 Word finding difficulties 27 (27.3%)c,d,e 16 (59.3%)b,d,e 39 (88.6%)b,c 32 (84.2%)b,c **
 Anomia 40 (40%)c,d,e 19 (67.9%)b,e 26 (59.1%)b,e 39 (100%)b,c,d **
 Impaired words repetition 9 (8.9%)c,d 12 (46.2%)b,d,e 35 (79.5%)b,c,e 3 (7.7%)c,d **
 Impaired sentences repetition 22 (21.8%)d 8 (30.8%)d 36 (81.8%)b,c,e 11 (29.7%)d **
 Impaired words comprehension 29 (28.7%)e 10 (35.7%)e 13 (29.5%)e 38 (97.4%)b,c,d **
 Impaired sentences comprehension 18 (21.7%)c 14 (51.9%)b 24 (61.5%)b,e 7 (26.9%)d **
 Surface dyslexia 19 (20.2%)e 10 (38.5%)e 11 (30.6%)e 36 (92.3%)b,c,d **
 Dysgraphia 6 (8.6%)c,e 7 (38.9%)b,d 28 (82.4%)b,c,e 8 (30.8%)b,d **
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Diffusion tensor imaging (DTI) analysis

The acquired two DTI sequences were averaged for each 
subject, and then visually inspected for field inhomogeneity 
distortions. Images were subsequently corrected for eddy 
current and motion distortions. Diffusion tensor models were 

fitted for each voxel through the FDT toolbox of the FMRIB 
software library (http://fsl.fmrib​.ox.ac.uk/fsl/fslwi​ki/FDT), 
creating maps of three eigenvalues (λ1, λ2, λ3) which were 
used for calculating fractional anisotropy (FA).

Tract-based Spatial Statistics (TBSS) [41] from FSL were 
applied to conduct a skeleton-based analysis of white matter 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
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FA. FA maps for each participant were co-registered using 
non-linear registration (FNIRT) [2] to the MNI standard 
space using the FMRIB58_FA template. Then, FA images 
were averaged to generate a group mean FA image, followed 
by a skeletonized algorithm [41] to define a group template of 
maximum FA lines. FA values for each subject were projected 
onto this group template skeleton. Clusters were also statisti-
cally tested using permutation-based non-parametric testing.

Age and disease duration (defining disease duration as 
zero in controls) were used as nuisance variables for com-
parisons across FTD–MND subgroups derived from cluster 
analysis both in VBM and TBSS analyses. Significant clus-
ters were reported using a threshold-free cluster enhancement 
method with Family-Wise Error (FWE) corrected at p < 0.05.

Results

Participant demographics

In total, 366 participants including 31 FTD–MND, 119 
bvFTD, 47 nfvPPA, 42 svPPA and 127 controls were 
recruited. Table 1 displays the demographic, clinical, and 

neuropsychological profiles of study samples. Age at symp-
tom onset in FTD–MND did not differ from that in other 
patient groups. The svPPA group had longer disease dura-
tion at diagnosis than FTD–MND (p < 0.001) and nfvPPA 
(p < 0.001). Overall, 72 patients were deceased at the time 
of data analysis (29 bvFTD, 21 FTD–MND, 13 nfvPPA, 6 
svPPA). Survival duration (from symptom onset) was signif-
icantly shorter in FTD–MND relative to bvFTD (p < 0.001), 
nfvPPA (p = 0.003), and svPPA (p = 0.001).

Clinical features at presentation

Behavioural changes and language difficulties were highly 
prevalent in FTD–MND patients, with apathy found in 83.3% 
and language symptoms in 92.3% of patients at presentation 
(Table 2). Compared to bvFTD, patients with FTD–MND 
had lower rates of personality change/social behaviour dis-
turbance (p = 0.002) and disinhibition (p < 0.001). No dif-
ferences were detected between bvFTD and FTD–MND in 
terms of psychiatric symptoms. Compared to nfvPPA, the 
FTD–MND group exhibited lower rates of slowed speech 
rate, motor speech apraxia, syntax errors and impaired word/
sentence repetition (all p values < 0.005). Relative to svPPA, 
the FTD–MND group had lower rates of word finding dif-
ficulties, anomia, impaired word comprehension, and surface 
dyslexia (all p values < 0.001) (Table 2).

