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neuron phenotype) and 51 controls were enrolled. Patients were classified into MND with a pure
motor syndrome (MND-motor) and with cognitive/behavioral symptoms (MND-plus). Cortical thick-
ness measures and diffusion tensor (DT) metrics of white matter (WM) tracts were assessed. A random
forest approach was used to explore the independent role of cortical and WM abnormalities in explain-
ing major cognitive and behavioral symptoms. Results: There were 48 MND-motor and 53 MND-plus
patients. Relative to controls, both patient groups showed a distributed cortical thinning of the bilateral
precentral gyrus, insular and cingulate cortices, and frontotemporal regions. In all regions, there was a
trend toward a more severe involvement in MND-plus cases, particularly in the temporal lobes. Both
patient groups showed damage to the motor callosal fibers, which was more severe in MND-plus.
MND-plus patients also showed a more severe involvement of the extra-motor WM tracts. The best
predictors of executive and non-executive deficits and behavioral symptoms in MND were diffusivity
abnormalities of the corpus callosum and frontotemporal tracts, including the uncinate, cingulum, and
superior longitudinal fasciculi. Conclusions: Cortical thinning and WM degeneration are highly associ-
ated with neuropsychological and behavioral symptoms in patients with MND. DT MRI metrics seem
to be the most sensitive markers of extra-motor deficits within the MND spectrum. Hum Brain Mapp
37.‘1614—1626, 2016. © 2016 Wiley Periodicals, Inc.

Key words: motor neuron disease; amyotrophic lateral sclerosis; cognitive and behavioral impairment;

cortical thinning; diffusion tensor MRI

*

*

INTRODUCTION

There is increasing evidence that amyotrophic lateral
sclerosis (ALS) is a clinically heterogeneous disease in terms
of site of onset, degree of upper (UMN) and lower motor
neurons (LMN) involvement, and rate of motor progression
[Turner et al., 2013]. Several studies indicate that this heter-
ogeneity also includes the presence and severity of cogni-
tive and behavioral symptoms [Montuschi et al., 2015;
Phukan et al., 2012]. Up to 50% of ALS patients have cogni-
tive and/or behavioral changes, ranging from an overt
frontotemporal dementia (FTD) to mild executive and/or
non-executive cognitive impairment and behavioral deficits
[Montuschi et al., 2015; Phukan et al., 2012]. Cognitive and
behavioral impairment, when evident early in the disease,
is likely to be a predictor of a faster disease progression
[Hu et al., 2013; Montuschi et al., 2015].

Findings from structural MRI studies have shown that
frontotemporal and parietal cortical loss or thinning is
more severe in patients with ALS with FTD and in those
with mild cognitive and/or behavioral deficits than in
patients with only motor ALS [Chang et al., 2005; Lillo
et al., 2012; Schuster et al., 2014a]. More recently, diffusion
tensor (DT) MRI studies suggested that ALS patients with
cognitive and/or behavioral impairment had a more dis-
tributed white matter (WM) damage involving not only
motor but also extra-motor tracts, particularly in the fron-
totemporal regions, relative to patients with a pure motor
syndrome [Canu et al., 2013; Kasper et al., 2014].

Some studies have directly investigated the relationship
between brain structural abnormalities and cognitive and
behavioral profiles in small samples of patients with ALS
[Grossman et al., 2008; Kasper et al., 2014; Libon et al.,
2012; Pettit et al., 2013; Sarro et al, 2011; Woolley et al.,

2011]. In ALS, abnormalities of cognitive measures requir-
ing action knowledge correlated with atrophy of the motor
cortex [Grossman et al., 2008], while deficits in concept for-
mation were related to cortical thinning of the left
prefrontal-parietal regions [Libon et al., 2012]. Performance
in cognitive tests that assess executive functions was associ-
ated with DT MRI abnormalities of the corpus callosum,
cingulum, corticospinal tract (CST), prefrontal and long
association tracts [Kasper et al., 2014; Pettit et al., 2013], as
we have previously shown in an independent patient popu-
lation scanned at 1.5 T [Sarro et al., 2011]. A relationship
between apathy and frontal cortical and WM alterations in
patients with ALS has been suggested by a few studies
[Kasper et al., 2014; Woolley et al., 2011]. Few studies have
combined gray matter (GM) and WM assessments in motor
neuron disease (MND) [Agosta et al., 2007; Filippini et al.,
2010; Menke et al., 2014; Zhang et al., 2014] and only one,
to date, has investigated their distinct roles in explaining
the different aspects of the neuropsychological and behav-
ioral profiles of patients with sporadic ALS [Menke et al.,
2014]. Moreover, the structural correlates of extra-motor
manifestations in less frequent MND variants, such as
UMN and LMN phenotypes, remain to be explored.

