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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disease for which a precise cause has
not yet been identified. Standard CT or MRI evaluation does not demonstrate gross structural
nervous system changes in ALS, so conventional neuroimaging techniques have provided little
insight into the pathophysiology of this disease. Advanced neuroimaging techniques—such as
structural MR, diffusion tensor imaging and proton magnetic resonance spectroscopy—allow
evaluation of alterations of the nervous system in ALS. These alterations include focal loss of grey
and white matter and reductions in white matter tract integrity, as well as changes in neural
networks and in the chemistry, metabolism and receptor distribution in the brain. Given their
potential for investigation of both brain structure and function, advanced neuroimaging methods
offer important opportunities to improve diagnosis, guide prognosis, and direct future treatment
strategies in ALS. In this article, we review the contributions made by various advanced
neuroimaging techniques to our understanding of the impact of ALS on different brain regions,
and the potential role of such measures in biomarker development.

Introduction

More than 100 years have passed since Jean-Martin Charcot first described amyotrophic
lateral sclerosis (ALS).! The disease affects motor neurons in the primary motor cortex,
brainstem and spinal cord, and results in both upper motor neuron (UMN) and lower motor
neuron (LMN) signs.2 The underlying pathophysiology is not well understood, and effective

© 2013 Macmillan Publishers Limited. All rights reserved
Correspondence to: B. R. Foerster compfun@umich.edu.

Competing interests
The authors declare no competing interests.

Author contributions
B. R. Foerster and R. C. Welsh researched data for the article, made substantial contributions to discussion of the content, and wrote
the article. E. L. Feldman contributed to review and/or editing of the manuscript before submission.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Foerster et al.

Page 2

treatments are still needed for this fatal neurodegenerative disease.3 Furthermore, the
presentation and natural history of ALS varies considerably from patient to patient, which
can contribute to diagnostic uncertainty.* Other motor neuron diseases, including
progressive muscular atrophy (PMA; LMN signs only) and primary lateral sclerosis (PLS;
UMN signs only), must also be considered in the differential diagnosis. Imaging has had a
tremendous impact in the work-up of nervous system pathology, particularly for stroke,
cancer and demyelinating diseases. By contrast, neurodegenerative diseases including ALS
tend to involve more-insidious pathological processes and present with less clear-cut clinical
diagnoses and imaging findings.

Early reports suggested that structural changes in ALS could be detected using MR,
including hyperintense T2-weighted signal in the corticospinal tract (CST).5 Such MRI
findings can, however, also be seen in healthy controls.6 As a result, the main role of
conventional MRI in ALS management is to exclude alternative diagnoses—such as an
upper cervical cord lesion—that can mimic ALS and present with UMN and LMN signs.
Over the past 25 years, considerable interest has developed in the use of advanced
neuroimaging methods to study CNS changes in ALS.

Advanced MRI techniques allow investigation of the nervous system for atrophy and
alterations in microstructure, biochemistry, neural networks, metabolism and neuronal
receptors. In this Review, we first introduce four MRI modalities as well as various PET
radioligands. We then discuss how these techniques have been applied to increase our
understanding of changes in different brain regions in ALS. We propose that advanced
neuroimaging techniques have considerable potential for translation into diagnostic and
therapeutic biomarkers. In addition, we support implementation of a multimodality imaging
approach to further our understanding of this heterogeneous and complex neurodegenerative
disease.

Advanced neuroimaging techniques

Structural MRI

Structural MRI (sMRI) techniques enable detailed analysis of focal atrophy and regional
grey and white matter.’” Typical high-resolution, single-contrast images are three-
dimensional images acquired at 1-mm resolution in each dimension to ensure accurate
structural demarcation. For some subcortical structures, tissue identification (segmentation)
is best achieved through a combination of high-resolution sequences.® In general, two
classes of volume analysis are used: voxel-based morphometry (VBM), which measures
relative grey and white matter volumes in specific brain regions;® and surface-based
morphometry (SBM), which measures cortical thickness.10:11

Diffusion tensor imaging

Diffusion tensor imaging (DTI) quantifies Brownian motion of water molecules in
biological tissues. By measuring both rate and preferred axis of water diffusion, DTI can
evaluate integrity of white matter tracts, which can be degraded in neurological diseases.1?
Fractional anisotropy (FA) is a scalar measurement of the degree of a preferred axis of water
diffusion, and decreases as the diffusion of water becomes less restricted to a single axis.13
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Mean diffusivity (MD) ignores nonuniformity of the diffusivity and averages water
diffusivity properties from all three axes. Additional diffusivity measures can be
investigated using DT, including radial diffusivity (diffusion perpendicular to the myelin
sheath), and axial diffusivity (diffusion parallel to the myelin sheath).14 Data analysis can be
performed using region-of-interest approaches, which evaluate a specific brain location;
whole-brain voxel-wise approaches such as tract-based spatial statistics; or tractography
analyses, which can be used to characterize white matter tracts.

