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Summary: Amyotrophic Lateral Sclerosis (ALS) is a neuro-
degenerative disorder characterized by loss of spinal and cor-
tical motor neurons, leading to progressive weakness and ulti-
mately, death. Clinically, there appears to be an anatomic focus
at disease onset, from which the disease then spreads. Because
the focus of initial symptoms and the subsequent direction of
spread can vary from patient to patient, disease monitoring is
difficult, especially in a clinical trial, in which outcome mea-
sures must be identical and able to capture progression of all
types. Thus, the search for markers of disease progression is

especially important in ALS. Many approaches have been
taken, from voluntary strength assessment and functional rating
scales to physiological and pathological sampling of affected
portions of nervous system. No proposed marker has been
demonstrated to meet the desired criteria of biological meaning,
sensitivity to disease progression, clear relationship to overall
prognosis and survival, and ease of measurement. However,
progress is being made in all of these regards. Key Words:
ALS, outcome measures, ALSFRS, motor unit number
estimate.

INTRODUCTION

Because ALS is ultimately a fatal disease, survival is
an obvious choice as a marker of disease progression, as
well as success or failure of experimental trials. How-
ever, as a clinical trial outcome measure, survival has a
number of limitations. First, because average survival of
patients newly diagnosed with ALS is >3 years, use of
survival as an endpoint obligates the use of long trial
duration. Secondly, although survival seems unequivocal
as an endpoint, its identification may be problematic, and
it may be affected by other factors besides disease-mod-
ifying therapies. For example, the use of non-invasive
ventilatory techniques may prolong life independent of
disease progression; without question, tracheostomy and
permanent assisted ventilation is a life-prolonging inter-
vention. Invasive treatments to augment nutrition via
gastrostomy tubes may also prolong survival. Thus, al-
though survival is an objective, easily measurable out-
come, it may reflect other factors than disease progres-
sion. The presence of surrogate markers of disease
progression would allow for improved clinical trial de-
sign, and would increase our knowledge of the manner in
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which ALS evolves. This chapter will review diagnostic
markers, markers that have been previously employed as
outcome measures in clinical trials, and new approaches
that may prove useful both as measurement tools and as
probes into the biology of ALS.

CLINICAL FEATURES AND DIAGNOSIS

Amyotrophic lateral sclerosis is a rare degenerative
disorder of large motor neurons of the cerebral cortex,
brain stem, and spinal cord that results in progressive
wasting and paralysis of voluntary muscles.' Fifty per-
cent of ALS cases die within 3 years of onset of symp-
toms and 90% die within 5 years.” The cause in most
cases is unknown. No treatment prevents, halts or re-
verses the disease, although marginal delay in mortality
has been recently noted with the drug Riluzole.>* The
majority of cases are sporadic ALS (SALS); 10% are
familial ALS (FALS). Mutations in the gene encoding
cytosolic copper-zinc superoxide dismutase (SODI)
have been robustly identified as causing typical FALS.
The median age of onset is 55 years and the median
survival is ~3 years. Essential features of ALS are pro-
gressive signs and symptoms of lower motor neuron
dysfunction, including focal and multifocal weakness,
atrophy, cramps, and fasciculations associated with cor-
ticospinal tract signs (spasticity, enhanced and patholog-
ical reflexes) in the absence of sensory findings. ALS can
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present with only lower or upper motor neuron involve-
ment, and the initial manifestations may be in either the
limb or bulbar muscles. With disease progression, both
upper and lower motor neurons are involved, as are both
bulbar and limb muscles. These features define classic ALS.
At present, ALS is diagnosed when both upper and
lower motor signs are present.°”® In some cases, diag-
nostic electromyography (EMG) and muscle biopsy pro-
vide objective evidence of lower motor neuron involve-
ment. Because upper motor neuron signs may be masked
when LMN involvement is severe, upper motor neuron
involvement can be missed.”® Sensitive and objective
methods are needed to detect upper motor neuron in-
volvement. Recent novel technologies such as magnetic
resonance spectroscopy (MRS) promise to improve de-
tection of upper motor neuron involvement.'?~'>

