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Summary: Amyotrophic lateral sclerosis (ALS) is a motor
neuron disease characterized by progressive degeneration of
upper motor neurons (UMN) and lower motor neurons (LMN).
While LMN dysfunction can be confirmed by electromyography
(EMG) and muscle biopsy, UMN involvement is more difficult to
detect, particularly in the early phase. Objective and sensitive
measures of UMN dysfunction are needed for early diagnosis and
monitoring of disease progression and therapeutic efficacy.
Advanced magnetic resonance imaging (MRI) techniques, such

as diffusion, perfusion, magnetization transfer imaging,
functional MRI, and MR spectroscopy, provide insight into
the pathophysiological processes of ALS and may have a
role in the identification and monitoring of UMN pathology.
This article provides an overview of these neuroimaging
techniques and their potential roles in ALS. Key Words:
Amyotrophic lateral sclerosis, diffusion tensor, perfusion
imaging, proton spectroscopy, magnetization transfer
imaging.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS), also known as
Lou Gehrig’s disease, is a fatal neurodegenerative
disorder affecting upper motor neurons (UMN) in the
motor cortex as well as lower motor neurons (LMN) in
the brain stem and spinal cord. Patients with ALS suffer
from a progressive paralysis of the skeletal muscles,
resulting in loss of voluntary movement, ability to speak
and eat, and eventual loss of respiratory function [1]. The
motor function phenotypes of ALS are highly heteroge-
neous and determined by three primary independent
attributes: body region of onset; relative mix of UMN
and LMN involvement; rate of progression [2]. Pheno-
types that predominantly affect specific body regions are
associated with extremes of disease progression; for
example, patients with bulbar onset are typically asso-
ciated with a more rapid decline [2, 3]. The cause of ALS
is generally unknown, although approximately 2% of
cases are due to mutations in the superoxide dismutase
gene [4]. The disease is incurable and until now only one
drug, riluzole, has been shown to be somewhat effective
in prolonging the life span of patients with ALS [4].

The classical neuropathological features of ALS
include loss and degeneration of the large motor
neurons in the gray matter of the spinal cord,
brainstem, and cortex, as well as degeneration of the
corticospinal tract (CST) that contains axons of the
cortical UMN. Other extramotor systems are also
involved to various degrees. About 2–3% of ALS
cases are accompanied by frontotemporal dementia [5,
6], while in approximately 50% of cases cognitive
impairment can be observed [7].
The diagnosis of ALS is currently based on clinical

features, electromyography, and the exclusion of other
diseases with similar symptoms. LMN dysfunction can be
confirmed by electromyography and muscle biopsy,
whereas UMN involvement is more difficult to detect,
particularly in the early phase [1, 4]. Objective and sensitive
measures of UMN dysfunction are thus needed since
delayed diagnosis may lead to the loss of motor function,
which might not be corrected by therapeutic interventions
[7]. Furthermore, longitudinal studies will be required to
monitor the disease progression and treatment efficacy.
In the search for the UMN markers, several neuro-

imaging modalities, especially diffusion tensor imaging
(DTI) [8–16], proton magnetic resonance spectroscopy
(1H-MRS) [14, 15, 17–20], perfusion imaging [21],
magnetization transfer imaging [22] (MTI) and
functional magnetic resonance imaging (fMRI) [23–25],
have been used with varying success. This article
presents an overview of these neuroimaging methods
and their potential roles in ALS.
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CONVENTIONAL MRI

In patients with ALS, conventional MRI is used
principally to exclude other pathologies, such as cerebral
lesions, skull base lesions, cervical spondylotic myelop-
athy, other myelopathy, conus lesions, and thoracolum-
bar/sacral radiculopathy [7, 26, 27]. Once diseases
mimicking ALS are ruled out, subtle neuroimaging signs
that are supportive of ALS are looked into.
Several studies have reported abnormal findings on

T1-weighted, T2-weighted, proton-density, and fluid-
attenuated inversion recovery images in patients with
ALS [28, 29]. Consistent features that are indicative but
not specific for the diagnosis of ALS include hyper-
intensity in the CST, hypointensity in the motor cortex,
and brain atrophy.

