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Objective The precise cortical thinning pattern has not been elucidated for onset subtypes of amyotrophic
lateral sclerosis (ALS). The current study aimed to investigate the altered cortical thickness signatures of the
bulbar-onset and spinal-onset ALS using surface-based morphometry, and the correlation between the cortical
thickness of positive brain regions and clinical variables of the patients.

Methods MR structural images were obtained from 65 ALS patients (15 bulbar-onset, 50 spinal-onset) and 65
normal controls (NCs) on a 3.0T MRI system. The structural images were segmented into gray matter and white
matter based on DARTEL method and the central cortical surfaces were reconstructed using projection-based
thickness method. The surface-based morphometry was performed to identify the alteration of cortical thickness
in overall ALS patients, bulbar-onset ALS patients and spinal-onset ALS patients comparing to the NCs. The
correlation analysis was applied between the clinical variables and the mean cortical thickness of the abnormal
brain regions with age and sex as covariates.

Results The cortex thinning of ALS patients was located in the left precentral gyrus, left postcentral gyrus,
right gyrus rectus and right medial precentral gyrus. The bulbar-onset ALS (ALS-bulbar) presented motor cortex
thinning of left precentral gyrus and right supplementary motor cortex, and the spinal-onset ALS (ALS-spinal)
suffered from extra-motor cortex thinning of left posterior insula and right gyrus rectus. In ALS patients, the
thickness of right gyrus rectus was negatively correlated to disease duration (r==0.311, P=0.013), the thickness
of right precentral gyrus was positively correlated to the score of ALS functional rating score-revise (ALSFRS-R)
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(r=0.271, P=0.032). The thickness of motor cortices in ALS-bulbar were not correlated to disease duration and

ALSFRS-R score; the thickness of extra-motor cortices in ALS-spinal were negatively correlated to the discase
duration (left insula, r=-0.409, P=0.004; right gyrus rectus, r=-0.351, P=0.014).

Conclusion The findings suggested that bilateral motor cortex thinning presented in bulbar-onset ALS and

extra-motor cortex thinning presented in spinal-onset ALS. The motor cortex thinning may be the intrinsic

pathophysiological change that associated to the disease disability, and extra-motor cortex thinning may be

secondary pathophysiological change that associated to disease duration.

MYOTROPHIC lateral sclerosis (ALS) is a

progressive neurodegenerative disease with

selected upper and lower motor neuron

involvement."? Pathological changes in ce-
rebral cortical regions in ALS have been demonstrated
as the selective involvement of the motor cortex in a
postmortem study.> However, motor neuron density
measurement in cortex and spinal cord suggested that
corticomotoneuron loss was unlikely to be a primary
event in ALS.* More and more researchers have recog-
nized that ALS may be a multisystem disease.**

Voxel-based morphometry (VBM)® is widely used
to investigate brain structure changes at voxel-level
over the whole brain, and it has been widely used in
evaluation of ALS patients. VBM studies demonstrated
that the volume of grey matter decreased in ALS,” and
primary sensorimotor cortex atrophy was regarded as
a prominent feature of the disease.® A meta-analy-
sis”'® demonstrated that the asymmetric motor cortex
atrophy was the main cerebral changes in ALS, but the
pathophysiological mechanism has not been complete-
ly elucidated by far.

Cortical thickness measurement is an important
research project for neuroimaging, and it can provide
more valuable information than volume measurement
in evaluation of neurodegenerative and psychological
diseases. Like VBM technique, surface-based mor-
phometry(SBM)''** is also a whole brain structure
analysis technique, and it can provide objective and
accurate information in cortical thickness changes.
SBM has been widely used in clinical researches on
Huntington disease,'® Parkinson’s disease,'* aging
brain,*’
motor cortex thinning was associated with ALS, and a
SBM study'® suggested that the motor cortex thinning
might reflect upper motor neuron impairment, where-
as the extra-motor involvement may be related to the
disability, progression, and duration of the disease. It
has gradually come into a consensus that motor cortex

etc. Previous studies'®*® demonstrated that

atrophy is a common finding for the central nervous
system damage in ALS.

