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THESIS OBJECTIVES

The highly fatal and rapidly progressive nature of the neuromuscular disease amyotrophic
lateral sclerosis (ALS) has motivated intense efforts to discover therapeutic solutions.
However, the disease’s clinical and genetic heterogeneity as well as its seemingly
multifactorial etiology have complicated the search for effective drug targets. Also
contributing to the failures in drug development is the lack of robust outcome measures
that are sensitive to treatment effect over the short-term. Traditional clinical trial
endpoints, such as survival and disability scores, require large sample sizes and long

study duration due to heterogeneity in clinical progression.

By definition, biomarkers are more reflective of underlying disease mechanisms and may
change quickly in response to changes in disease state. Thus, using these markers as
primary or secondary endpoints can lead to shorter trials with greater statistical power
and expedite the screening of promising therapies for ALS. In addition, some biomarkers
may aid in ALS diagnosis and facilitate earlier treatment. Others may predict disease

outcome and be used to reduce heterogeneity within the studied sample.

Proton magnetic resonance spectroscopy (*H-MRS) biomarkers are non-invasively
measured and are relevant to disease processes that affect neuronal health in ALS, such
as neuroinflammation, oxidative stress, and excitotoxicity. While many cross-sectional
'H-MRS studies in ALS have identified metabolic differences in the brain between
patients and healthy controls, the small number of longitudinal *H-MRS studies have not
consistently demonstrated metabolic changes over time. These inconsistent findings are

likely due to disease heterogeneity and variability in measurement precision.



This thesis research focuses on utilizing state-of-the-art tH-MRS technology developed in
the last several years for a thorough examination of the biomarker potential of *H-MRS in

ALS. The aims of this work are the following:

1. To assess the test-retest reproducibility of the *H-MRS method with a highly
optimized pulse sequence and protocol at 7 tesla.
This is an important step to determine the measurement precision of the technique
and thereby its sensitivity to change. Determining the reproducibility is a
prerequisite in order to consider the use of *H-MRS as a biomarker of progression
and treatment response.

2. To identify candidate biomarkers that aid in diagnosis.
By assessing an early-stage ALS cohort, metabolic abnormalities that are
associated with relatively early symptoms may be identified using *H-MRS. The
diagnostic sensitivity and specificity of *H-MRS measures will be assessed by
using the baseline data from a longitudinal study design.

3. To identify candidate biomarkers of disease prognosis.
Markers that can predict clinical outcomes will have a major impact in therapeutic
trial design, in particular, the enabling of robust patient stratification. *H-MRS
measures at baseline will be evaluated for their ability to predict survival,
functional decline, and study withdrawal due to disease progression.

4. To identify candidate biomarkers of disease progression through longitudinal
evaluation of *H-MRS metabolites in patients with ALS.
Reliably quantified metabolites will be assessed over time and compared with
measures of clinical progression. Metabolites that are likely relevant to ALS
pathogenesis include N-acetylaspartate, myo-inositol, glutamate, glutathione, and

y-aminobutyric acid.
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Amyotrophic Lateral Sclerosis

1.1  The Affected Population

Among the rare motor neuron diseases, amyotrophic lateral sclerosis (ALS) is the most
common and also the most fatal, with a median of survival of just 2 to 4 years after
symptom onset. Typical ALS onset occurs in late adulthood between ages 45 and 74,
although the disease can affect younger populations (~10% of cases before 45 and ~1%
of cases before 25) [1]. In 10% of cases, the disease is inherited through an ALS-causing
genetic mutation and is termed familial ALS. The other 90% of “sporadic” cases have no
family history of ALS but may have genetic defects that are either known or remain to be
identified.

Population-based studies have demonstrated regional variability in ALS frequency,
complicating the estimation of global ALS burden. The prevalence in North America is
~3-4 per 100,000 and the incidence is ~2 per 100,000. In European countries, these
numbers may be slightly higher, while in Asian countries they may be slightly lower [2].
Comparisons of incidence rates between sexes suggest that ALS affects men somewhat

more than women.

Overall, slight improvement in survival rates over the last 20 years suggest advances in

symptomatic care. However, the brutal progression of ALS has remained unchanged due



to a clear lack of robust disease-modifying therapies. Numerous large-scale clinical trials
since the 1980’s have produced only two approvals by the United States Food and Drug
Administration (FDA) of modestly effective drugs (riluzole, edaravone). The need for
biomarkers to accelerate therapeutic development is pressing.

1.2 Historical Background

The discovery of ALS is credited to neurologist Jean-Martin Charcot (1825-1893), who
was the first to describe both the clinical manifestations of the disease and their
neuropathologic correlates. Charcot named the disease after observing the combination of
muscle atrophy and spinal cord lesions, including anterior horn degeneration and lateral
column sclerosis. Controversially even to this day, Charcot also believed that the disease
propagates in an anterograde direction from the lateral columns to the anterior horn gray

matter.

