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Abstract: Different motor neuron disorders (MNDs) are mainly defined by the clinical presentation
based on the predominance of upper or lower motor neuron impairment and the course of the disease.
Magnetic resonance imaging (MRI) mostly serves as a tool to exclude other pathologies, but novel
approaches such as diffusion tensor imaging (DTI) have begun to add information on the underlying
pathophysiological processes of these disorders in vivo. The present study was designed to investigate
three different rare MNDs, i.e., primary lateral sclerosis (PLS, N = 25), hereditary spastic paraparesis
(HSP, N = 24), and X-linked spinobulbar muscular atrophy (X-SBMA, N = 20), by use of whole-brain-
based DTI analysis in comparison with matched controls. This analysis of white matter (WM) impair-
ment revealed widespread and characteristic patterns of alterations within the motor system with a
predominant deterioration of the corticospinal tract (CST) in HSP and PLS patients according to the
clinical presentation and also in patients with X-SBMA to a lesser degree, but also WM changes in pro-
jections to the limbic system and within distinct areas of the corpus callosum (CC), the latter both for
HSP and PLS. In summary, DTI was able to define a characteristic WM pathoanatomy in motor and
extra-motor brain areas, such as the CC and the limbic projectional system, for different MNDs via
whole brain-based FA assessment and quantitative fiber tracking. Future advanced MRI-based investi-
gations might help to provide a fingerprint-identification of MNDs. Hum Brain Mapp 31:1727-1740,

2010.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

The clinical spectrum of motor neuron diseases (MNDs)
ranges from disorders that are limited to lower motor neu-
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rons (LMN) to those that exclusively affect upper motor
neurons (UMN), such as hereditary spastic paraplegia
(HSP) and primary lateral sclerosis (PLS). In the first
instance, these neurodegenerative diseases can be distin-
guished by the more or less specific patterns of their clini-
cal presentation and additional laboratory findings, as
specified in clinical diagnostic criteria [Harding, 1993; La
Spada et al., 1992; Pringle et al., 1992]. In this neuroimag-
ing study, three rare MNDs with different motor neuron
involvement were investigated with respect to their
in vivo brain pathoanatomy, ie., PLS, HSP, and the
LMN disorder X-linked spinobulbar muscular atrophy
(X-SBMA).

Pringle et al. proposed diagnostic criteria for PLS,
including that the most common manifestations of PLS are
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spastic leg and pseudobulbar paresis that tend to follow a
very slow, gradually progressive course and adult onset
[Pringle et al., 1992]. Supportive laboratory tests merely
help to exclude other diseases [Singer et al., 2007]. In some
cases, focal atrophy of the precentral gyrus and thinning
of the motor cortex on magnetic resonance imaging (MRI)
[Butman and Floeter, 2007], and decreased glucose con-
sumption in pericentral regions on positron emission to-
mography (PET) scan have been observed [Turner et al.,
2007]. Magnetic resonance spectroscopy (*H MRS) studies
revealed reduced metabolite ratios in PLS patients com-
pared to controls, suggesting dysfunction or loss of neu-
rons in the motor cortex. Lastly, diffusion tensor imaging
(DTI) has demonstrated decreased fractional anisotropy
(FA) in the internal capsule, which implies damage to or
dysfunction of these white matter (WM) structures [Ulug
et al,, 2004]. Recently, a study based on the FA analysis
technique known as tract-based spatial statistics (TBSS)
[Smith et al., 2006], which was performed in patients with
amyotrophic lateral sclerosis (ALS) and PLS, showed
widespread alterations of the FA in motor and extra-motor
brain areas in both patient groups in comparison to
healthy controls [Ciccarelli et al., 2009].

As a heterogeneous group of rare inherited neurodege-
nerative disorders of the upper motor neuron, HSP is
characterized by a progressive spasticity of the lower
limbs and gait or bladder disturbances with a variable
occurrence of symptoms and age of onset [Fink, 2006]. The
diagnosis is based upon clinical features, and phenotypic
variability has led to a classification into pure (HSP) and
complicated forms (cHSP in which spastic paraplegia is
accompanied by major nonmotor findings out of a wide
spectrum) [Fink et al., 1996, McDermott et al.,, 2000].
Besides the presumably nonspecific findings such as sub-
cortical and periventricular WM lesions that are detected
by conventional MRI, the most obvious finding in compli-
cated subtypes of HSP is a thin corpus callosum (CC) [Shi-
basaki et al., 2000]. Further, an impressive pattern of gray
and even more white matter deterioration was reported in
patients with pure and complicated HSP by use of voxel-
based morphometry (VBM) methods [Kassubek et al.,
2007a], while recently, a case study described widespread
WM effects in terms of 'H MRS-based findings as well as
reduced FA detected via DTI [Dreha-Kulaczewski et al.,
2006]. Taken together, these findings indicate that the
underlying pathological process in HSP affects large parts
of the white matter of the CNS.

X-SBMA, also named Kennedy disease, is clinically char-
acterized by an adult-onset slowly progressive MND with
impairment of the lower motor neuron and a focus on the
proximal muscular atrophy of the upper limb and bulbar
muscles and additional symptoms due to partial androgen
insensitivity [Sperfeld et al., 2002], but subtle involvement
of other neurological systems has been shown to be part
of the clinical spectrum [Buecking and Pfister, 2000]. Using
advanced MRI techniques, 'H MRS studies have shown
significant alterations in the metabolite ratios in parts of

the brainstem and motor regions of the brain as well as
the involvement of cortical structures [Mader et al., 2002].
A recent voxel-based morphometry (VBM) study brought
evidence for extensive WM atrophy particularly in frontal
lobe areas as well as in the brainstem and cerebellum
[Kassubek et al., 2007b].

