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ARTICLE INFO ABSTRACT
Keywords: Introduction: Within the core neuroimaging signature of amyotrophic lateral sclerosis (ALS), the corpus callosum
Amyotrophic lateral sclerosis (CQ) is increasingly recognized as a consistent feature. The aim of this study was to investigate the sensitivity and
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specificity of the microstructural segmental CC morphology, assessed by diffusion tensor imaging (DTI) and high-
resolution T1-weighted (T1w) imaging, in a large cohort of ALS patients including different clinical phenotypes.
Methods: In a single-centre study, 575 patients with ALS (classical phenotype, N = 432; restricted phenotypes
primary lateral sclerosis (PLS) N = 55, flail arm syndrome (FAS) N = 45, progressive bulbar palsy (PBP) N = 22,
lower motor neuron disease (LMND) N = 21) and 112 healthy controls underwent multiparametric MRI, i.e.
volume-rendering T1w scans and DTI. Tract-based fractional anisotropy statistics (TFAS) was applied to callosal
tracts of CC areas I-V, identified from DTI data (tract-of-interest (TOI) analysis), and texture analysis was applied
to T1w data. In order to further specify the callosal alterations, a support vector machine (SVM) algorithm was
used to discriminate between motor neuron disease patients and controls.

Results: The analysis of white matter integrity revealed predominantly FA reductions for tracts of the callosal
areas I, II, and III (with highest reductions in callosal area III) for all ALS patients and separately for each
phenotype when compared to controls; texture analysis demonstrated significant alterations of the parameters
entropy and homogeneity for ALS patients and all phenotypes for the CC areas I, II, and III (with again highest
reductions in callosal area IIT) compared to controls. With SVM applied on multiparametric callosal parameters of
area III, a separation of all ALS patients including phenotypes from controls with 72% sensitivity and 73%
specificity was achieved. These results for callosal area III parameters could be improved by an SVM of six
multiparametric callosal parameters of areas I, II, and III, achieving a separation of all ALS patients including
phenotypes from controls with 84% sensitivity and 85% specificity.

Discussion: The multiparametric MRI texture and DTI analysis demonstrated substantial alterations of the frontal
and central CC with most significant alterations in callosal area III (motor segment) in ALS and separately in all
investigated phenotypes (PLS, FAS, PBP, LMND) in comparison to controls, while no significant differences were
observed between ALS and its phenotypes. The combination of the texture and the DTI parameters in an unbiased
SVM-based approach might contribute as a neuroimaging marker for the assessment of the CC in ALS,
including subtypes.

1. Introduction process (van Es et al., 2017; Swinnen and Robberecht, 2014). The
concept of the restricted phenotypes in the revisions of the El Escorial

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative motor criteria (Ludolph et al., 2015) includes primary lateral sclerosis (PLS)
neuron disease (MND) which is characterized by the degeneration of with predominant UMN involvement, flail arm syndrome (FAS), pro-
upper and lower motor neurons (UMN, LMN) and is regarded as a multi- gressive bulbar palsy (PBP), and progressive muscular atrophy (PMA)/
system disorder with extra-motor involvement as a part of the disease lower motor neuron disease (LMND) with pure LMN degeneration
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(Ludolph et al., 2015), a concept which is currently discussed (de Vries
et al., 2019; Finegan et al., 2019).

The potential of multiparametric magnetic resonance imaging (MRI)
in ALS from a clinico-diagnostic and from an academic perspective is
widely recognised (Chio et al., 2014; Filippi et al., 2015), and the core
neuroimaging signature of ALS includes motor cortex, corticospinal
tract, brainstem, and spinal cord degeneration, with subcortical grey
matter degeneration also being observed (Kassubek and Miiller, 2020;
Agosta et al., 2018; Bede et al., 2018). As a consistent structure in ALS-
associated regional WM degeneration, the corpus callosum (CC) is
increasingly recognized e.g. by decreased fractional anisotropy (FA) and
increased mean diffusivity (Foerster et al., 2013; Turner and Verstraete,
2015) and may reflect bilateral cortical involvement or interhemispheric
spread of pathology (Filippini et al., 2010). Thus, CC degeneration in
association with ALS has been highlighted by post mortem studies
(Cardenas et al., 2017) and was repeatedly demonstrated in vivo by
computational neuroimaging as part of the widespread white matter
changes in ALS (Agosta et al., 2010; Kassubek et al., 2012; Agosta et al.,
2014; Miiller et al., 2016; Kassubek et al., 2018; Tu et al., 2020; Bede
et al., 2020), including a multicenter study pooling DTI data of ALS
patients from eight sites (Miiller et al., 2016). The decrease in CC white
matter integrity in patients with MND has been localized to motor-
related areas (Chapman et al., 2014), corresponding to segment III ac-
cording to the fibre tractography-based scheme proposed by Hofer and
Frahm which subdivides the CC into five different areas I to V (Hofer and
Frahm, 2006). Such a focal degeneration of the motor area III could be
demonstrated by multiparametric T1-weighted MRI/DTI-based analysis
in sporadic ALS (Miiller et al., 2020) and specifically in familial ALS with
C9orf72 expansion (Miiller et al., 2021). In line with these results, an
application of a machine learning (ML) algorithm to MRI data of ALS
patients with respect to the linear coefficients demonstrated that the CC
texture homogeneity contributed the most to accurate classification,
followed by the corticospinal tract (CST) FA and CC FA (Kocar et al.,
2021).