Hyperintensity along the corticospinal tracts
Hyperintensity along the CST on T2-weighted or fluid-

attenuated inversion recovery images is most readily
identified in the posterior limb of the internal capsule
(PLIC) and may also be seen in the centrum semiovale
and ventral brain stem [26, 27]. However, some of these
findings have also been reported in normal controls [26].
The frequency of hyperintense lesions in the CST of
patients with ALS varies significantly in different studies
and does not correlate with clinical scores [26, 28].

Hypointensity in the motor cortex
Hypointensity in the motor cortex on T2-weighted

images has been observed in a fraction of patients with
ALS. The observed hypointensity may be due to a T2
shortening effect from excessive iron deposition [30],
fibrillary gliosis, and/or macrophage infiltration [28, 31].
Theoretically, the presence of paramagnetic or ferromag-
netic materials at a high enough concentration will cause
susceptibility effects. Similarly, the presence of a tissue
with low water content will also lead to hypointensity.
However, such a change is neither sensitive nor specific
to ALS pathology.

Brain atrophy
The voxel-based morphometry (VBM) approach is an

automated statistical technique that has been used to
detect regional differences in brain tissue density and
tissue amount [32, 33]. It has been validated as a
powerful tool for analyzing changes in gray or white
matter (WM) volumes in the brain [32, 34]. VBM studies
in ALS patients suggest that the regional gray matter loss
is not only confined to the motor cortex, but extends to
the frontal, temporal, parietal, and limbic regions [34–
37]. The frontal regions have been reported to have the
most severe atrophy in patients with ALS and fronto-
temporal dementia [37]. Several studies have also
reported regional WM loss in ALS, including that in

the corpus callosum, cerebellum, frontotemporal, and
occipital regions in ALS [5, 34]. However, global brain
atrophy in ALS is relatively mild [35].

DIFFUSION TENSOR IMAGING

Basic physics
Diffusion imaging probes the self-diffusional move-

ment of water molecules, which can be detected by the
attenuation of MRI signal using a diffusion weighted
sequence [38]. When unimpeded, water molecules move
in a random manner (isotropic diffusion). However, the
presence of obstacles, such as axonal membranes and
myelin sheaths in WM fiber tracts, hinders this molecular
motion in a particular direction, resulting in anisotropic
diffusion. Diffusivity of water is generally higher in
directions along fiber tracts than in the perpendicular
direction [38]. This process of diffusion can be mathemati-
cally described by a diffusion tensor ellipsoid, which is
characterized by its three eigenvectors and the correspond-
ing eigenvalues (l1, l2, and l3). The eigenvector associated
with the largest eigenvalue denotes the predominant
orientation of fibers in a given imaging voxel.
The most commonly used indices for estimating

diffusion are mean diffusivity (MD) and fractional
anisotropy (FA) [39], which can be calculated according
to Eqs. (1) and (2), respectively

MD ¼ l1 þ l2 þ l3ð Þ = 3 ð1Þ

FA ¼
ffiffiffi

3

2

r
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where l denotes the mean of the three eigenvalues.
MD is a measure of the directionally averaged

magnitude of diffusion and is related to the integrity of
the local brain tissue. FA represents the degree of
diffusion anisotropy and reflects the degree of alignment
of cellular structure [39].
DTI techniques also allow interregional fiber tracking,

known as diffusion tensor tractography, which allows
tracking of the major WM tracts [16, 40, 41]. This
process can be carried out with a wide variety of
algorithms. The commonly used streamline tractography
is generally performed using a line propagation techni-
que, which uses continuous number fields [41, 42] and
multiple regions of interest (ROIs) [16, 41]. Tracking is
typically launched from a "seed" voxel from which a line
is propagated in both retrograde and antegrade directions
according to the major eigenvector at each voxel.
Tracking propagates in the direction of the eigenvector
that is associated with the largest eigenvalue. The
propagation terminates when it reaches a voxel with FA
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lower than a specified FA threshold or when the angle
between two principle eigenvectors is greater than a
specified angle threshold.
Probabilistic tractography is a relatively novel approach

in which probabilistic maps of fiber connectivity between
brain regions are generated. The value of each voxel in a
map indicates the likelihood that the voxel is included in the
diffusion path between two ROIs [40, 43]. Diffusion tensor
tractography has been shown to be helpful in guiding the
placement of ROIs on the CST [15, 44].