Proton magnetic resonance spectroscopy

Proton magnetic resonance spectroscopy (*H-MRS) uses the slight differences in the
magnetic field produced by electrons and nuclei in a localized region of tissue, so as to
resolve and quantify certain tissue metabolites.1> The most commonly investigated
metabolites are: N-acetylaspartate (NAA), a marker of neuronal integrity; choline (Cho), a
marker of cell membrane turnover; and creatine (Cr), a marker of energy metabolism. Other
brain metabolites include: myo-inositol, a marker of glial cells; glutamate and glutamine
(collectively termed GIx); and y-aminobutyric acid (GABA).

Metabolite quantification can be reported in the form of metabolite ratios or absolute
concentrations. Metabolite ratios are used because standardization of the metabolite of
interest relative to Cr or Cho corrects for variability that can arise, including magnetic field
inhomogeneity and volume loss.1® Advances in TH-MRS post-processing techniques,
however, have facilitated absolute quantification of metabolites, which is generally
considered to be more informative.

Resting-state functional connectivity MRI

PET

Resting-state functional connectivity MRI (rs-fcMRI) uses intrinsic random fluctuations of
brain activity to investigate relationships between brain regions. Detection of patterns of
coherent brain activity led to the concept of specific neural networks in the brain.1” An early
study demonstrated that, at rest, blood oxygen level-dependent signals (an indirect measure
of neuronal activity) were synchronized between the motor cortices of each hemisphere,
representing an intrinsic connection between these two cortical regions.1® Use of activation-
based functional MRI to elucidate neural correlates related to task execution—such as
cognitive, motor and emotional tasks—demonstrated similar findings to the PET literature
discussed here, and has been reviewed elsewhere. 19

PET uses radioactive isotopes to localize and quantify brain metabolic activity or specific
brain receptors, which can be altered in disease processes.?? PET agents used to investigate
CNS changes in ALS include 18F-fluorodeoxyglucose (FDG), a glucose analogue that is
used to measure metabolism; 18F-6-fluorodopa, a dopamine precursor; 11C-PK11195, which
binds to the translocator protein and is considered a marker of neuroinflammation; 11C-
flumazenil, which binds to the GABA, receptor; 11C-WAY 100635, which binds to the
serotonergic 5-hydroxytryptamine receptor 1A; and 11C-L-deprenyl, which binds to
monoamine oxidase B.
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Structural MRI—A study that used manual methods to evaluate volumetric loss did not
show evidence of substantial atrophy of the motor cortex of patients with ALS, but did
demonstrate 25% volume loss in patients with PLS.21 A study conducted prior to the advent
of VBM that used automated group image analysis indicated loss of white matter underneath
the motor cortex in patients with bulbar-onset ALS but not in those with limb-onset ALS.22
Conversely, a subsequent study using VBM reported no loss of volume in the motor cortices
of patients with ALS.23 Owing to relatively small samples of healthy controls, both of these
studies might lack sufficient statistical power to detect cortical changes. The majority of
studies implementing VBM techniques have found grey matter atrophy in the motor cortex
of patients with ALS.24-28 SBM studies have consistently found reductions in cortical
thickness in the ALS motor cortex.2%-32 |_ongitudinal SBM studies have reported
progressive cortical thinning over 9 months.33

Proton magnetic resonance spectroscopy—The majority of 1H-MRS studies have
described reductions in NAA:Cr or NAA:Cho ratios or NAA levels in the motor cortex of
patients with ALS, which suggests reduced neuronal integrity in this brain region.34-46
Evidence is conflicting as to whether these changes occur early in clinically evident disease:
one study reported decreases in NAA:Cr ratios at a mean disease duration of 6.5 months,*/
whereas another study reported no significant differences in NAA levels in patients
diagnosed with ALS within the past year.%8

Lower NAA:Cr ratios have been reported across motor neuron disease phenotypes, with
similar changes in patients with PLS or ALS, and less-dramatic reductions in patients with
PMA.38 Substantially lower NAA:Cr ratios were reported in the motor cortex of patients
with bulbar-onset compared with limb-onset ALS.4° A longitudinal study detected decreases
in NAA levels over 6 months in patients with PMA but not in those with early-stage ALS.*8
Other studies, which included ALS patients with longer disease duration, described
longitudinal reductions in NAA in the motor cortex of ALS patients at 3 months,*! 6
months®® and 12 months.3® A number of studies have also explored correlations between
NAA and clinical scales, and have reported significant associations between NAA levels and
revised Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS-R)
scores,373847.51 YMN disease burden,37:44:52 Norris Scale scores,36:42 finger-tapping rate,38
hand strength,38 disease duration,*” and rate of disease progression.3* Taken together, these
results point to a reduction in neuronal integrity in the motor cortex in ALS.

