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ABSTRACT

Objective: Our routine clinical neuroimaging showed hyperintense signal along the corticospinal tract only in
some but not all patients with upper motor neuron (UMN)-predominant ALS. ALS patients with CST hyper-
intensity (ALS-CST+) and those without CST hyperintensity (ALS-CST—) present with nearly identical clinical
UMN-predominant symptoms. Some previous studies have suggested that ALS patients with frontotemporal
dementia (FTD) are on a continuum with ALS patients without FTD, while others have not.

We aimed to determine whether: (a) ALS-CST+, ALS-CST-, and ALS-FTD patients show differential sites of
predominant neurodegeneration occurring primarily cortically in the perikaryon or subcortically in the white
matter (WM), or (b) UMN-predominant ALS is on a continuum with ALS-FTD.

Methods: Exploratory whole brain grey matter (GM) voxel-based morphometry and WM network analysis using
graph theory approach were performed. In this exploratory study, MRI data from 58 ALS patients (ALS-FTID, n =
15; ALS-CST+, n = 19; ALS-CST—, n = 24) and 14 neurological controls were obtained.

Results: Significant differences in degree measures (evaluating WM networks) were observed between ALS pa-
tients and controls in frontal, motor, extra-motor, subcortical, and cerebellar regions. GM atrophy was observed
only in the ALS-FTD subgroup and not in the other ALS subgroups.

Conclusion: Although WM network disruption by the ALS disease process showed different patterns between ALS-
CST+, ALS-CST—, and ALS-FTD subgroups, there were some overlaps, particularly in prefrontal regions and
between ALS-CST+ and ALS-FTD patients. Our preliminary findings suggest a partial continuum of, at least, WM
degeneration between these subgroups with predominance of cortical pathology (“neuronopathy”) in ALS-FTD
patients and subcortical WM pathology (“axonopathy”) in ALS-CST+ and ALS-CST— patients.

1. Introduction

neuron (UMN) dysfunction, lower motor neuron (LMN) dysfunction,
and infrequently prominent cognitive impairment in patient with ALS

Amyotrophic lateral sclerosis (ALS) is a fatal, progressive neurode-
generative disorder with unknown cause(s) (Mitsumoto et al., 1998).
Since the discovery in 2006 that TDP-43 protein aggregation and mis-
localization is a pathology common to ALS, frontotemporal lobar de-
mentia, and ALS with frontotemporal dementia (ALS-FTD) (Neumann
et al., 2006) these disorders have been proposed to be on a continuum.
Neuroimaging and clinical studies provide evidence that ALS manifests
with distinct clinical phenotypes identified by the extent of upper motor

and frontotemporal lobar dementia (ALS-FTD). A previous voxel based
morphometry (VBM) study (Chang et al., 2005) revealed common pat-
terns of grey matter (GM) atrophy in bilateral motor/premotor, frontal
and temporal cortices of patients with either ALS or ALS-FTD suggesting
that these two disorders are on a continuum. In keeping with this,
another study (Lillo et al., 2012) using VBM analysis of GM and diffusion
tensor imaging (DTI) of white matter (WM) with tensor based spatial
statistics found overlapping abnormalities in anterior cingulate, motor
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cortex and certain WM tracts of patients with ALS-FTD. In contrast to the
above findings, a study (Omer et al., 2017) of FTD phenotypes (along the
ALS-FTD spectrum) and of ALS patients without behavioral or cognitive
deficits showed distinct patterns of GM and WM degeneration between
these groups and across the FTD phenotypes suggesting that ALS and
ALS-FTD are not on a continuum. This was further supported by recent
findings of distinct cognitive and behavioral abnormalities in patients
with UMN-predominant ALS as compared to those with behavioral FTD
(Lulé et al., 2019).

Between 17% and 67% (median 40%) of ALS patients with pre-
dominantly UMN signs show bilateral corticospinal tract (CST) hyper-
intensities (ALS-CST+ patients) visible on conventional T2-, proton
density-weighted, and FLAIR magnetic resonance imaging (MRI) (Mit-
sumoto et al., 1998). Interestingly, other ALS patients with similar UMN-
predominant clinical features do not show such CST hyperintensity
(ALS-CST- patients). On closer inspection, ALS-CST+ patients are
significantly younger (Mitsumoto et al., 1998; Matte and Pioro, 2010),
and have faster disease progression rate (DPR) with shorter survival
times (Matte and Pioro, 2010) compared to ALS-CST- patients sug-
gesting different disease mechanisms, although this is speculative.
Assuming CST hyperintensities reflect degeneration of the UMN
pathway (Abe et al., 1997), this can begin in the GM corticomotoneuron
(as a neuronopathy) or in the subcortical WM (as an axonopathy).
Therefore, the presence or absence of FTD or CST hyperintensities sug-
gests that pathologic mechanisms vary between these ALS subgroups.