ALS GENETICS

In 1993 it was reported that mutations in the gene
encoding SOD1 account for about 25% of cases of FALS
or 2-3% of all cases.” More than 100 different mutations
in the SOD1 gene have now been associated with FALS.
Forced expression of high levels of a mutant SOD1 trans-
gene causes progressive motor neuron disease in mice and
rats.'® Tt now seems likely that the fundamental pathology
mediated by mutant SOD1 involves both aberrant copper
catalysis as well as protein misfolding.'” In turn, these
adverse properties invoke multiple downstream pathophys-
iological events including heightened excitoxicity mediated
by glutamate, activation of cascades of programmed cell
death,'®'” perturbation of calcium metabolism, depression
of mitochondrial function and ATP production, activation
of the stress response in endoplasmic reticulum, and slow-
ing of axonal transport.?® Last year, a second ALS gene was
discovered.?'** The ALS2 gene codes for a novel protein
with homology to guanine-nucleotide exchange factors for
GTPases. Loss-of-function of ALS2 leads to denervation
beginning in the first decade, with predominant corticobul-
bar and corticospinal signs and very slow progression.
More recently, a study reported that a slowly progressive,
bulbar-predominant form of lower motor neuropathy arises
from mutations in a dynactin gene,* confirming the prin-
ciple that motor protein defects can progressively impair
motor neuron function, as reported for motor neuropathies
from mutations in the kinesin gene.** New loci in dominant
ALS have been reported on the X-chromosome®* and chro-
mosomes 18q21, 9, and 16.2627

MARKERS RELATED TO FUNCTION

Muscle strength

Muscle strength is a clinically relevant measure of
disease progression in ALS. There are a variety of meth-
ods of varying sophistication available to measure mus-
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cle strength. The measures most often used in natural
history studies and clinical trials are maximum voluntary
isometric contraction (MVIC) and manual muscle testing
(MMT).

Maximum voluntary isometric contraction. The
MVIC has proven useful as an outcome measure in nat-
ural history studies and clinical trials in ALS and is a
valid and reliable measure of disease progression.”®~>°
MVIC can be measured using a hand-held dynamometer
or a fixed device with strain gauges. The strength of
individual muscle groups is determined quantitatively
and then the scores are normalized and combined into
composite scores called megascores. This allows for the
averaging of strength of small and large muscle groups.?’

Intrarater and inter-rater reliability have been assessed
in a number of clinical trials in ALS. With rigorous
training of clinical evaluators, intra- and inter-rater reli-
ability are less than 15%.%%>7 Seven trials testing four
different therapeutic agents have used MVIC as the pri-
mary outcome measure. The methods used to determine
the rate of decline in MVIC differ slightly among the
clinical trials, with some trials using a mean slope and
others a mixed model. However, the rate of change in
MVIC has been consistent in the placebo groups from
these studies.*>*® This suggests that, similar to the
survival, muscle strength measures of disease progres-
sion in ALS have not changed over time. Data from the
placebo treatment arms of two recent clinical trials with
topiramate and creatine demonstrate that the rate of de-
cline in MVIC is essentially linear with only a small
quadratic component.**

The relationship between muscle strength measured by
MVIC and survival is not entirely clear. Two studies
have demonstrated that the rate of decline in muscle
strength measured by MVIC was strongly related to sur-
vival,>**° and another found that neither the baseline
limb muscle strength nor the rate of change in muscle
strength preceding the trial was a significant predictor of
survival.** We examined the relationship of MVIC to
survival in 97 subjects assigned to the placebo arm of the
topiramate ALS study. The baseline MVIC arm score
predicted survival, therefore subjects with lower baseline
MVIC scores survived a shorter amount of time. The rate
of decline of MVIC in the first 3 months was also pre-
dictive of survival.