Our previous voxel-wise meta-analysis of VBM
study suggested that right precentral gray matter at-
rophy was a common finding and prominent feature of
brain structural changes in ALS.'? Further VBM study
in ALS subtypes demonstrated that the pattern of
gray matter damage is likely to distribute wider in spi-
nal-onset ALS than in bulbar-onset ALS.?° However, the
precise cortical thinning pattern has not been elucidat-
ed in different onset subtypes of ALS. Herein, we hy-
pothesized that some brain regions would intrinsically
be suffered from cortical thinning in ALS, and different
ALS subtypes (ALS-bulbar and ALS-spinal) present dif-
ferent cortical thinning pattern.

MATERIALS AND METHODS

Participants and study design

The study was approved by the institutional ethics com-
mittee, and written informed consents were obtained
from all participants. Sixty-five patients (28 females and
37 males) were recruited from the outpatient clinic for
motor neuron disease (MND) in our hospital from 2007
to 2010, including 34 diagnosed ALS cases and 31 prob-
able ALS cases according to the revised El Escorial.”* All
the subjects were right handed and had no history of
cerebrovascular disease, long-standing hypertension,
diabetes mellitus, inflammatory diseases of the central
nervous system and cranium trauma. None of the pa-
tients were taking psychoactive drugs and hormone. Pa-
tients with brain tumors, demyelination and other brain
disorders were also excluded by conventional MRI exam-
inations. Sixty-five normal controls (NCs) were recruited
from volunteers of hospital staff and local community
in the same time period with the same exclusion crite-
ria. ALS functional rating scale-revise (ALSFRS-R)* was
administered to all the patients for clinical rating of ALS
symptoms, and the Mini Mental State Examination®® was
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applied by a dedicated neurologist with 15-years’ experi-
ence to evaluate the cognitive function of all subjects.

MRI acquisition

Image data of all patients and controls were acquired
on a GE 3.0T MRI system (SIGNA EXCITE, GE Health-
care, Milwaukee, WI, USA). and a conventional eight
channel quadrature head coil was used. A 3-dimen-
sional T1-weighted fast spoiled gradient recalled echo
(3D T1-FSPGR) sequence generating 118 contiguous
axial slices [TR (repetition time)=6.3 ms, TE (echo
time)=2.8 ms, flip angle=15°, FOV (field of view)=
24 cmx24 cm, Matrix=256x%256, voxel size=0.9375x
0.9375x1 mm?, NEX (number of acquisition)=1] was used
for structural images. Conventional T2-weighted image
(TR=5000 ms, TE=113.4 ms, FOV=24 cmx24 cm, Ma-
trix=384x384) and T1-FLAIR (TR=2040 ms, TE=6.9 ms,
FOV=24 cmx24 cm, Matrix=384x192) were also acquired.
The image protocol was identical for each subject.

Image data processing

All MR structural image data were processed on work-
station of MATLAB 7.6 (The Mathworks, Natick, MA,
USA) for VBM using Statistical Parametric Mapping 12
(SPM 12) and CAT12 tools (http://www.fil.ion.ucl.ac.uk/
spm/). The following processing steps were carried out
(Fig. 1): (1) The artifacts of raw data for each subject
were inspected and image origin was set at the anterior
commissure (AC); (2) structural images of each sub-
ject were normalized to the DARTEL templates space
to improve inter-subject registration of structural imag-
es, and were segmented into gray matter (GM), white
matter (WM) and cerebrospinal fluid (CSF); (4) projec-
tion-based thickness (PBT) was used to estimate cortical
thickness and to create the central cortical surface for
the left and right hemisphere;** (5) the mean cortical
thickness of 152 brain regions were computed based on
FreeSurfer atlas aparc.a2009s;* (6) after the prepro-

cessing was finished, quality check was performed to
evaluate the sample homogeneity; (7) before the statis-
tical analysis, all the surface data was smoothed using a
kernel with 15 mm full width at half maximum (FWHM).