1.3 A Disorder of the Brain

ALS is a neuromuscular disease driven by the degeneration of motor neurons of the brain
and spinal cord. While progressive muscle atrophy and paralysis are clearly visible in
ALS, the neurological component of ALS is much more challenging to evaluate. The
disease typically does not cause macroscopic changes in neuroanatomy that can be
identified by conventional imaging. Instead, electrophysiologic testing or advanced
imaging techniques are currently the most sensitive methods to detect motor neuron
defects in vivo. Thus, our understanding of CNS involvement in ALS has mostly relied
on histological examinations of post-mortem neural tissue in humans and animal models.
For many years since the time of Charcot, the spinal cord has been extensively studied in
ALS because it generally shows the most striking anatomical changes. With new
evidence of cerebral degeneration in ALS revealed by modern molecular and
neuroimaging techniques, greater focus is being placed on the brain’s role as a primary
instigator of the disease’s pathogenesis.



1.3.1 Neuropathology

Early histopathologic studies prior to the 1990’s demonstrated selective degeneration of
the large pyramidal cells of Betz, a type of corticospinal motor neuron or upper motor
neuron (UMN) within motor cortex layer VVb. With conventional staining methods,
reduced numbers of these cells were frequently reported along with degenerative changes
in their morphology [3, 4]. Betz cells synapse directly with lower motor neurons (LMNSs)
of the spinal anterior horn and provide high-velocity motor control of the limbs. Despite
their functional importance, these cells are few in number, making up only 10% of the

pyramidal cells in layer Vb [5].

In these early studies, clusters of reactive astroglia were also frequently found
surrounding Betz cells. Reactive astrogliosis was also seen in other layers of the motor
cortex [6].

More recent studies have identified degenerative changes in other cell types within the
motor cortex. Activated microglia have been observed in cortical layer V, although they
appear to be more prominent within the subjacent white matter [7, 8]. The pyramidal cells
of layer I11 and non-Betz neurons of layer V are also smaller in patients with ALS
compared to non-ALS controls [9, 10]. Non-Betz layer V pyramidal neurons are critical
for voluntary motor function, as many of them synapse onto interneurons of the spinal
intermediate gray zone and indirectly influence LMNs. Reduced numbers of
parvalbumin-positive cortical inhibitory interneurons have also been reported, supporting
the theory of motor cortex hyperexcitability in ALS. In addition, demyelinated lesions are
present in motor cortex layers and accompanied by increased numbers of reactive
oligodendrocyte precursor cells [11]. Finally, and perhaps most remarkably, abnormal
intraneuronal inclusions have been identified as a neuropathologic hallmark of ALS that
extends beyond the motor cortex. Immunoreactivity studies have shown that nearly all of
sporadic cases possess cytoplasmic aggregates of mislocalized, phosphorylated TAR
DNA binding protein 43-kDa (TDP-43), which has a nuclear role as a transcription factor
under normal conditions. Prominent TDP-43 pathology is present within the neurons of
motor cortex layers II, 111, V, and VI, including Betz cells [12]. TDP-43 aggregates are

also found within corticospinal axons and oligodendrocytes of the subjacent white matter.
3



Familial ALS cases display cytoplasmic inclusions that have a different composition. In
familial ALS associated with mutations in superoxide dismutase 1 (SOD1), aggregates
contain misfolded SOD1 protein without TDP-43 as a component [13]. In familial ALS
associated with mutations in the chromosome 9 open reading frame 72 (C9orf72) gene,
TDP-43 aggregates are present as well as characteristic TDP-43-negative inclusions
composed of dipeptide repeats [14]. C9orf72-associated ALS is also characterized by
nuclear RNA foci, which are the accumulated transcripts of a hexanucleotide repeat
expansion in the mutated gene [15]. Other types of inclusions in ALS include small
eosinophilic Bunina bodies and accumulated neurofilament proteins in the soma and

proximal axons [16].

Signs of white matter degeneration in ALS have been observed at all levels of the
corticospinal tract, including the precentral gyrus, internal capsule, cerebral peduncles,
pontine pyramidal fascicles, and lateral columns [17]. There is also evidence that the
extrapyramidal motor system is involved. In particular, degenerating fibers are present in
the reticular formation of the midbrain, pons, and medulla. The reticular nuclei also show
TDP-43 pathology [12]. These nuclei and their associated axon bundles make up an
important motor center that relays signals from the premotor and motor cortices to
control muscle tone and maintain posture during movement (“indirect” corticospinal
pathway). The degree to which pathology in this center contributes to the ALS motor
phenotype has not been fully explored. However, our current knowledge about the
functions of the reticulospinal pathway indicate that its impairment is likely a mechanism

of clinical spasticity and hypertonia in ALS [18].

The pathological changes in the brainstem motor nuclei and spinal anterior horn are often
of equal or greater severity than those observed in cortical UMNs. Reactive gliosis
accompanies the degeneration and loss of LMNs. Cytoplasmic protein inclusions (e.g.,
aggregated TDP-43) are also present with LMNs, including the neurons comprising the

motor nuclei of the pons (cranial nerves V and VI1I) and the medulla (X and XII).



1.3.2 Disease Mechanisms

Strong evidence exists for the involvement of multiple pathological mechanisms in ALS.
These mechanisms include oxidative stress, excitotoxicity, neuroinflammation, protein

aggregation, and disrupted axonal and nucleo-cytoplasmic transport.

