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recent study of Lillo et   al. (9) investigated grey and 
white matter changes across the whole ALS-FTD 
continuum, which found that all clinical syndromes 
showed grey matter changes in motor cortical and 
anterior cingulate brain regions. By contrast, more 
substantial prefrontal and temporal cortex atrophy 
was indicative of bvFTD compared to ALS and 
ALS-FTD, while ALS-FTD showed substantially 
more anterior cingulate and anterior temporal lobe 
grey matter atrophy compared to ALS. 

 These fi ndings highlight that, although the clini-
cal syndromes show considerable atrophy overlap, 
there are also atrophy patterns specifi c to each sub-
type of the continuum. This is particularly relevant for 
the overlap syndrome (ALS-FTD) that presents with 
concurrent motor and behavioural/cognitive changes. 
The combination of motor and behavioural changes 
has been shown to detrimentally affect survival (10) 

  Introduction 

 There is increasing evidence that amyotrophic lateral 
sclerosis (ALS) and frontotemporal dementia (FTD) 
overlap on clinical, genetic and pathological levels 
(1 – 6). Such strong overlap suggests that neural cor-
relates of both syndromes should also be related. To 
date, many studies, utilizing various imaging tech-
niques, have explored the ALS and ALS-FTD over-
lap. However, very few studies have investigated and 
compared grey matter changes across the whole ALS-
FTD continuum (ALS, ALS-FTD and bvFTD). 

 Earlier studies mostly investigated overlap 
between ALS patients and ALS patients who show 
additional cognitive symptoms (ALS-FTD). For 
example, Chang et   al. (7) found that ALS and ALS-
FTD patients showed grey matter changes in motor 
and premotor areas, as well as frontal and temporal 
lobes (see also (8)). To our knowledge, only the 
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as well as patient and carer well-being (11). Earliest 
detection of ALS-FTD is therefore paramount, as it 
informs disease management. The previously identi-
fi ed substantial anterior cingulate and anterior tem-
poral lobe atrophy could be therefore a potential 
imaging biomarker to identify ALS-FTD and distin-
guish it from ALS and bvFTD. 

 Nevertheless, all neuroimaging studies investigat-
ing cortical atrophy in the ALS-FTD continuum to 
date have used techniques that are diffi cult to imple-
ment in everyday clinics due to time and cost 
restraints, such as voxel based morphometry (VBM). 
By contrast, a visual magnetic resonance imaging 
(MRI) rating scale is a less sophisticated technique, 
but has been shown to be very valuable to distinguish 
neurodegenerative patients (12 – 14). In this study we 
explore whether a simple coronal MRI atrophy rat-
ing scale distinguishes ALS, ALS-FTD, and bvFTD 
patients at fi rst clinic presentation. Employment of 
such a scale would allow establishment of atrophy in 
everyday clinics and would allow corroborating clin-
ical and cognitive assessment fi ndings. Based on pre-
vious neuroimaging fi ndings identifi ed in the Lillo 
study (3), we selected four cortical grey matter 
regions for rating: motor cortex, anterior cingulate, 
anterior temporal lobe, and orbitofrontal cortex. We 
selected areas in which atrophy has been reported 
across the ALS-FTD continuum, in addition to 
areas that could discriminate between specifi c diag-
noses, particularly ALS-FTD from ALS. We hypoth-
esized a gradient of cortical atrophy across conditions, 
with bvFTD being worst affected, ALS least affected 
and ALS-FTD showing intermediate atrophy levels. 
We further hypothesized that ALS-FTD patients 
could be best distinguished from ALS based on ante-
rior temporal lobe and anterior cingulate visual atro-
phy ratings.   

 Material and methods  

 Case selection 

 Patients were selected from the FRONTIER Deme-
ntia Clinic database resulting in a sample of 33 ALS, 
11 ALS-FTD, 22 bvFTD patients and 34 controls. All 
ALS and bvFTD patients met current consensus cri-
teria for ALS, ALS-FTD and bvFTD (15 – 17), respec-
tively (see Table I for demographic details). All 
caregivers completed the  Cambridge Behavioural 
Inventory (CBI, (18)), which assesses behavioural 
symptoms. ALS and ALS-FTD patients were further 
assessed using the Amyotrophic Lateral Sclerosis Func-
tional Rating Scale (ALSFRS)  –  a validated measure 
of degree of functional impairment in ALS patients, 
with lower scores indicating higher degree of motor 
impairment. Age-matched healthy controls were 
selected from a healthy volunteer panel, or were spouses/
carers of patients. 

 Patients underwent general cognitive screening 
using Addenbrooke ’ s Cognitive Examination (ACE-R, 

(19)). Only data from the fi rst assessment were 
included in analyses. Ethics approval for this study 
was obtained from the South Eastern Sydney and 
Illawarra Area Health Service and the University of 
New South Wales ethics committees. All participants, 
or their person responsible, provided informed writ-
ten consent in accordance with the Declaration of 
Helsinki.   

 Behavioural analyses 

 Data were analysed using SPSS 20.0 (SPSS Inc., 
Chicago, Ill., USA). Parametric demographic (age, 
education), neuropsychological (general cognitive 
tests) and behavioural (CBI) data were compared 
across the four groups (ALS, ALS-FTD, bvFTD 
and controls) via one-way ANOVAs followed by 
Tukey post hoc tests. A priori, variables were plotted 
and checked for normality of distribution by Kolm-
ogorov-Smirnov tests. Variables revealing non-nor-
mal distributions were log transformed and the 
appropriate log values were used in the analyses. 
Variables showing non-parametric distribution after 
log transformation were analysed via  χ  2  and Kruskal-
Wallis tests with post hoc pairwise comparisons per-
formed using Dunn ’ s (20) procedure.   