Differences of brain GM volume between controls and ALS patients
without dementia have been found in some MRI studies (Sage et al.,
2007); (Abrahams et al., 2005) but not in others (Chang et al., 2005);
(Mezzapesa et al., 2007; Kassubek et al., 2005; Turner et al., 2007) . DTI
studies of WM using region of interest (ROI) localization showed
reduced fractional anisotropy (FA) primarily in the posterior limb of the
internal capsule (PLIC) in ALS patients compared to controls (Abe et al.,
2004; Ellis et al., 1999; Graham et al., 2004; Jacob et al., 2003; Sach
et al., 2004; Schimrigk et al., 2007). Using ROIs to select specific levels
along the CST (Graham et al., 2004; Jacob et al., 2003; Sach et al., 2004;
Schimrigk et al., 2007) limits identifying the tract’s precise boundaries
and measuring DTI changes along its entire rostrocaudal extent. For
example, our earlier DTI study using an ROI approach, revealed no
significant differences in FA values at four levels along the CST in ALS
patients whether hyperintensity was present or not (Rajagopalan et al.,
2013). However, our subsequent analysis using diffusion tensor trac-
tography (DTT) showed significant reductions in CST fiber length and
number between ALS-CST+ and ALS-CST- patients (Rajagopalan and
Pioro, 2017). These results suggest that DTT is more likely to detect fiber
abnormalities along the CST than are DTI metrics identified by ROIs at
specific levels. Differential abnormalities in CST tracts of UMN-
predominant ALS patients with or without CST hyperintensity, along
with their contrasting demographics and rate of disease progression,
support them as distinct ALS subtypes with possibly differing pathol-
ogies and even differing pathogenic mechanisms.

In this neuroimaging study, we aimed to understand whether: (a)
ALS-CST+, ALS-CST-, and ALS-FTD are radiographically distinct phe-
notypes with differing locations of maximal neurodegeneration, and (b)
whether these ALS subgroups are on a continuum. Based on our previous
findings, we hypothesized that neurodegeneration in ALS-CST+ and
ALS-CST- patients is primarily of subcortical WM (as an axonopathy),
and in ALS-FTD patients is primarily of cortical GM perikarya (as a
neuronopathy). Therefore, we hypothesized these ALS subgroups are not
all on a continuum. To test these hypotheses, we performed ‘explor-
atory’ whole brain voxel-based morphometry (VBM) of GM and a graph
theory-based whole brain WM network analysis. We chose graph theory
network analysis because: (a) it uses the patient’s own DTT-
reconstructed virtual WM fiber tracts as compared to the more
commonly employed ROI or tensor-based spatial statistics (TBSS) ap-
proaches; (b) its "degree’ measure reflects the importance of the node in
a network; (c) it is a sensitive and common measure of centrality; and (d)
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its physical interpretation is straightforward, e.g., a node with a high
degree indicates it structurally (using DTI here) interacts with many
other nodes (Rubinov and Sporns, 2010). If these hypotheses are correct,
GM thickness/volume and whole brain WM networks would be differ-
entially affected in ALS-CST+, ALS-CST-, and ALS-FTD patients.

2. Methods
2.1. Data acquisition

In accordance with the Declaration of Helsinki (1991), MRI and
clinical data obtained as part of clinical neurological evaluation was
approved by the Institutional Review Board at Cleveland Clinic to be
stored and analyzed in de-identified fashion after patients provided
verbal consent. Informed consent was obtained in accordance with the
Declaration of Helsinki (1991) from the patient/kin. Detailed clinical
evaluation (by EPP) included neurologic examination (motor and
cognitive/behavioral assessment), electrodiagnostic testing, and brain
MRI of neurologic controls and ALS patients enrolled into this study.

High resolution MPRAGE T1-, T2- and PD-weighted images and DTI
data were obtained in 14 neurologic controls (n = 14, 9 males, 5 fe-
males) and 58 ALS patients who were clinically evaluated and diagnosed
by EPP with the following clinicoradiologic phenotypes: (a) ALS-CST+
patients (n = 19, 14 males, 5 females) with predominantly UMN signs
and CST hyperintensity visible on T2- and PD-weighted images; (b) ALS-
CST- patients (n = 24, 13 males, 11 females) with predominantly UMN
signs but no visible CST hyperintensity on MRI; and (c) ALS-FTD patients
(n = 15, 4 males, 11 females) with classic ALS features of combined
UMN and lower motor neuron (LMN) signs along with significant
cognitive and/or behavioral impairment (supported by the Montreal
Cognitive Assessment [MoCA] and formal neuropsychometric testing)
and no visible CST hyperintensity.