Aim of this multimodal MRI study was to assess the
pattern of cortical thinning and WM tract damage in a
large cohort of pure motor MND patients and MND
patients with cognitive and/or behavioral impairment,
including cases with classic ALS, and UMN and LMN
phenotypes. In addition, a random forest approach [Brei-
man, 2001] was used to explore the independent role of
cortical and WM abnormalities in explaining major cogni-
tive deficits and behavioral symptoms in these patients.
Random forest is able to take into account a high number
of input features and can be used to select the most
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TABLE I. Demographic and clinical findings of healthy controls and patients with motor neuron disease

p: MND-motor p: MND-plus
Healthy MND-motor MND-plus patients vs patients vs p: MND-motor vs
controls patients patients healthy controls healthy controls MND-plus patients
Number 51 48 53 — — —
Age (years) 63+8 59+8 62+10 0.06 0.70 0.12
Sex (F/M) 30/21 27/21 21/32 0.84 0.08 0.11
Education (years) 13+5 11x4 9x5 0.01 0.001 0.21
ALS/UMN variant/ — 24/15/9 32/16/5 — — —
LMN variant
Disease duration — 51 =64 43 +47 — — 0.58
(months)
Site of disease onset — 39/9 45/8 — — 0.61
(limb /bulbar)
ALSFRS-r — 37+6 38+7 — — 0.96
Rate of disease — 0.50 = 0.56 0.61 +0.64 — — 0.36
progression
UMN score — 105 11+5 — — 0.70

Values are means * standard deviations or number. P values refer to Fisher exact test or ANOVA models, followed by post-hoc pair-

wise comparisons.

Abbreviations: ALS= amyotrophic lateral sclerosis; ALSFRS-r= ALS functional rating scale-revised; F= females; LMN= lower motor
neuron; M= males; MND-motor = patients with a pure motor syndrome; MND-plus = patients with cognitive and/or behavioral symp-

toms; UMN= upper motor neuron.

probable predictors of a given outcome at an individual
patient level [Breiman, 2001].

MATERIALS AND METHODS
Subjects

One-hundred and one right-handed patients with spo-
radic MND (56 patients with classic ALS, 31 patients with
a clinical UMN phenotype, and 14 patients with a clinical
LMN phenotype) were consecutively recruited at four ter-
tiary referral MND Clinics in Northern Italy (Table I).
Diagnosis of classic ALS was made according to the
revised Escorial criteria [Brooks et al., 2000]. Patients with
a clinical UMN phenotype did not have any LMN sign on
clinical assessment or any evidence of active denervation
on repeated electromyographical examinations [Chio et al.,
2011]. Patients with a clinical LMN phenotype did not
have signs of UMN involvement on clinical examination
[Chio et al., 2011]. Patients underwent a comprehensive
evaluation including neurological history, neurophysiolog-
ical assessment, neuropsychological testing, and MRL
Blood samples were available for 81 patients. The presence
of the GGGGCC hexanucleotide expansion in the first
intron of C9O0rf72 status was assessed using a repeat-
primed PCR assay [Renton et al., 2011]; a cut-off of >30
repeats combined with a typical sawtooth pattern was con-
sidered pathological. In addition, the coding sequences
and intron/exon boundaries of TARDBP and SODI1
genes were amplified by PCR using optimized protocols.
Experienced neurologists blinded to the MRI results per-
formed the clinical assessment. Site of disease onset and

disease duration were recorded. Disease severity was
assessed using the ALS Functional Rating Scale-revised
(ALSFRS-r) [Cedarbaum et al., 1999] and clinical UMN
involvement was graded using the UMN score [Turner
et al., 2004]. The rate of disease progression was calculated
as follows: (48: ALSFRS-r score)/months from symptom
onset. Fifty-one right-handed, age-matched healthy con-
trols were recruited among spouses of patients and by
word of mouth (Table I). Healthy controls were included
if the neurological assessment was normal, the Mini-
Mental State Examination score was >28, and the Beck
Depression Inventory score was <9. In addition, subjects
were excluded if they had: a family history of MND,
dementia, or FTD-related disorders; significant medical ill-
nesses or substance abuse that could interfere with cogni-
tive functioning; any other major systemic, psychiatric, or
neurological illnesses; and other causes of focal or diffuse
brain damage, including lacunae, and extensive cerebro-
vascular disorders at routine MRI. Approval of the institu-
tional review boards and written informed consent were
obtained from all participants (or their legal guardians).

Cognitive and Behavioral Assessment

Neuropsychological assessment was performed by a
trained neuropsychologist unaware of the MRI and genetic
results, and evaluated: global cognitive functioning with
the Mini-Mental State Examination; reasoning and execu-
tive functions with the Raven colored progressive matrices
[Basso et al., 1987], phonemic and semantic fluency tests
[Novelli et al., 1986], fluency indices (controlling for indi-
vidual variations in motor disabilities) [Abrahams et al.,
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2000], digit span backward [Monaco et al., 2012], Cognitive
Estimation Task [Della Sala et al., 2003], Wisconsin Card
Sorting Test [Laiacona et al., 2000], and Weigl’s Sorting
test [Weigl, 1927]; verbal memory with the digit span for-
ward [Orsini et al.,, 1987] and the Rey Auditory Verbal
Learning Test immediate and delayed recall [Carlesimo
et al., 1996]; and language with the oral noun confronta-
tion naming subtest of BADA (Batteria per 1’Analisi dei
deficit Afasici) [Miceli et al., 1994]. Scores on neuropsycho-
logical tests were age-, sex-, and education-corrected using
corresponding normative values. Depression was assessed
using the Hamilton Depression Rating Scale. The presence
of behavioral disturbances was determined on the basis of
the direct observation and patient’s history, caregiver
report, and the Frontal Behavioral Inventory (FBI) [Alberici
et al., 2007] and the ALS-FTD questionnaire [Raaphorst
et al., 2012] administered to patients’ caregivers. Among
the FBI items, “Personal Neglect” and “Logopenia” were
excluded to minimize the effect of physical disability on
behavioral performances.