 Image acquisition and analysis 

 All patients and controls underwent the same imag-
ing protocol with whole-brain T1-weighted images 
using a 3-Tesla Philips MRI scanner with standard 
quadrature head coil (coronal orientation, matrix 
256  �  256, 200 slices, 1  �  1 mm 2  in-plane resolution, 
slice thickness 1 mm, TE/TR    �    2.6/5.8 ms, fl ip angle 
 α     �    19    ). 

 Two raters (AA, EF), blind to the clinical diag-
nosis, rated T1 coronal MRIs based on a rating scale 
developed by Davies et   al. (21) using a standard tem-
plate against which to judge atrophy. An inter-rater 
reliability analysis using the Kappa statistic was per-
formed to determine consistency among raters for 
an MR training set of 100 scans. Inter-rater reliabil-
ity for the raters was found to be Kappa    �    0.91 
( p   � .0.026). Four brain regions were scored: orbito-
frontal cortex, anterior cingulate, precentral gyrus, 
and anterior temporal pole. Three slices in the ante-
rior-posterior position were identifi ed. The orbitof-
rontal cortex was rated at the most anterior slice in 
which the temporal pole may be seen. The temporal 
pole and anterior cingulate were rated at the most 
anterior slice in which the internal capsule can be 
seen in the corpus striatum, and the motor cortex at 
the most anterior slice in which the medial opening 
of the intralimbic gyrus is seen. 

 Atrophy within each region was rated on a 
5-point Likert scale ranging from 0 to 4 (0    �    normal; 
1    �    borderline appearance but not defi nitely abnor-
mal; 2    �    defi nite abnormality with sulcal widening 
and gyri thinning; 3    �    severe atrophy with loss of 
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grey/white matter differentiation but not as marked 
as a score of 4; 4    �    severe atrophy, in the temporal 
pole there is no clear tissue present. For the remain-
ing structures there are remnants of tissue present 
only) (see Figure 1). The structures were initially 
assessed individually for the left and right to account 
for variations in brain orientation. These were then 
averaged to give one score for the overall region. 
More detailed description of the rating method can 
be found in (21).   

 Voxel based morphometry (VBM) analysis 

 Voxel based morphometry (VBM) was conducted on 
the three-dimensional T1-weighted scans, using the 
FSL-VBM toolbox in the FMRIB software library 
package (http://www.fmrib.ox.ac.uk/fsl/). The fi rst 
step involved extracting the brain from all scans using 
the BET algorithm in FSL, using a fractional inten-
sity threshold of 0.22 (22). Each scan was visually 
checked after brain extraction, both to ensure that no 
brain matter was excluded, and no non-brain matter 
was included (e.g. skull, optic nerve, dura mater). 

 A grey matter template, specifi c to this study, 
was then built from canvassing 10 scans from each 
group (total  n     �    40). An equal number of scans 
across groups were used to ensure equal representa-
tion, and thus avoid potential bias toward any single 
group ’ s topography during registration. Template 
scans were then registered to the Montreal Neuro-
logical Institute Standard space (MNI 152) using 
non-linear b-spline representation of the registra-
tion warp fi eld, resulting in study- specifi c grey mat-
ter template at 2  �  2  �  2 mm 3  resolution in standard 
space. Simultaneously, brain-extracted scans were 
also processed with the FMRIB ’ s Automatic 
Segmentation Tool (FAST v4.0) (23) to achieve 
tissue segmentation into CSF, grey matter and 
white matter. Specifi cally, this was carried out via 

a hidden Markov random fi eld model and an asso-
ciated Expectation-Maximization algorithm. The 
FAST algorithm also corrected for spatial intensity 
variations such as bias fi eld or radio-frequency 
inhomogeneities in the scans, resulting in partial 
volume maps of the scans. The following step saw 
grey matter partial volume maps then non-linearly 
registered to the study-specifi c template via non-lia 
b-spline representation of the registration warp. 
These maps were then modulated by dividing by 
the Jacobian of the warp fi eld, to correct for any 
contraction/enlargement caused by the non-linear 
component of the transformation (24). After nor-
malization and modulation, smoothing the grey 
matter maps occurred using an isotropic Gaussian 
kernel (standard deviation    �    3 mm; full-width half 
maximum    �    8 mm). 

 Statistical analysis was performed with a voxel-
wise general linear model. Signifi cant clusters were 
formed by employing the threshold-free cluster 
enhancement (TFCE) method (25). TFCE is a 
cluster-based thresholding method that does not 
require the setting of an arbitrary cluster forming 
threshold (e.g. t, z). Instead, it takes a raw statistics 
image and produces an output image in which 
the voxelwise values represent the amount of 
 cluster-like local spatial support. The TFCE image 
is then turned into voxelwise  p -values via permuta-
tion testing. We employed a permutation-based 
non-parametric testing with 5000 permutations 
(26). A region-of-interest (ROI) mask was created 
for all visually rated regions: anterior temporal 
pole, orbitofrontal cortex, anterior cingulated, and 
precentral gyrus. 