UMN-predominant ALS patients at the time of MRI had prominent
spasticity, hyperreflexia, and pathologic reflexes but little or no clinical
or electrodiagnostic evidence of LMN signs; if present, the latter were
restricted to mostly one neuraxial level (bulbar, cervical, or lumbosa-
cral). On subsequent follow-up, all ALS-CST+ and ALS-CST- patients
developed enough LMN abnormalities to meet El Escorial criteria of at
least clinically probable ALS. UMN-predominant patients were included
in the ALS-CST+ subgroup when CST hyperintensity was clearly visible
on T2- plus PD-weighted images. This was noted most frequently at the
cerebral peduncle and posterior limb of the internal capsule levels, with
frequent identification along the corona radiata rostrally and even in
WM subjacent to the precentral gyrus (primary motor cortex) (Matte and
Pioro, 2010).

Clinical features of ALS patients are shown in Table 1. The de-
mographic and clinical characteristics of neurological controls are given
in Supplementary Table 1. Neurologic controls without UMN or obvious
cognitive/behavioral impairment were chosen over healthy controls for
a more stringent comparison to ALS patients.

The MoCA test (https://www.mocatest.org), where 26-30 is normal
after adjustment for educational level, was the initial screening test used
to identify cognitive dysfunction in study subjects. It confirmed cogni-
tive impairment in ALS patients clinically suspected of having ALS-FTD
with scores < 26 and usually < 20. Almost all cognitively impaired
patients underwent formal neuropsychometric testing by a neuropsy-
chologist, showing significant disturbances of behavior, cognition, ex-
ecutive function, and language (as shown in Supplementary Table 2). In
addition, neurologic controls and UMN-predominant ALS patients
included in this study displayed no clinical evidence of behavioral or
cognitive impairment. MoCA testing of ALS patients in the latter group
revealed scores within the normal range. Because all ALS patients were
enrolled after routine clinical evaluation and those in the ALS-CST+ and
ALS-CST- subgroups underwent only MoCA testing and not detailed
cognitive/behavioral testing, more subtle abnormalities may have not
have been identified in these patients.


https://www.mocatest.org
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Table 1
Age, sample size and Clinical parameters of ALS patients.
Clinical measure of ALS ALS- ALS- ALS-FTD Statistical
subgroups CST+ CST- Mean + Significance
Mean + Mean + SD
SD SD
n 19 24 15
Age (years) 50.7 + 59.5 + 66.2 + P =0.0038
10.7 121 9.7
Symptom duration prior 14.7 £ 48.4 + 369 + P =0.00045
to MRI (months) 7.8 56.8 21.7
ALSFRS-R score 34.0 + 35.3 + 29.2 + P =0.045
8.0 6.8 6.6
DPR 1.45 + 0.48 + 1.28 + P =0.0023
1.72 0.45 13.7
El Escorial Score 1.8 + 1.34 £ 221 + P =0.073
1.01 0.92 1.25

Key: ALS-CST+ - ALS patients with predominant upper motor neuron (UMN)
signs and hyperintense signal along the corticospinal tract (CST) on conven-
tional proton density- (PD) and T2-weighted images and no clinical dementia.
ALS-CST- - ALS patients with predominant UMN signs without CST hyper-
intensity and no clinical dementia (ALS-CST-).

ALSFRS-R - Revised ALS functional rating scale.

DPR - Disease progression rate.

SD - Standard deviation.

2.2. Imaging protocol

Imaging parameters were tailored for acquisition during routine
clinical imaging on a 1.5 T Siemens Symphony scanner (Erlangen,
Germany) of patients being evaluated for ALS. Clinical T2- and PD-
weighted images were obtained to assess CST hyperintensity using
dual-echo fast spin echo sequences whose imaging parameters included:
slice thickness = 4 mm, in-plane resolution = 0.9 x 0.9 mm; TR = 3900
ms, TEs = 26 ms (for PD) and 104 ms (for T2), total scan time = 3.5 min.
DTI data were acquired during routine clinical scanning, which because
of time constraints resulted in some compromises although still
providing adequate quality data for quantitative analyses. Single shot-
echo planar imaging (SS-EPI) sequence was used to acquire 12
diffusion-weighted (b = 1000 s/mmz) images and one b = 0 s/mm?
image. Imaging parameters included: resolution 1.9 x 1.9 x 4 mm?,
repetition time TR = 6000 ms, echo time TE = 121 ms, EPI factor = 128,
and scan time = 7.5 min. T1-weighted data were obtained using 3D
magnetization-prepared rapid gradient echo (M-PRAGE) sequence. Im-
aging parameters included: 160 slices, voxel resolution of 1.0 x 1.0 x
1.0 mm, TR = 1970 ms, TE = 4.38 ms, and scan time = 6.5 min.