The current study was designed to analyse the sensitivity and spec-
ificity of multiparametric MRI in evaluating the segmental MRI signa-
ture of the CC in ALS including different clinical phenotypes (‘classical’
ALS, PLS, FAS, PBP, and LMND). The tract-based analysis of DTI data
and T1 MRI-based texture analysis were applied to the five different CC
areas in order to investigate in vivo the ALS-associated callosal alteration
pattern and how to automatically investigate CC morphology in ALS by
an SVM-based approach.

2. Methods
2.1. Subjects

Five hundred and seventy-five patients with ALS or its variants
(restricted phenotypes PLS N = 55, FASN = 45, PBP N = 22, LMND N =
21) and 112 healthy controls underwent multiparametric MRI, i.e.,
volume-rendering T1-weighted scans and DTI. All patients and controls
gave written informed consent for the study protocol according to
institutional guidelines which had been approved by the Ethics

Table 1
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Committee of Ulm University, Germany (reference No. 327/21).

2.1.1. Patient characteristics

Patients had to meet the following criteria: no family history of MND,
no clinical diagnosis of frontotemporal dementia (FTD), no mutations of
major genes related to hereditary spastic paraparesis if investigated, no
other major systemic, psychiatric or neurological illnesses, no history of
substance abuse. Routine MRI scans were used to exclude any brain or
cervical cord abnormalities suggesting a different etiology of the clinical
symptoms. All patients underwent standardized clinical, neurological,
and routine laboratory examinations. A summary of the patients’ char-
acteristics is given in Table 1.

2.1.1.1. “Classical’ amyotrophic lateral sclerosis. A group of 432 patients
with sporadic ALS were included (256 males, age 63 + 12 years). All
patients had a diagnosis of definitive or probable ALS made according to
the El Escorial diagnostic criteria (Brooks et al., 2000; Ludolph et al.,
2015). None of the patients had a clinical diagnosis of frontotemporal
dementia (FTD). The ALS patients presented with a revised ALS func-
tional rating scale (ALS-FRS-R) (Cedarbaum et al., 1999) of 39 + 7;
disease duration was 1.4 + 1.4 years.

2.1.1.2. Primary lateral sclerosis. Fifty-five PLS patients (24 males, age
61 + 19 years) were included who met the proposed diagnostic criteria
for PLS (Wais et al., 2017). PLS patients presented an ALS-FRS-R of 38 +
8; disease duration was 5.7 + 8.3 years.

2.1.1.3. Flail arm syndrome. Forty-five FAS patients (32 males, age 64
+ 11 years) were included who met the diagnostic criteria for FAS
(Wijesekera et al., 2009, Hiibers et al., 2016). FAS was diagnosed in
patients with pareses of both upper limbs and without bulbar and lower
limbs symptoms during a time period of 12 months after their visit
(Hiibers et al., 2016). In this group, 42 patients presented with bilateral
paresis in the arms at the date of MRI, while unilateral arm symptoms at
the date of MRI were observed in 3 patients. Further follow-up after MRI
was lost in 15 out of 45 patients. Four patients progressed to the bulbar
region and 19 to the lumbar region, while 7 patients showed no
spreading to other body regions at the time of data analysis. At the time
of data analysis, 12 patients had died with a mean survival of 41 + 12
months. FAS patients presented with an ALS-FRS-R of 41 + 6; disease
duration was 2.3 + 3.9 years.