 All patient-control group comparisons were 
tested for signifi cance at  p    �     0.05, corrected for mul-
tiple comparisons via Family-wise Error (FWE) cor-
rection across space. The inter-patient comparisons 
did not survive FWE correction and was tested at a 

  Table I. Demographics, cognition and behaviour. Comparison on demographics and cognitive tests 
across ALS, bvFTD and ALS-FTD groups.  

 
bvFTD
   n     �    22

ALS-FTD
   n     �    11

ALS
   n     �    33

Controls
  n     �     34  F -values

Age (mean, SD) years 61.6 (10.3) 65.1 (8.1) 60.6 (11.3) 65.6 (6.5) NS
Education (mean, SD) years 11.6 (3.0) 13.4 (3.3) 13 (3.5) 13.8 (2.4)  * 
Gender (M/F) 14/8 7/4 18/15 17/17 NS
Disease duration, years   (mean, SD) 3.4 (2.4) 3.4 (2.7) 2.9 (3.7) – NS
ACE-R (total score) 73.9(16.1) 61.6 (13.8) 88.7 (9.4) 94.7 (4)  *  *  * 
CBI-R (total score) 72.5 (33.7) 50.8 (24.7) 32 (19.7) 7.1 (9.2)  *  *  * 
ALSFRS (total score) – 31.8 (5.9) 40.65 (4.9) –  *  * 

    F-values indicate signifi cant differences across groups; Tukey post hoc tests compare differences 
between group pairs.     
 Kruskal-Wallis test and Mann-Whitney  U -test were applied for education, disease duration, ACE-R 
and CBI-R data.   
 ALS: amyotrophic lateral sclerosis; ALS-FTD: ALS with frontotemporal dementia; bvFTD: 
behavioural variant frontotemporal dementia.   
 ACE-R: Addenbrooke ’ s Cognitive Examination revised; CBI-R: Cambridge Behavioural Inventory 
Revised; ALSFRS: ALS Functional Rating Scale. 
   * p    �     0.05;  *  *  p     �    0.01;  *  *  *  p     �    0.001; NS: non-signifi cant.   
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signifi cance level of  p     �    0.01, false discovery rate 
(FDR) corrected.    

 Results  

 Background and demographics 

 All participant groups did not differ signifi cantly on 
age, gender or disease duration (all  p  ’ s  �  .1; Table I). 
However, bvFTD and control groups differed on 
years of education, with the bvFTD patients under-
going fewer years of education ( p   �  .05).   

 Scan ratings 

  Comparisons with controls.  The scan rating results 
(Figure 2, Table II) show that ratings varied consid-
erably across groups with signifi cant group effects 
for all regions (all  p  ’ s  � .001). Controls were rated as 
having signifi cantly less atrophy than bvFTD on all 
region ratings (all  p  ’ s  � .05). Similarly, ALS-FTD 
differed signifi cantly from controls for all regions 
( p  ’ s    �    0.01). Interestingly, ALS only differed from 
controls on OFC atrophy ratings ( p   �  .01), but none 
of the other ratings (all  p  ’ s  �  .1). 

OFC

ACC

0 1 2 3 4

MC

ATL

  Figure 1.     Figure 1 shows the array of MR reference images and rating criteria employed in judging atrophy in the frontal lobe brain 
regions. Rating criteria range from 0    �    no atrophy to 4    �    severe atrophy for the rated brain regions. OFC: orbitofrontal cortex; ATL: 
anterior temporal lobe; ACC: anterior cingulate cortex; MC: motor cortex.  
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  Between-patient comparisons.  Between-patient compari-
sons revealed that bvFTD had signifi cantly higher rat-
ings than ALS in all regions (all  p  ’ s  � .01). ALS-FTD 
did not differ from bvFTD for any brain region (all 
 p  ’ s  �  .05). More importantly, the contrast of ALS vs. 
ALS-FTD showed that ALS-FTD had higher motor 
cortical, anterior cingulate, and  anterior temporal lobe 
atrophy ratings than ALS ( p   � .01), with a statistical 
trend for more OFC atrophy in ALS-FTD ( p     �    .067).   

 Lateralization results 

 When left and right regions were analysed separately, 
ALS-FTD now showed signifi cantly higher ratings 
of atrophy than ALS for both the left and right OFC 
( p  ’ s  � .05). Additionally, ALS no longer differed 

 signifi cantly from controls for either the left or the 
right OFC ( p  ’ s  � .05). For the motor cortex, the left 
and right motor cortex no longer differed signifi -
cantly between bvFTD and controls when analysed 
separately ( p  ’ s  � .05). All other regions refl ected the 
same patterns when lateralized as when averaged 
across left and right, for all group comparisons.   

 Logistic regression analysis 

 A similar continuum was also present in logistic 
regression analyses using the ENTER method. All 
regions showed excellent to very good discrimination 
of patient groups from controls (bvFTD vs. controls, 
92.9% correct; ALS-FTD vs. controls, 80.6% 
 correct; ALS vs. controls, 95.6% correct). Of the 

  Figure 2.     Figure 2 shows boxplots for atrophy ratings in orbitofrontal cortex, anterior cingulate cortex, motor cortex, and anterior 
temporal lobe across all participant groups. The dotted line indicates the threshold from which on a rating is considered to be 
abnormal. Boxplot whiskers indicate 5 – 95% confi dence intervals.  

