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A B S T R A C T

Objectives: To assess microstructural alterations in white matter (WM) in amyotrophic lateral sclerosis (ALS)
using diffusion tensor imaging (DTI).
Methods: DTI data were collected from 34 subjects (18 patients with ALS and 16 healthy controls). The atlas-
based region of interest (ROI) analysis was conducted to assess WM microstructure in ALS by combining intra-
voxel metrics, which included fractional anisotropy (FA) and mean diffusivity (MD), and an inter-voxel metric,
i.e., local diffusion homogeneity (LDH). Correlation analysis of diffusion values and clinical factors was also
performed.
Results: ALS group showed a significant FA reduction in bilateral corticospinal tract (CST) as well as right un-
cinate fasciculus (RUF). The areas with higher MD were situated in right corticospinal tract (RCST), left cin-
gulum hippocampus (LCH), RUF, and right superior longitudinal fasciculus (RSLF). Additionally, ALS patients
showed decreased LDH in bilateral anterior thalamic radiation (ATR), bilateral CST and left inferior frontal-
occipital fasciculus (LIFOF). Significant correlations were observed between ALSFRS-R (revised ALS Functional
Rating Scale) scores or progression rate and FA in bilateral CST, as well as between disease duration and LDH in
right CST. Receiver operating characteristic (ROC) analysis revealed the feasibility of employing diffusion me-
trics along the CST to distinguish two groups (AUC=0.792–0.868, p < .005 for all).
Conclusions: WM microstructural alteration is a common pathology in ALS, which can be detected by both intra-
and inter-voxel diffusion metrics. The extent of abnormalities in several WM tracts such as ATR and LIFOF may
be better assessed through the inter-voxel diffusion measurement.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease that mainly involves the upper and lower motor neurons, re-
sulting in disability in bulbar and limb function. It has a relatively short
mean survival time (i.e., 3–5 years from onset of symptoms). The pa-
thogenesis of ALS remains unclear, and heterogeneity in clinical
symptoms and disease progression further complicates its diagnosis [1].
Furthermore, no curative treatment is available for ALS and > 40%
patients undergo inappropriate medical treatment, including surgery

currently [2]. ALS has been regarded as a disease involving the gray
matter, although pathological changes involving WM such as axonal
loss or demyelination and oligodendrocyte death may also occur in ALS
patients [3].

Post-mortem analyses of ALS brains has indicated that large areas of
the WM, such as the CST, the corpus callosum and fibers in the globus
pallidus, the ansa lenticularis, and the fasciculus lenticularis, may be
affected by the disease [4,5]. Furthermore, neuroimaging studies have
also revealed the involvement of WM in ALS in vivo [6]. One study
using voxel-based intensitometry (VBI) based on T1-weighted images
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showed widespread WM changes in ALS [7], which is correlated to
disease severity. In addition, patterns of cerebral involvement varied
between bulbar- and limb-onset ALS [8–11]. Spectroscopic measure-
ment of NAA/Cr in the SWM (subcortical white matter) and PV (peri-
ventricular WM) were significantly different in ALS patients [12],
which mean neuronal loss or neuronal metabolism abnormity in pa-
tients suffering from ALS. Positron emission tomography (PET) in-
dicated an increase in 18F-FDG uptake in affected motor neurons as well
as descending WM tracts of ALS patients, which is related to astrocyte
and microglial proliferation, as glial cells serve as sites for glycolytic
metabolism upon brain activation [13]. Taken together, in vitro and in
vivo studies have revealed WM damage in ALS patients. Studies have
also revealed the topographical changes in WM, which extending from
the motor to the extra-motor tracts in ALS [14]. In addition, these may
be utilized in classifying patients based on disease stage [15,16].