2.1.1.4. Progressive bulbar palsy. Twenty-two PBP patients (9 males, age
70 + 11 years) were included who met the diagnostic criteria for PBP.
All PBP patients showed an isolated bulbar onset with a progressive
affection of the lower cranial nerves causing dysarthria and/or
dysphagia, tongue wasting, and fasciculations over six months before
they developed spinal symptoms of motor neuron disease (Chio et al.,
2011). None of the patients had any bulbar upper motor neuron signs,
neither at onset nor at the time of scanning. Clinically, all patients had
an isolated bulbar onset and a prominent progressive bulbar syndrome
at the time of MRI scanning, but many of the patients already showed

Characteristics of patients and healthy controls. ALS — amyotrophic lateral sclerosis; PLS — primary lateral sclerosis; LMND — lower motor neuron disease; PBP —
progressive bulbar palsy; FAS — flail arm syndrome; ALS-FRS-R - revised ALS functional rating scale; *t-test: all MND vs controls; **Kruskal-Wallis-test: six groups (five

MND groups and control group).

controls all MND p ALS PLS FAS PBP LMND P
(t-test*) (Kruskal-Wallis**)

no. of subjects 112 575 - 432 55 45 22 21 -

male/female 56/56 339/236 0.08 256/176 24/31 32/13 9/13 18/3 0.001

age / years 62+ 10 63 +11 0.2 63 + 12 61 + 10 64 +11 70 £ 11 64 +£ 11 0.01

ALS-FRS-R - 39 + 10 - 39+7 37+9 41 +6 43+3 42+7 0.008

decrease of ALS-FRS-R per year - 6.0 £5.7 - —6.4+5.9 —-3.1+44 —5.2+ 49 -7.5+8.9 -51+29 < 0.001

disease duration / years - 1.8+ 2.0 - 1.4+14 52+43 1.7+ 1.3 0.8 +0.4 1.2+1.0 < 0.001
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beginning spinal symptoms with fasciculations and pareses which had
started after the first six months after symptom onset, as compatible
with the diagnosis PBP. PBP patients presented with an ALS-FRS-R of 43
+ 3; disease duration was 1.1 + 0.7 years.

2.1.1.5. Lower motor neuron disease (LMND). Twenty-one patients (18
males, age 65 + 10 years) presented with the diagnosis of adult LMND
which was based on the presence of pure LMN findings in two or more
regions (bulbar, cervical, thoracic, lumbosacral) at the first evaluation,
including evidence of LMN involvement on neurological examination
(weakness and muscular atrophy, absent tendon reflexes), electrophys-
iological evidence of LMN involvement on standardized needle elec-
tromyography, and no motor nerve conduction block. All patients
showed typical pareses without central motor or oculomotor signs on
clinical presentation. According to a previous study (Rosenbohm et al.,
2016), the LMND cohort was limited to patients with disease duration
below 4 years under the assumption of an ALS-like prognosis. It seemed
safe to use a 4 year criterion in the light of a prospective population-
based study of ALS in which 70% of patients with LMN signs had
developed UMN and bulbar signs characteristic of ALS after six years
(van den Berg-Vos et al., 2003). The age at onset was > 40 years. LMND
patients presented with an ALS-FRS-R of 41 + 7; disease duration was
1.4 £ 0.8 years.

2.1.2. Controls

The patients were compared to a group of 112 age-matched healthy
controls. All control individuals had no family history of neuromuscular
disease and had no history of neurological, psychiatric, or other major
medical condition and were recruited from among spouses of patients
and by word of mouth. Gross brain pathology, including vascular brain
alterations, was excluded by conventional MRI including fluid-
attenuated inversion recovery sequences.

2.2. MRI acquisition

DTI scanning was performed on the same 1.5 Tesla Magnetom
Symphony (Siemens Medical, Erlangen, Germany) for all subjects. Three
DTI study protocols were used. DTI study protocol A consisted of 13
volumes (45 slices, 128x128 pixels, slice thickness 2.2 mm, pixel size
1.5 mm x 1.5 mm) representing 12 gradient directions (GD) (b = 800 s/
mmz) and one scan with gradient O (b = 0). The echo time (TE) and
repetition time (TR) were 93 ms and 8000 ms, respectively. Five scans
were averaged online by the scanner software in image space. DTI study
protocol B consisted of 52 volumes (64 slices, 128x128 pixels, slice
thickness 2.8 mm, pixel size 2.0 mm x 2.0 mm), representing 48 GD (b
= 1000 s/mm?) and four scans with b = 0; TE and TR were 95 ms and
8000 ms. DTI study protocol C consisted of 62 volumes (64 slices,
128x128 pixels, slice thickness 2.5 mm, pixel size 2.5 mm x 2.5 mm),
representing 60 GD (b = 1000 s/mm?) and two scans with b = 0; TE and
TR were 28 ms and 3080 ms.

2.3. Data analysis

The postprocessing and statistical analysis (Fig. 1) was performed by
use of the analysis software Tensor Imaging and Fiber Tracking (TIFT —
Miiller et al., 2007a).