Levels of other brain metabolites in the motor cortex have also been investigated, although
not to the same extent as NAA. Early studies found no significant differences in GIx or Glu
levels,*> or reported decreased Glu levels in patients with ALS compared with controls.*? A
more recent study described elevations in GIx:Cr and Glu:Cr ratios in patients with ALS
compared with controls.46 Increased Cho levels*? and decreased Cr levels3? have been
described, but these findings were not replicated in other reports.36:41.44 Elevated myo-
inositol levels or myo-inositol:Cr ratios have been detected in the motor cortex in patients
with ALS4043:51 or PLS 48 but not in early-stage ALS.*8 The exact mechanism of myo-
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inositol alteration in ALS is uncertain, but might reflect an increased number of glial cells,
or increased expression of the myo-inositol transporter on astrocytes.®! Using 1H-MRS
spectral editing techniques, we recently showed reduced GABA levels in patients with ALS
compared with controls, suggesting that GABAergic dysfunction could have an important
role in ALS neurodegeneration (Figure 1).53

Resting-state functional connectivity MRI—Several studies have described decreased
motor network (primary motor cortices and supplementary motor area) connectivity,>4-56 or
a trend towards decreased motor network connectivity,®’ in ALS. One study also reported a
correlation between disease burden and motor network connectivity: patients who were
more affected by ALS had a more strongly interconnected network than did patients with
lower disease burden.

A study that used the full precentral gyri to define the sensorimotor cortices detected
increased connectivity of this region with nonmotor areas in patients with ALS compared
with controls, but did not observe a change in connectivity between the motor cortex of each
hemisphere.®® A combination of rs-fcMRI and DTI techniques revealed increased
connectivity of the motor network in ALS patients with greater disease burden.>® This
increased motor cortex connectivity was detected in regions abutting white matter areas that
showed loss of integrity, as measured by DTI (Figure 2). As such, the observed increase in
connectivity could be a manifestation of loss of interhemispheric inhibition,®? and is
consistent with the decreased GABA concentration in the motor cortex of patients with
ALS.53

Taken together, these studies have shown motor network changes in ALS. A possible
scenario to explain the observed changes could be that early in the disease process, when
most function is still preserved, functional connectivity begins to decrease. With increased
disease burden, however, loss of interhemispheric inhibition starts to manifest, resulting in
increased connectivity. Longitudinal studies of connectivity and changes in GABA levels in
ALS are required to investigate these findings further.

PET—PET has revealed reductions in cerebral blood flow in the motor cortex and
alterations in neuronal activation in patients with ALS compared with controls.®1 Patients
had increased cerebral blood flow and activation in the contralateral motor cortex and
adjacent association areas during a single-handed motor task, which may be due to
compensatory adaptation and/or impairment of neuronal inhibitory tone.

Increased microglial activation in the motor cortex of patients with ALS was demonstrated
using the PET ligand 11C-PK11195, a marker of neuroinflammation.®2 Increased binding
of 11C-PK 11195 was also evident in the pons, dorsolateral prefrontal cortex, and thalamus.
Two studies have used 11C-flumazenil to study both sporadic ALS and familial-type ALS
caused by homozygous Asp90Ala mutation of superoxide dismutase 1 (SOD1), which tends
to have a less aggressive disease course than sporadic disease.63.64 The studies showed
reduced 11 C-flumazenil binding in the motor cortex and motor association areas in sporadic
ALS compared with controls. Reductions in 11C-flumazenil binding in familial-type ALS,
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however, were localized to the left frontotemporal region and anterior cingulate gyrus.%3
Only patients with sporadic ALS demonstrated increased cortical excitability.4

Implications of imaging findings—Advanced neuroimaging studies have demonstrated
substantial changes in the motor cortex of patients with ALS. Structural imaging and 1H-
MRS have provided evidence of neuronal degeneration, through measures showing reduced
cortical thickness and reductions in NAA. 1H-MRS and PET have indicated compromise of
the GABAergic system, and rs-fcMRI has suggested reduced neuronal inhibitory function.
These results suggest an interneuron-targeted pathology involving loss of cortical inhibition
and resulting hyperexcitability, perhaps through glutamate excitotoxicity.5°

Corticospinal tract

Diffusion tensor imaging—A number of studies have demonstrated reduced FA,86-76
increased MD,68-70.76-79 and increased radial diffusivity8:76.79 jn the CST of patients with
ALS. Reduced FA values in the CST and corpus callosum have been described in a small
cohort of patients who did not have UMN signs at the time of the scan but later progressed
to full ALS, providing evidence that white matter tract degradation can be detected prior to
onset of clinical signs.”®

A study of patients with early-stage ALS, PMA or PLS generally found the lowest FA
values in the PLS subgroup, with more-modest reductions in the ALS subgroups and the
least extensive reductions in the PMA subgroup.89 A study that enrolled ALS patients with
longer disease duration, however, found approximately twice the reduction of FA values in
patients with ALS versus patients with PLS.”2 These findings suggest that disease staging
can affect DTI measurements in ALS.

Other studies have demonstrated no significant difference in FA values in patients with
PMA38.:69 or PLS compared with controls.3® Compared with patients with limb-onset ALS,
patients with bulbar-onset ALS have greater decreases in FA8! and greater increases in
MDB81.82 relative to healthy controls. These studies reported increased MD values in patients
with bulbar-onset ALS compared with healthy controls, but no significant differences in MD
values in patients with limb-onset ALS compared with healthy controls.