Clinical application
DTI can provide important measures of UMN dys-

function. Changes in tissue structure can lead to alter-
ations in the diffusion characteristics, which can in turn
be reflected by the changes in FA and MD values. Both
ROI-based approaches and tractography studies have
demonstrated significant changes in diffusion parameters
along the CST in the brains of ALS patients [8–10, 12,

13, 15, 45]. The most common finding is a reduction of
FA in the CST, which is thought to be due to the
neuronal degeneration of UMN. Increased MD along the
CST has been reported by some investigators [9, 12, 45,
46]; however, no such changes were observed in another
study [10]. In one of these studies, Sage et al. [45]
spatially interpolated FA and MD over the course of
CST. FA decrease could be demonstrated at nearly all
levels of the CST, with the most significant reduction in
the PLIC. MD showed a more constant course over
different levels of the CST and tended to be elevated at
the cranial level of the CST (FIG. 1). Significant
correlations of diffusion parameters with measures of
disease severity and duration have been established in a
number of studies [9, 10, 15], but these correlations
could not be confirmed in other studies [8, 12].
Voxel-based analysis of DTI data has been used to

evaluate the WM integrity in ALS [11, 45, 46]. Recently,
a hybrid approach, known as tract-based spatial statistics

FIG. 1. Graphs of the interpolated fractional anisotropy (FA) (a) and mean diffusivity (MD) (c) values of the mean corticospinal tract (CST) in
patients (green) and controls (blue). Values are shown as themean ± standard error (SEM). Interpolated z-coordinates (or slices) are shown on the
x-axes. The y-axes represent values of FA andMD (10−3 mm2/s). Slices in which FA is significantly decreased or in which MD is significantly
increased in patients compared to healthy controls are indicated by double arrows and a red asterisk. (b) A reconstructed mean CST with
colors according to color encoding of DTI-based color maps overlaid on an anatomical image (flipped to match the x-axes of the graphs)
is shown for anatomical reference, together with a vertical bar in white indicating the anatomical structures. MO = medulla oblongata; P =
pons; CP = cerebral peduncle; PLIC = posterior limb of the internal capsule; CR = corona radiata; SWM = subcortical WM. Reprinted with
permission from Sage et al. [45]. (High resolution version of this image is available in the electronic supplementary material.)

65NEUROIMAGING IN ALS

Neurotherapeutics, Vol. 8, No. 1, 2011



(TBSS) [47], which attempts to combine the best of
voxel-based and tract-based analyses is being increas-
ingly used in ALS [48, 49]. A significant advantage of
the TBSS approach is that it allows statistical changes to
be projected on the skeleton of WM structures. Several
studies have reported a significant reduction of FA not
only in the CST but also in extramotor regions, including
the corpus callosum, frontal and parietal WM as well as
the hippocampal formation and insula [36, 45, 48, 49].
Using a different methodology, Agosta et al. [50]
recently reported increased axial diffusivity of the
uncinate fasciculus in ALS patients and suggested that
uncinate fasciculus involvement may be related to the
behavioral symptoms of patients with ALS. The results
of these studies support the view that ALS is a
multisystem degenerative disease in which abnormalities
of extramotor areas play an important role in its
pathophysiology.