The MVIC is a good quantitative measure of the rate
of decline of muscle strength, an outcome measure that is
highly relevant to the disease. The advantages of MVIC
include good intrarater and inter-rater reliability, sensi-
tivity to small, clinically relevant changes and generation
of numerically continuous data which are suitable for
parametric statistical analysis.

Problems that limit the use of MVIC are: it takes
approximately 45 min to perform testing, requires ex-
pensive equipment, is not applicable for home visits, and
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data can not be obtained from very weak muscles. In the
trials that used MVIC as an outcome measure, the study
dropout rate has been between 20 and 40%. This large
amount of missing data can negatively impact the inter-
pretability of the study results. A faster, portable method
to measure strength is desired.

A promising technique uses hand-held dynamometry
(HHD) to test isometric strength of multiple muscles,
again with standard patient positioning and rigorous
training. This technique has been used previously in ALS
clinical trials, as well as in trials in patients with inflam-
matory neuropathy and muscular dystrophy.*'~** It has
been directly validated against MVIC in ALS patients,
and shown to change at a similar rate with variability that
is only slightly greater than MVIC.** For both upper and
lower extremity muscles, correlations between MVIC
and HHD measurements ranged between 0.84 and 0.92,
with test-retest variability that was extremely similar as
well. The only time at which correlation between HHD
and MVIC broke down was at extremely high strength
levels, an area not likely to be a problem in an ALS
clinical trial. HHD equipment is inexpensive and it takes
less than 5 min to complete a test of both upper and lower
extremities.

Manual muscle testing. Manual muscle testing
(MMT) using the Medical Research Council (United
Kingdom) grading scale has been used in a number of
ALS clinical trials. It involves measurement of muscle
strength by a trained evaluator using standardized patient
positioning. It was recently demonstrated that if enough
muscles are tested, a decline in average grade can be
determined early in the disease, and the variability of
measurement approximates that of MVIC.** The advan-
tages to manual muscle testing are speed, expense, and
the lack of needed equipment.***’ Disadvantages to
MMT are low sensitivity to change in muscle strength,
the fact that data are ordinal, qualitative, and potentially
subjective, in addition to which a large number of mus-
cles must be evaluated to reduce variability and improve
sensitivity.*®

Pulmonary

Respiratory failure is the primary cause of death in
ALS and measurements of respiratory muscle function
are commonly used as secondary outcome measures in
ALS clinical trials. Vital capacity and maximal inspira-
tory and maximal expiratory mouth pressures are the
methods most commonly used to evaluate respiratory
muscle strength. These measures are widely available,
non-invasive, and portable. However, these tests are as-
sociated with increased variability in patients with sig-
nificant bulbar involvement and require maximal respi-
ratory muscle activation.*® Bulbar or facial weakness can
prevent the formation of a tight lip-seal around a mouth-
piece. Vocal cord spasms and excessive saliva and gag-

ging can also interfere with study performance. Other
measures of respiratory muscle function that might be
more useful in patients with bulbar involvement and as
outcome measures include maximal sniff esophageal,
transdiaphragmatic, and nasal pressures.

The forced vital capacity (FVC) measures volume of
air forcefully expired in one breath. Usually, the FVC is
reported as a percentage of a predicted vital capacity
based on subject’s height, gender and age. The FVC
declines with time in patients with ALS and is a sensitive
measure of disease progression. Both the baseline FVC
and the rate of decline in FVC are predictive of surviv-
2], 40.5051

Maximal inspiratory pressure (MIP) measures the
maximal negative pressure at the mouth after complete
exhalation followed by a single sustained maximal in-
spiratory effort against an occluded airway. Maximal
expiratory pressure (MEP) is the maximal positive pres-
sure measured at the mouth after inhalation to total lung
capacity followed by a maximal expiratory effort against
an occluded airway.>® Both MIP and MEP are sensitive
early indicators of respiratory muscle weakness. They
are easy to determine and reproducible.