3. Data processing
3.1. Grey matter VBM analysis

Grey matter VBM analysis was carried out in SPM8 software (https
//www.fil.ion.ucl.ac.uk/spm/)  (Ashburner, 2009) wusing VBMS8
toolbox. We have adopted standard VBM processing routines which
included: (a) estimate and write, (b) DARTEL create template, (c)
DARTEL existing template, (d) normalize to MNI space, and (e) para-
metric statistical inference. Briefly, the first step (estimate and write)
involved bias-correcting the raw T1-weighted images for in-
homogeneities, extracting the brain, and segmenting it into GM, WM
and CSF volume probability maps. The DARTEL create template step
generated a customized template to which all subjects were nonlinearly
registered using the existing DARTEL template module. The resulting
images were modulated, smoothed using a 7 mm full-width half-
maximum (FWHM), and used for statistical inference. Age was added as
a covariate and regressed out; this was not done for gender as our pre-
vious studies (Rajagopalan and Pioro, 2014) (as shown in Supplemen-
tary Fig. 1) revealed no effect. P < 0.05 corrected for multiple
comparisons using family-wise error rate was considered the level of
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significance. Voxel-wise inference in GM volumes between the ALS pa-
tient subgroups and controls was considered.

3.2. DTI data pre-processing

DTI data preprocessing using openware ExploreDTI (http://www.
exploredti.com/) (Leemans et al., 2009) included: (a) eddy current
and motion correction, (b) fitting of corrected images using robust
diffusion tensor estimation approach, (c) performing whole brain trac-
tography using deterministic streamline approach with fractional
anisotropy (FA) thresholds of starting = 0.2 and stopping = 1, (d)
registering all ROIs from this atlas template to each of the subject’s
space, and (e) obtaining connectivity matrices using 116 ROIs from the
Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al.,
2002). The adjacency matrix across all these ROIs for each subject was
obtained for DTI metrics FA, axial diffusivity (AD), reflecting axonal
integrity and a potential marker of wallerian degeneration, and radial
diffusivity (RD), reflecting myelin integrity. Previous ALS studies
(Dimond et al., 2017; Tang et al., 2015), including one using WM
network analysis (Dimond et al., 2017) reported FA to be a sensitive DTI
measure in detecting WM degeneration in ALS and indicated the reli-
ability of FA measures in diagnosing ALS. Even though FA is sensitive, it
is not specific to microstructural changes as are AD and RD (Alexander
et al., 2007). In addition to measuring FA, therefore, it is recommended
(Alexander et al., 2007) to assess AD, RD or mean diffusivity (MD). Since
our primary focus was to determine the axonal and myelin degeneration
in ALS, we included AD and RD networks but not MD as it reflects
changes of edema, inflammation and necrosis (Alexander et al., 2007).

3.3. Graph theory network analysis

Graph analysis toolbox (GAT) software (https://www.nitrc.org/proj
ects/gat/) (Hosseini et al., 2012) was used to perform whole brain WM
network analysis. The connectivity matrix obtained using ExploreDTI
(see above) was imported into GAT software for further processing. The
connectivity strength between nodes was calculated using FA-, AD- and
RD- weighted streamlines. Using GAT diffusion toolbox, individual
network measures were derived with the “network measures” module.
From these, we considered only the ‘degree’ measure in an effort to not
over-complicate analyses in this exploratory study. At this time, we did
not analyze other graph theory parameters, including path length (more
suitable with measures like ‘small worldness’) and centrality.

Networks of controls and patient groups were compared over the
range of densities from 0.04 to 0.14 with interval steps of 0.01 and the
minimum network density threshold of 0.05.