According to cognitive and behavioral findings, patients
were divided into two groups: MND with normal cognition
(i.e., MND-motor) and MND with cognitive and/or behav-
ioral deficits (i.e., MND-plus). MND-plus patients included
[Montuschi et al., 2015; Phukan et al., 2012]: MND with
FTD (MND-FTD), i.e., MND with a clinical diagnosis of the
behavioral variant of FTD (bvFID) or primary progressive
aphasia; MND with executive cognitive impairment (MND-
ECI), i.e, MND patients who did not meet criteria for
bvFTD but who had an impairment in at least two tests of
executive functions; MND with non-executive cognitive
impairment (MND-NECI), i.e., patients with impairment at
two non-executive domains and no executive impairment;
MND with non-classifiable impairment (MND-NCCI), i.e.,
patients with impairment at one executive and/or one non-
executive test; and MND with behavioral impairment
(MND-bi), i.e., patients with behavioral disturbances associ-
ated with impairment in none or only one executive test
and no impairment in non-executive domains. The impair-
ment at a cognitive test was defined as a score of two
standard deviations (2.3rd percentile) below the mean score
of independent normative control groups matched for age
and education, representative of the Italian population
when available (see the references of abovementioned tests
for details) [Montuschi et al., 2015; Phukan et al., 2012].
Behavioral disturbances were defined according to the
ALS-FTD Consensus Criteria [Strong et al., 2009] as the
presence of two behavioral abnormalities supported by at
least two sources from among patient interview/observa-
tion, caregiver report, and structured questionnaires (FBI,
ALS-FTD questionnaire).

MRI Acquisition

Using a 3.0 T scanner (Intera, Philips Medical Systems,
Best, the Netherlands), the following brain MRI sequences

were obtained from all subjects: T2-weighted spin echo
(SE) (repetition time [TR] =3,500 ms; echo time [TE] =85
ms; echo train length = 15; flip angle = 90° 22 contiguous,
5-mm-thick, axial slices; matrix size =512 X 512; field of
view [FOV]=230 X 184 mm?); fluid-attenuated inversion
recovery (TR =11 s; TE =120 ms; flip angle =90° 22 con-
tiguous, 5-mm-thick, axial slices; matrix size =512 X 512;
FOV =230 mm?); 3D Tl-weighted fast field echo (FFE)
(TR=25 ms, TE =4.6 ms, flip angle =30° 220 contiguous
axial slices with voxel size =0.89 X 0.89 X 0.8 mm, matrix
size =256 X 256, FOV =230 X 182 mm?); and pulsed-
gradient SE echo planar with sensitivity encoding (acceler-
ation factor =2.5, TR = 8,986 ms, TE =80 ms, 55 contigu-
ous, 2.5 mm-thick axial slices, number of acquisitions =2;
acquisition matrix 96 X 96, with an in-plane pixel size of
0.94 X 0.94 mm and a FOV=240 X 240 mm?) and diffu-
sion gradients applied in 32 noncollinear directions using
a gradient scheme which is standard on this system (gra-
dient over-plus) and optimized to reduce echo time as
much as possible. The b factor used was 1,000 s/mm?. Fat
saturation was performed to avoid chemical shift artifacts.
All slices were positioned to run parallel to a line that
joins the most inferoanterior and inferoposterior parts of
the corpus callosum.

MRI Analysis
Cortical thickness measurement

Cortical reconstruction and estimation of cortical thick-
ness were performed on the 3D T1l-weighted FFE images
using the FreeSurfer image analysis suite, version 5.0
(http:/ /surfernmr.mgh.harvard.edu/) [Fischl and Dale,
2000], by a single observer unaware of the clinical and
genetic results. After registration to Talairach space and
intensity normalization, the process involved an automatic
skull stripping, which removes extra-cerebral structures,
cerebellum, and brainstem, by using a hybrid method
combining watershed algorithms and deformable surface
models. Images were then carefully checked for skull
stripping errors. After this step, images were segmented
into GM, WM, and cerebrospinal fluid (CSF), cerebral
hemispheres were separated, and subcortical structures
divided from cortical components. The WM/GM bound-
ary was tessellated and the surface was deformed follow-
ing intensity gradients to optimally place WM/GM and
GM/CSF borders, thus obtaining the WM and pial surfa-
ces [Dale et al., 1999]. The results of this segmentation pro-
cedure were inspected visually, and if necessary, edited
manually by adding control points. A maximum of 10 con-
trols points were added to include areas that are obviously
part of the brain but were not included in the first run;
this step has been performed in 7 healthy controls, 8
MND-motor, and 12 MND-plus patients. Afterwards, sur-
face inflation and registration to a spherical atlas were per-
formed [Dale et al., 1999] and the cerebral cortex
parcellated into 34 regions per hemisphere, based on gyral
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and sulcal structures, as described by Desikan et al. (2006).
Finally, cortical thickness was estimated as the average
shortest distance between the WM boundary and the pial
surface.