Statistical analysis

Comparison of surface-based morphometric data be-
tween two groups was performed using two-sample
t-test with age and sex as covariates. Significance
was set at a P value without correction (Puncorr) of <
0.001. The minimal number of contiguous voxels was
set based on the expected voxels per cluster. The quan-
titative data were presented as mean<standard devia-
tion. The correlation analysis was applied between the
clinical variables and the mean cortical thickness of the
abnormal brain regions with age and sex as covariates.
Significant difference was set at a P value of <0.05. The
statistical analysis was performed using SPSS 19.0.

RESULTS

The clinical characteristics of ALS and NCs

There was no significant difference in the gender (x°=
0.03, P=0.86), but a significant difference in the age
(t=1.98, P=0.002) and for MMSE (t=1.98, P=1.43) be-
tween ALS and NC group were found between the ALS
patients and normal controls (Table 1). The average
disease duration and ALSFRS scores for ALS patients
were 17.74+21.46 days and 29.43+5.23, respectively.
There was no significant difference in MMSE (t=2.00,
P=0.09), diseased duration (t=2.00, P=0.50) and ALS-
FRS score (t=2.00, P=0.76) between ALS-bulbar and
ALS-spinal patients.

Brain regions with altered cortical thickness in
ALS, ALS-spinal, ALS-bulbar compared with NCs

Compared with that in NCs, the brain regions with de-
creased cortical thickness in ALS patients were located

6 mm

0

Figure 1. The flow graph of image processing. A, original T1 image; B, normalized T1 image; C, gray and white matter
segmentation; D, cortical surface creation. Color bar represents the cortical thickness.
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Table 1. Demographic and clinical characteristics of pa-
tients and controls®

Gender (F/M), n 28/37 29/36
Age,years 49.6+10.3 43.5+£12.2
MMSE score 27.1£2.8 27.5+£2.3
DD, months 17.7+21.5

ALSFRS-R score 29.4£5.2

§:Plus-minus values are means and standard deviation.

MMSE:mini mental state examination; DD:disease duration;
ALSFRS-R: ALS functional rating scale-revise.
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in the left precentral gyrus and postcentral gyrus, right
gyrus rectus and medial precentral gyrus (Table 2)
(Fig. 2). There was no thickening brain regions detect-
ed in ALS patients compared with NCs.

Comparing with the NC group, ALS-bulbar group
presented regional thinning in the left precentral gy-
rus and right supplementary motor cortex (SMC), and
ALS-spinal group presented regional thinning brain
regions in the left posterior insular and right gyrus rec-
tus. There was no significant difference in the cortical
thickness over the whole brain between ALS-bulbar
and ALS-spinal patients (Fig. 3).

Table 2. Brain regions with cortical thinning in ALS compared with controls

ALS vs. NC

1 Left precentral gyrus

2 Left postcentral gyrus

3 Right gyrus rectus

4 Right medial precentral gyrus

ALS-bulbar vs. NC

5 Left precentral gyrus
6 Righ SMC
ALS-spinal vs. NC

7 Left posterior insula
8 Right gyrus rectus

=9 -24 76 619 0.000 4.15
-56 -9 19 293 0.000 3.70
4 43 —22 150 0.000 3.41
6 -22 73 191 0.000 3.37
=25 -16 68 154 0.000 4.20
8 -8 69 219 0.000 4.45
-36 =13 =5 264 0.000 3.85
5 42 —24 210 0.000 3.51

MNI:montreal neurological institute; SMC:supplementary motor cortex; X, Y, Z:coordinates of the primary maximum of

the cluster. NC:normal control. Cluster 1 and 2 with expected 142 vertices per cluster, cluster 3 and 4 with expected 144

vertices per cluster, cluster 5 and 6 with expected 123 vertices per cluster, cluster 7 with expected 139 vertices per cluster,

cluster 8 with expected 142 vertices per cluster.