Age was added as a covariate and regressed out. Since gender did not
show any significant effect in our previous WM studies (Rajagopalan
et al., 2013; Rajagopalan et al., 2013), it was not regressed out. Statis-
tical comparisons for between group differences were tested using non-
parametric permutation approach with 1000 repetitions. Two-sample t-
test was used to compare subgroups of control vs ALS-FTD, control vs
ALS-CST+, and control vs ALS-CST- with a significance value of P <
0.05. Multiple comparison correction across the 116 ROI brain nodes
was performed using false discovery rate (FDR). Unfortunately, the GAT
toolbox unlike SPM’s GLM model does not have a statistics plugin to
compare more than two groups at once. Since our preliminary study is
‘exploratory’ with a small imaging data set, we elected to correct for
multiple comparisons as done in SPM’s GLM model rather than by the
more stringent Bonferroni method. Because no statistical comparison
was performed among the ALS patient groups, we did not regress out the
effect of clinical measures, namely: duration of symptoms prior to MRI,
ALSFRS-R score, El Escorial Criteria score, and DPR.

3.4. Clinical measures

Duration of symptoms prior to MRI, ALSFRS-R score, El Escorial
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Criteria (Brooks et al., 2000) and DPR were obtained from ALS patients
(calculated using the expression below). For the purpose of this study,
we have converted the descriptive terms used in the El Escorial criteria
describing the extent of UMN and LMN dysfunction along the body’s
neuraxial levels in increasing extent as: Possible ALS, Probable with
Laboratory Support ALS, Probable ALS, and Definite ALS, to numerical
values of 1, 2, 3, and 4, respectively. Correlations between graph metrics
and the above clinical measures were performed using Spearman’s
correlation coefficient after correcting for multiple comparisons using
FDR for the ROIs and using the Bonferroni method for the three ALS
subgroups with P < 0.017. Also, clinical measures were correlated with
GM volume changes in VBM with P < 0.05.

(48—ALSFRS — R at MRI)
Duration of symptoms (mos)

DPR(Disease Progression Rate) =

4. Results

GM volume was significantly reduced in frontal, temporal, and
cerebellar regions only in the ALS-FTD group when compared to controls
(P < 0.05) as listed in Table 2 and shown in Fig. 1. However, no sig-
nificant differences in GM volume were seen in the other ALS subgroups
(ALS-CST+, ALS-CST-) when compared to controls. No significant cor-
relations were observed between the clinical measures and GM volumes.

Region-wise comparison of graph theory metric degree across the
116 AAL atlas brain nodes of networks using DTI metrics FA, AD and RD
between controls and the three patient subgroups revealed multiple
regions of abnormality in the ALS patients. The 88 areas where node
degree measures/values were significantly (P < 0.05) different between
patient subgroups and controls are detailed in Table 3 listing cortical,
subcortical and cerebellar regions. Between ALS patient subgroups,
differences of regional WM involvement were limited, although some
similarities and overlaps were noted. Color-coding in Table 3 indicates
regions where abnormalities overlapped between the three ALS sub-
groups. The greatest number of significant similarities was detected in
several forebrain areas between ALS-CST+ and ALS-FTD subgroups.
Overlap was also found in several cerebellar regions between ALS-CST+
and ALS-CST- subgroups (see Table 3). Figs. 2-4 show the distributions
of these WM abnormalities on brain projections in each subgroup indi-
vidually and in combination with each other. Fig. 5 represents the extent
of overlap between the ALS subgroups in a Venn diagram format; per-
centages of overlap are calculated based on the total number (n = 88) of
statistically significant areas identified.

Symptom duration was shorter (P = 0.01) and DPR was faster (P =
0.01) in the ALS-CST+ subgroup compared to the ALS-CST- subgroup at
the time of MRI. No significant correlations were observed between the
degree values of node regions and clinical measures after correcting for
multiple comparisons using FDR except for RD-derived degree values in

Table 2
Brain regions showing significant GM atrophy in ALS-FTD
patients compared to neurologic controls.

MNI coordinates Region Name

-1018-23 Frontal_Sup_Orb_L
-6 26 -21 Rectus_L

3821 -12 Frontal_Inf Orb_R
3220-18 Insula_R

-14 27 55 Frontal _Sup_L
-3015-21 Frontal_Inf Orb_L
-3215-3 Insula_L

14 48 42 Frontal Sup_R

64 -33 28 Supramarginal R
54154 Frontal_Inf Oper R
1415-12 Rectus_R

-39 -30 -29 Cerebellum_6_L
3217 52 Frontal Mid R
1211 -6 Caudate R

64 -371 Temporal Mid R
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two patient subgroups. DPR strongly correlated with RD-derived degree
values in ALS-FTD patients in the right hippocampus (r = 0.83, P =
0.0112) and right angular gyrus (r = -0.83, P = 0.0112). In addition,
RD-derived degree values in ALS-CST+ patients strongly correlated with
the ALSFRS-R score in the right superior frontal gyrus, orbital part (r =
—-0.71, P = 0.0172) and right superior frontal gyrus, medial orbital (r =
-0.75, P = 0.0103).