Functional rating scales

Clinical rating scales that assess the activities of daily
living (ADL) are useful in both natural history studies of
ALS and in clinical trials of experimental agents. Early
examples are the Norris scale and the ALS severity scale.
The two scales most commonly used in ALS clinical
trials include the Appel ALS rating and the ALS Func-
tional Rating Scale (ALSFRS).

Appel ALS rating scale. The total Appel score con-
sists of five subscores: bulbar, respiratory, muscle
strength, and lower extremity and upper extremity func-
tion. Each group is composed of individual tests. A
group score of six is assigned if there is no dysfunction
and group scores of 30-36 points are assigned for max-
imal dysfunction. The total Appel ALS score is 30 for
healthy subjects and 164 for those with maximum im-
pairment.>® The rate of change in the Appel ALS Rating
Scale is a significant predictor of survival for subjects
with ALS.>

ALS functional rating scale. The ALSFRS is a
quickly administered ordinal rating scale used to deter-
mine patients’ assessment of their capability and inde-
pendence in 10 functional activities. All 10 activities are
relevant in ALS. It assesses bulbar and respiratory func-
tions, upper extremity functions (cutting food and dress-
ing), lower extremity functions (walking and climbing),
and dressing hygiene and ability to turn in bed. The
instrument can be easily administered by a clinician, an
allied health professional, or a trained evaluator. The
patient’s response is recorded to the closest approxima-
tion from a list of five choices. Each choice is scored
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from O to 4. The total score can range from 40 (normal
function) to O (unable to attempt the task).

Initial validity was established by documenting that in
ALS patients, change in ALSFRS scores correlated with
change in strength over time, as measured by MVIC,>
was closely associated with quality-of-life measures, and
predicted survival.>'°~>® With appropriate training the
ALSFRS can be administered with high inter-rater reli-
ability and test-retest reliability. The test—retest reliabil-
ity is >0.88 for all test items.

The ALSFRS can be administered by phone, again
with good inter-rater and test—retest reliability, but the
equivalency of phone and in-person testing has not been
determined. In addition, the ALSFRS can be adminis-
tered to the patient directly when the patient is verbal, but
as communication becomes more difficult, caregivers
provide increasing assistance in providing responses.
The equivalency of caregiver and patient responses has
also not been established.

A revised version of the ALSFRS was created to add
assessments of respiratory dysfunction, including dys-
pnea, orthopnea, and the need for ventilatory support.®’
The revised ALSFRS (ALSFRS-R) was demonstrated to
retain the properties of the original scale and show strong
internal consistency and construct validity.

MARKERS RELATED TO
PATHOPHYSIOLOGY

Pathology

Biopsy studies. Before the development of clinical
neurophysiology more than 50 years ago, pathology
served as the only quantitative measure of disease activ-
ity in ALS. Early autopsy studies demonstrated that ven-
tral roots were atrophied as compared with dorsal
roots>”; shortly thereafter, Charcot and Joffroy60 de-
scribed the loss of large ventral horn neurons, degener-
ation of the corticospinal tract, and dropout of large
cortical neurons in frontal cortex. More current postmor-
tem studies continue to yield important information rel-
evant to the pathogenesis of ALS,°'~% but will not be
further reviewed here, as they do not serve as tools for
diagnosis or disease progression.

Muscle biopsy is the only pathological tool that con-
tinues to be employed in the management of patients
with ALS. The demonstration of denervation atrophy of
muscle fibers is usually associated with increased con-
nective tissue; unlike other denervating diseases such as
neuropathy, muscle fiber type grouping is less uniformly
observed.®”°® Muscle biopsy is useful in patients for
whom the involvement of lower motor neurons is in
doubt either clinically or physiologically. It is not part of
the routine evaluation at most centers, but remains a
useful ancillary test in atypical patients.
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Noninvasive markers of upper and lower motor
neuron dysfunction

Motor unit number estimates. Although routine
nerve conduction studies and needle EMG are essential
for confirming lower motor neuron involvement in the
initial diagnosis of motor neuron disease, they do not
permit accurate measurement of motor neuron loss and
compensatory reinnervation.®>’® Motor nerve conduc-
tion velocity remains normal until quite late in the dis-
ease, and compound motor action potential amplitude
does not decline until >50% of axons has been lost.
Needle EMG is a sensitive indicator of axon loss, but has
not been useful in assessing change over time. Motor unit
number estimation (MUNE) quantifies the number of
surviving motor units in the living human subject’'~"®
and has emerged as an important potential marker in
ALS”"""® and other motor neuron disorders.