Early studies highlighted possible derangements in glutamate neurotransmission. Defects
in astrocytic glutamate transporter proteins were identified in motor cortex and spinal
cord tissue of patients, suggesting reduced glutamate reuptake [19]. Increased glutamate
levels have also been measured in patient CSF and plasma. These findings and supportive
evidence from animal models of ALS have led to the hypothesis that motor neuron death
may be driven by excessive glutamate stimulation. This theory is further supported by the
understanding that riluzole, which is mildly neuroprotective in ALS, has an anti-
excitotoxic mechanism of action [20]. Overall, the literature on this topic suggests that
glutamate-mediated excitoxicity may be most relevant at early stages in ALS.
Neurophysiologic studies using transcranial magnetic stimulation (TMS) have indicated
that the threshold for cortical motor neuron excitation is reduced in early symptomatic
and presymptomatic ALS and increases with advancing disease [21].

Oxidative stress is another major disease mechanism in ALS and arises from an inability
to neutralize harmful oxidants produced through aerobic respiration. The literature on
oxidative cell damage in ALS is extensive in both humans and animal models, most
notably mice with SOD1 genetic mutations [22]. Post-mortem tissue studies have
demonstrated increases in markers of protein, DNA, and lipid oxidation in the motor
cortex and spinal cord of patients [23, 24]. The recently FDA-approved drug edaravone is
also a free radical scavenger, confirming a role for oxidative stress in ALS pathogenesis
[25]. Ultimately, oxidative stress in ALS probably arises from mitochondrial dysfunction,
in which the leakage of electrons from the respiratory chain leads to increases in partially
reduced oxygen [26]. Thus, mitochondria are likely among the major organelles to suffer
oxidative damage in ALS, and their functions in cellular energetics and metabolite
production may be critically impaired. Ultrastructural studies have demonstrated

abnormal mitochondrial morphology in the motor neurons of patients [27]. Defects in the



respiratory chain protein complexes and increased frequency of mitochondrial DNA

mutations have also been reported [28].

Glial cells provide critical trophic and metabolic support to neurons. Thus, the health of
motor neurons in ALS may be influenced by alterations in the surrounding glial cell
types. Astrocytes are responsible for glutamate uptake and recycling after synaptic
activity, and these functions are altered in ALS [19]. Microglia also proliferate and, along
with astrocytes, release pro-inflammatory molecules that may be neurotoxic [29]. The
loss of oligodendrocytic myelination and metabolic support may also impact motor

neurons [11].

The trafficking of cellular components is severely impaired in motor neurons in ALS.
The aggregation of cytoskeletal neurofilaments block axonal transport, preventing
mitochondrial movement across the length of the cell [30]. Recent studies also highlight
defects in the trafficking of RNA and proteins between the nucleus and cytoplasm, which

may cause the cytoplasmic accumulation of nuclear proteins such as TDP-43 [31].

Lastly, we do not fully understand how protein aggregates contribute to disease
development and spread in ALS. A prevailing theory is that TDP-43 pathology may
spread from cell to cell through a prion-like mechanism, wherein the protein aggregation
self-perpetuates and is transmitted to neighboring cells. Supporting this possibility,
studies have identified a prion-like domain on TDP-43 [32]. Other ALS-associated
inclusion proteins such as SOD1 and fused-in-sarcoma (FUS) also demonstrate the

potential for prion-like propagation [33].

Many of these disease processes are obviously interrelated. For example, excessive
stimulation of glutamate receptors can lead to greater free radical generation through the
influx of calcium. Oxidative stress can also have widespread effects, causing DNA
damage and protein aggregation. Currently, the sequence of these events in the
development of ALS is unclear. Furthermore, other neurodegenerative diseases (e.g.
Parkinson’s, Huntington’s) show similar signs of these disease mechanisms, which
indicates that they are non-specific and likely downstream of some initial insult.

However, quantitative measures of these processes may be strong indicators of the extent



of pathologic burden in ALS. Specifically, their ability to detect changes in disease
burden due to treatment or natural progression would have a massive impact on the

development and evaluation of effective drugs.

1.4 The Clinical Presentation
1.4.1 Classical ALS

The typical or “classical” form of ALS is rapidly progressive (~2 to 4 year survival after
symptom onset) and is characterized by the presence of both LMN and UMN signs on
neuromuscular exam. The disease usually begins in a distinct region of the face, arms, or
legs and spreads over time to involve the rest of the body. Death eventually occurs due to
paralysis of the muscles of respiration. Clinical LMN signs include weakness, muscle
wasting, and involuntary muscle twitching (fasciculations) due to denervation. Clinical
UMN signs are physiologically complex and are due to lesions in either the corticospinal
or extrapyramidal motor tracts that cause a loss of reflex inhibition. Hyperexcitable
muscle stretch reflexes underlie the spasticity seen on exam, which is increased muscle
contraction (tone) with increased speed of movement. Spasticity causes the slowness of
repetitive limb and tongue movements and may be accompanied by involuntary rhythmic
muscle contractions induced by stretching called clonus. Spasticity affecting the muscles
of speech produces a characteristic dysarthria indicated by slow, strained speech with
imprecise articulation of consonants. Exaggerated deep tendon reflexes are also observed
along with other release signs such as plantar toe extension and pronounced masseteric
and finger flexor reflexes. Compulsive laughter or crying, also referred to as
pseudobulbar affect, is also a UMN sign and may arise from a disruption of the cortico-
pontine-cerebellar pathway [34].