DT MRI tractography

DT MRI analysis was performed using the FMRIB soft-
ware library (FSL) tools (http://www.fmrib.ox.ac.uk/fsl/
fdt/index.html) and the JIM6 software (Version 6.0,
Xinapse Systems, Northants, UK, http://www.xinapse.
com), by a single observer unaware of the clinical and
genetic results. The diffusion-weighted data were skull-
stripped using the Brain Extraction Tool implemented in
FSL. Using FMRIB’s Linear Image Registration Tool
(FLIRT), the two diffusion-weighted scans were coregis-
tered by applying the rigid transformation needed to cor-
rect for position between the two by images (T2-weighted,
but not diffusion-weighted). The rotation component was
also applied to diffusion-weighted directions. Eddy cur-
rents correction was performed using the JIM6 software
[Horsfield, 1999]. Then, the two acquisitions were con-
catenated. The DT was estimated on a voxel-by-voxel basis
using DTIfit provided by the FMRIB Diffusion Toolbox.
Maps of mean diffusivity (MD), fractional anisotropy (FA),
axial diffusivity (axD), and radial diffusivity (radD) were
obtained.

Seeds for tractography of the CST, corpus callosum,
cingulum, superior longitudinal (SLF), inferior longitudi-
nal (ILF), and uncinate fasciculi were defined in the Mon-
treal Neurological Institute (MNI) space on the FA
template provided by FSL, as previously described
[Agosta et al., 2013, 2014]. Fiber tracking was performed in
native DT MRI space using a probabilistic tractography
algorithm implemented in FSL (probtrackx), which is
based on Bayesian estimation of diffusion parameters
(Bedpostx) [Behrens et al., 2007]. Fiber tracking was initi-
ated from all voxels within the seed masks in the diffusion
space to generate 5,000 streamline samples with a step
length of 0.5 mm and a curvature threshold of 0.2. Using a
“single-seed” approach, the reconstructions of the CC and
bilateral CST, SLF, and uncinate were obtained. For the
ILF and cingulum, we used single seedmasks including
three seeds each (anterior, middle, and posterior ILF; and
anterior, isthmus, and parahippocampal cingulum). In
addition, using a “seed to target” approach, the corpus
callosum was segmented into three portions to identify the
callosal fibers linking the primary motor cortices (CC-
PMC), lateral premotor cortices, and supplementary motor
areas (CC-SMA) [Agosta et al., 2014]. Tract maps were
then normalized taking into consideration the number of
voxels in the seed masks. To do so, the number of stream-
line samples present in the voxels of the tract maps was
divided by the way-total, which corresponds to the total
number of streamline samples that were not rejected by
the exclusion masks. The tract masks obtained were
thresholded at a value equal to 40% of the 95th percentile

of the distribution of the intensity values of the voxels
included in the tract, as previously described [Galantucci
et al.,, 2011]. This normalization procedure allowed us to
correct for possible differences between tracts due to the
different sizes of the starting seeds. In this way, we also
excluded the background noise and avoided a too restric-
tive thresholding when the maximum intensity value was
an outlier. Group probability maps of each thresholded
tract were produced to visually check their anatomical
consistency across study subjects. For each tract, the aver-
age MD, FA, axD, and radD were calculated in the native
space.

Statistical Analysis
Demographic, clinical, and cognitive data

Normal distribution assumption was checked by means
of Q-Q plot and Shapiro-Wilks and Kolmogorov—Smirnov
tests. Group comparisons were performed using ANOVA
models, followed by post hoc pairwise comparisons (SAS
Release 9.3, SAS Institute, Cary, NC).

MRI data

The mean cortical thickness of 34 regions of interest per
hemisphere and the mean DT MRI measures from WM
tracts were compared between groups using ANOVA
models, false-discovery rate (FDR) corrected for multiple
comparisons and adjusting for age. Patients vs. controls
comparisons were also tested adjusting for years of
education.

Random forest analysis

A random forest analysis [Breiman, 2001] was used to
identify those MRI variables that best predict the MND
cognitive and behavioral scores, providing information on
variable importance (package “randomForest” version 4.5
implemented in R). The analysis was adjusted for physical
disability (i.e., ALS Functional Rating Scale-revised). To
this end, 100,000 trees were built. The training set used to
grow each tree was a 0.632+ bootstrap resample of the
observations [Efron and Tibshirani, 1997]. The best split at
each node was selected from a random subset of MRI met-
rics. The left-out observations (i.e., “out of bag” observa-
tions) were then predicted to obtain the prediction error of
the considered tree. The goodness of the fit of the random
forest was assessed averaging the individual tree classifica-
tion errors. The random forest framework allowed us to
estimate the importance of each predictor by looking at
how much the prediction error increased when out of bag
data for that variable were permuted, while all others
were left unchanged. The variables’ importance was
ranked by assigning to each covariate a score based on the
ability to predict correctly the outcome (i.e., patient cogni-
tive and behavioral variables) according to the increase of
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TABLE Il. Neuropsychological and behavioral features of patients with motor neuron disease

MND-motor patients MND-plus patients P

General Cognition

MMSE (cut-off 24) 2872+ 1.16 27.11+2.33 <0.001
Reasoning and executive functions

Raven’s coloured progressive matrices 30.40 = 3.66 2598 =5.29 <0.001

(cut-off 18)