Taken together, a common feature of the MNDs that are
all clinically different from the most common adult-onset
MND, ie., ALS, seems to be the variable impairment of
supratentorial brain areas, especially of WM structures.
DTI has proven to be a valuable tool for analyzing WM
alterations [Ciccarelli et al., 2008; Mukherjee et al., 2002;
Salat et al., 2005; Snook et al., 2005], so the purpose of this
study was to apply DTI to brain MRI data of patients with
the above-named MNDs to analyze and quantify WM tract
integrity by a whole brain-based approach and fiber track-
ing (FT), with the aim of producing a DTI-based definition
of disease-associated patterns of microstructural WM alter-
ations that might correlate with the clinical presentation.

METHODS
Subjects and Clinical Characterization

All patients underwent standardized clinical, neurologi-
cal, and routine laboratory examinations. The patients of
the different MND groups and the corresponding healthy
controls were all right handed. All subjects gave written
informed consent for the MRI protocol according to insti-
tutional guidelines which was approved by the Ethical
Committee of the University of Ulm. Data on the subject
groups are provided in Table I.

Twenty-five consecutive patients who met the diagnostic
criteria for PLS proposed by Pringle et al. [1992] were
included in the study. Further mandatory criteria for
inclusion were negative tests for multiple sclerosis and for
HIV and human T-lymphotropic virus Type 1 (HTLV-1),
and routine MRI scans excluded, for example, Chiari mal-
formation or cervical cord abnormalities. Disease duration
in the PLS group was 6.6 + 4.7 years, and age of onset of
the motor disorder was 53.5 + 8.6 years (all data are given
as arithmetic mean + standard deviation (SD)).

In the HSP group, all 24 patients fulfilled the published
criteria for HSP, and possible differential diagnoses were
excluded as suggested by Fink et al. [2006]. In 19 HSP
cases, there was an autosomal-dominant inheritance pat-
tern; in the other patients, the inheritance pattern could
not be defined. Within the HSP group, there were six
patients with spastin mutations; no further mutations were
detected. The disease duration was 18.9 + 13.3 years.

In all 20 X-SBMA patients, the diagnosis was genetically
confirmed (mean number of CAG repeats 47.2 & 2.4, range
42-50). Within the patient collective, there were three
groups of three brothers each and one pair of first-line
cousins. The mean age at manifestation of the disorder
was 25.8 & 12.1 years. The disease duration at the time of
scanning was 22.3 + 9.1 years. All patients showed typical
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TABLE I. Characteristics of the subject groups

PLS patients PLS controls

Age (mean +SD) 60.0 + 9.0 57.0 = 12.5
Gender (m/f) 8/17 8/17
HSP patients HSP controls
Age (mean £SD) 50.0 £ 9.3 48.0 + 13.7
Gender (m/f) 12/12 12/12
X-SBMA patients X-SBMA controls
Age (mean +SD) 49.7 £ 8.2 49.7 £ 155
Gender (m/f) 20/0 20/0

PLS, HSP, and X-SBMA.

muscular spinobulbar tetraparesis, perioral and general-
ized fasciculations, and gynecomastia.

For each MND patient sample, a specific normal data-
base was examined, consisting of 25 healthy controls for
the PLS group, 24 controls for the HSP sample, and 20
healthy male subjects for comparison to the X-SBMA
patients, respectively. The patient groups and the control
groups did not differ in age so that all control groups
were age- and gender-matched with their corresponding
patient samples. None of the patients had a history of
major psychiatric disorders or substance abuse, and neo-
plastic brain processes and vascular brain alterations were
excluded by conventional MRI. The control samples had
no history of neurological/psychiatric disease or other
medical conditions.

MRI Acquisition

DTI scanning protocols were performed on a 1.5 Tesla
Magnetom Symphony (Siemens Medical, Erlangen, Ger-
many). The DTI study protocol consisted of 13 volumes
(45 slices, 128 x 128 pixels, slice thickness 2.2 mm, pixel
size 1.5 mm x 1.5 mm) representing 12 gradient directions
and one scan with gradient 0 (b0). The echo time (TE) and
repetition time (TR) were 93 ms and 8,000 ms, respec-
tively; b was 800 s mm 2 and five scans were averaged
online by the scanner software in image space. For the
morphological background, a T1-weighted 3D magnetiza-
tion-prepared rapid-acquisition gradient echo (MP-RAGE)
was recorded for each patient and control subject (TR 9.7
ms, TE 3.93 ms, TI 880 ms, flip angle 15°, matrix size 256
x 256 pixels, FOV 250 mm, 192 slices, slice thickness 1.0
mm, voxel size 0.96 x 0.96 x 0.96 mm3).

Postprocessing

The postprocessing and statistical analysis was per-
formed by use of the DTI analysis software tensor imaging
and fiber tracking (TIFT) [Mueller et al., 2007a]. First, the
method proposed by Shen et al. [2004] was applied for the
correction of eddy current-induced geometric distortions