Proper diagnosis of ALS follows the guidelines given by the revised El Escorial Criteria.
With this criteria, patients are classified according to the degree of diagnostic certainty.
Generally, a person with possible ALS may display UMN and LMN signs at only one
CNS level (cranial, cervical, thoracic, or lumbosacral), while a person with probable or

definite ALS may display signs at two or more levels. In addition to the clinical exam



findings, the classification system also incorporates evidence of LMN dysfunction
obtained by electrophysiology.

Although the combination of clinical UMN and LMN signs is almost pathognomonic for
ALS, robust diagnostic markers are still necessary. The subtleness of symptom onset
often leads to a long diagnostic delay and thus a delay in potential therapeutic benefit.
Additionally, ALS must be distinguished from several rare mimic disorders using
electrophysiology, neuroimaging, and genetic tests. Multifocal motor neuropathy and
Kennedy’s disease, which present with only LMN signs, are most frequently

misdiagnosed as ALS.

1.4.2 Motor Phenotype Heterogeneity

The phenotypic variability in ALS is substantial and has called into question whether it
can be explained by a single fundamental mechanism. Patients with ALS display
differing degrees of UMN and LMN involvement, with some who may be more UMN-
predominant and others more LMN-predominant. The site of onset is also variable, with
most patients being limb-onset (~75%) and the rest being bulbar-onset. Bulbar-onset ALS
has notably greater frequency among females than males. A minority of patients also

have a slower rate of progression (~20%), for whom survival may extend past 4 years.

Assuming that there is a common fundamental mechanism, different forms of ALS may
exist along a clinical spectrum. Pure UMN involvement may present at one extreme in
the form of primary lateral sclerosis (PLS), while pure LMN involvement may present at
the other end as progressive muscular atrophy (PMA). In both variants, the disease
usually remains isolated to either the UMN or LMN level and displays a better prognosis
than classical ALS. If they do exist on a continuum with classical ALS, it is unclear what

prevents the variants from converting to an aggressive phenotype.

Due to the considerable clinical heterogeneity, consistent patterns in disease progression
have been difficult to identify. Oftentimes, the body region that is initially affected
displays both UMN and LMN signs that become worse before the disease spreads to
other regions. Thus, the disease may always be maximal in the area that it begins. This
has led to the proposal that ALS starts focally by affecting the UMNs and LMNSs in a



random body region and spreads to contiguous neuroanatomic regions [35]. Due to their
different somatotopic organizations, adjacent spread within the motor cortex affects
different body parts compared to adjacent spread within the spinal cord and brainstem.
This may explain why LMN signs tend to propagate to the contralateral side, while UMN
signs may propagate to other ipsilateral regions. Thus, neuroanatomic differences
between the subdivisions of the CNS may contribute to heterogeneity in regional

progression.

1.4.3 Cognitive Phenotype

An estimated fifty percent of patients with ALS have significant cognitive-behavioral
problems [36]. The deficits that are commonly observed overlap strongly with those seen
in fronto-temporal dementia (FTD). Thus, patients may have impairments in frontal
executive functions, language, working memory, and social cognition. Cognitively-
impaired patients may also show atrophy in fronto-temporal areas on brain MRI and

neuropathologic changes such as TDP-43 aggregates in these areas on post-mortem exam.

A major genetic link between ALS and FTD was discovered in 2011 as a hexanucleotide
repeat expansion in the C9orf72 gene [15, 37], which encodes a protein that is likely
important for normal inflammatory cell function. This mutation accounts for a
particularly large proportion of familial cases of ALS and FTD, with a smaller prevalence
among sporadic cases. Like ALS, FTD also features prominent TDP-43 pathology in the
CNS [38]. These findings, along with the observation that patients with FTD occasionally
develop motor neuron disease, suggest that these two diseases potentially exist along a

continuum.

Due to problems with executive functioning, patients may exhibit disinhibition, apathy,
poor planning, and perseverating behavior. Language deficits typically include naming
difficulty, impaired word and sentence comprehension, and grammatical errors. As part
of their severe cognitive impairment, patients with combined ALS-FTD have poor insight
on their own condition and are especially challenging to manage. These patients

generally progress more rapidly than those with pure motor phenotypes.



1.4.4 Clinical Assessments

Although survival is still the gold-standard outcome measure, the ALS Functional Rating
Scale—Revised (ALSFRS-R) is frequently used as an endpoint for therapeutic evaluation
in clinical trials. It is a measure of disability in 12 items of daily living: (1) speech, (2)
salivation, 3) swallowing, (4) writing, (5) feeding, (6) dressing, (7) turning, (8) walking,
(9) climbing, (10) dyspnea, (11) orthopnea, and (12) ventilatory support [39]. Each item
is rated from 0O to 4 yielding a total score out of 48, with lower scores indicating greater
disability. Region-specific disability scores can be obtained by summing the scores on
appropriate items. For example, upper limb disability is typically scored using only items
4,5, and 6.