2.3.1. DTI data analysis

In order to spatially normalize the data to the Montreal Neurological
Institute (MNI) stereotaxic space, study-specific templates were created
and MNI normalization was performed iteratively (Miiller et al., 2016).
From the stereotaxically normalized DTI data sets, FA maps were
calculated for quantitative mapping of microstructure (Le Bihan et al.,
2001). In a consecutive step, an 8 mm full width at half maximum
Gaussian filter was applied for smoothing of FA maps in order to achieve
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controls ALS PLS FAS PBP LMND
(N=112) (N=432) (N=55) (N=45) (N=22) (N=21)

Tiw: DTI:
texture analysis of CC TFAS analysis of CC tracts

fractional
anisotropy

relative
voxelcount

homogeneity ‘

Machine SVM

Fig. 1. Analysis scheme. Multiparametric MRI of 575 motor neuron disease
(MND) patients with classical amyotrophic lateral sclerosis (ALS) (N = 432) or
its variants (restricted phenotypes primary lateral sclerosis (PLS) N = 55, flail
arm syndrome (FAS) N = 45, progressive bulbar palsy (PBP) N = 22, lower
motor neuron disease (LMND) N = 21), and 112 healthy controls were analysed
for texture parameters in sagittal Tlw data and for tract-based fractional
anisotropy statistics (TFAS) in callosal tracts of areas I-V, identified from DTI
data. In order to further specify the callosal alterations based on textural and
diffusion parameters, a support vector machine (SVM) was applied to separate
MND patients from controls.

‘ entropy ‘

a good balance between sensitivity and specificity (Unrath et al., 2010).
FA maps of all subjects were harmonised for different protocols
following (Rosskopf et al., 2015; Miiller et al., 2016; Kalra et al., 2020)
and corrected for age (Behler et al., 2021). A correction for gender was
not performed as no significant association to gender could be observed
in the age-corrected FA maps. From MNI normalized data of controls, an
averaged data set was calculated; this data set was used for fibre
tracking. To this end, a conventional streamline tracking was used with a
vector product threshold of 0.9 (Unrath et al., 2010) and an FA threshold
of 0.2 (Miiller et al., 2007b) to perform a tract-of-interest (TOI) analysis.
The CC could be subdivided into five areas (Hofer and Frahm, 2006):
area I tracts are callosal fibres comprising bundles projecting into the
prefrontal lobe, area II tracts are callosal fibres projecting to frontal
areas including premotor and supplementary motor cortices, area III
fibres project to the primary motor cortices, area IV fibres project to
primary sensory cortices, and area V fibres project to parietal lobe, oc-
cipital lobe, and temporal lobe. Defined tracts originating in CC areas I
to V according to this scheme were identified with the TOI approach; the
seed placement has been performed in callosal areas I-V with fibre
tracking (FT) seed points restricted to the corpus callosum (Miiller et al.,
2021).

In order to evaluate what the CC may add in comparison with the
CST as an established neuroimaging parameter in MND (e.g. Verstraete
et al. 2010; Miiller et al., 2016), the CST was studied by TOI analysis.

That way, common FT masks could be applied to the individual FA
maps. Tract-wise fractional anisotropy statistics (TFAS) (Miiller et al.,
2007b) was performed by statistically comparing the FA values in each
tract between the two groups (Student’s t-test).

2.3.2. Texture analysis

The previously published analysis cascade (Miiller et al., 2020;
Barlescu et al., 2021) contained the following steps: after affine align-
ment to the anterior commissure/posterior commissure line, the CC was
automatically segmented based on an intensity threshold. Then, a sub-
division of the CC into areas I-V according to the Hofer and Frahm
scheme (Hofer & Frahm, 2006) was performed and finally, calculation of
area sizes and texture parameters (Stockman and Shapiro, 2001) was
applied.

In the current study, the parameters relative voxel count, entropy,
and homogeneity were analyzed. The relative voxel count was calcu-
lated by dividing a single area’s voxel count through the entire CC’s
voxel count to detect only focal atrophy of the CC.

The entropy in a given sample increases when the distribution of
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intensity values in the sample shows a more inhomogeneous pattern,
while the parameter homogeneity rises when grey level differences be-
tween neighboring voxels increase (which means that in fact, the
structural inhomogeneity rises). Therefore, in the following, we will use
the term inhomogeneity for alterations of the tissue property described
by the parameter homogeneity. That way, texture parameters could be
candidates to identify focal microstructural alterations which are not
seen as atrophy. Entropy and homogeneity were chosen as candidate
texture parameters, since these parameters had performed best in a
previous study on discrimination of callosal texture in neurodegenera-
tive motor neuron disorders and controls (Miiller et al., 2020). There-
fore, further first- and second-order features (like skewness, kurtosis,
correlation, and energy) were not analyzed in the current study.