5. Discussion

Significant GM volume differences were observed only between
controls and ALS-FTD patients, indicating the inherent difference in the
distribution of pathology between ALS patients with clinically detected
cognitive dysfunction or dementia and those without. Non-motor frontal
and prefrontal areas are responsible for executive functions, behavioral
and emotional regulation. Other extra-motor regions affected include
temporal gyrus (cognitive functions) and cerebellum, supporting the
view of ALS-FTD as a multisystem disorder (Strong, 2001). Other studies
(Sage et al., 2007); (Abrahams et al., 2005) have also not found signif-
icant GM volume differences between controls and non-demented ALS
patients.

Degree of the WM network using FA measure in patients with ALS-
FTD affects the frontal lobe, temporal lobe, precentral gyrus, hippo-
campus, cingulum, and occipital regions. In these ALS-FTD patients, our
GM and WM results revealed greater frontal than temporal lobe
degeneration, with many frontal lobe regions showing significant dif-
ferences. While only frontal and cerebellar regions were involved in the
ALS-CST-subgroup, the ALS-CST+ subgroup revealed significant degree
changes in frontal, temporal, parietal and cerebellar regions. Of note,
lack of overlapping FA network changes between ALS-CST+, ALS-CST-
and ALS-FTD subgroups supports the view that UMN-predominant ALS
and ALS-FTD are not on a full continuum. Similar to the above FA re-
sults, AD degree values were significantly different between ALS-FTD
patients and controls predominantly in WM networks underlying
several frontal regions, including the cingulum. WM FA networks were
affected in ALS-CST+ patients underlying frontal, cingulum, occipital
and cerebellar regions, and in ALS-CST- patients underlying frontal and
cerebellar regions. Although FA networks showed no overlap of affected
brain nodes between ALS-CST+, ALS-CST- and ALS-FTD patients, RD-
based WM networks did. Brain regions in all three subgroups where
only RD networks were abnormal (suggesting damage to myelin),
included: inferior frontal gyrus (orbital part), angular gyrus, and olfac-
tory cortex. Based on RD (but not FA or AD) network changes, these
frontal lobe region nodes primarily on the right comprise a limited but
important core of WM pathology common to ALS-CST+, ALS-CST- and
ALS-FTD patients.

In addition to abnormalities in motor regions, significant WM
network damage in all three ALS patient subgroups was found in com-
mon prefrontal areas, which are related to language and cognitive or
behavioral functions. Such consistent pathology in premotor regions of
ALS-CST+, ALS-CST- and ALS-FTD patients has not been reported pre-
viously and warrants further study. Its relevance is unclear since only
ALS-FTD patients had clinically detectable cognitive and behavioral
abnormalities, including language dysfunction. Such white matter
changes in the non ALS-FTD groups may indicate an earlier stage of
degeneration prior to clinical deficit, considering GM overlying these
regions was affected only in the ALS-FTD subgroup. Although patients in
ALS-CST+ and ALS-CST- subgroups underwent only routine MoCA
neuropsychometric evaluation, they showed no clinical evidence of
cognitive or behavioral dysfunction in accordance with the Neary et al.
(1998) and Rascovsky et al. (2011) criteria. Nonetheless, because ALS-
CST+ and ALS-CST- patients did not undergo detailed neurocognitive
testing, subtle cognitive abnormalities may not have been identified. If
this were the case, however, more overlapping regions should be
observed with both of these ALS subgroups and the ALS-FTD patients
rather than with only ALS-CST+ patients.
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Fig. 1. Brain regions with significant differences in grey matter VBM between patients with ALS-FTD and neurologic controls in (a) lateral left hemisphere, (b) lateral

right hemisphere, (c) superior and (d) inferior views.

A previous connectomics study (Verstraete et al., 2011) reported
abnormalities in the precentral gyrus, pallidum, hippocampus, caudal
middle frontal gyrus, posterior cingulate and precuneus of patients with
ALS. Reductions of degree measure in regions outside the precentral
gyrus i.e. postcentral gyrus, caudate, insula, amygdala, cuneus, and
temporal pole suggest extramotor involvement in such patients. These
results are consistent with the view that ALS is a multisystem disorder
extending beyond the motor system (Rajagopalan and Pioro, 2014;
Verstraete et al., 2011; Filippini et al., 2010). Our results concur with
findings of Verstraete et al (Verstraete et al.,, 2011) that neuro-
degeneration in ALS affects not only the primary motor WM network but
also its connections to supplemental motor, precuneus and posterior
cingulate regions.