All techniques for counting motor units rely on the
same basic premise. A maximum muscle response is
generated to an electrical stimulus. Most often the re-
sponse measured is electrical, but force measurements
have also been used. Then, the response amplitude of a
single motor unit is estimated. Once a single motor unit
amplitude estimate is made, this value is divided into the
maximum response to yield a number reflecting the num-
ber of units that made up the response.

The way this estimation is made varies from technique
to technique. No technique has been universally ac-
cepted, but 4 have emerged as the most commonly used.
The original incremental technique described by McCo-
mas®'~® relied on stimulating at one location, using a
stimulus that varied slightly from near-threshold levels.
Initially, an all-or-none response was generated, repre-
senting the response of a single unit. With increases in
stimulus intensities, quantal increments in the response
could be recorded, which were taken to represent addi-
tional motor units being stimulated (FIG. 1). Approxi-
mately 10 successive increments were recorded. That
response amplitude was then divided by the number of
increments to yield an estimate of average motor unit
size.

The multiple point stimulation technique also
relies on low-amplitude stimuli to generate a single all-
or-none response. Instead of increasing stimulus inten-
sity to study successive increments, however, the stim-
ulus position is varied, and the first unit, stimulated at a
variety of positions, is recorded. Usually 10-20 such
responses can be obtained; this sample of individual
motor units is then averaged to yield an estimate of
motor unit size. Spike-triggered averaging’'’* employs a
different approach. Single motor units are identified at
low levels of voluntary muscle activation. The response
to a single motor unit is recorded with either a concentric
or single-fiber EMG needle, and the electrode is posi-
tioned so that only the single motor unit response is

75,84,85
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recorded. Concurrently, surface potentials are recorded;
the single motor unit spike is used as a trigger to time-
lock the surface-recorded potentials so that an average
surface response can be calculated, corresponding to the
needle-recorded spike. Different motor units are re-
corded by altering the position of the intramuscular elec-
trode to trigger on different signals. The surface-aver-
aged potentials are themselves averaged to derive an
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estimate of motor unit size. Finally, the statistical tech-
nique®®#®4#7 relies on the response variability to a re-
peated submaximal stimulus to estimate motor unit size.
For any given submaximal stimulus intensities, some
motor units will always fire because their response
thresholds have been exceeded, some units will never fire
because they are clearly subthreshold, and some will fire
variably as the stimulus is near their threshold level.
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FIG. 1. Examples of incremental MUNE obtained from a wild-type mouse and a symptomatic animal with the FALS transgene. A: A
normal maximum compound motor action potential (CMAP). B: 10 incremental responses from the same animal as in A. C: Maximum
CMAP and 10 incremental responses displayed at the same amplification from a symptomatic animal. The CMAP is between 2 and 3
times greater than the 10th incremental response, implying a MUNE of between 20 and 30. In contrast, the 10th incremental response

in B is less than 5% of the CMAP shown in A.
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Thus, the variability of the response to such stimulus
depends on the variable firing of a relatively few units.
The statistical technique estimates the size of these units
by the variability of the response; this procedure is re-
peated at four different intensity levels to sample motor
unit size as a variety of regions of the stimulus—response
curve. These separate estimates are then combined to
generate an average single motor unit size.