2.4. Statistical comparison at the group level

All subject groups showed a Gaussian distribution of parameters, and
Student’s t-test was used for comparison at the group level (software:
Python 3.9.7). All the results for the comparisons for the five callosal
areas were corrected for multiple comparisons (Bonferroni-corrected).
To provide a measure of the discriminative power of the combined score,
receiver operating characteristic (ROC) curves with area under the curve
(AUC) as evaluation parameter for separation quality were calculated;
the Youden Index was calculated for each callosal area and each ALS
phenotype when compared to controls.

2.5. Support vector machine to discriminate between subject groups

Machine learning (ML) models and large data sets offer unprece-
dented opportunities for patient stratification and the development of
diagnostic, monitoring, and prognostic markers (Grollemund et al.,
2019). In this study, in order to separate subject groups, a conventional
support vector machine (SVM) (Steinwart and Christmann, 2008) was
set up with the following parameters: homogeneity in areas I, II, and III
and FA in tracts of callosal areas I, II, and III. In our study group, there
was an imbalance between controls and MND patients numbers.
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Therefore, the training data set was composed of randomly selected 56
controls (half of the total number of controls), supplemented by
(randomly selected) 112 ALS patients (twice the number of controls, no
subtypes), and the validation data set, thus, consisted of 463 ALS pa-
tients (including subtypes) and 56 controls.

3. Results
3.1. Relative voxel count of the areas I — V of the CC

In patients with PLS, the CC showed a significantly reduced relative
voxel count (which is interpreted as callosal atrophy) in area III, while in
patients with classical ALS and all other phenotypes, no significant al-
terations of CC areas I — V could be detected at the group level when
compared to controls, including non-significant results for callosal area
III at group level although it appeared atrophied in some individual
patients by visual inspection, as previously described (Kassubek et al.,
2012). In summary, these results indicated that focal atrophy of the CC
seems to be a relevant neuroimaging feature only for PLS (Fig. 2). No
significant association of area III size with disease duration or ALS-FRS-R
was observed.

3.2. Alterations of texture of the CC

The texture parameters for patients with the different ALS pheno-
types at the group level are summarized in Fig. 2; the results for patient
groups are presented as differences to the mean values of controls. All
ALS phenotypes presented increased entropy and increased in-
homogeneity in CC areas I, II, and III compared to controls, while areas
IV and V showed no significant differences. Most prominent differences
were observed in areas II and III. There was no association of texture
parameters with disease duration or ALS-FRS-R in callosal areas.

3.3. Tract-based FA results

The TOI analysis showed TFAS results for ALS phenotypes at the

ALS PLS FAS PBP LMND
N=432 N=55 N=45 N=22 N=21
E it
gg 00| = B o = iﬁ _ wlm ﬁ _I_ﬁ+
ol | /L
=g
-0.1
[0
§_) 02| .= I oL I I
S0 1 T PETT ] i
5 0 - = [ - -
> 0.1
. -mil Ii.ﬁ -1 e Ii-I Iii%
g ° - i L] [
-0.1
L] | N = R E [ FETT
£ o4l T = T I I
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Fig. 2. Relative difference to healthy controls at the group level of relative voxel count, texture parameters (homogeneity and entropy) in callosal areas I-V, and
fractional anisotropy (FA) in callosal tracts for amyotrophic lateral sclerosis (ALS) patients and phenotypes (restricted phenotypes primary lateral sclerosis (PLS), flail

arm syndrome (FAS), progressive bulbar palsy (PBP), lower motor neuron disease (LMND)). * p < 0.01;

*%

p < 0.0001, corrected for multiple comparisons.
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group level which are summarized in Fig. 2. All ALS phenotypes, except
from FAS, presented with decreased FA in CC areas I, II, and III
compared to controls, while areas IV and V showed no differences. Most
prominent differences were observed in areas II and III for ALS and PLS.
There was no significant association of texture parameters with disease
duration or ALS-FRS-R in callosal areas.

3.4. Receiver operating characteristic curves for homogeneity and FA

The relative distribution of the texture parameter homogeneity in
callosal areas [ - V (homogeneity is preferred compared to entropy in the
following analysis as homogeneity shows higher differences between

Neurolmage: Clinical 35 (2022) 103061

MND and controls compared to entropy - Fig. 2) and DTI parameter FA
of tracts from callosal areas I — V for MND patients compared to controls
is shown in Fig. 3. The best separation (lowest overlap) was received for
callosal area III, followed by moderate separation in callosal areas I and
1I, while almost no separation (high overlap) was observed in callosal
areas IV and V. Fig. 4 shows the corresponding ROC curves. When
averaged for all five ALS phenotypes (without weighting for patient
numbers) and averaged for homogeneity and FA, the AUC values are
‘excellent’, i.e., area I, 0.84; area II, 0.81; area III, 0.82 (Mandrekar,
2010). Highest AUC values were found for CC area III; lowest AUC
values were found for CC areas IV and V. Fig. 5 shows the Youden Index
(homogeneity and FA) for all callosal areas for all ALS phenotypes.