Figure 2. Brain regions with decreased cortical thickness in
ALS patients were located in the left precentral gyrus, post-
central gyrus, right gyrus rectus and medial precentral gy-
rus compared with NC group. Color bar represents t value.

Relationship of cortical thickness changes with
clinical characteristics in ALS patients

Table 3 shows that for patients with ALS, the cortical
thickness of right gyrus rectus was negatively asso-
ciated with disease duration (r=-0.311, P=0.013).
The positive correlation did also present between the
cortical thickness of right precentral gyrus and ALS-
FRS-R score (r=0.271, P=0.032). For patients with
ALS-bulbar, no correlation was shown between the
cortical thickness of positive brain regions with either
disease duration or ALSFRS-R score (both P>0.05).
For patients with ALS-spinal, the partial correlation
analysis demonstrated the cortical thickness of left
insula (r=—0.409, P=0.004) and right gyrus rectus
(r=—0.351, P=0.014) were negatively associated with
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Figure 3. Brain regions with decreased cortical thickness in the ALS-bulbar patients and in the ALS-spinal patients com-
pared with the NC group. A. Decreased cortical thickness in ALS-bulbar located in the left precentral gyrus and the right
supplementary motor cortex. B. Decreased cortical thickness in the ALS-spinal located in the left posterior insula and the

right gyrus rectus. Color bar represent t value.

Table 3. The correlation analysis between the cortical thickness of thinning brain regions and clinical variables in ALS®

Cortical thickness

Brain regions

Disease duration

ALSFRS-R score

(mm) r P value r P value
ALS vs. NC
Left precentral gyrus 2.77£0.22 0.003 0.979 0.245 0.053
Left postcentral gyrus 2.26+0.19 -0.052 0.684 0.126 0.326
Right gyrus rectus 3.31£0.19 -0.311 0.013 -0.018 0.886
Right precentral gyrus 2.88+0.15 -0.081 0.528 0.271 0.032
ALS-spinal vs. NC
Left insula 3.95+0.35 —-0.409 0.004 -0.011 0.943
Right gyrus rectus 3.34+0.19 -0.351 0.014 —-0.022 0.881
ALS-bulbar vs. NC
Left precentral gyrus 2.70£0.22 -0.226 0.458 0.224 0.461
Right supplementary motor cortex 2.19+0.14 0.071 0.818 0.204 0.505

§:Plus-minus values are means and standard deviation.

the disease duration. No correlation was shown be-
tween the cortical thickness of these regions with ALS-
FRS-R score.

DISCUSSION

The results in this study demonstrated that selec-
tive motor cortex and extra-motor cortex were involved
in patients with ALS. The thinning of bilateral motor cor-
tices was consistent with previous studies,'®!” and could
underlie the relation between pathological character-
istics in ALS and MR spectroscopy findings.?® However,
meta-analysis of VBM studies *'** demonstrated that
asymmetric motor cortex volume loss commonly pres-
ent in ALS patients. The inconsistence of this result
with our findings may be associated with the different
image processing methods. SBM method we used in
this study reflected the altered cortical thickness, while
VBM method presented the altered cortical volume. In
the current study, the thinning of bilateral motor corti-
ces may be the main neuromechanism and served as
the direct evidence for upper motor neurons damage,

and it may be associated with the decreased number
and shape of cortical neurons.?®*