  Table II. Scan ratings: comparison of scan ratings (mean and standard deviation) across ALS, 
bvFTD and ALS-FTD groups.  

bvFTD ALS-FTD ALS Controls Kruskal-Wallis

Orbitofrontal cortex 2.1 (1) 1.8 (1.0) 1.1 (0.6) 0.5 (0.4)  *  *  * 
Anterior cingulate 2.2 (0.6) 2.2 (0.7) 1.2 (0.8) 1.4 (0.7)  *  *  * 
Motor cortex 1.9 (0.5) 2.3 (0.8) 1.4 (0.7) 1.5 (0.6)  *  *  * 
Anterior temporal lobe 1.8 (0.6) 1.8 (0.8) 1.0 (0.6) 1.0 (0.6)  *  *  * 

    ALS: amyotrophic lateral sclerosis; ALS-FTD: ALS with frontotemporal dementia; bvFTD: 
behavioural variant frontotemporal dementia.  
   *  *  *  p     �    0.001.   
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between-patient comparisons for atrophy ratings 
across all regions, the bvFTD patients could be best 
distinguished from ALS (83.6% correct), while 
bvFTD vs. ALS-FTD resulted in a lower discrimina-
tion rate (78.8%). ALS vs. ALS-FTD could be cor-
rectly classifi ed in 75% of the cases.   

 Voxel based morphometry analysis 

 In a fi nal step, we conducted a VBM analysis to confi rm 
our visual atrophy rating fi ndings. The VBM results 
(Supplementary Figures 1 and 2, which are only avail-
able in the online version of the journal. Please fi nd this 
material with the following direct link to the article: 
http://www.informahealthcare.com/doi/abs/10.3109/
21678421.2014.880180) replicated the visual rating 
results for all regions, except for the OFC atrophy in 
ALS vs. controls, which did not reach signifi cance.    

 Discussion 

 Our results show that a simple visual MRI rating 
scale can reliably detect grey matter atrophy across 
the ALS-FTD continuum. In particular, the scale is 
very sensitive to commonly observed cortical atro-
phy in bvFTD and ALS-FTD. Our visual MRI rat-
ings also replicated previous VBM fi ndings in ALS 
by showing very variable cortical grey matter changes 
in this patient group. Finally, ALS-FTD could be 
best distinguished from ALS based on motor corti-
cal, but also anterior temporal lobe and anterior cin-
gulate atrophy ratings. These fi ndings held true when 
left and right regions were considered separately. 
This lateralization analysis also strengthened the 
association with orbitofrontal cortex atrophy. 

 The distinction between ALS and ALS-FTD can 
be diagnostically challenging particularly in a clinical 
setting when little behavioural or cognitive informa-
tion might be available. Our study found that atro-
phy of the motor cortex can be useful to aid this 
distinction with ALS-FTD patients showing signifi -
cantly more atrophy in this region than ALS. This 
should be not surprising, as motor cortical atrophy 
has been only observed in around 25% of ALS 
patients in a recent meta-analysis (27). More impor-
tantly, our fi ndings are corroborated by a recent 
study showing that the degree of cognitive/behav-
ioural impairment in ALS determines the degree of 
motor cortical atrophy (28). ALS-FTD is diagnosed 
on the basis of having substantial cognitive and 
behavioural changes, which explains why they 
showed signifi cantly more motor cortical atrophy 
than ALS alone in our study. In this regard it is also 
important to note that bvFTD patients who have 
substantial behavioural/cognitive changes also 
showed signifi cantly more cortical atrophy than 
ALS patients, although were indistinguishable from 
ALS-FTD, which replicates previous fi ndings (9). 
Unfortunately, this did not hold true when analysed 
laterally, which probably refl ects the small sample 

size of bvFTD patients. Nonetheless, this raises the 
question as to how much the motor cortical atrophy 
actually contributes to the motor symptoms seen in 
ALS and whether the predominant white matter 
changes in ALS (9,29 – 32) are more critical in the 
generation of those symptoms, which clearly needs 
to be addressed in future studies. 

  The more substantial atrophy in ALS-FTD for the 
anterior cingulate is also of great interest. In general, the 
underlying white matter tracts of the anterior cingulate 
have been shown to be consistently affected in ALS 
(30). Our results indicate a signifi cant difference 
between ALS and ALS-FTD in this region as well as 
between ALS and bvFTD. This pattern of anterior cin-
gulate atrophy nicely replicates results of studies employ-
ing automized imaging analyses (9) and our VBM post 
hoc analysis. The reliability of this anterior cingulate 
atrophy makes it potentially an important diagnostic 
marker for the continuum, particularly because no cog-
nitive or behavioural markers tap exclusively into this 
area to date. Previous fi ndings have suggested that ante-
rior cingulate region changes are associated with apathy 
in ALS (33), which is one of its most prevalent behav-
ioural features (34). However, the functional specifi city 
for this region has been questioned by functional neu-
roimaging studies in the healthy, which have attributed 
anterior cingulate function to a multitude of behav-
ioural and cognitive changes, including social cognition, 
attention, emotion processing, motor learning but also 
more general executive function defi cits (for a meta-
analysis see (35)). Clearly, a delineation of those ante-
rior cingulate contributions would be very benefi cial for 
diagnosing ALS, ALS-FTD and bvFTD (9). 