FA values in the CST have been shown to correlate with UMN and ALSFRS-R scores.’4
Two studies have shown that ALS patients with higher FA values have a more protracted
disease duration, perhaps owing to differences in disease subtype.”?:72 However, many DTI
studies in ALS have not shown significant correlations between DTI metrics and clinical
measures. Patients with ALS caused by homozygous Asp90Ala SOD1 mutations had similar
CST FA values to healthy controls, whereas patients with sporadic ALS had lower CST FA
values, indicating different disease mechanisms between this familial type and sporadic
ALS.83 Some studies have reported decreased FA,37:76.82.84-87 jncreased MD,81.88 and
increased axial diffusivity”®79:89 in the posterior limb of the internal capsule (PLIC). The
PLIC contains densely packed CST fibres and might, therefore, be highly sensitive to DTI
alterations.3” FA values in the PLIC correlated with clinical symptom severity37:8 and
disease duration.84
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Some longitudinal studies have demonstrated reductions in FA in the CST over
time,74:80.90.91 \yhereas others have not.89:92.93 Using DTI, researchers demonstrated
impairment of the motor network, involving the white matter tracts and their associated
cortical regions, in patients with ALS, which could indicate spread of disease from the
motor cortex into associated motor regions.%* Other DTI studies found the greatest changes
in diffusivity in rostral, as opposed to caudal, regions of the CST. Together, these findings
suggest anterograde corticomotor neuronal degeneration.”*:74 However, not all imaging
data, including those from 1H-MRS-based studies, support rostral-predominant changes,3°
so the possibility remains that ALS disease processes advance retrogradely from the spinal
anterior horns, as well as anterogradely from the motor cortex.%°

Evidence exists that patients with PLS have rostral- predominant changes in white matter
integrity in the CST, whereas patients with ALS have caudal- predominant changes.”? In
addition, reductions in FA in white matter adjacent to the motor cortex were greater in
patients with PLS than in those with ALS, and greater reductions in FA were present in the
PLIC in ALS versus PLS. FA values in the cerebral peduncle, however, did not differ
between these two motor neuron diseases.8” Similar findings have been reported in patients
with limb-onset ALS (more-rostral FA involvement) versus patients with bulbar-onset ALS
(more-caudal FA involvement) at baseline, with increasing involvement of the CST in both
groups over time.8% These results might be explained in part by the different site of onset of
different motor neuron diseases, with the pathological effects propagating along white
matter tracts.

Proton magnetic resonance spectroscopy—A few studies have evaluated metabolite
changes in the CST in ALS. Decreased NAA:Cr ratios were present in the subcortical white
matter and periventricular white matter along the CST in patients with ALS compared with
controls, although significant changes were not evident in the PLIC.% Another study found
reduced NAA:Cr and NAA:Cho ratios in the precentral gyrus and corona radiata in patients
with ALS compared with controls, without significant changes in the PLIC or cerebral
peduncles, suggesting attenuation of metabolite alterations in more-caudal parts of the
CST.35 Reductions in NAA levels and elevations in Cho levels, as averaged over the CST,
have also been described in ALS, as have reductions in NAA levels in the left PLIC.%7
Using whole-brain 1H-MRS techniques, a recent study reported reduced NAA levels along
the CST.”8 Correlations between NAA and clinical measures have been inconsistent.3%.78.96

Resting-state functional connectivity MRI—One study, although not explicitly
measuring connectivity in the CST, investigated resting-state connectivity in the presence or
absence of CST involvement, as determined by DTI1.58 The left sensorimotor cortex had
more widespread connectivity when DTI measures of the CST were preserved.

Implications of imaging findings—Overall, results from DTI and H-MRS studies of
the CST indicate disruption and degeneration of white matter in this region. The significance
of alternations in DTI metrics has been the subject of much discussion in the literature.%8
Axonal degeneration and disorganization® is thought to give rise to alterations in water
diffusivity190 in the setting of ALS, and the FA reductions have been posited to reflect
gliosis, increased extracellular matrix, Wallerian degeneration, and/or axonal loss.68.83.101
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Corpus callosum

Structural MRI—Few studies have explicitly addressed changes in the corpus callosum in
ALS. Manual measurement methods revealed reductions in the size of the corpus callosum
in patients with this disease compared with healthy controls,102 whereas a VBM-based study
showed increased corpus callosum size in patients with ALS.25 For our own study, we
aligned each participant’s acquisition space to a common orientation, to avoid image
misregistration errors that can occur through use of group spatial normalization in
VBM.103.104 e found no change in the cross-sectional area of the corpus callosum in
individuals with ALS. Notably, many studies have investigated global structural
involvement in ALS through use of VBM or SBM analyses, and only a handful indicated
morphological involvement of the corpus callosum.

Diffusion tensor imaging—DT]I has been used to explore changes in the genu, body and
splenium of the corpus callosum. The genu connects the inferior frontal lobes and anterior
temporal lobes; the body connects the remaining regions of the frontal lobes as well as the
parietal lobes; and the splenium connects the occipital lobes.