PROTON MR SPECTROSCOPY

Basic physics
MR spectroscopy provides biochemical information on

the tissue from a selected ROI. The MR spectrum is a
spectral graph in which the x-axis denotes the unique
chemical composition of a metabolite in parts per million
(ppm) and the y-axis reflects the concentration of that
metabolite. Although the MR spectrum can be generated
from any element in the periodic table that has an odd
number of protons, biological MR studies are generally
confined to those involving the 1H, 31P, 13C, 23Na, and
19F protons. Of these, the most commonly studied is
proton (1H) nucleus due to its abundance in biological
tissue (water and fat) and high sensitivity. Only freely
mobile small molecules are detected in the in vivo MR
spectrum; the signals from membrane-bound larger
molecules, such as proteins, are not observed. As the
tissue water concentration is about 70 molar, in comparison
to the millimolar concentration of metabolites, it is critical
to suppress the water signal to detect the small amount of
important metabolites. This suppression of the water signal
is typically achieved through the use of chemical shift
selective water suppression radiofrequency pulses.
Similarly, in the brain, the extra-cranial lipid (fat) signals
are suppressed using outer-volume suppression techniques.
In order to adequately resolve the individual metabolite
resonances, it is necessary to optimize the magnetic field
homogeneity within the ROI. This is achieved using a
procedure called “shimming” in which the magnetic field is
iteratively adjusted along the orthogonal axes of the magnet
[51].
The MR spectrum in vivo can either be acquired from

a single voxel using the single-voxel spectroscopy (SVS)
technique or using a chemical shift imaging (CSI)

method, in which multiple voxels can be studied
simultaneously [27]. The SVS method requires less time
than the CSI technique and provides reliable measures of
metabolites from the specified ROI; however, it is limited
as only a small region of the brain is interrogated at one
time. The CSI method takes longer than the SVS method,
as it provides spectra from an array of voxels, a single
section, or multiple sections. Recently, echo planar CSI
has been successfully implemented to further increase the
region covered by spectroscopy studies as this technique
provides metabolite distribution maps from almost the
whole brain with sufficient spectral quality [52, 53]. This
technique also allows spectra to be acquired from regions
that generally suffer from poor spectral quality on the
SVS and CSI methods, such as the brain stem.
The major brain metabolites detected by 1H MRS are N-

acetyl aspartate (NAA), choline (Cho), creatine (Cr),
myoinositol (mI), lipid, lactate, and glutamine+glutamate.
It is generally accepted that NAA is a marker for neuronal
integrity; Cho, a marker of membrane turnover and cell
proliferation; Cr, a marker of tissue energy state; mI, an
astrocytic marker; lipid signals, indicators of tissue
destruction and necrosis; lactate, an indicator of hypoxia;
glutamine+glutamate, excitatory markers [51].

Clinical application
Most of the 1H-MRS studies in ALS have

demonstrated that either NAA concentrations [54, 55]
or ratios of NAA/Cr, [15, 18, 19, 56] NAA/Cho [15, 17,
55], and NAA/(Cr+Cho) [57] are reduced in the motor
cortex (FIG. 2). Because NAA is present primarily in
neurons, these metabolic changes reflect a loss or
dysfunction of motor neurons. A decreased NAA/Cr
and NAA/Cho ratio along the CST with the most
pronounced reduction in the precentral gyrus and
corona radiata has been shown in patients with ALS
[58]. Similarly, a reduction in NAA from the pons and
upper medulla has also been reported in ALS patients
who have prominent UMN or bulbar signs [59].
The degree of NAA reduction varies significantly from

one study to another, probably due to differences in
spectral acquisition techniques, the severity of disease,
definition of patient, control populations [15, 18, 56],
among other factors. There is no consensus on which
metabolite ratios accurately reflect UMN involvement
[18, 19, 56]. While some studies have reported NAA/
Cho ratios as the most sensitive indicator of neuronal
loss, others have concluded that NAA/Cr ratio is the
most optimal parameter in the diagnosis of ALS [18, 19,
56]. A moderate correlation between NAA concentration
from the motor cortex and clinical manifestations (dis-
ease severity [15, 60], UMN signs [20], and maximum
finger tapping rate [57]) has been reported in some
studies. Bulbar-onset patients have lower NAA from the
motor cortex compared with those of limb-onset patients
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[61]. Furthermore, patients with a lower NAA/Cho ratio
showed reduced survival [62].
In addition to decreased NAA, increased Cho has been