Diffusion MRI is considered as a promising and non-invasive ap-
proach in assessing the extent of fiber damage in a range of disease
processes that influence WM. DTI has been employed in assessing UMN
pathology in ALS patients [17–23] and investigations have shown that
it is a sensitive tool for the detection of WM microstructural abnorm-
alities based on fractional anisotropy (FA) and mean (MD), axial (AD),
and radial (RD) diffusivity features [24–26]. FA represents fraction
anisotropy of water molecular diffusion and is sensitive to fibers that
are aligned over a significant area such as the corpus callosum, corti-
cospinal tract, or optic tract [8,27]. MD is a measure for the mean
molecular motion that is independent of tissue directionality [27,28].
AD, which is the primary eigenvector, has been used for assessing water
diffusivity that runs in the direction of the fiber tract and allows eva-
luation of axonal functions or degeneration [29]. RD represents diffu-
sivity that is perpendicular to the axonal fibers and shows higher sen-
sitivity to myelin abnormalities [29,30]. Above all are used intra-voxel
diffusion measurements to observe WM damage, whereas another inter-
voxel diffusion metric has been recently proposed, called local diffusion
homogeneity (LDH), which never been used for evaluating micro-
structural changes of WM in ALS. A previous study has demonstrated
that LDH can represent the local coherence of water molecule diffusion,
which is defined as the similarity in water diffusion profile between
voxels and their neighbors [31]. It is speculative that LDH measurement
can reflect the specific microstructural properties (such as fiber or-
ientations, myelination, diameter and density) along WM fibers
[31,32]. LDH has been utilized in assessing distinct changes in parti-
cular WM regions in the elderly or individuals diagnosed with vascular
cognitive impairment, diabetes mellitus, temporal lobe epilepsy and
schizophrenia [31–35]. LDH thus generates important information that
could complement conventional DTI data. Hence, this study simulta-
neously utilized both intra- and inter-voxel diffusion metrics to more
extensively assess microstructural changes in the WM of ALS patients,
as well as analyze their correlation with clinical parameters.

2. Materials and methods

2.1. Subjects

The 18 patients with ALS (1 familial, 17 sporadic) and 16 healthy
controls were included in this study. Participants with ALS were re-
cruited through physician referrals in our hospital. ALS was diagnosed
using the El Escorial criteria [36], and disease severity was assessed
using the revised ALS Functional Rating Scale (ALSFRS-R). Of ALS pa-
tients, 5 subjects were undergoing the treatment of Riluzole, when they
were recruited. The healthy controls were recruited through commu-
nity advertisements. The clinical and demographic data are provided in
Table 1. No significant differences in terms of age, sex, or education
level were observed among the patients and control groups. The ex-
clusion criteria were as follows: (1) other neuropsychiatric disorders,
including Alzheimer's disease, Parkinson's disease, depression, or epi-
lepsy; (2) taking psychotropic medications; (3) suffering from re-
spiratory failure or other serious disorders such as angiocardiopathy
and cancer; or (4) contraindication of MRI examination. This study was
approved by the Research Ethics Committee of Fujian Medical Uni-
versity Union Hospital, China. All study participants provided their
written informed consent.

2.2. MRI data acquisition

A 3 T MRI scanner (Prisma, Siemens Medical Systems, Erlangen,
Germany) was employed to acquire images. The DTI data were gener-
ated using a spin-echo single-shot echo-planar imaging sequence using
the following parameters: b=1000 s/mm2 and 64 encoding diffusion
directions; one non-diffusion-weighted image (b=0 s/mm2); repetition
time=2500ms; echo time= 81ms; number of averages= 1; slice
thickness= 2mm without gap; field of view=260mm×260mm;
matrix= 130×130; flip angle= 90°; 72 axial slices; multiband
factor= 4.

2.3. DTI data processing

Diffusion data preprocessing was performed using the Pipeline for
Analyzing Brain Diffusion Images toolkit (PANDA [37]; http://www.
nitrc.org/projects/panda/). Geometric correction of individual diffu-
sion images was performed using an unweighted B0 image (b=0 s/
mm2) and a filed map, which was then co-registered to the B0 image
using the linear least-squares fitting method to reduce effect of head
movements. Diffusion-tensor models were calculated at each voxel.
After that, the FA, MD, and LDH maps can be computed for each sub-
ject. The LDH images (pre-defined neighborhood=26 voxels) were
calculated, referring to [31]. All of the procedures about these metrics
calculation have been implemented in the PANDA toolbox [37].