Several studies have documented FA reductions in the middle posterior body of the corpus
callosum in ALS,71:72.75-77,79,101 a5 \wel| as increases in MD,’7 axial diffusivity’® and radial
diffusivity’178.77 (Figure 3). FA values of the middle posterior regions of the corpus
callosum correlated negatively with percentage of contralateral involuntary movements,
suggesting loss of neuronal inhibitory influence in ALS.19% FA values in the corpus
callosum also correlated positively with ALSFRS-R76:105 and UMN scores.”3:101

FA of the body, genu and splenium of the corpus callosum was found to be decreased in
patients with ALS compared with controls.8” Using a different cohort, the same study
reported decreased FA in the body of the corpus callosum in patients with PLS versus
patients with ALS or healthy controls. Similarly, FA in the body and splenium of the corpus
callosum was found to be decreased in patients with PLS compared with patients with ALS
or PMA.80 Longitudinal decreases in FA in the body of the corpus callosum have been
described in patients with limb-onset or bulbar-onset ALS, and in patients with PMA.
Patients with bulbar-onset ALS or PMA also showed longitudinal decreases in FA in the
genu of the corpus callosum, which might contribute to the cognitive dysfunction observed
in these patients.&0

Implications of imaging findings—DT] findings in the middle posterior body of the
corpus callosum, similar to the CST results, show substantial reductions in FA. The middle
posterior body of the corpus callosum connects the motor and motor association cortices. As
such, the DTI results support the hypothesis that disease propagates along structural
connections.196 The direct contribution of structural tract changes in the corpus callosum
and CST to functional alterations in ALS is unclear, although early findings suggest that
white matter alterations are associated with increased functional connectivity.>®
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Structural MRI—An early study of patients with ALS found a reduction of underlying
white matter volume but not cortical surface area in the anterior frontal lobes.?! Frontal lobe
involvement has also been reported using VBM methods.23:25-28 One study using SBM
analysis found extensive cortical thinning in frontal brain regions, including the inferior part
of the precentral sulcus, inferior and middle frontal sulci, and medial orbital sulcus.3!

Several studies have explored the link between structural changes in the frontal lobe and
cognition in patients with ALS. A VBM study found frontal lobar atrophy in ALS patients,
with the greatest effect in patients with ALS—frontotemporal dementia (FTD).24 Other
studies have demonstrated reductions in white matter, grey matter or both, with greatest
effect seen in cognitively impaired patients with ALS.107108 An SBM study revealed
extensive cortical thinning in bilateral frontal and temporal regions.32 In addition,
performance on a recognition sorting test correlated with cortical thickness of the left
prefrontal and parietal regions.

A few longitudinal studies have found changes in the frontal lobe in patients with ALS. One
study that used tensor-based morphometry (an analytical method for longitudinal VBM)
found more-rapid loss of frontal grey matter in patients with more-rapidly progressing
disease at 9-month follow-up.33 Cortical thinning of the right-side pars triangularis was
associated with disease progression, and showed a trend towards continued thinning in the
left lateral orbital frontal region at 3—10-month follow-up.30 Decreased grey matter volume
in the left insula and right temporopolar cortex, and decreased white matter volume in the
right inferior frontal gyrus were reported at baseline, with increasingly pronounced bilateral
involvement of the frontal and temporal lobes at 6-month follow-up.199

Proton magnetic resonance spectroscopy—Both NAA:(Cr+Cho) and NAA:Cho
ratios in the combined cortex of the bilateral frontal and parietal lobes were reduced in
patients with probable or definite ALS (diagnosed according to El Escorial Criteria)
compared with healthy controls. These reductions were not as dramatic as those present in
the motor cortex.*! Another study found trends for reductions in NAA and elevations of
myo-inositol levels in the mesial prefrontal cortex.110 Overall, the NAA:myo-inositol ratio
was significantly decreased in patients with ALS, but did not correlate with verbal fluency
or cognitive performance. Another study reported decreases in the NAA:Cr ratio in the
frontal lobe, and these changes correlated with achievement on the Wisconsin Card Sorting
Test.#2 Other areas that have not shown substantial metabolite changes in ALS versus
controls include the parietal lobe and occipital lobe, including the cuneus gyrus.40:42:47

Diffusion tensor imaging—Reduced FAS7:74.75.82 and increased MD®2 values have been
described in several frontal white matter regions in patients with ALS compared with
controls. One DTI study described more-global reductions in FA values compared with
other DT studies, including involvement of frontal, temporal and parietal white matter.86
Cognitive testing scores correlated with FA values in white matter tracts located in
frontotemporal regions, as well as in the corpus callosum and CST.111
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Apathy testing scores correlated significantly with FA and MD values, as well as cortical
volumes, in the frontal lobe.112 One study reported FA decreases in white matter of the
frontal gyrus and dorsolateral prefrontal gyrus of patients with bulbar-onset but not limb-
onset ALS.80 These differences could help to explain the more prominent cognitive
impairment that tends to occur in bulbar-onset ALS compared with limb-onset ALS.113 The
same study also found longitudinal FA reductions in frontal white matter of patients with
PMA, which might contribute to the memory and executive dysfunction observed in this
subtype of motor neuron disease. By contrast, a subsequent study demonstrated FA
decreases in subcortical white matter of the frontal gyrus of limb-onset ALS patients but not
in those with bulbar onset.82 Neither study included neuropsychological testing, and further
research efforts are required to better understand the relationship between cognitive function
and DTI measures in the different ALS subtypes.