In this study, the extra-motor cortices thinning was
also observed in left postcentral gyrus and right gyrus
rectus in ALS patients, which suggested the ALS involves
the motor cortex but may not confine to the motor cor-
tex. On contrast, in the previous document, motor cortex
involvement was a common finding, while extra-motor
cortex involvement was not commonly reported. Herein,
the extra-motor cortices involvement should be carefully
interpreted. It may be associated with the disease dura-
tion, cognitive state, or other clinical variables. From the
pathological viewpoints, it may be related to the wide-
spread reactive astrocytes in the cortex of ALS.*

The partial correlation analysis revealed that only
right motor cortex thinning was associated to disease
disability. Considering the symmetrical thinning pattern
we found in this study, the asymmetrical correlation
with disease disability further indicated that the right
motor cortex thinning may play a key roles in ALS
development and could be considered as a imaging
biomarker for ALS. This study also demonstrated that
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extra-motor (right gyrus rectus) thinning was related
to disease duration, which suggested that ALS was a
complex degenerative disease involving multisystem
beyond the motor system.®

Further clinical subtypes analysis in this study
demonstrated that bulbar-onset and spinal-onset ALS
had different cortical thinning patterns. For the bul-
bar-onset ALS, motor cortex was involved and the
extra-motor cortex was spared, whereas in spinal-on-
set ALS, extra-motor cortex was involved, and the
motor cortex was spared. This phenomenon of cortical
thinning indicated that bulbar-onset ALS may only
involve the upper motor neuron (UMN) and might be
considered as UMN disorder with sparing of extra-mo-
tor. Meanwhile, spinal-onset ALS could be regarded as
lower motor neurons (LMN) disorder with sparing of
extra-motor cortex and motor cortex involvement. The
findings support the viewpoint that bulbar-onset ALS is
likely a simple motor neuron disorder, which is incon-
sistent with the conventional understanding that it is a
multi-systematic disorder.*®

Further correlation analysis revealed that bilateral
motor cortex thinning was related to neither the disease
duration nor the disease disability in bulbar-onset ALS,
which suggested that motor cortex thinning may be the
intrinsic pathophysiological changes in bulbar-onset ALS.
This finding in bulbar-onset ALS was not consistent with
the results in overall ALS patients, where the right motor
cortex thinning was positively associated with ALS func-
tional rating score. The small sample size and heteroge-
neity in the severity of the disease in this study might
contribute to this inconsistence. This study also showed
that in spinal-onset ALS, extra-motor cortex thinning was
associated to the disease duration but not to the disease
disability, which indicated that it may be the secondary
pathophysiological change, and the underlying mecha-
nism need to be further elucidated in future.

This study did not find significant difference in
cortical thinning between bulbar-onset and spinal-on-
set ALS, which was different from our previous study
where we found altered volumes of gray matter be-
tween ALS-bulbar and ALS-spinal group.”® The reason
may be associated with the different imaging pro-
cessing methods in these two studies. In the previous
study,” VBM method was used and the result indicated
the volume changes, while in the current study, SBM
method was used and the result represent the cortical
thickness changes.

The limits of this study included: 1. the relatively
small sample size of bulbar-onset ALS patients compared
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to the spinal-onset ALS in this study may cause sampling
errors; 2 although MMSE was performed to exclude de-
mentia, the mild cognitive impairment was not excluded,
which could be a confounder factor besides age and sex;
3. this study only observed bulbar-onset ALS and spi-
nal-onset ALS, and for those of bulbar-spinal-onset ALS,
further studies are needed in the future.

In summary, bilateral motor cortex thinning was
the MRI signature of bulbar-onset ALS patients, and
extra-motor cortex thinning was the MRI signature of
spinal-onset ALS patients. Bulbar- and spinal-onset
ALS may be a simple MND instead of multisystem dis-
order. The motor cortex thinning may be the intrinsic
pathophysiological change that is associated to disease
disability and play a key role in brain damage for upper
motor neuron disorder. Extra-motor cortex thinning
may be a secondary pathophysiological change related
to disease duration and act as a pivotal in brain dam-
age of lower motor neuron disorder.
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