The ALSFRS-R has high intra- and inter-rater reliability and is currently used in early
and late phase clinical trials. Therapeutic efficacy is determined by assessing change in
the rate of ALSFRS-R decline. Due to variability in individual progression rates,
ALSFRS-R typically needs to be observed in large samples for at least 6 months. Thus,
the smaller and shorter trials (phase Il) based on this outcome measure are frequently
underpowered, and candidates that go on to larger phase 111 trials are at high risk of
failure. An additional concern is that ALSFRS-R decline may not be linear, as plateaus
and even reversals are common [40, 41]. The reliance on disability scores over time is
also prone to withdrawal bias, as longer study durations cause declining participation
from patients with advanced disability and overrepresentation of those with more slowly
progressive disease. Finally, ALSFRS-R is a subjective measure due to its self-reporting
questionnaire format, and some of its questions focus on symptoms that may respond to

symptomatic treatments.

Formal disease staging systems have been recently developed to aid in classifying
patients according to their degree of disease advancement. The King’s staging criteria is
popular and based on the number of CNS regions that display weakness [42].
Classifications range from Stage 1 (one region with weakness) to Stage 4 (need for
gastrostomy or ventilatory support) and are determined by clinical exam and history.

King’s stages can also be derived from ALSFRS-R scores with 92% accuracy [43].
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Neurologists have also created various systems to quantify clinical UMN burden. Most of
these are based on hyperreflexia and spasticity grading. Others incorporate finger- and
foot-tapping speed, which are slow in ALS. In the Penn UMN scale, signs of
hyperreflexia, clonus, and spasticity are scored in each body region (limbs, face, trunk)
and totaled for a score out of 33 [7]. This system may give too much weight to reflexes
from the same limb, which tend to be affected together in ALS. But more generally,
clinical UMN signs are not a reliable surrogate for UMN pathology. Particularly at
advanced clinical stages, areflexia is commonly observed due to prominent LMN disease

in spite of possible UMN degeneration.

The Edinburgh Cognitive-Behavioral ALS Screen (ECAS) is regularly used in ALS
clinics to test for disease-associated cognitive-behavioral impairments [44]. The ECAS
assesses executive function and language but also tests memory and visuospatial
functions, which are less commonly affected in ALS. In addition, a behavioral
questionnaire is completed by the patient’s caregiver, which screens for behavioral

changes associated with FTD.

15 The Ideal Biomarker

Since the 1980’s, over 60 molecules have been evaluated in randomized controlled
clinical trials for the treatment of ALS. Of all the candidates, only riluzole (1995) and
edaravone (2017) have received FDA approval. The many clinical trial failures are a
result of the complex underlying biology of ALS but are also due to issues with trial
design. Trials have relied upon traditional clinical endpoints such as survival, function,
and limb and respiratory muscle strength. These outcome measures require a rather
prolonged period of assessment to capture changes due to treatment. Thus, while they
may be adequate for phase Il trials with large enrollment and long follow-up, the
measures may miss treatment effects in the smaller and shorter phase Il trials. Biomarkers
that can detect a biologic response to treatment over shorter timeframes can be used
during the early phases to greatly power and expedite the selection of the most promising

candidates for further evaluation.
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We need biomarkers that reflect both the natural history of disease progression and the
biological effect of treatment (pharmacodynamic). The most sensitive measures should
be closely linked to underlying pathological mechanisms in ALS, such as those described
in section 1.3. In particular, by reflecting change in disease mechanisms, biomarkers can

identify the treatments with mild-to-substantial disease-modifying effects.

In addition to progression and pharmacodynamic biomarkers, prognostic biomarkers can
identify patients who are at risk of a particular outcome (e.g. fast versus slow
progression). Phenotypic heterogeneity in ALS makes it likely that therapies may be
beneficial for some disease subgroups and not others. Prognostic biomarkers would be

especially useful for stratifying patients at the beginning of trial randomization.

Diagnostic biomarkers would also have an important impact in ALS. Since the diagnosis
of ALS is oftentimes delayed from symptom onset, markers that can help identify the
disease earlier will allow prompt administering of treatments and earlier-stage patient

enrollment in clinical and research studies.
The ideal biomarker for ALS is an objective measure with the following characteristics:

1) Low intra-subject variability (high-retest reproducibility) in healthy stable
individuals in order to detect subtle pathological changes over time or changes
due to treatment effect,

2) Low inter-subject variability among different clinical phenotypes in order to
achieve robust patient stratification,

3) High specificity to a particular spatial location in the body,

4) High sensitivity and specificity to the measured pathologic process(es), and

5) Minimal invasiveness and ease of measurement.

'H-MRS biomarkers can fulfill many of these qualities. They have molecular-level
sensitivity and specificity and show high test-retest reproducibility (described in Chapter

3). They are also non-invasively obtained from specific locations in the body.
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2

'H Magnetic Resonance Spectroscopy

2.1 Introduction

Proton magnetic resonance spectroscopy (*H-MRS) can be used to measure metabolite
concentrations in brain regions in vivo. Although other half-spin nuclei (e.g., $3C, 3P, and
19F) are also MR-visible, *H-MRS is most commonly performed due to its higher
sensitivity and because it can use the same hardware as conventional MRI. The
development of ultra-high field technology has improved the sensitivity or signal-to-ratio
(SNR) of 'H-MRS, enabling the analysis of smaller volumes of interest and the reliable

quantification of more metabolites.