Distribution of homogeneity — controls ~ —— patients
Area | Area Il Area lll Area IV Area V
5
ALS
N=432
0
PLS 5
N=55
0
FAS
N=45
0
PBP
N=22
0
LMND
N=21
0 0.5 0.9 0.5 0.9 0.5 0.9 0.5 0.9 0.5 0.9
Distribution of fractional anisotropy
Area | Area Il Area lll Area IV Area V
ALs °
N=432
0
10
PLS
N=55
0
FAs
N=45
0
10
PBP
N=22
0
10
LMND
N=21
0 03 04 03 04 03 04 03 04 03 04

Fig. 3. Distribution of homogeneity (upper panel) and fractional anisotropy (lower panel) in callosal areas I - V for classical amyotrophic lateral sclerosis (ALS) and
its phenotypes (restricted phenotypes primary lateral sclerosis (PLS), flail arm syndrome (FAS), progressive bulbar palsy (PBP), lower motor neuron disease (LMND))
(red) compared to controls (blue). The overlap of distributions is shaded in grey. A small overlap represents a good separation of both groups.
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ROC curves of homogeneity
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Fig. 4. Receiver operating characteristic (ROC) curves of homogeneity (upper panel) and fractional anisotropy (lower panel) in callosal areas I-V for amyotrophic
lateral sclerosis (ALS) and phenotypes (restricted phenotypes primary lateral sclerosis (PLS), flail arm syndrome (FAS), progressive bulbar palsy (PBP), lower motor

neuron disease (LMND)).
3.5. Results for the CST

Fig. 6A shows the relative differences of FA values along the CST for
the separate MND groups versus controls and the corresponding ROC
curves. Separation of all patients with MND from controls revealed a
sensitivity of 78% and a specificity of 59% (Fig. 6B); this results in an

AUC value of 0.75 which is in the range of previous studies (Kassubek
et al., 2014).Fig. 7..

3.6. Support vector machine analysis

An SVM was applied in order to discriminate MND patients from
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Fig. 5. Youden Index (grey), sensitivity (red) and (1-specificity) (blue) in callosal areas I-V for homogeneity (upper panel) and fractional anisotropy (FA) (lower

panel) for the separation of all patients with motor neuron diease (MND) from controls.

Tractwise FA analysis in the CST
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Fig. 6. (A) Relative difference of fractional anisotropy (FA) to healthy controls in the corticospinal tract (CST) at the group level (upper panel) and receiver operating
characteristic (ROC) curves (lower panel) for amyotrophic lateral sclerosis (ALS) patients and the restricted phenotypes primary lateral sclerosis (PLS), flail arm
syndrome (FAS), progressive bulbar palsy (PBP), lower motor neuron disease (LMND)). * p < 0.01; ** p < 0.0001, corrected for multiple comparisons. (B) Youden
Index (grey), sensitivity (red) and (1-specificity) (blue) for fractional anisotropy (FA) in the CST for the separation of all patients with motor neuron disease (MND)
from controls. The receiver operating characteristic (ROC) curve reveals an area under curve (AUC) value which is interpreted as ,,acceptable*.
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Fig. 7. Left panel: Sensitivity, (1-specificity), and Youden
Index for different positions of the segmenting hyperplane for
the separation of patients with motor neuron disease (MND)
from controls by a six parameter support vector machine (SVM)
including homogeneity for plane texture analysis of the corpus
callosum (CC) areas [, II, and III, and the fractional anisotropy
(FA) of the fibre tracts of these areas — the vertical line is
indicating optimum separation, i.e., the minimum difference
between sensitivity and specificity. Right panel: Receiver
operating characteristic (ROC) curve. The area under curve
(AUC) value is interpreted as ‘outstanding’.
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controls by using the parameters homogeneity in areas I, II, and III and
FA in tracts of callosal area I, II, and III. By variation of the position of
the segmenting hyperplane (parallel shift), optimum separation was
defined as the minimum difference between sensitivity and (1-speci-
ficity); this position also reflects the maximum of the Youden index
(Fig. 6, left panel). That way, the application of the SVM yielded a
sensitivity of 84% and a specificity of 85% in separating all 575 MND
patients from 112 controls. Within the training sample, the SVM ach-
ieved 80% sensitivity and 84% specificity; in the validation sample, the
SVM achieved 84% sensitivity and 86% specificity (Table 2). The cor-
responding ROC curve for separating patients with MND from controls
by the six parameter SVM revealed an AUC value of 0.91 (Fig. 6, right
panel) which is interpreted as ‘outstanding‘ (Mandrekar, 2010).

The application of the SVM to ALS phenotypes as validation samples
showed sensitivities between 80% (FAS) and the highest value of 87%
(PLS) for the identical training sample consisting of 112 ALS and 56
controls (Table 2).