Correlation analyses between clinical and neuroimaging metrics
revealed strong relationships between DPR and node degree of ALS-FTD
patients in the right angular gyrus and right hippocampus. Correlations
were negative in the right angular gyrus and positive in the right hip-
pocampus, indicating that faster disease progression is associated with
weaker or fewer connections (node degree) with the angular gyrus and
stronger or more connections with the hippocampus. The significance of
these changes in the latter region is unclear at present but may be
compensatory (to retain stable brain function) by establishing more
connections between the right hippocampus and other brain regions. In
contrast, ALS-CST+ patients showed strong positive correlations with
lower degree values in right superior frontal gyrus (orbital and medial
orbital parts) and lower (worsening) ALSFRS-R scores.

Three striking findings of our present study include the: (a) minimal
overlap in brain regions revealing significant GM and WM damage be-
tween controls and all three ALS subgroups, (b) more frequent overlap of
WM abnormalities between ALS-FTD and ALS-CST+ than with ALS-
CST- patients, and (c) higher number of cerebellar regions with WM

changes in ALS-CST+ and especially ALS-CST- subgroups compared to
the ALS-FTD subgroup (see Figs. 2-4, Table 3). This suggests only limited
degree of overlap and continuity between these three ALS subgroups,
occurring primarily in olfactory, inferior frontal (orbital), and angular
gyrus regions (see Fig. 4, Table 3).

Our previous analysis of the CST showed WM damage (represented
by changes in FA, AD, RD, and mean diffusivity) in these ALS subgroups
(Rajagopalan et al., 2013). Our earlier DTT study (Rajagopalan and
Pioro, 2017) demonstrated “truncation” of CST WM fibers predomi-
nantly in ALS-CST+ patients compared to ALS-CST- patients. The graph
theory results here provide additional evidence that pathophysiologic
changes in ALS differ between UMN-predominant ALS patients with and
without CST hyperintensity. Only WM connections underlying the su-
perior frontal gyrus and in cerebellar lobules VIII, IX, and X show
overlapping degeneration in ALS-CST+ and ALS-CST- subgroups.
Interestingly, ALS-CST+ patients share several brain areas of WM
degeneration with ALS-FTD patients. These findings suggest that the two
latter ALS phenotypes share common pathogenic mechanisms that are
not shared with the ALS-CST- phenotype.

The significant GM degeneration in ALS-FTD patients was not
observed in the other two patient subgroups and suggests a predominant
neuronopathy. Furthermore, the more prominent WM degeneration in
ALS-CST+ and ALS-CST- patients compared to those with ALS-FTD
suggests a predominant ‘axonopathy’. Taken together, therefore, the
GM VBM and brain WM network results suggest a GM to WM continuum
between ALS-FTD and UMN-predominant ALS (represented by ALS-
CST+ and ALS-CST- patients). Despite differences of WM abnormality in
brain areas of ALS-CST+, ALS-CST- and ALS-FTD phenotypes, regions of
overlap indicate a partial continuum of the disease process.
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Table 3

Brain regions showing overlap and no-overlap of WM abnormalities between ALS patient subgroups.
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ALS Subgroup