of the echo-planar imaging-based DTI datasets, which
relies on collecting pairs of images with diffusion sensitiz-
ing gradients reversed, i.e., for the paired images that are
distorted with eddy currents in opposite directions, a col-
umn-wise correction in the image domain along the
phase-encoding direction was performed by searching for
the maximum value of the crosscorrelation between two
corresponding columns and applying opposite shifts and
scales equal to half of the correction. Second, a spatial nor-
malization routine including affine and nonaffine normal-
ization steps for all individual DTI datasets was
performed. For this normalization process, a study-specific
fractional anisotropy (FA)-template and a study specific
mean diffusivity (MD)-template were created for each
group (PLS, HSP, and X-SBMA, respectively). This process
was iterative, i.e., in the first step a scanner- and sequence-
specific bO-template of this study based on the Montreal
neurological institute (MNI) stereotactic standard space
[Brett et al., 2002] was created by arithmetically averaging
the bO-volumes of all subjects after affine transformation
according to manually set landmarks. In the second step,
following the basic ideas of Ashburner and Friston [1999],
a nonaffine MNI normalization of the DTI datasets was
performed by minimizing the mismatch between regional
intensities of the b0-volume to be fitted and of the tem-
plate according to the squared differences (x?). The result-
ing normalization matrices were then applied to the
remaining volumes of the DTI dataset (b1-b12 images).
After this normalization procedure, all individual DTI
datasets were used for the calculation of the second-rank
diffusion tensor D, the Eigenvalues ( Ay, Ay, A3), the Eigen-
vectors ( Vi, Vo, V3), and the FA and the MD for quantifica-
tion of the diffusion anisotropy, according to standard
methods [Basser and Jones, 2002; Le Bihan, 2001].

To obtain the study-specific templates necessary for the
nonaffine normalization process, FA-templates and MD-
templates were defined for each group separately by aver-
aging all individually derived FA-maps and MD-maps,
respectively, of one group of patients and controls (e.g.,
PLS patients and PLS healthy controls). After having cre-
ated the FA-template and the MD-template, a nonaffine
normalization was applied to the FA-template as sug-
gested by Smith et al. [2006]. The nonaffine normalization
process to the FA-template and the MD-template, respec-
tively, follows the basic ideas of Ashburner and Friston
[1999]. The nonaffine registration to an FA-template/MD-
template has the advantage that it provides more contrast
in comparison to b0-images [Smith et al., 2006]. The pa-
rameters of these normalization steps have to be stored so
that they can be considered during the fiber tracking pro-
cess (see below).

For smoothing, the fact that the filter size influences the
results of DTI data analysis has to be taken into considera-
tion [Jones et al., 2005]. The matched filter theorem states
that the width of the filter used to process the data should
be tailored to the size of the difference one expects to see
[Rosenfeld and Kak, 1982]. Under the assumption that the
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motor system in the brain might be affected in the three
motor neuron disorders, we focused the analysis on its
WM components, i.e., the CST that are particularly promi-
nent in the posterior limb of the internal capsule (PLIC).
On the basis of anatomical observations in human brain
atlases [Mai et al., 1997] that the extent of the PLIC is in
the order of 10 mm, we used a 10 mm (FWHM) Gaussian
filter for smoothing within the whole brain-based statisti-
cal analysis to achieve a good balance between sensitivity
and specificity.

Whole Brain-Based Statistical Analyses

For the statistical comparison of the respective patient
groups and their corresponding healthy subject groups,
Student’s t-test was performed voxelwise, i.e., the FA val-
ues of the patients” FA maps were compared with the FA
values of the healthy volunteers’” FA maps for each voxel
separately. Prior to calculation, the FA maps were masked
by a WM mask derived from a thresholding procedure by
which FA values below 0.2 were not considered for calcu-
lation (cortical gray matter shows FA values up to 0.2)
[Kunimatsu et al., 2004]. Furthermore, the f-test was only
performed if at least 60% of the subjects per group had an
FA value above the threshold of 0.2 in the respective
voxel. The statistical results were corrected for multiple
comparisons using the false-discovery-rate (FDR) algo-
rithm at P < 0.05 [Genovese et al., 2002]. Further reduction
of the alpha error was performed by a spatial correlation
algorithm that eliminated isolated voxels or small isolated
groups of voxels (cluster threshold size, 64 voxels). In
addition to this statistical approach, a between-group com-
parison of the FA maps of the three patient groups was
performed to show specifically altered WM architecture
according to the clinically different appearance of these
MNDs.

The results of the voxel-wise comparison of the FA
maps (Figs. 1-3) were tested for their correlation with
motor disability. Therefore, in each cluster the mean FA
value for each patient was tested for its correlation with
the revised functional rating scale for ALS patients [ALS-
FRS-R; Cedarbaum et al., 1999] for all patients. The result-
ing correlation was then tested for significance [Press
et al., 1992].

Tractography

To apply fiber tracking (FT) algorithms, separate data
processing steps were performed. According to the meth-
ods described previously [Mueller et al., 2007b, 2009],
averaged DTI data sets were generated for the three
groups PLS, HSP, and X-SBMA, ie., an averaged DTI
dataset from the patients’ data, an averaged DTI dataset
for the controls, and an averaged DTI dataset for the corre-
sponding patients and controls together. This averaging
requires careful treatment of the orientational information,

which is preserved during the normalization process
according to techniques described by Alexander et al.,
2001 [for details see Mueller et al., 2009]. Tractography
was performed in each group separately in comparison
with the corresponding controls by application of a fiber
tracking algorithm (streamline tracking technique). The
group-averaged DTI datasets for all subjects in each group
were the basis for the consecutive FT, which was per-
formed using manually defined seed points adjacent to the
local maxima detected by the whole brain-based FA analy-
sis within the CC and the PLIC. The locations of the seed
points were identified by use of the color-coded averaged
FA maps. Here, the whole body of the CC was defined as
all red-coded voxels (x-directional) within the mid-sagittal
plane, and the PLIC was defined as all blue-coded voxels
(z-directional) within the axial plane, depicting both the
largest extent of the thalamus and the most caudal parts
of the splenium. After identification of the seeds, tractogra-
phy was performed, and the voxels of the delineated fibers
were defined as a group-specific mask. In the same way,
for the between-group comparison of the MND groups,
the group-specific DTI datasets were processed thoroughly
as a prerequisite for the application of FT algorithms.