Initial diagnosis/symptoms and ‘time to FTD–MND’ 
in FTD–MND

As shown in Fig. 1a, the initial presentation of FTD–MND 
was highly variable. Of 31 cases, 22.6% presented with 
concurrent FTD and ALS features, while the majority had 
either pure behavioural (32.3%), mixed behavioural and 
language (29%), or pure language disturbances (9.7%). One 
patient presented (3.2%) with memory impairment. Only one 
patient (3.2%) presented with pure ALS, potentially reflect-
ing recruitment bias (see “Discussion”).

The ‘time to FTD–MND’, defined as the time from symp-
tom onset to diagnosis of FTD–MND (see “Methods”) was 
variable with a median onset of 12 months. 74% of patients 
met criteria for FTD–MND within 24 months and all but 
two within 48 months (Fig. 1b). One patient, who had an 
initial diagnosis of nfvPPA, developed ALS after 60 months, 
and another patient who had an initial diagnosis of bvFTD 
developed ALS after 132 months.

Neuropsychological profile

The results of neuropsychological testing are presented in 
Table 1. In short, all patient groups demonstrated deficits 
on tests of executive function and most aspects of memory 
compared to controls (all post hoc p < 0.005). FTD–MND 

Fig. 1   Summary of the differences between FTD–MND and the three 
FTD phenotypes, and the heterogeneity in FTD–MND. a Summary 
of the differences between FTD–MND and FTD: most FTD–MND 
cases started with behavioural or variable combination of deficits 
then developed ALS, and met diagnostic criteria for FTD–MND 
within 24  months. While three FTD phenotypes started with either 
predominant behavioural changes or dominant language disturbances. 
FTD–MND and FTD three subtypes had comparable age at symp-
toms onset, but FTD–MND presented with much shorter survival 
duration (from symptoms onset) than bvFTD, nfvPPA and svPPA. 
FTD–MND was not simply bvFTD plus ALS. Most FTD–MND had 
a mixture of behavioural and language features, and the language was 
a hybrid of nfvPPA and svPPA. The severity of behavioural and lan-
guage deficits in FTD–MND lie between the FTD three phenotypes 
after controlling the disease duration. b The ‘time to FTD–MND’ in 
FTD–MND: time length (months) from symptoms onset to diagnosis 
of FTD–MND. 74% of FTD–MND patients met diagnosis of FTD–
MND within 24 months. c The distribution of all patients into three 
re-classified subgroups from cluster analysis. d The initial diagnosis/
symptoms and ‘time to FTD–MND’ in FTD–MND subgroups. The 
initial mode of presentation and median ‘time to FTD–MND’ did 
not differ across the three FTD–MND subgroups. a, b, d Behav-
iour = diagnosis of bvFTD or pure behavioural symptoms before 
the onset of ALS symptoms and/or signs; language = diagnosis of 
nfvPPA or mixed (semantic and syntactic) language disturbances; 
mixed BC = diagnosis of FTD-mixed (bvFTD combined nfvPPA and/
or svPPA) or had co-occurred behavioural and cognitive symptoms 
(including language features); mixed B/C-M = simultaneous onset 
of FTD and ALS features, either with diagnosis of FTD–MND or 
with mixed behavioural/cognitive-motor deficits; Others = one with 
diagnosis of ALS, one case with memory impaired. c Mild mixed 
subgroup = mild mixture of behaviour-language impairments; mod-
erate-severe mixed subgroup = moderate behaviour-severe language 
impairments; behaviour dominant subgroup = dominantly behavioural 
disturbances

◂
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patients did not differ from nfvPPA patients on any cog-
nitive domain but displayed disproportionate executive 
deficits relative to svPPA and bvFTD patients (all post 
hoc p ≤ 0.004) (Table 1).

Behavioural and language disturbances

Compared to controls, all patient groups demonstrated wide 
ranging behavioural disturbances, as reflected in CBI-R 
responses (Table 3). After controlling for disease duration, 
FTD–MND patients exhibited less disinhibition and apa-
thy than bvFTD (both post hoc p ≤ 0.005) and more severe 
impairments of everyday skills and self-care than svPPA 
(both post hoc p ≤ 0.003). FTD–MND patients demon-
strated greater overall levels of behavioural disturbance 

than nfvPPA (CBI-R total: p < 0.001; CBI-R subdomains: 
all p ≤ 0.005).