The atlas-based ROI (region of interest) analysis was performed to
investigate the between-group difference in DTI measurements. The FA
images of all subjects were aligned onto a FMRIB-58 FA template in the

Table 1
Patient demographics and clinical features.

Healthy controls (n=16) ALS patients (n=18) P value

Age (year) 52.7 ± 6.5 (45–61) 55.5 ± 4.9 (48–63) 0.17
Sex (male/female) 10/6 12/6 0.80
Education (year) 8.0 ± 3.5 (4–15) 6.3 ± 3.0 (4–12) 0.14
Site of onset (Bulbar/cervical/thoracic/lumbosacral) – 1/9/1/7 –
Diagnostic category (Definite/probable/possible) – 6/4/8 –
ALSFRS-R score – 40.0 ± 7.8 (22–47) –
Disease duration (months) – 18.1 ± 14.5 (2–48) –
Disease progression rate – 0.86 ± 0.95 (0.03–2.00) –

ALS, amyotrophic lateral sclerosis; ALSFRS-R, revised ALS Functional Rating Scale. Disease Progression Rate was calculated as (48-ALSFRS-R)/disease duration. “-”
denotes no data available. The range of variables is shown in bracket.
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Montreal Neurological Institute (MNI) space with a non-linear regis-
tration algorithm. The resulting spatial normalization information ob-
tained by FA analysis was also employed in the MD and LDH images.
Then, all images were smoothened using a 6-mm FWHM (Full Width at
Half Maximum) Gaussian kernel. After that, the mean DTI metric values
were extracted for each ROI that was defined by the JHU ICBMDTI-81
white matter atlas (Johns Hopkins University International Consortium
for Brain Mapping; http://cmrm.med.jhmi.edu/).

2.4. Statistical analysis

The two-sample t-test was used to examine the between-group dif-
ference in every DTI measurement; statistical significance was set at
P < .05, following correction for multiple comparisons using the False
Discovery Rate (FDR) method. Spearman correlation coefficients were
computed to assess the correlation of clinical variables to the mean
values of diffusivity parameters of the regions that survived between-
group comparisons, using SPSS 20.0 software (SPSS Inc., Chicago, IL,
USA); and FDR-corrected P-values < .05 were deemed statistically
significant. We conducted ROC analysis to assess the discrimination
performance of various diffusion metrics between the two groups; and
the area under the ROC curve (AUC) was estimated using SPSS soft-
ware.

3. Results

WM regions with diffusion metrics exhibiting significant between-
group differences are presented in Fig. 1. Relative to the control group,
the ALS group showed significantly lower FA values in the bilateral
corticospinal tract and right uncinate fasciculus. The areas with higher
MD were located in right corticospinal tract, left cingulum hippo-
campus, right uncinate fasciculus, and right superior longitudinal fas-
ciculus (temporal part). In addition, ALS patients showed decreased
LDH in bilateral anterior thalamic radiation, bilateral corticospinal
tract, and left inferior frontal-occipital fasciculus.

Correlation analysis revealed a positive correlation between the
mean FA values along the bilateral corticospinal tracts and the ALSFRS-
R scores and a negative correlation between the mean FA values along
the bilateral corticospinal tracts and the progression rate of the ASL
patients (Fig. 2). Meanwhile, the LDH value along right corticospinal
tract was negatively correlated with disease duration. No significant
correlation was detected between various clinical measures and the MD
values along the fiber tracts showing significant between-group differ-
ences.