Tractwise Fractional Anisotropy Statistics

To quantify the tractography results, the technique of
tractwise fractional anisotropy statistics (TFAS) [Mueller
et al., 2007b] was applied. By this approach, the fiber tracts
that were created on the averaged DTI dataset of all sub-
jects of each group were used for the selection of the vox-
els that contribute to a comparison between (i) the
patients” and the controls” FA maps calculated from each
averaged DTI dataset and (ii) the patients’” FA maps for
the three different MNDs. All resulting voxels showing an
FA value above 0.2 were considered for statistical analysis
by Student’s t-test. To display the results on a morphologi-
cal background, the 3D T1 weighted datasets were normal-
ized to MNI-space and arithmetically averaged; this
normalization procedure was performed in analogy to the
DTI datasets by use of a study-specific template [Mueller
et al., 2007b].

RESULTS
Whole Brain-Based Statistical Analyses

In the whole brain-based comparison of the FA values
of the three samples of MND patients with their corre-
sponding controls at group level, multiple clusters of re-
gional FA reductions were observed at P < 0.05
(corrected for multiple comparisons, FDR). Tables II-IV
summarize the results of the statistical analysis, i.e., all
areas yielding significant FA reductions, including the
size and the coordinates of the voxels of highest signifi-
cance in MNI standard space. By application of the
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Figure 1.

Results of the whole brain-based analysis of the PLS patients.
Local maximum of decreased FA values (thresholded at P <
0.05, corrected for multiple comparisons) in projections to the
midbody of the corpus callosum (CC) in PLS patients in a sagit-
tal, coronar and axial view (upper panel). The coronar multi-
slice view (lower panel) exhibits widespread clusters of reduced

FA values within subcortical WM areas of mainly the motor sys-
tem including the CST and the CC as well as the projectional
fiber system of the upper brain stem and the frontal lobe. The
significance level (Z-score) is indicated by color temperature
according to the scale (L = left).
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Figure 2.
Results of the whole brain-based FA analysis of the HSP patients. Local maximum of decreased
FA values (thresholded at P < 0.05, corrected for multiple comparisons) in projection to the
dorsal part of the CC in patients with HSP (upper panel). The multi-slice view shows significantly
reduced FA values within subcortical WM areas of the motor and limbic system (lower panel).
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TABLE Il. Results of the DTI analysis of the PLS group (patients versus controls)

MNI coordinates of

maximum (mm) Level of Cluster size Anatomical
Hemisphere significance (number of voxels) localization
Cluster X y z (R = right; L = left) Z-score n (white matter)
Motor system
1 2 -20 25 R+L 6.3 11,898 CST, CC
2 -20 -25 40 L 6.5 10,182 CST, Corona radiata
3 -1 —27 -9 L 54 2,278 brain stem
4 26 —24 13 R 4.7 229 CST, PLIC

Results of the DTI analysis of the PLS group in comparison to the corresponding healthy subjects: areas of significant FA reduction,
thresholded at P < 0.05 (FDR corrected). Levels of significance are given as mean Z-scores. Only the main contributing areas are listed
while more anatomical structures are included in the cluster. MNI, Montreal Neurological Institute brain atlas; FDR, false discovery
rate; CC, corpus callosum; CST, corticospinal tract; PLIC, posterior limb of the internal capsule.

statistical analysis provided by TIFT at a minimum clus-
ter size of 64 voxels, four clusters were delineated in the
PLS group within the subcortical white matter (Table II),
while nine clusters were depicted in the HSP group (Ta-
ble III), and twelve clusters were found in the X-SBMA
group (Table IV).

In the PLS group, widespread alterations were observed
in the supratentorial WM, in particular in projections to
fiber tracts of the motor system including the corticospinal
tracts (CST) of both hemispheres, and midbody parts of
the corpus callosum and the brain stem (Fig. 1). Within
the findings for the supratentorial WM, two large and
almost symmetrical clusters were observed in widespread
subcortical parts of the motor system. Notably, the result
in the right hemisphere showed one connected cluster
reaching from the corona radiata to the WM adjacent to
the precentral gyrus and premotor cortical areas and
extending to the midbody of the CC. The left-hemispheri-
cal cluster consisted of one large regional FA alteration
that was located in projections to the PLIC, the corona
radiata and the subcortical WM adjacent to the precentral
gyrus and premotor cortical areas. Further significant WM
changes were localized within ventral parts of the brain
stem and in projections to the PLIC in the right
hemisphere.

Whole brain-based statistical analysis of the HSP group
data showed nine regional FA reductions (Fig. 2). There
was a clear preponderance (10-fold higher voxel-count) of
the three regions within the motor system in comparison
to non-motor brain areas. In detail, one large contiguous
FA reduction (39,667 voxels, overall) comprised large parts
of the subcortical motor areas of the right hemisphere
including the CST, reaching across the CC over to the left
hemisphere, while the second cluster was depicted in the
projection to the capsula extrema. One further cluster of
significant FA reduction was localized within medial parts
of the mesencephalon of the brain stem. The remaining six
smaller regional WM changes that were localized in non-
motor areas can be subsumed as parts of the limbic system
and its projectional fiber system, namely one cluster was

localized within the corpus amygdaloideum and two clus-
ters were found adjacent to the precuneus and the para-
hippocampal cortex within the WM of the medial
temporal gyrus. Within the right hemisphere, one cluster
was adjacent to the cingulate gyrus and one cluster pro-
jected to the fasciculus uncinatus. Finally, one area within
the WM of the middle/inferior frontal gyrus was found to
have a significantly reduced in FA.