 By contrast, orbitofrontal and temporal pole atro-
phies have been associated for a long time with par-
ticular symptoms and syndromes. Especially bvFTD 
patients show consistent OFC damage even from a 
very early disease stage onwards (14,36), which has 
been strongly linked with the prevalent disinhibition 
in this patient group (37,38). Our results confi rm this 
notion by showing OFC atrophy being severely 
affected in bvFTD followed by ALS-FTD and ALS. 
A previous VBM study similarly showed OFC atro-
phy for bvFTD and ALS-FTD though did not show 
signifi cant atrophy for ALS (9). Nevertheless, ALS 
patients have been shown to be impaired on OFC 
dependent tasks, tapping into inhibitory function 
(3,39,40) and gambling decision making (41), which 
suggests some degree of dysfunction in this brain 
region, albeit less than in ALS-FTD or bvFTD. Sim-
ilarly, anterior temporal lobe atrophy is a consistent 
feature of bvFTD (42), which we replicate in this 
study. More importantly, ALS-FTD patients also 
showed signifi cant anterior temporal lobe atrophy in 
our study compared to controls, whereas ALS patients 
were virtually unaffected in this region with signifi -
cant differences between both patient groups for this 
region. This fi nding is in line with the Lillo et   al. 
study showing that anterior temporal lobe atrophy is 
likely a good diagnostic marker to distinguish ALS 
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from ALS-FTD, with only the latter being affected 
in this region (3). Anterior temporal atrophy is usu-
ally attributed to mainly semantic language process-
ing, such as the defi cits seen in semantic dementia 
(43), although it has been also associated with certain 
degrees of behavioural dysfunction (37). This raises 
the question as to whether semantic impairments 
could corroborate the imaging fi ndings in the groups. 
bvFTD patients have been shown to have semantic 
knowledge impairment, although not as severe as in 
semantic dementia (44). Similarly, semantic impair-
ments and other language processing defi cits have 
been reported in ALS-FTD (45 – 47). By contrast, in 
ALS fl uency defi cits have been observed; however, 
those defi cits have been mostly associated with infe-
rior frontal cortex dysfunction (48) and not temporal 
atrophy in this patient group. Surprisingly, no study 
to our knowledge has contrasted semantic impair-
ments across all subtypes in the ALS-FTD contin-
uum. The imaging fi ndings that anterior temporal 
lobe atrophy is specifi c for ALS-FTD and bvFTD 
could thus become a potentially good diagnostic 
marker for both clinical subtypes. 

 On a clinical level, our fi ndings have clear rele-
vance for diagnostic procedures. Our visual rating 
scale is corroborated by more sophisticated but time-
consuming automized imaging methods, such as our 
post hoc VBM analysis. Clinicians can reliably apply 
our novel scale in a clinical setting even when only 
hardcopies of coronal T1 scans are available. More 
importantly, the conjunction of clinical/cognitive/
behavioural features and visual atrophy ratings in a 
patient will allow clinicians to corroborate the clinical 
diagnosis further. This might particularly affect the 
early identifi cation of ALS-FTD patients, who are 
often seen either in an ALS specifi c clinic setup but 
requiring the liaison of both clinics. Early identifi ca-
tion of ALS-FTD is critical to ensure appropriate 
disease management to alleviate the higher patient 
and carer distress in these patients. In addition, it will 
allow earlier intervention via disease modifying thera-
pies in ALS-FTD patients who show the shortest sur-
vival rates across the continuum (10). 

 The fl ipside of our and previous fi ndings is that 
cortical atrophy in ALS is not a consistent feature 
and therefore signifi cant brain atrophy in an ALS 
patient might warrant further cognitive/behavioural 
investigations on a clinical level to exclude ALS-FTD 
as a diagnosis. This seems particularly prudent in the 
light of recent fi ndings showing that ALS patients 
with cognitive and behavioural symptoms that do not 
reach the criterion for ALS-FTD diagnosis can crit-
ically infl uence cortical atrophy (28). Finally, motor 
cortical atrophy emerges as a poor indicator of motor 
impairment, as bvFTD patients show similar or more 
atrophy in this region than ALS-FTD and ALS, 
respectively, without having only minor clinical signs 
of upper motor dysfunction (49). 

 Despite these promising fi ndings, our study had 
several shortcomings. In particular, the sample size 

for the ALS-FTD group was small compared to the 
other groups and therefore replication in a bigger 
sample seems advisable. There was also no patho-
logical confi rmation of diagnosis, particularly for our 
bvFTD sample, and we cannot exclude therefore the 
possibility that a percentage of patients might have a 
different underlying pathology. Although our fi ndings 
replicate our VBM results, visual MRI ratings are 
subjective and therefore prone to greater variability 
both within and between raters. We carefully trained 
both raters (AA, EF) in this study on an independent 
set of scans and both showed high inter-rater reli-
ability, but future studies replicating our fi ndings 
would be important to corroborate the validity of this 
rating scale in the ALS-FTD continuum. Also, our 
study group presented relatively late in their disease 
course, which perhaps refl ects referral practices to 
specialist centres or suggests that these patients had 
a milder disease course. It has been reported that up 
to 45% of ALS patients may not satisfy diagnostic 
criteria for probable ALS at fi rst presentation (50). 
As a result, by strictly adhering to diagnostic criteria 
and therefore including only those with probable 
ALS, according to El Escorial criteria, the results may 
not be representative of ALS as seen by clinicians at 
presentation. A consideration for future studies may 
be to relax inclusion criteria to ensure a representa-
tive sample of ALS patients is studied. 