All patient groups had multimodal language impair-
ments relative to controls, reflected in performance on the 
SYDBAT and TROG (all post hoc p < 0.001). Comparison 
of patient groups revealed that FTD–MND patients were 
more impaired than bvFTD on SYDBAT naming (p = 0.002) 
and more impaired than nfvPPA in SYDBAT single word 
comprehension and semantic association (both p ≤ 0.005), 
but less impaired relative to svPPA on SYDBAT naming, 
single word comprehension and total (all p < 0.005). No 
difference was identified across disease groups on TROG 
performance (Table 3). Summary of the differences between 
FTD–MND and the three FTD phenotypes were illustrated 
in Fig. 1a.

Table 3   Behavioural and language profile across groups

Data were presented as mean ± standard deviation. Where relevant, parentheses indicate the possible maximum score. Overall p value was from 
Kruskal–Walls test when included controls
– not applicable, NS nonsignificant, CBI-R Cambridge Behavioural Inventory Revised, SYDBAT the Sydney Language Battery, TROG the Test 
for Reception of Grammar
*p < 0.05; **p < 0.01
F values were from MANCOVA or ANCOVA when only included disease groups and disease duration was used as a covariate. Bonferroni cor-
rection for multiple comparisons: avs. Controls (p < 0.005)
b vs. bvFTD (p < 0.005)
c vs. FTD-MND (p < 0.005)
d vs. nfvPPA (p < 0.005)
e vs. svPPA (p < 0.005)

bvFTD (n = 119) FTD–MND (n = 31) nfvPPA (n = 47) svPPA (n = 42) Controls (n = 127) Overall 
p value

F values

CBI-R
 Memory and orientation 47 ± 23.1a,d 40.9 ± 22.9a,d 21.7 ± 19.1a,b,c,e 46.4 ± 19.7a,d 7.8 ± 8.4b,c,d,e ** 13.65
 Everyday skills 33.8 ± 28.3a,e 26.5 ± 23.3a,e 20.5 ± 21.9a 16.1 ± 17.1a,b,c 0.7 ± 1.9b,c,d,e ** 6.38
 Self-care 15.2 ± 25a,d,e 10.5 ± 19.5a,d,e 1.6 ± 6.5a,b,c 1.2 ± 4.7a,b,c 0 ± 0b,c,d,e ** 7.101
 Abnormal behaviour 35.6 ± 23.2a,c,d,e 20.8 ± 15.9a,b,d 8.1 ± 10.8a,b,c 19.5 ± 21.5a,b 3 ± 5.9b,c,d,e ** 21.812
 Mood 30.4 22.3a,d 26.6 ± 23.6a 17.6 ± 16.3a,b 21.6 ± 17.7a 3.9 ± 6.4b,c,d,e ** 3.772
 Beliefs 10.4 ± 18.2a,d 5.1 ± 13.7a 0.5 ± 2.1a,b 4.7 ± 10.2a 0.3 ± 1.9b,c,d,e ** 4.522
 Eating habits 40.7 ± 28.4a,d,e 26.2 ± 26a,d 9.9 ± 17a,b,c 14.3 ± 18.7a,b 2.4 ± 6.2b,c,d,e ** 21.079
 Sleep 42.4 ± 30.4a,e 34.3 ± 31a 27.7 ± 30.2a 22.5 ± 23a,b 13.4 ± 15.5b,c,d,e ** 5.609
 Stereotypic and motor 

behaviours
45.5 ± 29.5a,d 40.9 ± 29.6a,d 18.5 ± 21.7a,b,c 33.5 ± 29.2a 8.5 ± 16.1b,c,d,e ** 10.297

 Motivation 61.4 ± 31.4a,c,d,e 41.7 ± 31.1a,b,d 23.5 ± 24.8a,b,c 35.1 ± 29.7a,b 3.7 ± 7.5b,c,d,e ** 19.014
 Total 38 ± 17a,d,e 28.8 ± 16.5a,d 15.3 ± 12.1a,b,c 24 ± 14.5a,b 4.2 ± 4.3b,c,d,e ** 23.134