A distributed WM lesion pattern was observed in the
X-SBMA group. The relationship between motor and
nonmotor areas merely showed a 1.7-fold higher voxel-
count, but, remarkably in this disorder with clinically
prominent LMN impairment, two large and nearly sym-
metrically located clusters showed up in the projection to
the CST of both hemispheres, involving 4,574 voxels on
the right and 3,551 voxels on the left. Two additional
clusters were located adjacent to the left-sided precentral
gyrus and in the projection to the external pallidum (Fig.
3), indicating the involvement of the central motor sys-
tem despite clinical LMN involvement. Further WM alter-
ations were located within the limbic system or its
projectional network, i.e., bilaterally adjacent to the pre-
cuneus, the temporal lobe, and inferior frontal lobe of the
left hemisphere, and adjacent to the posterior cingulum.
One additional area of significant FA reduction was
located in the projection to the centrum semiovale of the
left hemisphere.

The between-group comparison of the investigated
MNDs revealed widespread differences within the motor
system and the CC and, to a lesser degree, within limbic
projectional fibers for X-SBMA compared to HSP as well
as for X-SBMA versus PLS. Direct comparison of the HSP
and the PLS group also showed distinct WM alterations
for each group, shown as a decrease (corresponding to a
higher FA value for the significant voxels in the HSP
group compared to the PLS group) or an increase
(FA(HSP) < FA(PLS)).

The results of the MD analysis are presented in terms of
a “cojoint”-analysis, where the FA and the MD results
(thresholded at P < 0.05, FDR corrected) are displayed
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TABLE Ill. Results of the DTI analysis of the HSP group (patients versus controls)

MNI coordinates
of maximum

(mm) Level of Cluster size Anatomical
Hemisphere significance  (number of voxels) localization
Cluster x v z (R = right; L = left) Z-score n (white matter)
Motor system
1 20 25 49 R+ L 5.6 39,667 CST, CC
2 26 18 -5 R 5.7 3,568 Capsula extrema
3 -3 =25 -8 L 5.1 1,252 Brain stem (mesencephalon)
Limbic system and projectional fibers
4 24 12 11 L 5.0 1,628 Corpus amygdaloideum
5 17 -23 -15 R 5.4 1,083 Adjacent to the cingulate gyrus
6 —-20 —45 54 L 5.3 739 Adjacent to the precuneus
7 —44 =21 -8 L 4.7 408 Parahippocampal lobe
8 34 -6 —16 R 5.4 306 Fasciculus uncinatus
9 32 11 30 R 5.3 157 Adjacent to the middle/inferior frontal gyrus

Results of the DTI analysis of the HSP group in comparison to the controls: areas of significant FA reduction, thresholded at P < 0.05

(FDR corrected). For levels of significance, anatomical localizations and abbreviations, cf. Table 2.

together (Fig. 4). A total of five areas of significantly
increased MD values were observed in the PLS group,
while in the HSP group only three clusters could be
delineated, whereas there was no statistically significant
change in MD in the X-SBMA group in the whole brain-
based analysis. Remarkably, the largest areas of signifi-
cantly increased MD were observed in juxtacortical WM
regions adjacent to or overlapping with the regions of sig-
nificantly decreased FA. In detail, one large cluster was
found in the PLS group within the right hemisphere, two
clusters were depicted in the projection to the left-hemi-
spheric subcortical areas of the motor system and one clus-

ter was localized in lateral parts of the left-hemispheric
CC. One additional regional MD increase was located
within the inferior parietal lobe adjacent to the precuneus.
In the HSP group analysis, all clusters were observed
within WM areas corresponding to the CST or further
parts of the motor system with a predominance in the
right hemisphere. No reductions in MD values were
observed in any of the group analyses.

There were no statistically significant correlations
between WM alterations and disease duration or the
extent of motor disability (ALS-FRS-R) in any of the three
MNDs.

TABLE IV. Results of the DTI analysis of the X-SBMA group (patients versus controls)

MNI coordinates of

maximum (mm) Level of Cluster size Anatomical
Hemisphere significance (number of voxels) localization
Cluster X y z (R = right; L = left) Z-score n (white matter)
Motor system
1 27 —-18 35 R 4.8 4,574 CST
2 -27 —18 27 L 5.1 3,551 CST
3 —10 -31 53 L 4.6 554 Adjacent to the precentral gyrus
4 25 —-13 -2 R 42 453 External pallidum
Limbic system and projectional fibers
5 —21 -53 52 L 4.6 2,249 Adjacent to the precuneus
6 -21 -78 27 L 5.0 1,312 Adjacent to the precuneus
7 —47 —21 —11 L 5.3 574 Middle temporal lobe
8 -37 38 -2 L 45 391 inferior frontal lobe
9 26 —58 39 R 42 360 Adjacent to the precuneus
10 —41 —65 5 L 5.1 274 Middle temporal lobe
11 —14 -55 24 L 4.4 225 Adjacent to the posterior cingulum
Additional clusters: projectional fibers
12 -33 —45 28 L 4.6 1,279 Centrum semiovale

Results of the DTI analysis of the X-SBMA group in comparison to

the controls: areas of significant FA reduction, thresholded at P <

0.05 (FDR corrected). For levels of significance, anatomical localizations and abbreviations, cf. Table 2.
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Figure 3.
Results of the whole brain-based FA analysis of the X-SBMA patients. Local maximum of
decreased FA values (thresholded at P < 0.05, corrected for multiple comparisons) in projec-
tions to the CST in patients with X-SBMA (upper panel). The multi-slice view shows significantly
reduced FA values within subcortical WM areas of the motor and limbic system (lower panel).