 Taken together, the presented visual atrophy 
rating scale has great clinical promise to detect cor-
tical changes in the ALS-FTD continuum. The 
scale shows high correspondence with automized 
imaging fi ndings and may therefore provide clini-
cians with an important tool for the assessment of 
ALS, ALS-FTD and bvFTD patients, particularly 
in conjunction with clinical and neuropsychologi-
cal data. This may allow earlier detection of ALS-
FTD subtypes, which may in turn provide better 
disease management for patients and their families 
in the future.            

 Acknowledgements 

 We are grateful to the patients and their families for 
their support of our research. This study was sup-
ported by Australian Research Council and National 
Health  &  Medical Research Council grants. MCK 
and JRH are supported through a NHMRC Pro-
gram Grant. MH is supported by an Australian 
Research Council Research Fellowship. 

  Declaration of interest:   The authors report no 
confl icts of interest. The authors alone are respon-
sible for the content and writing of the paper.   

 References 

    Lomen-Hoerth   C ,  Anderson   T ,  Miller   B  .  The overlap of 1. 
amyotrophic lateral sclerosis and frontotemporal dementia . 
 Neurology.   2002 ; 59 : 1077 – 9 .  



   MRI atrophy scale for ALS-FTD continuum     233

    Ringholz   GM ,  Appel   SH ,  Bradshaw   M ,  Cooke   NA ,  Mosnik  2. 
 DM ,  Schulz   PE  .  Prevalence and patterns of cognitive impair-
ment in sporadic ALS .  Neurology.   2005 ; 65 : 586 – 90 .  
    Lillo   P ,  Savage   S ,  Mioshi   E ,  Kiernan   MC ,  Hodges   JR  .  Amyo-3. 
trophic lateral sclerosis and frontotemporal dementia: a 
behavioural and cognitive continuum .  Amyotroph Lateral 
Scler.   2012 ; 13 : 102 – 9 .  
    Neumann   M ,  Sampathu   DM ,  Kwong   LK ,  Truax   AC ,  Mic-4. 
senyi   MC ,  Chou   TT ,  et   al  .  Ubiquitinated TDP-43 in fron-
totemporal lobar degeneration and amyotrophic lateral 
sclerosis .  Science.   2006 ; 314 : 130 – 3 .  
    Renton   AE ,  Majounie   E ,  Waite   A ,  Simon-Sanchez   J ,  Rollin-5. 
son   S ,  Gibbs   JR ,  et   al  .  A hexanucleotide repeat expansion in 
C9orf72 is the cause of chromosome 9p21-linked ALS-
FTD .  Neuron.   2011 ; 72 : 257 – 68 .  
    DeJesus-Hernandez   M ,  Mackenzie   IR ,  Boeve   BF ,  Boxer  6. 
 AL ,  Baker   M ,  Rutherford   NJ ,  et   al  .  Expanded GGGGCC 
hexanucleotide repeat in non-coding region of C9orf72 
causes chromosome 9p-linked FTD and ALS .  Neuron.  
 2011 ; 72 : 245 – 56 .  
    Chang   JL ,  Lomen-Hoerth   C ,  Murphy   J ,  Henry   RG ,  Kramer  7. 
 JH ,  Miller   BL ,  et   al  .  A voxel based morphometry study of 
patterns of brain atrophy in ALS and ALS/FTLD .  Neurol-
ogy.   2005 ; 65 : 75 – 80 .  
    Mezzapesa   DM ,  Ceccarelli   A ,  Dicuonzo   F ,  Carella   A ,  de 8. 
Caro   MF ,  Lopez   M ,  et   al  .  Whole-brain and regional brain 
atrophy in amyotrophic lateral sclerosis .  AJNR Am J Neuro-
radiol.   2007 ; 28 : 255 – 9 .  
    Lillo   P ,  Mioshi   E ,  Burrell   JR ,  Kiernan   MC ,  Hodges   JR , 9. 
 Hornberger   M  .  Grey and white matter changes across the 
amyotrophic lateral sclerosis-frontotemporal dementia con-
tinuum .  PloSOne.   2012 ; 7 : e43993 .  
    Hu   WT ,  Seelaar   H ,  Josephs   KA ,  Knopman   DS ,  Boeve   BF , 10. 
 Sorenson   EJ ,  et   al  .  Survival profi les of patients with fronto-
temporal dementia and motor neuron disease .  Archives of 
Neurology.   2009 ; 66 : 1359 – 64 .  
    Lillo   P ,  Mioshi   E ,  Hodges   JR  .  Caregiver burden in amyo-11. 
trophic lateral sclerosis is more dependent on patients ’  
behavioural changes than physical disability: a comparative 
study .  BMC Neurology.   2012 ; 12 : 156 .  
    Kipps   CM ,  Davies   RR ,  Mitchell   J ,  Kril   JJ ,  Halliday   GM , 12. 
 Hodges   JR  .  Clinical signifi cance of lobar atrophy in fronto-
temporal dementia: application of an MRI visual rating 
scale .  Dementia and Geriatric Cognitive Disorders.   2007 ; 23 :
 334 – 42 .  
    Davies   RR ,  Scahill   VL ,  Graham   A ,  Williams   GB ,  Graham  13. 
 KS ,  Hodges   JR  .  Development of an MRI rating scale for 
multiple brain regions: comparison with volumetrics and 
with voxel based morphometry .  Neuroradiology.   2009 ; 51 :
 491 – 503 .  
    Hornberger   M ,  Savage   S ,  Hsieh   S ,  Mioshi   E ,  Piguet   O , 14. 
 Hodges   JR  .  Orbitofrontal dysfunction discriminates behav-
ioural variant frontotemporal dementia from Alzheimer’s 
disease .  Dementia and Geriatric Cognitive Disorders.  
 2010 ; 30 : 547 – 52 .  
    Rascovsky   K ,  Hodges   JR ,  Knopman   D ,  Mendez   MF ,  Kramer  15. 
 JH ,  Neuhaus   J ,  et   al  .  Sensitivity of revised diagnostic criteria 
for the behavioural variant of frontotemporal dementia . 
 Brain.   2011 ; 134 : 2456 – 77 .  
    Brooks   BR ,  Miller   RG ,  Swash   M ,  Munsat   TL  .  El Escorial 16. 
revisited: revised criteria for the diagnosis of amyotrophic 
lateral sclerosis .  Amyotroph Lateral Scler Other Motor Neu-
ron Disord.   2000 ; 1 : 293 – 9 .  
    Strong   MJ ,  Grace   GM ,  Freedman   M ,  Lomen-Hoerth   C , 17. 
 Woolley   S ,  Goldstein   LH ,  et   al  .  Consensus criteria for the 
diagnosis of frontotemporal cognitive and behavioural syn-
dromes in amyotrophic lateral sclerosis .  Amyotroph Lateral 
Scler.   2009 ; 10 : 131 – 46 .  
    Wedderburn   C ,  Wear   H ,  Brown   J ,  Mason   SJ ,  Barker   RA , 18. 
 Hodges   J ,  et   al  .  The utility of the Cambridge Behavioural 
Inventory in neurodegenerative disease .  J Neurol Neurosurg 
Psychiatry.   2008 ; 79 : 500 – 3 .  