Phonemic fluency (cut-off 17) 30.20 =9.11 23.66 +9.32 <0.001

Semantic fluency (cut-off 25) 40.72 £ 9.34 33.62 +10.05 <0.001

Phonemic fluency index 6.32+391 9.61 +8.43 0.03

Semantic fluency index 4.46 +1.40 5.40 =247 0.04

Digit span backward (cut-off 3.29) 4.32£0.99 3.57x1.14 0.001

CET (cut-off 18) 13.47 +2.75 15.09 = 4.06 0.045

WCST (cut-off 90.5) 52.50 = 36.25 80.08 * 43.20 0.002

Weigl's Sorting test (cut-off 4.50) 12.66 =2.32 10.79 = 3.66 0.01
Verbal memory

Digit span forward (cut-off 3.75) 570x1.17 5.17 = 0.98 0.02

RAVLT, immediate recall (cut-off 28.53) 43.67 =£10.27 35.60 =12.36 0.001

RAVLT, delayed recall (cut-off 4.69) 8.43 +291 712+391 0.07
Language

Oral noun confrontation naming subtest of BADA 29.46 +0.71 27.84 +271 <0.001
Behavioral disturbances

FBI 1.08 £2.19 6.68 =7.49 <0.001

ALS-FTD questionnaire (cut-off 22) 7.33 £ 6.68 23.17 = 14.03 0.03
Depression

HDRS 7.17 =4.90 6.08 = 4.95 0.35

Values are means * standard deviations. P values refer to ANOVA models. Abbreviations: CET=Cognitive Estimation Test; HC=
healthy controls; HDRS=Hamilton Depression Rating Scale; FBI= Frontal behavioral inventory; MMSE= Mini Mental State Examina-
tion; MND-motor= MND patients with a pure motor syndrome; MND-plus= MND patients with cognitive and/or behavioral symp-
toms; RAVLT=Rey Auditory Verbal Learning Test; WCST=Wisconsin Card Sorting Test.

prediction error when values of that covariate in a node
were permuted randomly.

RESULTS

Demographic, Clinical, and
Cognitive/Behavioral Findings

Forty-eight MND patients (48%; 24 classic ALS, 15 UMN
variant, and 9 LMN variant) were cognitively normal and
53 MND patients (53%; 32 classic ALS, 16 UMN variant,
and 5 LMN variant) showed cognitive and/or behavioral
disturbances (Table I). The MND-plus group included: 8
patients with MND-FTD (all classic ALS), 5 patients with
MND-ECI (3 classic ALS, 1 UMN variant, 1 LMN variant),
9 patients with MND-NECI (5 classic ALS, 4 UMN vari-
ant), 22 patients with MND-NCCI (11 classic ALS, 7 UMN
variant, 4 LMN variant), and 9 patients with MND-bi (5
classic ALS, 4 UMN variant). All MND-FTD patients pre-
sented with features consistent with a bvFTD. In MND-bi
patients, seven cases showed prominent negative symp-
toms (i.e.,, apathy, aspontaneity, indifference/emotional
flatness, and disorganization), while two cases presented
with predominant positive symptoms (i.e., impulsivity,
irritability, and poor judgment). MND-motor and

MND-plus patients had lower education relative to
healthy controls, while no difference was found between
patient groups in terms of demographic and clinical find-
ings (Table I). One MND-motor, one MND-FID, and two
MND-ECI carried the C90rf72 hexanucleotide repeat
expansion. No TARDBP and SOD1 mutations were found
in our patients. With the only exception of the Rey Audi-
tory Verbal Learning Test (RAVLT) delayed recall per-
formance, all cognitive/behavioral variables were different
between MND-motor and MND-plus patients (Table II).
Two MND-plus and one MND-motor patients had an
HDRS score between 17 and 23 indicating a moderate
depression [Zimmerman et al., 2013], while a mild depres-
sion syndrome (HDRS score: 8-16) was found in 10 MND-
plus and 15 MND-plus patients. No depression
(HDRS <7) was observed in the remaining patients.

Cortical thickness

Relative to controls, both MND-motor and MND-plus
patients revealed a distributed pattern of cortical thinning
including the precentral gyrus, superior, middle, and infe-
rior frontal gyri, orbitofrontal cortex, insular cortex, fusi-
form, superior and inferior temporal gyri, superior and
inferior parietal gyri, supramarginal gyrus, lingual gyrus,
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p value
0.05 <0.001

Figure 1.

Distribution of the cortical thinning on the pial surface in motor
neuron disease patients with a pure motor syndrome (MND-
motor) compared with healthy controls. Results are false-
discovery rate corrected for multiple comparisons and adjusted
for subject’s age. Colors represent p values: yellow =P < 0.001;
orange = 0.001> P <0.01; red= 0.01> P <0.02; dark red=
0.02> P <0.05. L= left; R= right.

lateral occipital cortex, and cingulate cortex bilaterally, left
entorhinal cortex, temporal pole, right parahippocampal,
middle temporal, postcentral gyri, posterior cingulate, and
transverse temporal cortex (Fig. 1; Supporting Information
Table 1). Compared with controls, MND-plus patients also
showed cortical thinning of the left middle temporal and

"
+
- p value

0.05 <0.001

Figure 2.

Distribution of the cortical thinning on the pial surface in motor
neuron disease patients with cognitive and/or behavioral symp-
toms (MND-plus) compared with healthy controls. Results are
false-discovery rate corrected for multiple comparisons and
adjusted for subject’s age. Colors represent P values: yellow=
P <0.001; orange= 0.001> P <0.01; red= 0.01> P <0.02; dark
red= 0.02> P <0.05. L= left; R= right.

\‘ 0.025p<0.05
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Figure 3.