Figure 4.

Results of the cojoint whole brain-based analysis of the PLS
patients and the HSP patients: Cojoint display of decreased FA
values (red) and increased MD values (green) (each thresholded
at P < 0.05, corrected for multiple comparisons) in PLS patients
(upper row) and in HSP patients (lower row). The overlap

between significantly decreased FA and significantly increased
MD is color-coded in yellow. The significance level (Z-score) is
indicated by color intensity according to the scale (red—signifi-
cant FA decrease, green—significant MD increase, yellow—over-
lap) (L = left).
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Results of the fiber tracking (FT) analysis of the PLS patient
group (left column), the HSP patient group (center column), and
the X-SBMA patient group (right column). The 3D view of the
comparison of tractography results with seed points within the
areas of significantly reduced FA values in the CC (upper row)
and in the posterior limb of the internal capsule (PLIC) of both

Tractwise Fractional Anisotropy Statistics

The quantitative TFAS analysis revealed statistically sig-
nificant differences in fiber FA crossing the CC and within
the CST between patients and controls in the PLS and the
HSP group analyses (Fig. 5). In X-SBMA, the TFAS analy-
sis of the CST was also significant while the evaluation of
the CC and its projectional fiber system was not significant
(Table V). The latter result is in accordance with the whole
brain-based statistical analysis, in which significant altera-
tions in the CST were observed while no clusters of
reduced FA were depicted in projections to the CC. Direct
comparison of the three MNDs by application of TFAS
confirmed the findings of the whole brain-based approach
and showed significant differences in tract integrity within
the CC for X-SBMA versus HSP and versus PLS, for HSP
versus PLS and also within the CST for X-SBMA versus
PLS and for HSP versus PLS (Fig. 6, Table VI). The results
of the TFAS analyses are presented in Table V (each MND
compared to the respective healthy controls group) and
Table VII (between group comparison of the MNDs).

DISCUSSION

By use of whole brain-based DTI [Mueller et al., 2007a],
characteristic patterns of regional WM alterations in the

hemispheres (lower row). According to color-coding conven-
tions, red means right-left, green means anterior-posterior and
blue means cranio-caudal directionality. FT was performed on
averaged DTI datasets that were created by arithmetically aver-
aging all MNI-normalized single subject DTl datasets of one
group (e.g., all PLS patients and the corresponding controls).

brain in terms of significantly altered FA values were
observed in the three different groups of MNDs, namely
in patients with PLS, HSP, and X-SBMA. In PLS and HSP,
widespread alterations were observed within the motor
system. In addition, as expected for patients with HSP on
the basis of recent findings obtained using VBM [Kassu-
bek et al., 2007a] but not yet reported for patients with

TABLE V. Results of the TFAS (tractwise fractional
anisotropy statistics) analysis

FA patients FA controls No. voxels t-test
PLS
CC 0.29 + 0.10 0.36 = 0.11 10,841 <0.001
CST 0.38 £+ 0.11 041 +0.12 3,841 <0.001
HSP
CC 0.31 + 0.08 0.37 £ 0.11 18,451 <0.001
CST 041 +£0.12 043 +0.11 3,958 <0.001
X-SBMA
CC 0.35 + 0.12 0.35 + 0.12 21,497 0.34
CST 042 +0.12 044 +0.13 4,257 <0.001

Tractwise fractional anisotropy (TFAS) results for the PLS-group,
the HSP-group, and for the X-SBMA-group. Data are presented as
mean values = SD. A t-test was performed for the comparison
between mean FA values of patients and controls.
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Figure 6.

Upper row: significant FA decrease between X-SBMA patients
and HSP patients. Display focus is the splenium of the corpus
callosum (MNI (x,y,z) = (0, —38, 19)). Central row: significant
FA decrease between X-SBMA patients and PLS patients. Display
focus is the midbody of the corpus callosum (MNI (x,y,z) = (O,
—15, 26)). Lower row: significant differences between HSP
patients and PLS patients, where FA reduction (FA(HSP) >
FA(PLS)) is encoded red and FA increase (FA(HSP) < FA(PLS))
is encoded blue. The display focus was chosen to display FA dif-
ferences within the motor system (MNI (x,y,z) = (0, —33, 43)).
All data are thresholded at P < 0.05 and FDR corrected, includ-
ing a cluster threshold of 64 voxels.

PLS except in one study with a sample size of six [Ciccar-
elli et al.,, 2009], WM alterations were observed in projec-
tions to dorsal (HSP) and midbody (PLS) parts of the
corpus callosum. In patients with X-SBMA, the pattern of
significant clusters of reduced FA within the WM showed
significant alterations in the CST bihemispherically besides
disseminated clusters within the limbic system and its
projectional fiber system. Increased MD values were
observed in the juxtacortical WM corresponding to the
motor system of both hemispheres in close proximity and
partly overlapping with the findings of the FA analyses in
the PLS and HSP groups, while no altered MD was found
in the X-SBMA group in the whole brain-based approach.
In a nutshell, MD does not seem to be an adequate pa-
rameter for detecting the full extent of WM disintegrities
in selected neurodegenerative diseases, but may comple-
ment the information provided by FA. To further address
the findings of altered CC and CST integrity, quantitative
FT algorithms were applied to the DTI data, demonstrat-

ing significantly altered tract integrity within the
delineated fiber pathways of the motor system (CST) and
callosal association fibers (CC). To identify the different
and specific lesion patterns of the three presented MND
subtypes, direct comparison based on whole brain-based
and tractwise FA statistics of these diseases were used to
reveal characteristically different vulnerability patterns
throughout large parts of the motor and limbic projectio-
nal fiber system, with special focus on the CST and the
CC, which both reflect hallmarks of the presented
analyses.