    Mioshi   E ,  Dawson   K ,  Mitchell   J ,  Arnold   R ,  Hodges   JR  .  The 19. 
Addenbrooke’s Cognitive Examination Revised (ACE-R): a 
brief cognitive test battery for dementia screening .  Int J 
Geriatr Psychiatry.   2006 ; 21 : 1078 – 85 .  
    Dunn   OJ  .  Multiple comparisons using rank sums .  Techno-20. 
metrics.   1964 ; 6 : 241 – 52 .  
    Davies   RR ,  Kipps   CM ,  Mitchell   J ,  Kril   JJ ,  Halliday   GM , 21. 
 Hodges   JR  .  Progression in frontotemporal dementia: identi-
fying a benign behavioural variant by magnetic resonance 
imaging .  Archives of Neurology.   2006 ; 63 : 1627 – 31 .  
    Smith   SM  .  Fast robust automated brain extraction .  Hum 22. 
Brain Mapp.   2002 ; 17 : 143 – 55 .  
    Zhang   Y ,  Brady   M ,  Smith   S  .  Segmentation of brain MR 23. 
images through a hidden Markov random fi eld model and 
the expectation-maximization algorithm .  IEEE Trans Med 
Imaging.   2001 ; 20 : 45 – 57 .  
    Andersson   JLR ,  Jenkinson   M ,  Smith   S  .  2007 ;  Non-linear 24. 
registration, aka Spatial normalisation.  FMRIB technical 
report TR07JA2 from www.fmrib.ox.ac.uk/analysis/techrep  
    Smith   SM ,  Nichols   TE  .  Threshold-free cluster enhancement: 25. 
addressing problems of smoothing, threshold dependence 
and localization in cluster inference .  Neuroimage.   2009 ; 44 :
 83 – 98 .  
    Nichols   TE ,  Holmes   AP  .  Non-parametric permutation tests 26. 
for functional neuroimaging: a primer with examples .  Hum 
Brain Mapp.   2002 ; 15 : 1 – 25 .  
    Chen   Z ,  Ma   L  .  Grey matter volume changes over the whole 27. 
brain in amyotrophic lateral sclerosis: a voxel-wise meta-
analysis of voxel based morphometry studies .  Amyotroph 
Lateral Scler.   2010 ; 11 : 549 – 54 .  
    Mioshi   E ,  Lillo   P ,  Yew   B ,  Hsieh   S ,  Savage   S ,  Hodges   JR , 28. 
 et   al  .  Cortical atrophy in ALS is critically associated with 
neuropsychiatric and cognitive changes .  Neurology.  
 2013 ; 80 : 1117 – 23 .  
    Li   J ,  Pan   P ,  Song   W ,  Huang   R ,  Chen   K ,  Shang   H  .  A meta-29. 
analysis of diffusion tensor imaging studies in amyotrophic 
lateral sclerosis .  Neurobiol Aging.   2012 ; 33 : 1833 – 8 .  
    Filippini   N ,  Douaud   G ,  Mackay   CE ,  Knight   S ,  Talbot   K , 30. 
 Turner   MR  .  Corpus callosum involvement is a consistent 
feature of amyotrophic lateral sclerosis .  Neurology.  
 2010 ; 75 : 1645 – 52 .  
    Kiernan   MC ,  Vucic   S ,  Cheah   BC ,  Turner   MR ,  Eisen   A , 31. 
 Hardiman   O ,  et   al  .  Amyotrophic lateral sclerosis .  Lancet.  
 2011 ; 377 : 942 – 55 .  
    Turner   MR ,  Hardiman   O ,  Benatar   M ,  Brooks   BR ,  Chio   A , 32. 
 de Carvalho   M ,  et   al  .  Controversies and priorities in amyo-
trophic lateral sclerosis .  Lancet Neurology.   2013 ; 12 : 310 – 22 .  
    Woolley   SC ,  Zhang   Y ,  Schuff   N ,  Weiner   MW ,  Katz   JS  . 33. 
  Neuroanatomical correlates of apathy in ALS using 4 Tesla 
diffusion tensor MRI .  Amyotroph Lateral Scler.   2011 ; 12 :
 52 – 8 .  
    Lillo   P ,  Mioshi   E ,  Zoing   MC ,  Kiernan   MC ,  Hodges   JR  .  How 34. 
common are behavioural changes in amyotrophic lateral 
sclerosis?   Amyotroph Lateral Scler.   2011 ; 12 : 45 – 51 .  
    Anderson   ML ,  Kinnison   J ,  Pessoa   L  .  Describing functional 35. 
diversity of brain regions and brain networks .  Neuroimage.  
 2013 ; 73 : 50 – 8 .  
    Seeley   WW ,  Crawford   R ,  Rascovsky   K ,  Kramer   JH ,  Weiner  36. 
 M ,  Miller   BL ,  et   al  .  Frontal paralimbic network atrophy in 
very mild behavioural variant frontotemporal dementia . 
 Archives of Neurology.   2008 ; 65 : 249 – 55 .  
    Hornberger   M ,  Geng   J ,  Hodges   JR  .  Convergent grey and 37. 
white matter evidence of orbitofrontal cortex changes related 
to disinhibition in behavioural variant frontotemporal 
dementia .  Brain.   2011 ; 134 : 2502 – 12 .  
    Rosen   HJ ,  Allison   SC ,  Schauer   GF ,  Gorno-Tempini   ML , 38. 
 Weiner   MW ,  Miller   BL  .  Neuroanatomical correlates of behav-
ioural disorders in dementia .  Brain.   2005 ; 128 : 2612 – 25 .  
    Goldstein   LH ,  Newsom-Davis   IC ,  Bryant   V ,  Brammer   M , 39. 
 Leigh   PN ,  Simmons   A  .  Altered patterns of cortical 
 activation in ALS patients during attention and cognitive 
response inhibition tasks .  J Neurol.   2011 ; 258 : 2186 – 98 .  