Furthermore, the WM tracts whose diffusion metrics exhibited sig-
nificant correlations with clinical parameters were utilized as target
tracts for ROC analysis (Fig. 3). FA value along right corticospinal tract
(AUC=0.868, p= .003) and left corticospinal tract (AUC=0.802,
p= .0003) showed moderate discrimination potential. Meanwhile,
LDH values along right corticospinal tract (AUC=0.792, p= .004)
also exhibited moderate potential in distinguishing the two groups.

4. Discussion

The present study employed an atlas-based DTI method to identify
alterations in the microstructural properties of WM tracts of ALS pa-
tients. We found WM abnormalities extending from the motor to the
extra-motor regions in ALS. We have also observed a correlation be-
tween distinct diffusion metrics and various clinical variables. These
findings support the contention that WM damage is a common pa-
thology in ALS [3,11,38–41], which may contribute to clinical syn-
dromes and cognitive dysfunction [41,42], and DTI metrics may be
utilized as the diagnostic biomarker of ALS. Meanwhile, it was noted
that the extent of WM abnormalities in several tracts (e.g. ATR and
LIFOF) were better revealed by LDH measurement, suggesting the
supplementary role of inter-voxel diffusion evaluation to the intra-voxel
ones in reflecting ALS-related pathological process.

Both intra- and inter-voxel diffusion metrics were simultaneously
assessed to comprehensively evaluate WM microstructural alterations
in ALS. FA is a normalized ratio of diffusion directionality that reflects
the extent of alignment of cellular structures of fiber tracts and thus
provides an indirect measure of pathological alterations in the axons or
myelin in the brain WM [38]. MD measures the bulk mobility of water
molecules that reveals changes in water diffusion in the extracellular
space due to axonal loss [43]. Neuropathological alterations of the WM,

Fig. 1. The white matter (WM) tracts with significant between-group differ-
ences in FA (A), MD (B) and LDH (C), respectively. “R” and “L” indicate right
and left side, respectively. RUF, right uncinate fasciculus; RCST, right corti-
cospinal tract; LCST, left corticospinal tract; LCH, left cingulum hippocampus;
RSLF, right superior longitudinal fasciculus (temporal part); LATR, left anterior
thalamic radiation; RATR, right anterior thalamic radiation; LIFOF, left inferior
frontal-occipital fasciculus. These tracts were defined by the JHU ICBMDTI-81
white matter atlas (Johns Hopkins University International Consortium for
Brain Mapping; http://cmrm.med.jhmi.edu/).
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including axonal degeneration and myelin breakdown [44,45], have
been reported in postmortem and ALS animal models. Therefore, the
observation of lower FA and higher MD may be attributable to loss of
axonal fibers as well as demyelination, which is similar to the findings
of earlier studies [19,43,46]. In addition to FA and MD, the inter-voxel
diffusion metric-LDH, which measures local coherence of water mole-
cule diffusion in the immediate environment and reflects micro-
structural coherence of the associated WM fibers, was also assessed
between groups. We hypothesize that the decrease in LDH represents

loss of local coherence in relation to fiber orientation, myelination,
diameter, or density of the WM tracts that are affected by ALS. In this
study, we found some other regions with significantly changes, such as
ATR and IFOF, beyond that detected by FA and MD. Thus, we propose
that LDH may be employed to generate additional information to better
understand pathological processes occurring in WM tracts as well as a
complementary indicator of neurological disease [31,32].

The CST is a WM motor pathway that originates from the somato-
sensory and motor regions and terminates at motor neurons and in-
terneurons of the spinal cord, thereby controlling movements of the
limbs and trunk [47,48]. Here, a significant decrease in FA and LDH, as
well as an increase in MD were observed along the CST. Consistently,
the earlier DTI studies have also shown significant abnormalities in the
CST of ALS patients relative to healthy volunteers, which coincides with
pathological findings [49–53]. For example, one study reported long-
itudinal FA decline along the cranial CST in ALS [54], while another
study described a significant DTI-metric change over time in the CST of
the spinal cords [43], thereby suggesting a progressive CST degenera-
tion in ALS. In this study, we found FA was significantly correlated with
the ALSFRS-R score and the progression rate among ASL along bilateral
corticospinal tracts, similar to previous studies [23,24,53,55]. Mean-
while, LDH along right corticospinal tract was significantly correlated
with disease duration. These findings suggest that the CST is specifically
vulnerable to the disease and could serve as the imaging target for di-
agnosis and monitoring of ALS, keeping in line with previous study
[56].