Impact of DTI Analyses in Lower Motor
Neuron Diseases

Basically, different MNDs beyond ALS show different
clinical patterns with respect to the degree of affectation
of the UMN or LMN. In X-SBMA, the clinically obvious
vulnerability pattern is limited to the LMN, but it is
increasingly recognized that this disease also affects the
CNS to a certain extent, e.g., frontal brain areas. Conven-
tional MRI investigations provide little to support these
clinical considerations. Advanced MRI methods such as
'H-MRS [Karitzky et al., 1999] and optimized VBM [Kas-
subek et al., 2007b] have brought evidence for widespread
WM deterioration in X-SBMA patients. Thus, the results
of the present study do not only confirm previous find-
ings of WM disruption to a large extent, but also demon-
strate the involvement of limbic structures. This finding of
limbic involvement is notable since several studies pro-
vided evidence that higher-order cognitive functions are
impaired in association with amyotrophic lateral sclerosis,
especially with bulbar-onset disease [Abrahams et al.,
1997; Schreiber et al., 2005]. For X-SBMA patients, it has
been shown that the clinical phenotype often includes cog-
nitive deficits as well as behavioral abnormalities [Guidetti
et al., 1996], and a neuropsychological study has demon-
strated that fronto-temporal cognitive functions are
impaired in SMBA, although at a subclinical level [Soukup
et al., 2009]. Within the concept of frontal deficits as part
of the pathological spectrum of MNDs, the limbic WM
structures, with their close connection to frontal areas,
were found to be involved in X-SBMA (and, to a lesser
degree, in HSP). Furthermore, significantly reduced FA in
X-SBMA was also observed in projections to the CST of
both hemispheres which probably reflects the anatomical
expression of a possible axonal degeneration of the UMN
in the course of MND [Karlsborg et al., 2004]. The under-
lying pathophysiology of degeneration in MNDs has not
yet been clarified, and there is an ongoing debate on
antero- or retrograde degenerative processes and the influ-
ence of nonneuronal cells on the loss of motor neurons
[Clement et al., 2003]. As DTI methods fail to differentiate
between antero- and retrograde degeneration, this ques-
tion could not be addressed by the technical approach of
the present study.
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TABLE VI. Results of the whole brain-based between group FA analyses

MNI coordinates
of maximum

(mm) Level of Cluster size
Hemisphere significance ~ (number of voxels)
Cluster X Y z (R = right; L = left) Z-score n Anatomical localization (white matter)
A. X-SBMA versus HSP
FA decrease
1 0 43 12 —/R 5.4 7,808 CcC
2 -25  -10 -8 L 5.3 1,638 Adjacent to the parahippocampal gyrus
3 17 =25 53 R 5.3 1,610 Adjacent to the precentral gyrus
4 48  —16 31 R 4.7 486 Adjacent to the precentral gyrus
5 25 17 -1 R 53 424 External capsule
B. X-SBMA versus PLS
FA decrease
1 16 21 39 R 5.4 19,941 Adjacent to the cingulate gyrus
2 -12 -19 —4 L 5.1 3,291 Brain stem (mesencephalon)
3 18 42 -3 R 54 2,246 Adjacent to the anterior cingulum
4 49 13 29 R 5.3 1,384 Adjacent to the precentral gyrus
5 13 -22 —6 R 53 1246 Brain stem (mesencephalon)
6 —47 =17 27 L 4.6 633 CST
7 -5 26 6 L 54 287 CcC
C. HSP versus PLS
FA decrease
2 -2 43 12 L 5.7 3357 cC
3 -20 1 -3 L 53 2681 Putamen
6 22 5 1 R 41 439 Putamen
FA increase
1 23 4 30 R 4.7 4,161 Prefrontal centrum semiovale
4 —22 -32 44 L 45 1,395 Adjacent to the postcentral gyrus
5 -20 10 32 L 4.0 628 Adjacent to the cingulate gyrus
7 -12 21 54 L 5.2 224 Adjacent to the precentral gyrus

Results of the statistical between group analyses of the DTI datasets of the three investigated MNDs (part A: X-SBMA versus HSP; part
B: X-SBMA versus PLS; part C: HSP versus PLS). MNI coordinates display the maximum within the areas of significant FA reduction,
thresholded at P < 0.05 (FDR corrected). For levels of significance, anatomical localizations and abbreviations, cf. Table 2.

DTI Analyses in Upper Motor Neuron Diseases

In contrast to X-SBMA, both HSP and PLS are character-
ized by a clinical impairment almost exclusively in the
UMN. In line with previous observations [Kassubek et al.,
2006, 2007a; McDermott et al., 2000], the present DTI-based
study demonstrated an altered WM architecture in projec-
tions to the above-named dorsal parts of the CC, along
with large significant FA reductions in frontal WM areas
as well as in parts of the limbic system and its projectional
fibers. These findings may lead to a new perspective on
the underlying neurodegenerative process with respect to
its pathoanatomy in the central nervous system. Whilst the
pathophysiological process of the assumed neurodegenera-
tion in HSP remains speculative [Alber et al., 2005; Sper-
feld et al., 2004], microstructural alterations depicted by
DTI might, based on a certain likelihood, precede the de-
velopment of macroscopically detectable atrophy [Mukher-
jee and McKinstry, 2006]. Here, DTI demonstrates its
potential to reveal much more widespread damage to WM
areas, e.g., the CST and premotor areas. However, the fact
that there was no correlation between motor disability and

the degree of WM abnormalities may serve as an argu-
ment for a developmental variant of the CC in HSP or at
least for a reduced specificity; this is also indicated by pre-
vious findings of altered CC anatomy in preterm birth and
the vulnerability of the CC in perinatal WM injury [Back
et al., 2001].