SYDBAT
 Naming (30) 20.4 ± 5.9a,c,e 16.4 ± 7.7a,b,e 19.9 ± 6.1a,e 5.2 ± 4.5a,b,c,d 26.7 ± 2b,c,d,e ** 75.073
 Repetition (30) 28.4 ± 4.2a,c,d 25.2 ± 5.6a,b,e 21.1 ± 9.2a,b,e 28.5 ± 2.1a,c,d 29.9 ± 0.4b,c,d,e ** 19.206
 Comprehension (30) 25 ± 5a,d,e 23.5 ± 5.1a,d,e 27.5 ± 2.7a,b,c,e 18.2 ± 7.1a,b,c,d 29.1 ± 1.2b,c,d,e ** 31.704
 Semantic association (30) 23.1 ± 5.4a,d,e 22.1 ± 5.8a,d 25.3 ± 3.9a,b,c,e 17.2 ± 6.4a,b,d 28 ± 1.5b,c,d,e ** 16.486
 Total (90) 70.3 ± 12.6a,e 62.6 ± 15.9a,d,e 72.8 ± 10.6a,c,e 41.2 ± 16.4a,b,c,d 83.9 ± 3.9b,c,d,e ** 48.162

TROG
 Total (40) 27.9 ± 9.3a 27 ± 10.1a 31.3 ± 7.5a 33.1 ± 8.1a 38.7 ± 2.5b,c,d,e ** 1.613
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Cluster analysis

All patients

In this cluster solution, the quality of the three-cluster 
model was ‘good’, as determined by the algorithm: silhou-
ette measure of cohesion and separation score > 0.5 [36]. 
The predictor importance, indicating an overview of vari-
ables’ overall importance [36], for the SYDBAT naming and 
behavioural scores were 1.0 and 0.75, respectively. Addition-
ally, the cluster membership did not change for 80% of cases. 
Together, these validation approaches suggest a high degree 
of model stability.

Cluster analysis of all clinically defined patient groups 
identified three subgroups, labeled as ‘mild mixed’, ‘moder-
ate-severe mixed’ (i.e., moderate behaviour-severe language) 

and ‘behaviour dominant’. The three subgroups derived from 
cluster analysis largely mapped onto established FTD phe-
notypes, with 83.3% of nfvPPA, 84.6% of svPPA, and 58% 
of bvFTD allocated to the ‘mild mixed’, ‘moderate-severe 
mixed’ and ‘behaviour dominant’ subgroups, respectively 
(Fig. 1c). Interestingly, FTD–MND patients were spread 
across the three classifications (37.9%, 37.9% and 24.2% 
of FTD–MND allocated to ‘mild mixed’, ‘moderate-severe 
mixed’ and ‘behaviour dominant’ subgroups, respectively) 
(Fig. 1c, Supplementary Table 1).

FTD–MND patients only

The three FTD–MND subgroups arising from cluster analysis 
were matched on age of onset and disease duration. Relative to 
the ‘mild mixed’ subgroup, the ‘moderate-severe mixed’ sub-
group had more severe cognitive, behavioural and language 

Fig. 2   Neuroimaging profiles in FTD–MND subgroups. Three FTD–
MND subgroups showed cortical atrophy of frontal orbital cortex, 
frontal pole, anterior temporal gyrus bilaterally. No significant differ-
ence in white matter was detected in FTD–MND ‘mild mixed’ sub-
group relative to controls. The FTD–MND ‘moderate-severe mixed’ 
subgroup had bilateral white matter changed in comparison with 
FTD-MND ‘mild mixed’ subgroup. a, b Clusters are overlaid on the 

Montreal Neurological Institute standard brain and FMRIB58_FA 
template. Age and disease duration were included as covariates in 
the analyses. R right, L left. a Colored voxels show cortical regions 
that were significant in voxel-based morphometry analyses at p < 0.05 
FWE corrected. b Colored voxels show white matter tracts that were 
significant in tract-based spatial statistics at p < 0.05 FWE corrected
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disturbances, reflected by the ACE-III, CBI-R, SYDBAT 
and TROG (all p < 0.05), while the ‘behaviour dominant’ 
subgroup showed greater behavioural disturbances on CBI-R 
total/subdomains (all p < 0.05) (Supplementary Table 2), 
indicating that FTD–MND patients can be meaningfully sub-
grouped according to the pattern and severity of cognitive and 
behavioural changes. The initial mode of presentation and 
median ‘time to FTD–MND’ (Fig. 1d) did not differ across 
the three FTD–MND subgroups (Supplementary Table 2).