In disease applications, the ability of *H-MRS to detect changes in metabolite
concentrations has great value. Metabolic changes due to disease processes can occur
both during and before overt cell loss, making *H-MRS a potentially sensitive technique
for studying early to advanced disease stages. Furthermore, as some metabolites have
known cellular functions (e.g. glutathione, GABA) as well as high cellular specificity
(e.g. N-acetylaspartate), *H-MRS signal changes are usually interpreted with greater
clarity compared to other neuroimaging techniques. The likely relevance of *H-MRS
metabolites in disease biology makes them promising biomarker candidates as well as
potential tools for understanding natural disease progression. Consistently, *H-MRS has

revealed metabolic derangements in the brain in numerous neurologic conditions. A
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review of prior applications of this technique in ALS will be given later in the chapter.
Subsequent chapters will focus on novel applications of ultra-high field *H-MRS to

capture pathologic changes in ALS and identify biomarker candidates.

2.2  Basic Principles

'H-MRS is a technique based on nuclear magnetic resonance (NMR) theory. The ability
to detect metabolites individually is a result of exploiting differences in the molecular

structure surrounding protons in each metabolite.

Due to their intrinsic angular momentum, protons in an external magnetic field Bo will
precess according to a frequency described by the Larmor equation wo = yBo, where y is
the gyromagnetic ratio of *H (approximately 42.6 MHz/T). Thus, at 1.5, 3.0,and 7.0 T,
the resonance frequencies of *H will be approximately 63.9, 127.8, and 298.2 MHz,
respectively. However, differences in the resonance frequency occur because protons are
shielded from the external field Bo by small magnetic fields that are generated by
surrounding electrons. The degree of shielding is unique and constant for various proton-
containing functional groups and is the basis for the “shift” in resonance frequency called
the chemical shift. The chemical shift for a proton is relative to a reference frequency and
also increases proportionally with field strength. Therefore, to standardize the frequency
scale, the chemical shift ¢ is described in parts per million (ppm) of the reference
frequency:

6
(0 - ,)*10

S (ppm) =

@y :

where wrer 1S typically the resonance frequency of methyl protons in tetramethylsilane
(TMS). However, since TMS is not present in the human body, the ppm scale for in vivo
'H-MRS studies is usually generated by using the N-acetylaspartate methyl singlet as a

reference and setting its resonance frequency at 2.02 ppm.

Protons within molecules are also affected by neighboring nuclei. Known as J-coupling,
magnetic interactions occur between nuclei indirectly through their bonding electrons and

cause the splitting of resonances into multiplets. This has important consequences for the
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in vivo spectrum because the splitting leads to broader and less intense signals, which are
more difficult to detect (e.g. glutamate, GABA). Additionally, the signal intensity and
spectral lineshape of J-coupled resonances undergo modulation depending on choice of

pulse sequence echo time (TE).

An example of an in vivo proton MR spectrum acquired from the human brain is shown
in Figure 2.1. The area under each resonance is proportional to the number of protons

with that particular resonance frequency and thus the metabolite concentration.

To generate a spectrum of resonance frequencies, the MR signal is acquired as a function
of time before it is converted into the frequency domain. For a simple pulse-and-acquire
experiment, this process is summarized in the following steps:

1) Proton spins aligned in the direction of Bo produce a net magnetization (z-axis).
This magnetization is flipped 90° into the transverse plane (x-y) by applying a
radiofrequency (RF) excitation pulse B, at the Larmor frequency.

2) The system returns to equilibrium according to two time constants. The recovery
of magnetization in the z-axis is described by the longitudinal relaxation constant
T1. The magnetization in the x-y plane decays according to the transverse
relaxation constant T2", as spins lose their phase coherence due to Bo and local
magnetic field inhomogeneities. The T, decay induces a signal in a receiver coil,
which is known as the free induction decay (FID).

3) The FID contains time domain information for the resonating protons of every
metabolite. A Fourier transformation of the FID gives signal intensity on a

frequency scale.

Importantly, in many current *H-MRS techniques, the FID is not collected after a single
pulse, but rather multiple RF pulses are applied to generate an echo. The most well-
known is the spin echo [45], which can be generated by applying a 180° RF pulse after
90° nutation to refocus dephasing spins on the transverse plane [46]. In spin-echo
experiments, only the dephasing due to Bo inhomogeneity (T>* effects) is refocused, and

thus the T2 decay caused by spin-spin interactions is mainly observed.
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A typical frequency-domain *H MR spectrum acquired at 7 tesla from the

motor cortex of a healthy human. An estimation of the spectral peaks (in red) is displayed
over the raw spectrum and was generated with fitting software (LCModel). The H
resonances of abundant metabolites are labeled: glutamate (Glu), myo-inositol (mIns),
total choline (tCho), total creatine (tCr), and total N-acetylaspartate (tNAA).
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2.3  The Technique
2.3.1 Single-voxel Methods

Spatial localization in *H-MRS relies on the detection of an echo signal after slice-
selective excitation of a 3D rectangular volume. Slice selection is achieved by applying

frequency-selective RF pulses in combination with field gradients.