Importantly, significantly decreased FA was also found
in projections to the CC in the PLS group, located ven-
trally in the CC midbody. These findings in the interhemi-
spheric CC suggest a widening of the pathoanatomical
pattern of PLS, since mainly ROI-based investigations at
different levels of the CST by DTI have been reported to
date [Chan et al., 2003; Ulug et al., 2004]. Our findings are
consistent with the results of a recent study by Ciccarelli
et al. [2009] who reported significantly altered FA values
in motor and nonmotor brain areas. Here, the authors
investigated a sample of six patients with PLS by using a
technique based on the quantification of FA values within
selected fiber tracts, known as TBSS [Smith et al., 2006],
and found reduced FA in WM structures adjacent to the
precentral gyrus and in projections to the body of the CC.
In accordance with the clinical presentation, the present
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TABLE VII. Between group analyses by TFAS

HSP patients X-SBMA patients No. voxels t-test
X-SBMA versus HSP
CcC 0.33 £0.10 0.38 £ 0.13 16,825 <0.001
CST 042 £0.14 0.43 £0.14 4,413 0.095
HSP patients PLS patients No. voxels t-test
X-SBMA versus PLS
CcC 0.32 £0.11 0.39 £ 0.14 12,355 <0.001
CST 0.39 £0.13 0.43 £ 0.15 4,388 <0.001
PLS patients X-SBMA patients No. voxels t-test
HSP versus PLS
CcC 0.36 £ 0.10 0.34 £ 0.11 9,951 <0.001
CST 0.43 £+ 0.14 0.40 £ 0.12 4,277 <0.001

Tractwise fractional anisotropy (TFAS) results for between group analyses of the three investigated MNDs. Data are presented as mean
values + SD. A f-test was performed for the comparison between mean FA values of X-SBMA and HSP, X-SBMA and PLS and HSP

and PLS, respectively.

whole brain-based study demonstrated extensive deterio-
ration of motor areas with large regional FA reductions
within the CST, similar to findings reported for ALS [Sach
et al., 2004; Sage et al., 2007]. In the same way, premotor
areas were found to be affected (in a “horseshoe-like” pat-
tern where the convexity of this semilunar cluster is
located within the CC and both ends point to the cortical
representation areas), which correlates well with subcorti-
cal areas of projectional fibers of the lower limbs and
therefore appears consistent with the clinical preponder-
ance of spasticity in the legs. One possible explanation of
altered CC anatomy in both PLS and HSP patients with
respect to the clinical presentation is that the degeneration
of the pyramidal tracts as found in MNDs with a UMN
preponderance may be accompanied by degeneration of
callosal association fibers. However, these findings give
clear evidence for WM impairment beyond CST degenera-
tion in PLS patients, and further investigations should also
address the CC as a relevant part of the PLS-associated
pathoanatomy.

Tractography and Tractwise Fractional
Anisotropy Statistics

The quantitative FT analysis by application of TFAS
allowed selective analysis of the anatomico-functional tract
systems associated with the respective disease. For the
CST, quantitative FT analysis demonstrated highly signifi-
cant alterations in all three motor neuron disorders, indica-
tive of its potential use as a biomarker at the group level.
In particular, for X-SBMA, which is a disorder with clini-
cally prominent LMN impairment, this observation of
alterations in UMN tract integrity is relevant to its under-
standing as a multisystem disorder. Concerning the above-
mentioned supposed degeneration of callosal association

fibers in UMN-dominated disorders, the finding of
unaltered CC anatomy in X-SBMA by TFAS supports this
hypothesis. Therefore, a quantitative evaluation of tractog-
raphies may widen the understanding of either of the
pathologies examined if combined with the results of the
whole brain-based analysis in terms of a complementary
interpretation.

General Considerations

In patients with neurodegenerative diseases, WM atro-
phy often exists to a certain degree, as shown in studies
using voxel-based morphometric approaches [Kassubek
et al., 2007a,b]. The extent of atrophy might influence the
results of the FA analysis, as recently shown in a study by
Vernooij et al. [2008] concerning age-related alterations in
WM integrity in a large cohort of healthy controls aged
>60 years. In that study, the authors also reported that
voxel-based statistical analyses in particular are prone to
misinterpretation of macroscopic brain involution proc-
esses and that altered microstructural WM integrity might
be caused by different pathophysiological developments.
Although the influence of atrophy on the results cannot be
completely eliminated, the methodological concept of the
postprocessing steps, particularly the normalization proc-
essing, took into account the potential confounding effect
of changes in WM volume on the results to diminish the
influence of atrophy. In detail, a sequence- and scanner-
specific template was generated including all subjects of a
certain group, i.e., both the patient group and the healthy
controls [Good et al., 2002], which was subsequently used
for the normalization of the individual subjects. Thus,
potential atrophic alterations in the patients’ brains are
considered in depth within the normalization procedure
compared to a normalization procedure using a nonspe-
cific template.
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CONCLUSIONS

In summary, the present whole brain-based analysis
showed characteristic lesion patterns correlated with the
involvement of certain distinct brain areas within the spe-
cific pathological processes of the three investigated rare
MND types. The CC seems to be a key structure experi-
encing microstructural disruption of the WM tract in
MNDs with the clinical predominance of UMN impair-
ment, although even here, the pattern of CC alterations in
HSP and PLS was characteristically different. Conse-
quently, DTI-based methods may be an additional tool for
defining the pathoanatomy of MND subtypes by micro-
structural in vivo fingerprint characteristics.
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