reported in the PLIC in patients with ALS [56]. Increased
mI has also been found in the motor cortex in ALS
patients [17, 18]. Using a higher field magnet (3 Tesla),
Kalra et al. [63] reported that the NAA/mI ratio provided
both better sensitivity and specificity for detecting ALS
than individual metabolites and demonstrated the stron-
gest correlation with disease severity.
In ALS, decreased NAA is not only restricted to the

motor cortex and CST, but this reduction is also
observed in premotor regions, the primary sensory
cortex, and extramotor frontal regions with relative
sparing of the parietal lobe [64]. A recent study
demonstrated that alterations of NAA and Cho in
ALS are correlated with each other [65]. This
correlation is consistent with new pathological findings
that diverse membrane proteins which give rise to
increased Cho may contribute to motor neuron death
[66].
MR spectroscopy can also be used to monitor

treatment response. An increased NAA/Cr ratio in the

motor cortex has been observed in some studies after a
short course of treatment with riluzole [67, 68].
However, no effect was seen after treatment with
gabepentin [69]. Thus, it can be concluded that NAA
has the potential to serve as a surrogate marker for
therapeutic efficacy.

PERFUSION IMAGING

Basic physics
Perfusion is defined as the volume of blood that passes

through a mass of tissue per unit time. Brain perfusion,
also termed cerebral blood flow (CBF), is expressed in
units of milliliters per gram per minute. All perfusion
measurements require a diffusible or nondiffusible tracer
whose transport in the blood can be measured. Perfusion
imaging was pioneered with nuclear medicine techniques
using positron emission tomography and single photon
emission CT [70, 71].
The two most common methods for measuring tissue

perfusion by MRI in the brain are dynamic susceptibility
contrast-enhanced imaging, in which a bolus of a

FIG. 2. Magnetic resonance (MR) images and spectra from 2-dimensional chemical shift imaging (CSI) spectroscopy of the motor cortex
in a patient with amyotrophic lateral sclerosis (ALS) (a–c) and a control subject (d–f). Transverse T2-weighted (4000/85) MR images show
the grid and volume of interest (rectangle) for the CSI study in the patient (a) and control subject (d). Representative spectra of the motor
cortex from the (ALS) patient (b, c) demonstrate reduced NAA/Cr and NAA/Cho ratios compared with the control subject (e, f). NAA = N-
acetyl aspartate, Cho = choline, Cr = creatine. Reproduced with permission from Wang et al. [15]. (High resolution version of this image is
available in the electronic supplementary material.)
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gadolinium-based contrast agent is injected and the
response is observed in the form of a transient decrease in
T2/T2*-weighted MRI signal, and arterial spin labeling
(ASL), which utilizes arterial blood water as an endogenous
diffusible tracer for measuring CBF. In ASL, CBF is
measured by magnetically inverting the magnetization of
water protons in the inflowing arteries and collecting the
signal after the labeled blood water flows into the imaging
region and diffuses into brain tissue. Because this method is
entirely noninvasive and can be repeated rapidly, it has
been widely used in assessing blood flow in patients with
neurodegenerative diseases.

Clinical application
Previous studies using positron emission tomography

or single photon emission CT demonstrated reduced
regional cerebral metabolism or perfusion throughout the
brain in patients with ALS [70–72]. The involved areas
were not only limited to the sensormotor cortex, but also
included extramotor regions, such as the premotor,
prefrontal, cingulate, putamen, insular, and parietal
cortex regions [70–73]. In contrast, patients with pro-
gressive muscular atrophy appeared to have normal or
near-normal cerebral metabolism and CBF [74, 75]. A
recent study in ALS showed similar findings using ASL
perfusion [21]. These authors also found regional areas
where increased ALS severity correlated with decreased

gray matter perfusion, suggesting that measurement of
brain perfusion may be another useful tool for monitoring
disease progression and assessing treatment effects in ALS
(FIG. 3).