PET—PET studies have shown reductions in frontal lobe cerebral blood flow and oxygen
metabolism in ALS patients with dementia compared with healthy controls.114 Similarly,
reductions in frontal lobe cerebral blood flow were observed in patients with ALS who had
impaired verbal fluency.11®> An 18F-FDG PET study found that patients with bulbar-onset
ALS had significantly lower verbal fluency scores and reduced metabolism in the frontal
cortex compared with limb-onset ALS patients and healthy controls.116 This result suggests
that the various ALS phenotypes differ in both cognitive dysfunction and metabolic profiles.
Compromised verbal fluency measures have been shown to correlate with reduced 11C-
flumanezil binding in the right inferior frontal gyrus, superior temporal gyrus, and anterior
insula.117 11C-WAY100635 binding was globally decreased in the cortex of patients with
sporadic ALS, with the most substantial changes manifesting in fronto-temporal regions.118
A similar pattern of reduced binding of 11C-WAY 100635 was present in patients with
homozygous Asp90Ala mutations in SOD1, although to a lesser extent than in patients with
sporadic ALS. These results suggest that patients with Asp90Ala SOD1 ALS have less
cortical damage than do patients with sporadic ALS.

Implications of imaging findings—Cognitive and executive functional changes in
patients with ALS have been well-documented in the clinical literature. Neuroimaging
findings provide corroborative evidence of frontal lobe changes in ALS, in that many of the
imaging features correlate with cognitive test scores. Advanced neuroimaging methods
reveal important structural, biochemical, metabolic and receptor alterations in the frontal
lobe. These results are particularly interesting in light of the recent discovery of the C9orf72
hexanucleotide repeat expansion, which is most commonly found in patients with familial
FTD and/or ALS.11® Neuroimaging techniques may be able to provide a better
understanding of the continuum and overlap of ALS and FTD, and could help to explain the
differences in cognitive impairment between bulbar-onset and limb-onset ALS.

Deep grey nuclei

Structural MRI—Few volumetric changes involving the deep grey nuclei have been
described in the ALS literature, despite a reasonably large number of SMRI studies. A VBM
study described atrophy in the right basal ganglia in ALS, with the most prominent atrophy

Nat Rev Neurol. Author manuscript; available in PMC 2014 October 02.
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in patients with rapid disease progression.33 Volume loss was detected in the left posterior
thalamus of patients with ALS or ALS—FTD.24

Diffusion tensor imaging—DT]I evaluation of the deep grey nuclei of patients with ALS
revealed decreased FA and increased MD in the basal ganglia and thalamus, as well as
significant negative correlations between several DTI measures and scores on cognitive and
fine-motor-rate tests.120 Additional studies have described reduced FA in the thalamus of
patients with ALS versus controls.®8:7> One longitudinal study found baseline FA reductions
in the thalamus of patients with PLS or limb-onset ALS compared with healthy controls, and
reductions in FA in the thalamus over time in patients with bulbar-onset or limb-onset
ALS.80

Proton magnetic resonance spectroscopy—~Reductions in NAA and elevations of
Cho in both the basal ganglia and thalamus in patients with ALS versus controls have been
described.121 NAA levels and the NAA:Cho ratio in the basal ganglia correlated positively
with finger- tap rate, foot-tap rate, and bulbar muscle movement rate. A subsequent study
reported no differences in the NAA:Cho ratio in the thalamus of patients with ALS versus
controls, although substantial decreases in the NAA:Cho ratio were detected in the
midcingulate cortex.34

PET—A PET study found a negative correlation between 6-fluorodopa uptake in the
striatum and disease duration in patients with ALS who lacked extrapyramidal signs,
providing evidence for substantia nigral cellular loss in this disease and suggesting that ALS
might share disease mechanisms with Parkinson disease.22

Resting-state functional connectivity MRI—Only one rs-fcMRI study has reported a
change in connectivity in subcortical structures in patients with ALS.59 Increased
connectivity between the motor network and the thalamus was identified, implying damage
to thalamocortical projections of the motor pathway.

Implications of imaging findings—The above findings emphasize the concept that
ALS affects multiple CNS structures. Although the studies are limited in number, evidence
exists to support loss of neuronal integrity in the deep grey nuclei. The components of the
deep grey nuclei have important connections to the motor network and prefrontal cortices,
and seem to be altered in ALS.