In theory, lower motor neuron dropout in ALS is a
process ideally suited to evaluation by MUNE. Both the
actual loss of motor units and the functional adaptation
of increasing motor unit size can be estimated, the pro-
cess is noninvasive, well tolerated, and fairly rapid to
perform. Early studies showed that MUNE was indeed
reduced in patients with ALS. Hansen and Ballantyne®®
compared MUNE in intrinsic foot muscles of normal
subjects and 32 patients with ALS. Overall, MUNE of
the patients was reduced by 62%, whereas individual
motor unit potential amplitude increased by 145%. Car-
leton and Brown®® obtained similar findings in the upper
extremities. Because of compensatory increase in motor
unit size, compound motor action potential amplitude
was within normal limits until MUNE dropped below
10% of normal numbers. This provided a clear explana-
tion for the lack of sensitivity of routine motor nerve
conduction studies in identifying patients with ALS.

Progressive decline of MUNE in ALS was first shown
by Dantes and McComas”’; their data suggested that
motor unit loss occurred more rapidly early in the dis-
ease, with the slope of motor unit decline leveling off
after the first year. Similarly, Arasaki and Tamaki®'
noted that MUNE dropped by 70% in the first year after
diagnosis. Coupled with data showing that muscle
strength declines quite linearly in ALS during most of
the course of the disease,>’**? these studies suggested
that the early rapid decline in motor unit numbers is
compensated for by increases in individual motor unit
force generating capacity.

Motor unit dropout is a hallmark of progression in
ALS, and virtually all force and electrophysiological
measures show declines with time after diagnosis.
Hence, the fact that MUNE behaves similarly does not
confer upon it any unique utility. However, MUNE has
shown promise in stratifying patients according to rate of
progression. In a recent study, the rate of change of
MUNE was shown to be a strong predictor of survival in
ALS patients.”* Even a single MUNE study can provide
predictive power; using a single MUNE evaluation and
extrapolation to normal values assumed to be present just
before disease onset, patient survival was effectively pre-
dicted.””9>¢

The most powerful application of MUNE would be as
an outcome measure in clinical trials, if variability of
measurement were sufficiently low, and changes in
MUNE over time were a more sensitive indicator of
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disease progression than other surrogate measures. When
MUNE, compound motor action potential amplitude,
hand grip, strength testing, and vital capacity were all
measured at regular intervals during the course of a
clinical trial in ALS,”® MUNE showed a higher percent
change than any other measure, and had a higher likeli-
hood of detecting a criterion change in response than any
of the others. Similarly, a study comparing MUNE to
grip strength and compound motor action potential am-
plitude showed a significant decrease in MUNE within 3
months but no significant change in other measures.”®

In a recently completed multicenter trial evaluating the
efficacy of creatine in ALS, MUNE was employed as a
secondary outcome measure. Formal training of evalua-
tors was provided, and rigorous criteria for test-retest
reliability were applied. Under these circumstances,
evaluation of test-retest variability was less than 20%,
and MUNE dropped approximately 30% over a 6-month
test interval. Comparison of the decline in MUNE with
the changes measured in the other measures of disease
progression employed in this study suggested that
MUNE could be effectively employed as an outcome
measure in future ALS trials.”’

Transcranial magnetic stimulation. Physiological
assessment of upper motor neuron function can be ac-
complished using both transcranial electrical cortical
stimulation and, more recently, transcranial magnetic
stimulation (TMS).”® TMS employs a brief and powerful
magnetic pulse to induce an electric current within the
cortex. With cortical magnetic stimulation of appropriate
brain areas, a response can be recorded in both upper
extremity and lower extremity muscles. By subtracting
peripheral conduction time from the total response la-
tency after cortical stimulation, central motor conduction
time (CMCT) may be calculated. This measures latency
from activation of Betz cells or their input pathways
through anterior horn cell activation. Peripheral conduc-
tion time can be measured directly by magnetic stimula-
tion of cervical roots or by using F waves, which assess
conduction time from the recording site to the level of
the anterior horn cell axon hillock. Abnormally pro-
longed CMCT has been reported in 51% to 93% of
patients with ALS. This prolongation may be attributable
to the loss of large myelinated motor axons in the corti-
cospinal tracts subsequent to degeneration of cortical
motor neurons. However, as can be concluded from the
range of abnormal responses discussed above, CMCT
prolongation is not a sensitive measure of upper motor
neuron disease presence. Even in patients with definite
ALS and upper motor neuron abnormalities in the limb
studied, less than 50% of patients may show CMCT
abnormalities.”” CMCT prolongation has been found in a
variety of CNS diseases, and cannot be considered to be
a specific sign of motor systems diseases.”® Despite its
limited sensitivity and specificity, however, it is possible
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that, for those patients in which CMCT is abnormal,
changes over time could correlate with clinical progres-
sion. Longitudinal studies to address this issue are cur-
rently unavailable.