Distribution of the cortical thinning on the pial surface in motor
neuron disease (MND) patients with cognitive and/or behavioral
symptoms (MND-plus) compared with those with a pure motor
syndrome (MND-motor). Results are false-discovery rate cor-
rected for multiple comparisons and adjusted for subject’s age.
Colors represent P values: orange= 0.001> P <0.0l; red=
0.01> P <0.02; dark red= 0.02 > P < 0.05. L= left; R= right.

postcentral gyrus, precuneus, and right entorhinal cortex
(Fig. 2; Supporting Information Table 1). Adjusting for
years of education, findings in patients vs. controls did not
change (data not shown). Comparing the two MND
groups, MND-plus patients had a more severe cortical
thinning of the middle temporal gyrus bilaterally, left orbi-
tofrontal cortex, and right superior frontal gyrus, insula,
fusiform, superior temporal, inferior temporal gyri, trans-
verse temporal cortex, and rostral anterior cingulate cortex
(Fig. 3; Supporting Information Table 1). When patients
with MND-FTD were excluded from the MND-plus group,
the results of the direct comparison between patient
groups did not change, with exception of the left orbito-
frontal cortex and right superior frontal gyrus which did
not show significant thickness differences. Excluding the
three MND-plus patients carrying the C9Orf72 hexanucleo-
tide expansion, results did not change (data not shown).

DT MRI tractography

Compared with healthy controls, MND-motor patients
showed a decreased FA and an increased radD of the cal-
losal fibers linking the primary motor cortices (CC-PMC)
and supplementary motor area (CC-SMA) (Supporting
Information Tables 2 and 3). MND-plus patients showed a
severe involvement of the majority of WM tracts relative
to healthy controls, including the whole corpus callosum,
CC-PMC, CC-SMA, CST, and SLF bilaterally, and left unci-
nate and cingulum fasciculi (Supporting Information
Tables 2 and 3). Adjusting for years of education, findings
in patients vs. controls did not change (data not shown). A
similar distributed pattern of WM damage was observed
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TABLE Ill. Random forest analysis results in patients
with motor neuron diseases

Normalized
Cognitive or variable
behavioral tests MRI variables importance
Frontal Behavioral Left uncinate MD 100.00
Inventory CC-SMA FA 64.01
CC FA 56.60
Phonemic fluency CC-SMA MD 100.00
Left cingulum MD 77.71
Left CST MD 70.38
Semantic fluency Left SLF MD 100.00
CC-precentral MD 39.65
Left SLF FA 32.84
Wisconsin Card Right transverse 100.00
Sorting Test temporal
cortex thickness
Right superior temporal 73.29
gyrus thickness
Left SLF FA 73.22
Weigl’s Sorting Left SLF FA 100.00
test Left cingulum MD 81.46
Left inferior frontal 60.17
gyrus
(pars opercularis)
thickness
Rey’s List delayed Left cingulum MD 100.00
recall Left middle temporal 39.04
gyrus thickness
Left uncinate MD 28.62

Abbreviations: CC=corpus callosum; CC-premotor=callosal fibers
linking the premotor cortices; CC-SMA=callosal fibers linking the
supplementary motor areas; CST= corticospinal tract; FA=frac-
tional anisotropy; MD= mean diffusivity; SLF= superior longitu-
dinal fasciculus.

when MND-plus patients were compared with MND-
motor cases (Supporting Information Tables 2 and 3).
When patients with MND-FTD were excluded from the
MND-plus group, the pattern of differences between
patient groups was less distributed including the CC-
PMC, CC-SMA, CST bilaterally, left uncinate, and right
SLF (Supporting Information Tables 2 and 3). Excluding
the three MND-plus patients carrying the C9Orf72 hexanu-
cleotide expansion, results did not change (data not
shown).

Association Between Cognitive/Behavioral
Deficits and MRI Findings

Table III shows the random forest analysis results in
MND patients. For each cognitive or behavioral score, the
first three MRI metrics in terms of importance in identify-
ing impairment in the given scale/test are provided.
Behavioral symptoms were predicted by damage to the
left uncinate and callosal fibers (including the CC-SMA).

DT MRI metrics of the CC-SMA and left SLF, cingulum,
and CST were the best predictors of fluency deficits, while
right temporal and left frontal thinning contributed
together with left SLF and cingulum damage to categoriza-
tion and abstract reasoning impairments. Left cingulum
and uncinate damage and middle temporal gyrus thinning
were the best predictors of verbal memory deficits.

DISCUSSION

To date, this is the largest study assessing the structural
correlates of cognitive and behavioral impairment in
patients with different MND phenotypes. A distributed
cortical thinning of the bilateral precentral, insular, cingu-
late, and frontotemporal cortices was observed in MND
patients, regardless of the presence of cognitive and
behavioral dysfunctions. In addition, in all regions, there
was a trend toward a more severe involvement in MND-
plus cases, particularly in the temporal lobes. Both MND-
motor and MND-plus patients showed damage to the
motor callosal fibers, which was more severe in MND-
plus. MND-plus cases also showed a more severe involve-
ment of the extra-motor WM tracts. Finally, the best pre-
dictors of executive and non-executive deficits and
behavioral symptoms in MND were diffusivity abnormal-
ities of the corpus callosum and frontotemporal tracts.
These findings suggest that cortical thinning and WM
degeneration are highly associated with neuropsychologi-
cal and behavioral symptoms in patients with MND. In
addition, they showed that DT MRI measures of WM
involvement are the most sensitive markers of extra-motor
deficits in these patients. Such markers may refine the
diagnostic pathway and the prognostic stratification of
patients, as well as provide an objective assessment of
changes in disease activity in response to future therapeu-
tic interventions.