Diffusion tensor imaging—One of the first ALS studies to focus on the pyramidal tract
in the brainstem reported decreased FA at the level of the pons and medulla in patients
versus controls.88 By contrast, no disease-associated differences in FA or MD were detected
in these brainstem regions in another study, although they were evident at the level of the
cerebral peduncle.%6 Other reports have found reduced FA in the pyramid of the
medulla,*3:”3 which correlated with UMN scores.’3

Proton magnetic resonance spectroscopy—Decreased NAA:Cr ratios and increased
GIx:Cr ratios were detected in the medulla of patients with ALS compared with control
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individuals.123 The GIx:Cr ratio showed a significant negative correlation with ALSFRS-R
bulbar subscores in patients with bulbar-onset disease. Reductions in brainstem levels of
NAA have also been detected in patients with ALS, although no significant changes in GIx
were observed.#> A more recent study did not find significant changes in NAA:Cr or
NAA:Cho ratios in the medulla or pons in patients with early-onset ALS, although disease
duration did show a significant negative correlation with NAA:Cr ratios in the medulla.*

PET—A large 18F-FDG PET study found evidence of hyper-metabolism in the midbrain
and pons of patients with ALS.116 Another study showed increased uptake of the PET

ligand 11C-L-deprenyl in the pons and supratentorial white matter in ALS, providing support
for involvement of astrocytosis in ALS pathogenesis.124

Implications of imaging findings—Advanced neuroimaging studies demonstrate
structural and metabolic changes in the brainstem in ALS. DTI studies of the brainstem are
subject to greater variability than are studies of other brain regions owing to decussation of
fibre tracts in this region. However, significant reductions of FA that correspond to the CST
results discussed above have been demonstrated in the brainstem of patients with ALS.
Overall, results from H-MRS studies provide evidence of neuronal degeneration in the
brainstem similar to that in the motor cortex. PET findings support the presence of
metabolic, neuroinflammatory and reactive changes in the brainstem in ALS.

Cervical spinal cord

Diffusion tensor imaging—In ALS, DTI studies have shown reduced FA and increased
radial diffusivity in the spinal cord, particularly in the distal cervical cord.125126 |n addition,
cross-sectional spinal cord area was reduced, and FA values correlated with ALSFRS-R
scores.125 Focal atrophy of the spinal cord in ALS correlated with muscle deficits.126 One
study also demonstrated focal FA reductions and increased radial diffusivity in dorsal spinal
cord columns, which suggests involvement of spinal sensory pathway in ALS.126 A
longitudinal study demonstrated reductions in spinal cord FA and cross-sectional area and
increased MD at 9-month follow-up.%2

Magnetic resonance spectroscopy—MRS studies have focused on the upper cervical
cord to minimize the challenges of anatomy and motion artefacts. Reduced NAA:Cr and
NAA:myo-inositol ratios have been reported in this region in patients with ALS127-129 and
in presymptomatic carriers of SOD1 mutations.128 One study found increased myo-
inositol:Cr ratios, 127 which were not confirmed in the other MRS studies.128.129 NAA:myo-
inositol ratios correlated with FVC127.129 and ALSFRS-R scores,127 as well as with rates of
decline in these scores.127

Implications of imaging findings—Both DTI and MRS studies of the cervical cord in
ALS demonstrate structural and metabolite changes that are concordant with those seen in
the brain. Further advances in neuroimaging techniques will enable the challenges of
investigating this important nervous system structure—which is integrally involved in the
pathophysiology of ALS—to be addressed.
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Biomarker potential of imaging

Substantial interest has been expressed in the potential to translate research-driven advanced
imaging protocols into clinically relevant imaging tools. Given the heterogeneous clinical
presentation among patients with ALS, neuroimaging tests to assist diagnosis are desirable.

An important caveat is that most neuroimaging studies involve small numbers of patients
who tend to have long disease duration, which could result in skewed sampling given the
variable nature of this disease. This situation might explain some of the discrepant
neuroimaging results in the literature, and can limit generalizability of the findings. To
explore the potential of DTI to diagnose ALS, we recently performed a meta-analysis and
concluded that current DTI techniques lack sufficient diagnostic accuracy to be implemented
clinically (Figure 4). As such, additional research efforts are needed for diagnostic
biomarker development.130

An attractive option for development of a diagnostic algorithm with sufficient accuracy lies
in combining various advanced neuroimaging modalities and/or laboratory tests.
International efforts towards this goal have produced a consensus statement paper from the
Neuroimaging Society in ALS to facilitate neuroimaging biomarker development for this
disease.131

More-advanced statistical techniques, such as machine-learning methods, will have an
important role in analysis of the resulting rich data sets, to facilitate development of a
multimodal neuroimaging biomarker.132 Another important step to assess the capacity of
imaging biomarkers to predict conversion to ALS would involve enrolment of neurology
patients who present with only LMN signs, as well as those with a genetic predisposition to
ALS, in longitudinal trials. A multimodality neuroimaging approach could also be useful for
development of therapeutic biomarkers to more fully investigate nervous system changes in
response to potential new treatments.