TMS can provide other measures that have potential as
markers of disease progression in ALS. Response ampli-
tude from cortical stimulation can be compared with the
response of the same muscle with distal nerve stimula-
tion; the ratio provides some insight into the extent to
which the corticomotor neuron is impaired.lOO However,
response variability is even greater than that seen in
CMCT studies, and there is no longitudinal information
relating this measure to disease progression. Other mea-
sures of potential interest include resting threshold of the
motor cortex, which may be either normal or reduced
even when there is clear loss of corticomotor neu-
rons.'?"192 Cortical excitability and inhibition can be
studied by using peristimulus time histograms (PSTH),
whereby a weak transcranial stimulus is superimposed
on a steady level of motor activation, and time-related
changes in activation are recorded.”*'%*~'%* Patients with
ALS usually show abnormal PSTH, whereas patients
with isolated lower motor neuron disease do not.'”* By
using paired magnetic stimuli, a cortical silent period
after stimulation, which also represents corticospinal in-
hibition, can be explored; most, though not all ALS
patients appear to show reduced inhibition using this
metric.'” Paired cortical stimuli can also be used to
assess both early and late intracortical inhibition.'%* All
of the above measures are often abnormal in ALS pa-
tients; however, the variability overlaps values seen in
normal controls, and changes with disease duration are
variable as well.'® Thus, although physiological mea-
surement of upper motor neuron processes may reveal
valuable insights regarding the pathophysiology of ALS
in the future, they are not currently appropriate for use as
markers of disease existence or progression.

MRS. The search for a marker of upper motor neuron
damage has also included investigations of proton MRS.
With this technique, the distributions of multiple small
molecules, including N-acetyl (NA), N-acetylaspartate
(NAA), N-acetylglutamate (NAG), creatine (Cr), choline
(Cho), and others can be determined throughout the brain
with a variable degree of spatial resolution. At present,
no consensus has been reached regarding the optimal
techniques for performing MRS studies, therefore results
from different groups are difficult to compare. However,
it seems clear that NA concentrations are reduced in the
motor region of ALS patients, either expressed directly
as concentration or in ratios with other metabolites in the
area, such as Cho or Cr.'%%196-113 Djifferences in specific
metabolite ratios may distinguish disease subtypes. For
example, in one study the NAA/Cho ratio selected for
patients with definite ALS by El Escorial criteria, as
compared with patients who had less obvious motor cor-

tex involvement.''” In addition, decreases in the NAA/Cr
ratio were closely correlated with rate of finger-tapping
in ALS patients, which was chosen as a measure of upper
motor neuron involvement.'®” Thus, MRS may have util-
ity as a biomarker for upper motor neuron integrity and
function.