Imaging profiles in FTD–MND subgroups

Grey matter atrophy

Compared to controls, all three FTD–MND subgroups 
showed frontal and anterior temporal atrophy. The ‘mild 

mixed’ and ‘moderate-severe mixed’ subgroups also dem-
onstrated atrophy of the left peri-insular regions, the middle/
inferior frontal gyrus, and the precentral/postcentral gyrus. 
No significant differences were detected across FTD–MND 
subgroups (Fig. 2a, Table 4).

White matter profiles

Relative to controls, analysis of FA revealed changes in 
white matter projections underlying the bilateral prefron-
tal cortex, anterior temporal lobe and peri-insular regions 
in the ‘moderate-severe mixed’ and ‘behaviour dominant’ 
subgroups. Specifically, the uncinate fasciculus, forceps 
minor, inferior fronto-occipital fasciculus, and corticospi-
nal tract were abnormal compared to controls (Table 5). No 
significant difference in FA was detected in the ‘mild mixed’ 

Table 4   Patterns of gray matter intensity reduction in FTD–MND subgroups

Age and disease duration were included as covariates. Results were reported using threshold-free cluster enhancement method at threshold of 
p < 0.05 FWE corrected
MNI Montreal Neurological Institute standard space

Contrast name Regions Side Number 
of voxels

Peak MNI coor-
dinates

t value

x y z

Controls vs. FTD–MND mild mixed subgroup Frontal orbital cortex, subcallosal cortex, 
frontal medial cortex, frontal pole, precen-
tral/postcentral gyrus, peri-insular regions, 
superior/middle/inferior temporal gyrus, 
temporal pole, hippocampus, anterior para-
hippocampal gyrus

Left 3470 − 26 − 14 − 28 3.0

Frontal orbital cortex, temporal pole, ante-
rior inferior frontal gyrus, hippocampus, 
amygdala

Right 1426 32 12 − 28 2.6

Controls vs. FTD–MND moderate-severe 
mixed subgroup

Frontal orbital cortex, subcallosal cortex, 
frontal medial cortex, temporal pole, 
posterior inferior temporal gyrus, anterior 
parahippocampal gyrus

Bilateral 2244 − 16 14 − 26 2.4

Middle/inferior frontal gyrus, precentral/post-
central gyrus, peri-insular region, anterior 
superior temporal gyrus

Left 2105 − 32 − 28 14 2.8

Inferior frontal gyrus, frontal orbital cortex, 
frontal pole

Left 349 − 46 32 − 4 2.5

Superior frontal gyrus Left 129 − 26 4 66 2.2
Controls vs. FTD–MND behaviour dominant 

subgroup
Frontal orbital cortex, subcallosal cortex, 

frontal medial cortex, frontal pole, temporal 
pole, temporal fusiform cortex, hippocam-
pus, anterior parahippocampal gyrus, 
amygdala

Bilateral 3293 32 10 − 26 2.8

Frontal orbital cortex, frontal pole Right 136 42 32 − 14 2.0
FTD–MND mild mixed vs. moderate-severe 

mixed subgroup
No significant clusters

FTD–MND mild mixed vs. FTD–MND 
behaviour dominant subgroup

No significant clusters

FTD–MND behaviour dominant vs. moder-
ate-severe mixed subgroup

No significant clusters



2886	 Journal of Neurology (2021) 268:2876–2889

1 3

subgroup compared to controls. Relative to the ‘mild mixed’ 
subgroup, the ‘moderate-severe mixed’ subgroup showed 
decreased FA in the bilateral corticospinal tracts, inferior 
fronto-occipital fasciculus, superior longitudinal fascicu-
lus, cingulum (cingulate gyrus) and forceps minor (Fig. 2b, 
Table 5).

Discussion

The present study is the first to systematically characterize 
the presentation and heterogeneity of clinical and neuro-
imaging features in FTD–MND. Most FTD–MND patients 
presented with variable combinations of deficits in behav-
iour, language, or motor function. Language dysfunction was 
multimodal, with syntactic comprehension and semantic 
deficits. If absent at presentation, ALS typically developed 
within 24 months. Three FTD–MND subgroups, which dif-
fered in severity of behavioural and language disturbances, 
were identified through cluster analysis. Multimodal imaging 
analyses showed the grey matter and distinct white matter 

tract abnormalities may underlie clinical heterogeneity in 
FTD–MND.