ALS-CST+

ALS-CST-

ALS-FTD

ALS Subgroup

ALS-CST+

ALS-CST-

ALS-FTD

DTl measure

FA | AD | RD

FA

AD

RD

FA | AD | RD

DTI measure

FA

AD

RD

FA

AD

RD

FA

AD

RD

Brain Region - Cortical

Sup. Frontal gy. (dorsolateral)-L

Sup. Frontal gy. (dorsolateral)-R

Brain Region- Subcortical & Cerebellar

Thalamus-L

Thalamus-R

Sup. Frontal gy. (med. orbital)-L

Sup. Frontal gy. (med. orbital)-R

Sup. Frontal gy. (orbital pt.)-L

Sup. Frontal gy. (orbital pt.)-R

<|=<|=<|=<

Sup. Frontal gy. (medial)-L

Caudate-L

Caudate-R

Hippocampus-L

Hippocampus-R

Amygdala-L

Sup. Frontal gy. (medial)-R

Amygdala-R

Mid. Frontal gy.-L

Cerebellum IV-L

Mid. Frontal gy.-R

Mid. Frontal gy. (orbital pt.)-L

Mid. Frontal gy. (orbital pt.)-R

Inf. Frontal gy. (orbital pt.)-L

Inf. Frontal gy. (orbital pt.)-R

<|=<|=<|=<

Cerebellum IV-R

Cerebellum V-L

Cerebellum V-R

Cerebellum VI-L

Cerebellum VI-R

Cerebellum VIII-L

Inf. Frontal gy. (opercular pt.)-R

Cerebellum VIII-R

(
(
Inf. Frontal gy. (opercular pt.)-L
(
(

Inf. Frontal gy. (triangular pt.)-L

Cerebellum IX-L

Inf. Frontal gy. (triangular pt.)-R

Cerebellum IX-R

Precentral gy.-L

Cerebellum X-L

Precentral gy.-R

Cerebellum X-R

Postcentral gy.-L

Cerebellum crus I-L

Postcentral gy.-R

Cerebellum crus I-R

Gyrus rectus-L

Cerebellum crus II-L

Gyrus rectus-R

Cerebellum crus II-R

Olfactory cortex-L

Olfactory cortex-R

Ant. Cingulate gy.-L

< |=<

Ant. Cingulate gy.-R

Post. Cingulate gy.-L

Post. Cingulate gy.-R

Paracingulate gy.-L

Paracingulate gy.-R

Insula-L

Insula-R

Angular gy.-L

Angular gy.-R

Supramarginal gy.-L

Supramarginal gy.-R

Parahippocampal gy.-L

Parahippocampal gy.-R

Mid. Temporal gy.-L

Mid. Temporal gy.-R

Sup. Temporal gy.-L

Sup.Temporal gy.-R

Sup.Temporal gy. (temp. pole)-L

Sup. Temporal gy. (temp. pole)-R

Paracentral lobule-L

Paracentral lobule-R

Sup. Parietal-L

Sup. Parietal-R

Inf. Parietal-L

Inf. Parietal-R

Cuneus-L

Cuneus-R

Precuneus-L

Precuneus-R

Sup.Occipital gy.-L

Sup.Occipital gy.-R

Mid.Occipital gy.-L

Mid.Occipital gy.-R

Inf.Occipital gy.-L

Inf.Occipital gy.-R

Calcarine Cx-L

Calcarine Cx-R

KEY - Abnormalities shared by:
ALS-CST+ & ALS-CST-

ALS-CST+ & ALS-FTD

ALS-CST- & ALS-FTD

All three
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Fig. 2. Brain regions with significant WM degeneration shown by FA-, AD- and RD- weighted networks in left (a, ¢, €) and right (b, d, f) hemispheres of ALS-CST+
patients alone (pink, a, b), and overlapping with ALS-CST- patients (red, ¢, d), and ALS-FTD patients (blue, e, f). (See Table 3 for details of overlapping areas of
abnormality between subgroups indicated by red and blue colors.)

Fig. 3. Brain regions with significant WM degeneration shown by FA-, AD- and RD- weighted networks in left (a, ¢) and right (b, d) hemispheres of ALS-CST- patients
alone (pink, a, b), and overlapping with ALS-FTD patients (green, c, d). (See Table 3 for details of overlapping areas of abnormality between subgroups indicated by
green color.)

6. Conclusion between ALS-CST+, ALS-CST-, and ALS-FTD groups exist, the minimal
overlap identified suggests that these ALS subgroups are on a partial
Although differences in whole brain GM atrophy and WM networks continuum. The closer similarity of WM degeneration between ALS-
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Fig. 4. Brain regions with significant WM degeneration shown by FA-, AD- and RD- weighted networks in left (a, ¢) and right (b, d) hemispheres of ALS-FTD patients
alone (pink, a, b), and overlapping with ALS-CST+ and ALS-CST- patients (yellow, c, d). (See Table 3 for details of overlapping areas of abnormality between

subgroups indicated by yellow color.)

Fig. 5. Venn diagram representing estimated overlap of WM abnormalities
(with percentages) in brain regions of the three ALS patient subgroups, as
revealed by graph theory analysis. Extent of abnormalities shared by ALS-CST+
and ALS-CST- patients = red, by ALS-CST+ and ALS-FTD patients = blue, by
ALS-CST- and ALS-FTD patients = green, and by all three subgroups = yellow.
(See Table 3 for details of overlapping areas of abnormality between subgroups
indicated by red, blue, green and yellow colors.)

CST+ and ALS-FTD patients than between ALS-CST+ and ALS-CST-
patients is of particular interest. Significant correlations between node
degree and clinical measures indicate that graph metric degree can
provide neuroimaging-based biomarkers for at least ALS-CST+ and ALS-
FTD subgroups. Future studies with histopathological data from ALS-
CST+, ALS-CST- and ALS-FTD subgroups may provide further insights
into our findings.
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