Classic examples of localization sequences include the point-resolved spectroscopy
sequence (PRESS) and the stimulated echo acquisition mode (STEAM). In PRESS, a
slice-selective 90° pulse is followed by two 180° refocusing pulses applied orthogonally
to produce a spin echo. In STEAM, three slice-selective 90° pulses applied in each
direction generate a stimulated echo [47]. The stimulated echo intrinsically has only half
the signal intensity of a spin echo. However, STEAM has notable advantages over
PRESS, including sharper slice selection, shorter minimum echo time, and the higher
achievable bandwidths of 90° pulses. These characteristics make STEAM more
applicable at ultra-high field strengths, where metabolite T.s are considerably shorter and
chemical shift displacement error is worse than at lower fields. Chemical shift
displacement error refers to the mismapping of metabolite resonances with different
chemical shifts to voxels that are spatially shifted and is more pronounced at high fields
due to increased spectral dispersion. Larger pulse bandwidths are important for reducing

this artifact.

At high field strengths (Bo > 3 T), inhomogeneity in the RF transmit field B:1 can also
cause nonuniform excitation of the voxel and thus reduced SNR. Localization by
adiabatic selective refocusing (LASER) can help address this with adiabatic pulses,
which excite proper flip angles despite inhomogeneous B; as long as an RF power
threshold is met. Additionally, the pairs of slice-selective adiabatic 180° pulses in
LASER achieve excellent slice selection, have large bandwidth, and produce a full-
intensity spin echo [48]. The drawbacks to LASER are its high RF power requirements
and relatively long minimum TE due to having more pulses. A shorter version of LASER
called semi-LASER is not fully adiabatic but has a shorter minimum TE and requires less

power [49].
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Localization sequences for *H-MRS do not achieve perfect boundaries and may excite
regions outside of the intended volume. In particular, voxel selection near edges of the
brain can result in unwanted lipid signals from the scalp. Therefore, outer volume
suppression (OVS) pulses are typically run before the slice-selective pulses to saturate the

lipid signal.

Water is highly concentrated in the brain (~39-44 M in tissue). In contrast, metabolite
concentrations are several orders of magnitude lower at 1-10 mM. Thus, a strategy for the
suppression of the large water resonance is necessary and incorporated into *H-MRS
pulse sequences. The VAPOR scheme is a popular method for saturating the water signal
by using 8 frequency-selective pulses applied consecutively with variable RF power and
timing [50]. This method allows effective water suppression in the setting of

inhomogeneous B; fields.

Adjustments are also necessary to correct for nonuniformity in the external field Bo.
Tissue has an intrinsic magnetic susceptibility that causes local deviations in Bo. These
local field inhomogeneities are especially strong near interfaces between tissue and air
(e.g. frontal sinuses, ear canals) and need to be minimized to avoid broad linewidths and
low spectral resolution. In Bo shimming, the variations in the field are mapped, and small
corrective magnetic fields are applied through shim coils to achieve uniformity over a
target area. Efficient, high quality, and fully automated shimming can currently be
achieved with FASTMAP, which maps Bo along projections to determine first- and
second-order shim correction terms [51]. Since Bo inhomogeneity increases with field
strength, strong second-order shims are needed in addition to linear shims at field

strengths 3 T and higher.

2.3.2 Single-voxel versus Multi-voxel Spectroscopy

In single-voxel *H-MRS, each acquisition is performed on a single region of tissue where
pathology is known or expected. Limited scanner time, particularly in the clinical setting,
will therefore allow the analysis of only a few regions during a single session. On the
other hand, multi-voxel techniques (MRSI) can be applied to the whole brain and enable

the interrogation of multiple regions simultaneously. An advantage to this approach is
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that no prior knowledge is required regarding where the disease occurs. In addition, the
spatial resolution of MRSI can identify regional differences in spectral pattern, which

may be informative of disease spread.

To encode spatial information, MRSI applies gradients that alter the phase in each
direction. The number of phase-encoding steps in each direction determine the spatial
resolution and therefore the scan time. Therefore, large volume 3D acquisitions with high
spatial resolution will typically require long scan times. A major challenge in the
development of MRSI is the reduction of scan time for clinical applicability.

Aside from the lack of spatial encoding, single-voxel MRS currently has clear technical
advantages over MRSI [52]. MRSI requires homogeneous Bo and B; fields over a large
volume, which is difficult to achieve especially at higher field strengths. In contrast,
effective corrections for field inhomogeneities can be performed locally for single-voxel
techniques. MRSI’s larger brain coverage can also lead to incomplete lipid and water

suppression.

Consequently, spectra are often acquired at long TEs with MRSI to minimize the
resulting artifacts, and the SNR is typically lower with fewer visible metabolites. Finally,
the voxel boundaries are generally less well-defined with MRSI than with single-voxel
MRS.

2.3.3 Pros and Cons of Ultra-high Field *H-MRS

The emergence of ultra-high field (> 7 T) MR technology has enhanced the utility of *H-
MRS as an investigative tool in brain disease research. In particular, the increased field
strength is associated with increases in SNR, which creates important advantages. Firstly,
the minimum allowable voxel size is decreased, and thus smaller regions in the brain can
be analyzed. Secondly, a given SNR can be achieved with fewer spectral averages, thus
shortening the overall scan time. At ultra-high fields, increases in spectral dispersion also
lead to improved quantification precision and the separation of overlapping resonances
such as glutamate (Glu) and glutamine (GIn).
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However, 'H-MRS methodology has also become more complex to address several
challenges associated with ultra-high field scanning. In particular, magnetic field
inhomogeneities (both Bg and B1) become more severe at these higher field strengths. RF
shimming methods need to be applied locally in regions that experience signal loss due to
increased B1 inhomogeneity. And as described before, strong higher-order shims are

needed to reduce local Bg variation.