When focusing the analysis on two area III parameters, i.e., homo-
geneity in area III and FA in tracts of callosal area III, the SVM achieved
72% sensitivity and 73% specificity; the three FA parameters in tracts of
callosal areas I, I, and III reached a sensitivity of 65% and a specificity of
67% (Table 2).

4. Discussion

The aim of this study was to investigate the segmental microstruc-
tural CC morphology in a large cohort of ALS patients including different
clinical phenotypes by an MRI parameter combination. To this end, this
multiparametric MRI study combined a T1w MRI texture analysis of the
CC segments (2D in-plane parameter calculation) and a DTI-based TOI
analysis of the corresponding callosal tracts (3D tract-wise analysis); the

Table 2

Results of the support vector machine (SVM) analysis. FA - fractional anisot-
ropy; ALS — amyotrophic lateral sclerosis; MND — motor neuron disease; PLS —
primary lateral sclerosis; FAS — flail arm syndrome; PBP — progressive bulbar
palsy; LMND - lower motor neuron disease.

sensitivity / specificity / Youden Index /
% % %

2 parameters (area III) — FA, homogeneity

training (112 ALS, 56 63 82 45
controls)

validation (463 MND, 56 74 64 38
controls)

all data (575 MND, 112 72 73 45
controls)

3 parameters (FA area I - III)

training (112 ALS, 56 56 70 26
controls)

validation (463 MND, 56 68 64 32
controls)

all data (575 MND, 112 65 67 32
controls)

6 parameters (areas I, II, III) FA, homogeneity

training (112 ALS, 56 80 84 64
controls)

validation (463 MND, 56 84 86 70
controls)

validation (320 ALS, 56 84 86 70
controls)

validation (55 PLS, 56 87 86 73
controls)

validation (45 FAS, 56 80 86 66
controls)

validation (22 PBP, 56 86 86 72
controls)

validation (21 LMND, 56 86 86 72
controls)

all data (575 MND, 112 84 85 69
controls)
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DTI approach specifically addressed the callosal fibres which fan out
into the white matter of both hemispheres, i.e., the radiation of the CC.
The analysis of white matter tract integrity (TFAS) predominantly
revealed FA reductions for tracts of the callosal areas I, II, and III for all
phenotypes when compared to controls. The texture analysis also
demonstrated significant alterations of the parameters entropy and ho-
mogeneity in patients with MND for the CC areas L, II, and III compared
to controls. An SVM-based analysis of six callosal parameters could
achieve a separation of all MND patients (ALS patients including phe-
notypes) from controls with 84% sensitivity and 85% specificity. This is,
with respect to an AUC value of 0.91, an excellent result according to
predefined criteria (Mandrekar, 2010) in comparison to other applica-
tions of multiparametric MRI classifiers to ALS (review in Thome et al.,
2022) and supports the use of CC as a neuroimaging marker in ALS. A
recent study (Bede et al., 2022A) used a perceptron model to discrimi-
nate ALS, UMN predominant, and LMN predominant cohorts and found
that measures of the forceps minor (anterior CC / fibres of the genu of
CC) discriminate these subtypes rather well, in the same line like the
results of the current study; approaches of neural network classification
based on neuroimaging features have also been reported (Bede et al.,
2022B).

For the discrimination of classical ALS from controls, the training
and validation sample revealed similar results and, moreover, also the
validation process for ALS phenotypes showed discrimination results in
the same range, indicating that the SVM which was trained for classical
ALS also works for ALS phenotypes, with best performance for PLS
patients.

This study was focused on the CC in order to investigate the hy-
pothesized biomarker potential of this structure for MND. This multi-
parametric approach was contrasted to an analysis of the FA values in
the CST which is known to be an established neuroimaging parameter in
MND (Verstraete et al. 2010; Miiller et al., 2016); single parameter an-
alyses of homogeneity in callosal area III, FA in tracts of callosal area III
(Fig. 5), and FA in the CST (Fig. 6B) showed all a good performance in
discriminating MND patients from controls, i.e.”acceptable” to “excel-
lent” according to Mandrakar (Mandrakar, 2010). However, due to the
multiparametric character of the CC-based SVM-analysis, a direct com-
parison with the monoparametric CST-based analysis in discriminating
MND patients from controls cannot be performed.

Beside FA, further DTI metrics like axial diffusivity, radial diffusivity,
and mean diffusivity have been reported to provide contributions to this
field of research (Agosta et al., 2010; Menke et al., 2017; Rosenbohm
et al., 2022). However, these parameters together with FA are a
parameterization (parameter reduction) of the six components of the
diffusion tensor and, thus, are based on the identical original parameter
set (Eigenvalues of the diffusion tensor). Thus, if the study focus is not
put on specific properties like discrimination between axonal loss and
dysmyelination (e.g. Song et al., 2002), these DTI parameters may
contain redundant information. FA has shown to be the most robust DTI
metric to demonstrate pathological structural connectivity patterns in
MND and to discriminate MND patients from controls (e.g. Verstraete
et al., 2010; Miiller et al., 2016).