234 A. Ambikairajah et al. 

    Donaghy   C ,  Pinnock   R ,  Abrahams   S ,  Cardwell   C ,  Hardiman  40. 
 O ,  Patterson   V ,  et   al  .  Slow saccades in bulbar-onset motor 
neuron disease .  Journal of Neurology.   2010 ; 257 : 1134 – 40 .  
    Girardi   A ,  Macpherson   SE ,  Abrahams   S  .  Defi cits in emo-41. 
tional and social cognition in amyotrophic lateral sclerosis . 
 Neuropsychology.   2011 ; 25 : 53 – 65 .  
    Whitwell   JL ,  Przybelski   SA ,  Weigand   SD ,  Ivnik   RJ ,  Vemuri  42. 
 P ,  Gunter   JL ,  et   al  .  Distinct anatomical subtypes of the 
behavioural variant of frontotemporal dementia: a cluster 
analysis study .  Brain.   2009 ; 132 : 2932 – 46 .  
    Hodges   JR ,  Patterson   K  .  Semantic dementia: a unique clinico-43. 
pathological syndrome .  Lancet Neurology.   2007 ; 6 : 1004 – 14 .  
    Piguet   O ,  Hornberger   M ,  Mioshi   E ,  Hodges   JR  .  Behaviour-44. 
al-variant frontotemporal dementia: diagnosis, clinical stag-
ing, and management .  Lancet Neurology.   2011 ; 10 : 162 – 72 .  
    Satoh   M ,  Takeda   K ,  Kuzuhara   S  .  Agraphia in intellectually 45. 
normal Japanese patients with ALS: omission of kana letters . 
 J Neurol.   2009 ; 256 : 1455 – 60 .  

    Bak   TH ,  Hodges   JR  .  The effects of motor neuron disease 46. 
on language: further evidence .  Brain Lang.   2004 ; 89 :
 354 – 61 .  
    Lepow   L ,  van Sweringen   J ,  Strutt   AM ,  Jawaid   A ,  MacAdam  47. 
 C ,  Harati   Y ,  et   al  .  Frontal and temporal lobe involvement on 
verbal fl uency measures in amyotrophic lateral sclerosis . 
 J Clin Exp Neuropsychol.   2010 ; 32 : 913 – 22 .  
    Wicks   P ,  Turner   MR ,  Abrahams   S ,  Hammers   A ,  Brooks  48. 
 DJ ,  Leigh   PN ,  et   al  .  Neuronal loss associated with cogni-
tive performance in amyotrophic lateral sclerosis: an 
(11C)-fl umazenil PET study .  Amyotroph Lateral Scler.  
 2008 ; 9 : 43 – 9 .  
    Burrell   JR ,  Kiernan   MC ,  Vucic   S ,  Hodges   JR  .  Motor neuron 49. 
dysfunction in frontotemporal dementia .  Brain.   2011 ;
 134 : 2582 – 94 .  
    Carvalho   MD ,  Swash   M  .  Awaji diagnostic algorithm 50. 
increases sensitivity of El Escorial criteria for ALS diagnosis . 
 Amyotroph Lateral Scler.   2009 ; 10 : 53 – 7 .    

Supplementary material available online

Supplementary Figures 1 and 2 available at http://
informahealthcare.com/doi/abs/10.3109/21678421.
2014.880180