In the current study, more than half of FTD–MND 
patients started with a variable combination of deficits 
rather than a clearly defined syndrome. Most FTD–MND 
(74.2%) developed FTD features before motor deficits, but 
others developed them with (22.6%) or even after (3.2%) 
motor deficits. The number of the cases who presented with 
ALS then developed FTD was less than previously reported 
[1, 20], potentially due to recruitment bias. However, our 
clinic shares expertise and resources with a co-located ALS 
research clinic, with frequent cross referral, so the risk of 
recruitment bias is partially mitigated. In line with a pre-
vious study, the present study results suggest that a com-
bination of bvFTD and nfvPPA features may indicate an 
increased risk of developing FTD–MND. On the other hand, 
the risk FTD–MND in patients presenting with FTD may 
decrease when disease duration exceeds 24 months [46]. 
The frequency of behavioural changes and language deficits 
in FTD–MND were found to lie between those seen in the 
behaviour and language forms of FTD. For example, disinhi-
bition was less frequent in FTD–MND than in bvFTD, while 

Table 5   Profiles of white matter disruption in FTD–MND subgroups

Age and disease duration were included as covariates. Results were reported using threshold-free cluster enhancement method at threshold of 
p < 0.05 FWE corrected
MNI Montreal Neurological Institute standard FMRIB58_FA_1mm, Peak MNI coordinates: the coordinates of the voxel which had the most 
decreased gray matter intensity in each significant cluster

Contrast name Tracts Side Number of voxels Peak MNI coor-
dinates

t value

x y z

Controls vs. FTD–MND mild mixed 
subgroup

No significant clusters

Controls vs. FTD–MND moderate-severe 
mixed subgroup

Superior/inferior longitudinal fascicu-
lus, superior longitudinal fasciculus 
(temporal part), inferior fronto-occipital 
fasciculus, uncinate fasciculus, anterior 
thalamic radiation, corticospinal tract, 
cingulum (cingulate gyrus), forceps 
minor, forceps major

Bilateral 53,406 − 10 27 − 9 3.0

Controls vs. FTD-MND behaviour domi-
nant subgroup

Inferior fronto-occipital fasciculus, unci-
nate fasciculus, anterior thalamic radia-
tion, corticospinal tract, forceps minor

Bilateral 14,220 − 15 47 − 12 2.1

Inferior fronto-occipital fasciculus, unci-
nate fasciculus

Left 1541 − 20 17 − 13 1.8

FTD–MND mild mixed vs. moderate-
severe mixed subgroup

Superior longitudinal fasciculus, superior 
longitudinal fasciculus (temporal part), 
inferior fronto-occipital fasciculus, 
corticospinal tract, cingulum (cingulate 
gyrus), forceps minor, forceps major

Bilateral 30,574 6 27 − 1 2.7

FTD–MND mild mixed vs. behaviour 
dominant subgroup

No significant clusters

FTD–MND behaviour dominant vs. 
moderate-severe mixed subgroup

No significant clusters
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apathy and delusions were more frequent in FTD–MND than 
in nfvPPA and svPPA. In contrast, motor speech apraxia 
and syntax errors were less frequent in FTD–MND than in 
nfvPPA, and anomia and surface dyslexia were less frequent 
than in svPPA. All documented language deficits were more 
frequent in FTD–MND than in bvFTD. These findings are 
broadly consistent with previous reports showing overlap 
between behaviour and language impairments in patients 
with frontotemporal lobar degeneration (FTLD) [14] pathol-
ogy, but extends this understanding by demonstrating that 
behavioural and language deficits coexist in FTD–MND, 
quite unlike other FTD phenotypes. In addition, the severity 
of behavioural and language disturbances in FTD–MND lie 
between that seen in FTD phenotypes. The pattern of corti-
cal atrophy across FTD–MND and FTD three phenotypes 
had been studied widely, with previous studies reporting 
less atrophy in the superior frontal and paracingulate gyri 
in FTD–MND relative to bvFTD [24] and less atrophy in 
Broca’s and Wernicke’s areas in FTD–MND compared to 
FTD language subtypes [32]. As such, intermediate degrees 
of atrophy in these regions may explain intermediate behav-
iour/language impairments in FTD–MND. Furthermore, 
survival duration was shorter in FTD–MND compared to 
FTD subtypes, despite a similar age at onset. Collectively, 
these results suggest that FTD–MND represents a distinct, 
but variable, clinical syndrome.