The frequency of cognitive impairment and behavioral
abnormalities in our series of classic ALS patients was
similar to those described in prior population-based stud-
ies [Montuschi et al., 2015; Phukan et al., 2012]. As previ-
ously suggested [Montuschi et al, 2015; Phukan et al,
2012], our study showed that cognitive impairment in this
condition is more heterogeneous than expected earlier
[Strong et al., 2009], and involves cognitive domains other
than executive functions, such as memory and language.
The slightly higher representation of NECI and NCCI
patients in our sample relative to previous reports [Montu-
schi et al., 2015; Phukan et al., 2012] is likely due to the
fact that we included also patients with the UMN and
LMN variants [Chio et al., 2011]. A few studies so far have
investigated the cognitive/behavioral symptoms of these
MND phenotypes. In our series, 39% of patients with clini-
cal UMN phenotype showed variable patterns of cognitive
impairment, including not only executive but also memory
and language deficits, in line with previous smaller reports
[Piquard et al., 2006; Zago et al., 2008]. We also identified

¢ 1621



¢ Agosta et al. ¢

a group of UMN patients (13%) with an isolated behav-
ioral impairment. In patients with the LMN phenotype,
we found the lowest percentage of cases with cognitive
impairment (36%) and no subject showing behavioral
symptoms. In addition, the majority of LMN patients with
cognitive deficits had a MND-NCCI profile, ie., impair-
ment at one executive and/or non-executive test who did
not fulfill the criteria for other cognitive groups, and only
one case showed an overt executive dysfunction. Non-
motor clinical manifestations are disputed in the LMN var-
iant, as a few previous studies found executive and mem-
ory impairments [Raaphorst et al., 2011; van der Graaff
et al., 2011] but others did not [Wicks et al., 2006]. In keep-
ing with previous studies [Montuschi et al., 2015; Phukan
et al., 2012], our findings highlight that the use of standar-
dized and comprehensive methodologies for the evalua-
tion of cognitive and behavioral impairment is essential to
capture the multifaceted picture of cognitive and behav-
ioral manifestations in the MND spectrum.

In addition to the cortical thinning of the precentral
gyrus, cortical thickness measurements were found to be
altered in multiple brain areas encompassing (predomi-
nantly right-sided) frontal, insular, temporal, parietal, and
occipital regions in both MND-motor and MND-plus
patients. The evidence of a distributed involvement of
extra-motor areas in MND confirms recent pathological
data [Brettschneider et al., 2013] and previous neuroimag-
ing studies [Agosta et al., 2012; d’Ambrosio et al., 2014;
Mezzapesa et al., 2013; Schuster et al., 2014b; Thorns et al.,
2013; Verstraete et al., 2011]. In all cortical regions, we
found a trend toward a more severe thinning in MND-
plus relative to MND-motor patients underscoring the
morphological continuum within the MND spectrum.
Moreover, MND-plus patients showed a more severe corti-
cal thinning of the anterior cingulate cortex, insula, tempo-
ral pole, and lateral temporal cortices, particularly
prominent in the right hemisphere, relative to MND-
motor. A more severe involvement of extra-motor fronto-
temporal cortical areas has been shown in ALS patients
carrying C9orf72 repeat expansion, which is a high patho-
genic mutation for the development of both ALS and FTD,
than in negative patients [Bede et al., 2013; Walhout et al.,
2015a]. Together with previous studies [Chang et al., 2005;
Lillo et al., 2012; Montuschi et al., 2015, Phukan et al.,
2012; Schuster et al., 2014a], our findings provide further
support for the overlapping brain morphology between
FTD and MND, also in sporadic cases. Interestingly, corti-
cal thinning in the temporal regions had a higher level of
significance compared to healthy controls than the precen-
tral gyrus, even in MND-motor patients. Although we can-
not exclude that this finding is partly related to the
inclusion of patients with varying disease phenotypes
(including LMN variants), it is also worth noting that the
involvement of temporal gyri was previously associated
with a more rapid clinical deterioration in ALS patients
[Verstraete et al., 2011; Walhout et al., 2015b]. Further-

more, a recent study in asymptomatic C9orf72 repeat
expansion carriers showed an effect in temporal, parietal,
and occipital cortical regions but not in the primary motor
cortex relative to asymptomatic noncarriers [Walhout
et al., 2015a]. Longitudinal investigations are warranted to
clarify the temporal dynamics of motor and extra-motor
cortical changes in sporadic MND cases.