MAGNETIZATION TRANSFER IMAGING

Basic physics
Magnetization transfer imaging (MTI) is based on the

exchange of magnetization between protons in free water
and protons that are bound to macromolecules. The
magnitude of the effect depends on the relative water and
macromolecular concentration, surface chemistry and
biophysical dynamics of macromolecules and may be
quantified by measuring the MT ratio (MTR). MTR can
be calculated according to the following equation:

MTR ¼ M0 �Msð Þ =M0½ � � 100

where M0 is the measured signal intensity from images
without the magnetization transfer pulse, and Ms is the
measured signal intensity with the magnetization transfer
pulse [76]. In the brain, macromolecules contributing to
the MT effect include the cholesterol component of
myelin, cerebrosides, and phospholipids. MT imaging
can be used to determine the local tissue status by
assessing MTR values from representative ROIs or by
performing MTR histogram analysis of the whole brain.

FIG. 3. Correlation between the ALS functional rating scale (ALSFRS) and ASL. The figure shows voxel clusters in red where ALSFRS
has a positive correlation with ASL perfusion. The images were individually oriented so that the left brain was ipsilateral to the side of the
more significant weakness seen clinically. Voxels were only included if they were in clusters of at least 100 voxels (p<0.001). The images
in (a) project these voxels onto a 3-dimensional rendering of the Montreal Neurological Institute atlas. The images in (b) display these
same data as a maximum intensity projection on a transparent "glass brain." The dashed lines indicate the extent of the brain that was
covered by the ASL perfusion images. Reproduced with permission from Rule et al. [21]. (High resolution version of this image is available
in the electronic supplementary material.)
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Typically, a low MTR indicates damage to myelin or to
the axonal membrane.

Clinical application
MTI has been shown to be able to detect the pathology of

the CST in ALS. Da Rocha et al. [22] reported hyper-
intensity on T1-weighted spin-echo magnetization transfer
contrast images along the CST in 80% of patients with
ALS. Some studies have also demonstrated a reduction in
MTR from the internal capsule in patients with ALS [77,
78], implying the presence of tissue damage in these areas.
The results of these studies suggest that MTI facilitates the
detection of CST degeneration.

FUNCTIONAL MRI

Functional MRI provides high-resolution, noninvasive
estimates of neural activity.When a neural event occurs in a
region of the brain, despite the increase in oxygen
consumption, there is a subsequent increase in local blood
flow that paradoxically results in a decrease in the
concentration of deoxygenated hemoglobin in the local
microvasculature of the activated region. Since deoxyhe-
moglobin is paramagnetic, it alters the T2*-weighted
magnetic resonance image signal. Therefore, this change
leads to an increase in the fMRI signal that has been called
the blood oxygenated level-dependent effect [23, 79].
A general pattern of cortical reorganization was found

for motor function in patients with ALS when compared
with that seen in normal subjects [24], with increased
activation of the contralateral sensorimotor cortex,
supplementary motor area, basal ganglia, and cerebellum
demonstrated on fMR images during motor tasks [24, 25,
80, 81]. Increased sensorimotor activation has also been
reported in the brain ipsilateral to the movement [80]. In
addition, reduced activation in the dorsolateral prefrontal
cortex has been observed, providing further evidence for
the existence of frontal lobe function deficits in patients
with ALS [81].

CONCLUSIONS

Advanced MRI techniques, such as DTI, MRS, perfu-
sion, MTI and fMRI, are increasingly being used to
investigate the anatomic and functional changes in ALS.
These novel imaging modalities provide insight into the
pathophysiological process in ALS and may play a role in
accurate identification of UMN pathology in ALS. Further
investigation is needed to determine and to compare the
relative utility of these various neuroimaging techniques.
New acquisition schemes and analysis procedures require
standardization and optimization.
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