Imaging markers for prognostication

The average life expectancy of patients with ALS is 2—4 years, but a subgroup of patients
survive for more than 10 years.133 Clinical predictors of shorter survival time include older
age at onset, bulbar onset, and respiratory muscle weakness.134 Neuroimaging may be able
to provide important additional information to help determine prognosis. One H-MRS
study demonstrated that lower NAA:Cho ratios in the motor cortex were predictive of
shorter survival time in patients with ALS.13% Using DTI, another study showed that lower
FA in the CST predicted shorter survival.13¢ FA values in the PLIC correlate with rate of
disease progression, with patients with lower FA values having faster disease progression.8?
Although the number of studies is small, these results suggest that advanced neuroimaging
methods could provide important prognostic information to help guide clinical decisions and
stratify patients for clinical research trials.
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Conclusions and future directions

Neuroimaging has provided important insight into the pathophysiology of ALS in living
patients. Compelling imaging evidence exists of neurodegeneration in many nervous system
regions including the motor cortex, frontal lobe, CST, brainstem and cervical spinal cord.
Furthermore, neuroimaging findings suggest involvement of the corpus callosum and basal
ganglia, both of which have important connections to the motor system. Imaging studies also
support the clinical findings of frontal lobe involvement in ALS and its overlap with FTD.
We believe that neuroimaging will play an important part in furthering our understanding
the role of the recently discovered C9orf72 mutation in ALS pathogenesis. Advanced
neuroimaging also demonstrates similarities and differences between the motor neuron
disease phenotypes in terms of brain metabolism, biochemistry and structural alterations,
which should contribute to elucidation of disease aetiologies across the spectrum of motor
neuron diseases.

1H-MRS, rs-fcMRI and PET studies have provided corroborating evidence of GABAergic
dysfunction in ALS, suggesting the therapeutic potential of strategies to restore normal
inhibitory tone. DTI studies have demonstrated evidence of white matter degradation in the
frontal lobes, corpus callosum and CST in patients with ALS, although additional research is
needed to fully understand these findings. PET studies have shown CNS metabolic
alterations in ALS, and have provided evidence of neuroinflammation and astrocytosis in the
disease process.

Advanced neuroimaging techniques provide a unique opportunity to assess disease
pathophysiology early and noninvasively and, therefore, offer promise for bio-marker
development. The need has emerged, however, for a multimodality approach to better
characterize patients and to improve our understanding of the disease processes. In the ALS
neuroimaging community, there is increasing interest in implementation of such a strategy.
In addition, longitudinal trials with enrolment of patients at earlier stages of presentation are
needed to better understand how the various imaging metrics change over time. MRI and
PET technologies will undoubtedly continue to evolve, and are expected to make important
contributions to the diagnosis and treatment of ALS.
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Figure 1.

Advanced imaging of the motor cortex in ALS. a,b | T1-weighted MRI scans showing single
voxel placement centred on the left motor cortex (yellow boxes) in the sagittal (part a) and
axial (part b) projections. ¢ | Representative magnetic resonance spectroscopy spectrum from
the left motor cortex using MEGA-PRESS spectral editing technique. d | GABA levels in
the motor cortex are decreased in patients with ALS compared with controls. Horizontal
bars indicate the mean. Abbreviations: AlU, arbitrary institutional unit; ALS, amyotrophic
lateral sclerosis; GABA, y-aminobutyric acid; Glx, glutamate and glutamine; HC, healthy
control; NAA, N-acetylaspartate. Permission obtained from The American Academy of
Neurology © Foerster, B. R. et al. Neurology 78, 1596-1600 (2012).
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Figure 2.
Changes in functional connectivity directly related to white matter damage in ALS.

Functional connectivity was significantly increased in patients with ALS compared with
healthy controls (P <0.05 corrected for multiple comparisons) in primary sensorimotor and
premotor cortex, anterior and motor cingulate areas, frontal and central operculum, and the
thalamus. Abbreviation: ALS, amyotrophic lateral sclerosis. Permission obtained from
Oxford University Press © Douaud, G. et al. Brain 134, 3470-3479 (2011).
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Fractional anisotropy

Figure 3.
Diffusion tensor imaging in ALS. Images show diffusion tensor imaging maps of voxel-wise

differences in fractional anisotropy, radial diffusivity and axial diffusivity between patients
with ALS and healthy controls. Results are displayed at significant levels (P <0.05,
corrected for multiple comparisons) in Montreal Neurological Institute standard space
overlaid on the mean fractional anisotropy image derived from all participants. Major fibre
tracts are displayed in green. Red-yellow clusters indicate locations of significant
differences between patients and controls. Abbreviation: ALS, amyotrophic lateral sclerosis.
Permission obtained from Wiley and Sons © Chapman, M. C. et al. J. Magn. Reson.
Imaging doi:10.1002/jmri.24218.
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Figure 4.
Diagnostic accurary of diffusion tensor imaging for amyotrophic lateral sclerosis. Area

under the SROC curve for diffusion tensor imaging fractional anisotropy was determined
through meta-analysis of existing studies. The summary operating point (blue diamond)
represents the intersection of the overall sensitivity and specificity. The low AUC,
sensitivity and specificity values indicate that current DTI techniques lack sufficient test
accuracy for clinical application. Abbreviations: AUC, area under the curve; SROC,
summary receiver operating characteristic. Permission obtained from Elsevier Ltd ©
Foerster, B. R. et al. Acad. Radiol. 19, 1075-1086 (2012).
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