A few studies have evaluated longitudinal changes in
MR spectra.'* In a single patient, NA/Cr dropped 23%
over 8 months. However, in the context of a clinical trial
of intrathecal brain-derived neurotrophic factor, NAA/Cr
in both patients treated with a placebo or an active drug
did not change after 1 month of treatment.''* Similarly,
treatment with gabapentin for approximately 1 month
was not associated with any change in the above ratio in
ALS patients or normal controls,''> although the ratio
was significantly reduced in the patients as compared
with the control group. However, in another short-term
comparison of ALS patients and control subjects treated
with creatine, the NAA/Cr ratio was diminished in the
control group but unchanged in the ALS group.''® This
finding was taken to support the hypothesis that creatine
supplementation attenuated the diminished NAA levels
seen in ALS motor cortex, and suggests the possible
utility of this ratio as a biomarker for therapeutic effi-
cacy. However, because creatine has so far failed to
demonstrate any efficacy in patients with ALS, the sig-
nificance of this finding is unclear."'” In a similar study,
short-term exposure to riluzole was also found to in-
crease the NAA/Cr ratio in ALS patients. Because ri-
luzole has no short-term clinical benefit that can be mea-
sured using the same time scale, it is unclear whether this
finding suggests that MRS has potential as a sensitive
marker of potential treatment efficacy, or if it is suscep-
tible to multiple epiphenomena.

BIOMARKERS

No single biochemical abnormality is specific to the
diagnosis of ALS. Some have been evaluated as specific
and sensitive markers of the disease, although none has
proven to be robust. These have included CSF studies,
such as measures of protein content, amino acids, and
glutamate.'"®!'® Some markers of oxidative injury are
elevated in the CSF of patients with ALS, including
indices of DNA oxidative injury,'?® protein oxidation,'?'
and lipid peroxides.'** Other reported biochemical
changes include increased serum levels of lipid perox-
ides in sporadic ALS,'** and increased serum levels of
matrix metalloproteinase-9'>* and transforming growth
factor-1."%> These biochemical changes are not specific
to ALS and have low sensitivity.

Proteomics and metabolomics are the comprehensive
study of proteins and small molecules present in cells
and tissue, respectively. These technologies are just now
being applied to ALS. Preliminary data from proteomic
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studies in CSF'?® and metabolomic studies in plasma'?’
from subjects with ALS suggest that these technologies
will likely yield new insights into disease mechanisms,
and potential biomarkers for diagnosis and for following
response to therapies in clinical trials.

In recent years there has been an increasing interest in
the concept that seemingly benign genetic variants may
confer risk for a given disease or a phenotype within a
disease. Variations in several genes relevant to motor
neuron biology have been considered as possible modi-
fying or risk factors for ALS. One example is the sur-
vival motor neuron gene (SMN); deficiency of the telo-
meric but not the centromeric copy of SMN causes
recessively inherited spinal muscular atrophy. The cen-
tromeric copy of SMN modifies the phenotype of SMA.
Detailed analyses of centromeric and telomeric SMN
genes in patients with ALS and controls document that
some variants in SMN appear to modify clinical param-
eters in sporadic ALS cases.'?® 3! Polymorphisms or
variants in other genes have also been considered as risk
factors for ALS, including apolipoprotein E,'**1*3 cili-
ary neurotrophic factor,'**~'%° the astrocytic glutamate
transporter EAAT2/GLT1,'*"'*? and the ALS2 gene.
Most recently, the possibility of a genetic predisposition
in ALS was underscored by a recent report of a high rate
of constitutional chromosomal aberrations (5.9% vs 0.5—
0.1% in the general population.'*?

In summary, disease progression of ALS can be fol-
lowed using a wide variety of measures. Many have
useful attributes, such as intuitive relationship to clini-
cally meaningful outcome and good test-retest reliabil-
ity. However, no measure directly correlates with under-
lying pathophysiological changes, and it is unclear to
what extent measures are affected by factors other than
disease-related progression. Also unknown is the sensi-
tivity of any measure in detecting a therapeutic benefit
from a drug or other treatment modality. To address this
issue, a positive treatment trial with multiple outcome
measures is required. With such a study, relative sensi-
tivity of outcome measures could be determined, and
their relationship to survival could be delineated as well.
Until such a study is available, debate will continue as to
what measures are most relevant to disease progression
or to assessing the outcome of potential therapies.
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