Regional (segmental) alterations of texture and FA in CC areas I, II,
and III, thus, seem to constitute a common MRI feature of all investi-
gated phenotypes of ALS. Our study could demonstrate its segmentwise
changes in association with ALS with a pathotopography including the
central part as the maximum and the two frontal segments to a sub-
stantial but lesser extent, while the two posterior parts were not affected,
supporting the CC segment V as a structure which is not affected by ALS
pathology and can be used as a reference area in FA-based neuroimaging
studies in ALS (Kassubek et al., 2018). In the combination of texture
analysis and tract-based analysis, the highest alterations for ALS were
observed in the CC area III, demonstrating that the maximum of alter-
ations was localized in this segment. The focus on segment III is in line
with various advanced neuroimaging studies in ALS, including a voxel-
based meta-analysis of DTI datasets from a total of 14 studies which



M. Miinch et al.

resulted in one of the peak clusters in the CC body (Zhang et al., 2018)
and a fixel-based DTI analysis which demonstrated reduced fibre density
and morphology in the motor segments of the CC (Ogura et al., 2022). In
agreement with our data which demonstrated the strongest effects of
segment III alterations in the PLS subgroup (which was, in addition, the
only subgroup with a macrostructural atrophy of segment III with
respect to relative voxel count), the motor segment involvement was
regarded as a correlate predominantly of the UMN involvement (Zhang
et al., 2018). In another study, the approach of mean apparent propa-
gator MRI for diffusion-weighted imaging was applied to a group of 52
ALS patients and demonstrated alterations in the middle and the ante-
rior parts of the CC, corresponding to segments III and II, in a line of
agreement with our findings (Chen et al., 2021). With respect to DTI
analysis, the identification of the signature of FA decrease relative to
healthy controls in the motor callosal fibres in ‘classical* ALS was also
consistent with a previous study by Spinelli and colleagues (Spinelli
et al., 2020) who argued that WM microstructural rearrangements occur
early in ALS disease course and that once WM degeneration of the cal-
losal fibres has started, this tends towards a greater rate of deterioration
(Spinelli et al., 2020). Additionally, by use of a fixel-based analytical
method, patients with ALS showed decreased fibre density values
(assessing WM microstructural changes), as well as decreased fibre-
bundle cross-section (assessing WM macrostructural changes) and
decreased fibre density and cross-section values (assessing both micro-
structural and macrostructural changes) in the middle posterior body of
the CC as compared with healthy controls (Cheng et al., 2020). Our
approach, however, combined the DTI data with texture measures
derived from structural Tlw MRI by a SVM and could, thus, substantially
increase the discrimination sensitivity and specificity of MND patients
and controls.

The study was not without limitations. Although the number of
subjects with ALS was high, in fact, one of the largest single-centre MRI
studies in MND in the literature to date, the ML models were trained
with a comparatively low number of control subjects. This sample size
hampered our model’s performance in two respects, first by the limited
data quantity of controls compared to MND patients and second by class
imbalance. In addition, age differed between the (rather small) group of
PBP patients and the other subject groups; however, data analysis
included age correction in order to compensate for this difference.
Furthermore, some of the restricted phenotype subgroups were of
limited sizes which is well explained by the rare occurrence of these
clinical presentations; these need to be confirmed in larger (multi-site)
cohorts. For the same reason, a gender match of all groups could not be
achieved. Disease duration of the PLS group was higher compared to the
other groups. Decrease rates (slopes) of ALSFRS-R were higher in PBP
and lower in PLS, as it could be expected from the clinical diagnosis. A
quantitative score of UMN burden was not included in the analysis. The
cross-sectional design allows only assumptions on the time course of
changes and provides a basis for the initiation of future longitudinal
studies with ALS patients in earlier clinical disease stages.

In conclusion, the combined score encompassing FA and homoge-
neity for the CC might be included as a candidate for a neuroimaging
marker in ALS including the investigated clinical phenotypes. Specif-
ically for the CC segment III, the SVM indicated high potential to
discriminate between MND and controls, while it has to be considered
that the inclusion of parameters of callosal areas I and II further in-
creases the discrimination power. This unbiased multiparametric MRI
approach might, thus, be considered to be an element of future artificial
intelligence-guided multimodal models encompassing combinations of
multiple clinical and imaging biomarkers for ALS biomarker develop-
ment (Grollemund et al., 2019).
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