We employed a data-driven approach to determine if 
clinical heterogeneity in FTD–MND could be explained by 
discernible disease subgroups, defined by the pattern and 
severity of behavioural and language deficits. This approach 
revealed three distinct subgroups, which largely mapped 
FTD phenotypes. Interestingly, FTD–MND patients were 
fairly evenly distributed across the subgroups, rather than 
demonstrating a uniform pattern of deficits. Furthermore, the 
three FTD–MND subgroups did not differ in age of symp-
tom onset or disease duration. These findings reinforce the 
clinical heterogeneity of FTD–MND.

To date, few studies have attempted to define distinct 
subgroups of FTD–MND subgroups, likely reflecting issues 
with sample sizes or failure of distinguishing FTD–MND 
from ALS. One previous study classified FTD–MND 
patients as behaviour- or language-dominant [9] based on 
the early/dominant clinical features, and showed that lan-
guage-dominant FTD–MND patients were more likely to be 
associated with bulbar-onset ALS and shorter survival [9]. 
Another study classified FTD–MND patients as ‘long-term’ 
survivors or ‘typical’ survivors, and reported that longer sur-
vival was associated with a longer ‘time to FTD–MND’ (i.e., 
symptoms to FTD–MND) [20]. While the issue of mean-
ingful subgrouping of FTD–MND may be unresolved, the 
presence of marked heterogeneity in mode of presentation 
and clinical features is incontrovertible and certainly worthy 
of future investigation.

After controlling for age and disease duration, multi-
modal imaging analysis revealed that all three FTD–MND 
subgroups had atrophy of bilateral orbitofrontal, frontopolar, 
and anterior temporal lobes. The pattern of cortical atrophy 
appears to be similar in FTD–MND to that seen in FTD [6, 
21, 22, 34], but the degree of white matter tract involve-
ment differed. Marked white matter disruption was present 
in the ‘moderate-severe mixed’ and ‘behaviour dominant’ 
FTD–MND subgroups, with particular involvement of the 
corticospinal tract and tracts underlying frontal and tem-
poral lobes. White matter was relatively intact in the ‘mild 
mixed’ FTD–MND subgroup, when compared to controls 
or the ‘moderate-severe mixed’ FTD–MND subgroup. As 
such, differential white matter tract disruption may underpin 
clinical heterogeneity in FTD–MND.

The following potential limitations need to be considered. 
In particular, detailed information on motor involvement and 
genetics were not available making it difficult to establish 
links between motor involvement and survival, and difficult 
to clarify associations between genetic variability and clini-
cal features. One strength of the present study is that patients 
were recruited from an FTD research clinic, meaning that 
detailed information on behaviour and cognition was avail-
able for a comparatively large group of FTD–MND patients, 
as well as a large cohort of patients with well-defined FTD 
phenotypes. On the other hand, a limitation of the present 
study is that patients who develop FTD–MND after present-
ing with ALS may be under-represented. FTD–MND is a 
rare disease, and although the cohort recruited for the pre-
sent study was one of the largest assembled, sub-classifica-
tion was challenging. Our sub-classification of FTD–MND 
patients appears to differ from that outlined in previous stud-
ies, probably reflecting different methodologies. Importantly, 
we used a data-driven definition of subgroups, rather than an 
arbitrary clinical definition. Future studies employing larger 
samples and longitudinal assessments will be essential to 
extend on these findings and further clarify the natural his-
tory and progression of FTD–MND.

Conclusion

Clinical features are highly heterogeneous in FTD–MND, 
in terms of range (i.e., of behaviour/language deficits) and 
severity. Grey matter atrophy and distinct white matter tract 
abnormalities may underpin the heterogeneous clinical pro-
files in FTD–MND. The mode of presentation of FTD–MND 
appears distinct to that of established FTD phenotypes, 
potentially arguing against the concept of an FTD–MND 
disease continuum.
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