MND-motor patients showed a severe damage to the
motor callosal fibers relative to controls. The involvement
of motor fibers of the body of the CC has been consistently
proposed as a possible hallmark of UMN degeneration in
MND, and seems to be more pronounced in cases with a
clinical UMN phenotype [Agosta et al., 2014], who are
highly represented in our sample. The lack of significant
abnormalities of the CST in MND-motor patients is likely
to be related to the fact that DT MRI tractography meas-
urements are derived by averaging values over all voxels
within the tract, which could limit the ability to detect dis-
crete areas of difference between groups. Indeed, previous
voxel-wise reports revealed that CST damage in MND is
more severe at the level of the posterior limb of the inter-
nal capsule and rostral portions of the CST underneath the
primary motor cortices [Agosta et al., 2014; Menke et al.,
2012]. MND-plus group relative to MND-motor cases
showed a prominent reduction of WM integrity of the
frontal, temporal, and parietal long-range tracts. These
findings support the hypothesis that WM involvement
underlies both cognitive and behavioral changes in MND
patients [Grossman et al., 2008; Kasper et al., 2014; Libon
et al., 2012; Pettit et al., 2013; Sarro et al.,, 2011; Woolley
et al., 2011].

When effects of cortical and WM damage on cognitive
and behavioral deficits were examined at an individual
patient level adjusting for clinical disease severity, we
found that the relative contribution of WM tract abnormal-
ities was greater compared to that of cortical thinning.
Unlike classic correlation analyses that often provide a
large number of statistically significant results, some of
which are likely to be false discoveries that may not be
confirmed by future studies, the random forest approach
is an established and highly accurate classifier, which can
handle a large number of input variables, even when the
number of observations is small [Breiman, 2001]. Further-
more, introducing an appropriate level of randomness,
random forest allows to model interactions between pre-
dictors identifying which, among them, is the best one
[Breiman, 2001]. The best predictor of behavioral distur-
bances of MND patients was the damage to the uncinate
fasciculus. The uncinate fasciculus connects the ventral
anterior temporal lobe, which subtends social and emo-
tional memories, with the lateral orbitofrontal cortex,
which subtends the reward-based decision making [Von
Der Heide et al., 2013]. Although the role of the uncinate
fasciculus is still unclear, it has been suggested that it con-
tributes to social behavior by transmitting the mnemonic
associations between objects, people, and emotions stored

¢ 1622



+ MRI in MND With Cognitive and Behavioral Deficits ¢

in the anterior temporal lobe to the orbitofrontal cortex for
making choices [Von Der Heide et al., 2013]. This bidirec-
tional interaction seems to be instrumental in assigning
value (rewards/punishments) to the stored representa-
tions. In bvFTD patients, the involvement of this tract was
found to correlate with measures of disinhibition and apa-
thy [Hornberger et al., 2011]. Furthermore, we observed
that the damage to the long associative WM tracts linking
frontal and parietal regions, such as the SLF and cingu-
lum, are the best predictors of the severity of executive
function impairment in MND patients investigated with
verbal fluency (involving speed selection of specific mate-
rial), Wisconsin Card Sorting Test (WCST) (involving
response selection, inhibition and management of conflict-
ing task) and Weigl’s Sorting test (involving abstract rea-
soning). A number of previous studies in healthy
populations have demonstrated that the success in execu-
tive functioning tasks, due to their complexity, needs to be
supported by the integrity of a widely distributed network
of fronto-parietal WM connections [Gold et al., 2010]. Per-
formances at the WCST were also predicted by temporal
cortical thickness, probably due to the strong contribution
of conceptual knowledge representation to this task [Bar-
celo et al., 1997]. Phonemic fluency was associated with
altered metrics of the callosal fibers linking SMA and CST,
confirming that such a test offers a sensitive measure of
disease severity in MND [Abrahams et al.,, 2000; Pettit
et al, 2013]. Finally, the best predictors of the RAVLT
delayed recall performance were the metrics of the cingu-
lum, middle temporal thickness, and uncinate, confirming
that the recall process, unlike the recognition, need not
only the integrity of memory components, but also of the
executive searching strategies [Ricci et al., 2012].

Our study is not without limitations. First, it is a cross-
sectional study. The longitudinal assessment of our
MND patients is ongoing and would likely identify MRI
features that can have a predictive value in this popula-
tion. Second, MND patients had lower education level
compared with healthy controls, as shown in previous
studies [Montuschi et al., 2015]; indeed, education was
added as covariate in the patients vs. controls compari-
sons. It is worth noting, however, that years of education
were similar between the two patients groups thus not
affecting between patient comparisons and the random
forest analysis findings. Third, although we recruited a
large sample of MND patients, the numbers were neces-
sarily lower when patients were divided in subgroups.
Larger studies are warranted to investigate the underly-
ing structure—function relationships in each cognitive/
behavioral group, separately. Fourth, C9Orf72 genotyp-
ing was not available for 20% of our sample. Finally, our
multiparametric study provides cortical and WM struc-
tural correlates of cognitive and behavioral manifesta-
tions in MND. Recent data indicates that hippocampal
and basal ganglia impairment may be important contrib-
utors to extra-motor deficits in MND [Barbagallo et al.,

2014; Machts et al., 2015], with a gradient of incremental
pathology across the ALS/ALS-FTD spectrum [Machts
et al., 2015]. In addition, evidence for involvement of the
cerebellum in MND comes from several pathological
reports, showing TDP-43 inclusions in this structure, and
imaging studies, which demonstrated cerebellar GM and
WM abnormalities [Prell and Grosskreutz, 2013]. The
structural damage to the cerebellum in MND may lead
to an ineffective modulation of both motor and cognitive
functions [Prell and Grosskreutz, 2013; Tan et al., 2014].
Future studies are needed to define the relative contribu-
tions of cortical, basal ganglia, WM, and -cerebellar
impairments in determining cognitive and behavioral
dysfunctions in these patients.
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