In addition to the motor regions, this study also observed micro-
structural alterations in various extra-motor areas such as the frontal
areas as well as frontal-temporal association fibers (e.g., ATR, IFOF,
SLF, and UF) that may be associated with symptoms of cognitive de-
cline, which can range from mild executive impairment to behavioral
variant frontotemporal dementia (bvFTD) [57,58]. This finding re-
presents a profile for WM microarchitectural alterations in ALS patients
as well as evidence showing that neuronal degeneration is not restricted
to the CST but also involves extra-motor areas, thereby supporting the

Fig. 2. Correlations between the diffusion measurements and the clinical parameters. A-D show FA value along bilateral corticospinal tract correlated significantly
with both ALSFRS-R score and progression rate. E shows that there is significant correlation between LDH in right corticospinal tracts and disease duration.

Fig. 3. The results of receiver operating characteristic (ROC) curve analysis.
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concept that ALS is a multisystem degenerative condition [59]. The
selective involvement of frontotemporal tracts reveals neural substrates
that are responsible for one component of ALS (e.g., semantic deficits),
which is proposed by previous studies through the clinical observations
[60,61]. For instance, the UF is a WM fiber tract that links the anterior
temporal lobe to the medial and lateral orbitofrontal cortex [62,63] and
apparently plays a role in episodic memory, language, semantic activ-
ities, and social emotional processing [64]. Furthermore, the ILF and
IFOF fiber pathways are two extensive association pathways that have
been proposed to link the occipital lobe to the anterior temporal and the
frontal lobes. An earlier study has shown that the IFOF possibly has a
larger contribution to semantic processing, and the ILF is more related
to visual-orthographic processing [65]. Previous research has estab-
lished that semantic deficits are common in ALS [61], and these imply
the underlying correlation between structure and function changes.

This study has a number of limitations. First, only a limited number
of ALS pertains were included in this investigation. Future studies in-
volving more subjects and multi-center researches are thus warranted
to confirm our findings. Second, we evaluated microstructural changes
only in the WM and the ALS is a multisystem disorder that involved WM
and the gray matter (GM), thus it is possible to later combine both WM
and GM to analyze the disorder. Third, we can use subgroup analysis to
evaluate the disease according to more detailed clinical characteristics
or disease stages in the future, in consideration of the intrinsic het-
erogeneity of the pathologic process in ALS. Forth, we cannot directly
evaluate the effect of WM damage on patients' cognitive function, due
to the lack of cognition assessment in this study. Fifth, although several
studies have demonstrated the usefulness of LDH for serving as a
complementary marker to investigate WM abnormalities in various
neuropsychological diseases such as stroke [66] and schizophrenia
[32], the precise biological relevance of LDH metric is still not well
understood. Further studies should be recommended to help provide
better biophysical interpretation for the information reflected by the
LDH measurement.

5. Conclusion

Taken together, this study showed that ALS involves both intra-
voxel and inter-voxel diffusion alterations across major tracts of the
WM, which in turn is indicative of the contribution of WM micro-
structural changes to its pathogenesis. The findings of the present study
indicate that DTI metrics may be utilized as indicators of neuropatho-
logical symptoms of ALS. In addition, the extent of abnormalities in
several WM tracts such as ATR and LIFOF could be better assessed using
the inter-voxel diffusion measurement; thereby, LDH can provide va-
luable information complementary to those obtained by conventional
DTI metrics, when exploring WM alterations in ALS. Future studies
should be performed to further clarify the pathophysiology processes
related to diffusion measurement changes in ALS and to better evaluate
the correlation between the diffusion parameters and the clinical
symptoms or scales.
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