In addition to field variations, ultra-high fields are also associated with shorter metabolite
T» relaxation times and greater signal modulation for J-coupled resonances.
Consequently, pulse sequences that can reach ultra-short TEs (< 10 ms) such as STEAM
are employed to minimize signal loss. Semi-LASER is also used despite somewhat
longer TEs (< 50 ms) because T relaxation times are lengthened and J-modulation is
partially minimized by the train of adiabatic 180° refocusing pulses [53, 54]. Importantly,
both STEAM and semi-LASER also utilize high bandwidth pulses, which are required at
ultra-high fields to minimize greater chemical shift displacement errors caused by

increased spectral dispersion.

Perhaps the greatest question surrounding ultra-high field *H-MRS is whether it provides
value beyond the methods that are presently available for clinical MR systems. Ultra-high
field scanners are currently utilized only in the research setting, and the specific
advantages that make ultra-high field *H-MRS beneficial for patients still need to be
demonstrated and established.

2.3.4 Spectral post-processing

During acquisition, subject motion can cause drifts in the frequency and phase of the
measured spectrum. In addition, eddy currents that arise from the switching of field
gradients produce transient magnetic fields that distort spectral lineshapes. These typical

artifacts are corrected after data acquisition by using automated methods.

Eddy current correction is frequently performed in the time domain (prior to Fourier
transformation). Typically, an unsuppressed water signal is acquired with the same
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parameters as the metabolite spectrum, with all gradients executed. A phase correction

term is derived from this water signal and then applied to measured spectrum.

If the SNR is sufficient, frequency and phase fluctuations are also corrected on single
scans. In one approach, a particular scan (such as the first average) is used as a reference
to which the other scans are registered. The phase and frequency adjustments for each

scan are then determined using a common peak such as the creatine signal.

After the post-processing corrections, multiple scans are averaged to increase SNR. The
SNR of the summed spectrum is proportional to the square root of the number of

averages.

2.3.5 Quantification

In metabolite quantification, the areas of the metabolite peaks are estimated by applying a
fitting algorithm to the measured in vivo spectrum. The most popular fitting software is
LCModel [55], which is fully automated and analyzes data in the frequency domain.
With LCModel, the measured spectrum is analyzed as a linear combination of known
metabolite spectra (basis spectra). These basis spectra can be measured from metabolite
solutions in vitro or simulated using density matrix calculations. During fitting, the
amplitudes, phases, frequencies, and linewidths of the basis spectra are adjusted to
achieve the closest approximation to the measured spectrum, and the coefficient of each
adjusted function represents the estimated metabolite concentration. Each concentration
estimate is also provided with a Cramér-Rao Lower Bounds (CRLB) value, which
expresses the minimum error associated with model fitting. In *H-MRS studies, CRLB
values have often been treated as estimates of measurement reliability. An example of an
LCModel fit is displayed in Figure 2.1.

The quantification of short-TE, ultra-high field spectra is complicated by the appearance
of broad macromolecule signals that crowd the baseline. If not accounted for, this causes
fitting problems and inaccurate quantification. Thus, a macromolecule spectrum is
normally measured (through a metabolite-nulling experiment) and included in the set of
basis spectra [56].
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Absolute concentrations

Absolute metabolite quantification is performed by scaling the metabolite peak areas
using a reference signal of known concentration. The reference signal is commonly an
unsuppressed water signal from the selected voxel. The water concentration within the
voxel is not known exactly but the assumed value is usually between 40-45 M depending
on tissue composition (72% and 82% water content for white and gray matter,
respectively). Alternatively, an external reference signal can be acquired at a different
time but from the same voxel location as the human head in a phantom containing a
known metabolite concentration. This approach requires corrections for coil loading and

phantom temperature and does not account for local magnetic field inhomogeneities.

For accurate quantification, corrections for signal losses due to T relaxation need to be
applied. T1 corrections may be neglected if sufficiently long repetition times are used. For
water-scaling, the T of water within tissue can be determined by fitting a series of
unsuppressed water signals measured at different TEs with a biexponential decay
function while using a known value for the T of CSF. The T of metabolites should be
determined for the specific pulse sequence and field strength, unless the TE is short
enough such that decay is negligible. Ultimately, the accuracy of absolute quantification
depends on the validity of the T, assumptions, which are more difficult to make in the

context of pathology wherein T»s are known to change.

Even if placed directly in brain parenchyma, a voxel will generally contain some
percentage of CSF. When not accounted for, CSF contamination will result in
underestimated metabolite concentrations in tissue. This is particularly important in
studies of disease conditions marked by prominent tissue atrophy that causes increased
CSF volume. The CSF percentage within a voxel can be estimated by applying a
segmentation algorithm on a structural image (e.g., T1-weighted) or by fitting a

biexponential decay curve as described above.

Metabolite Ratios

For an easier analysis without T» assumptions and %CSF corrections, studies often
choose to report metabolite ratios instead of absolute concentrations. Ratios are usually
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referenced to total creatine (tCr) concentrations, which are stable in healthy conditions
and in several diseases. However, in some pathologies, cellular energy metabolism may
be affected and tCr levels may change. Thus, disease-related changes in ratios to tCr are
more difficult to interpret as they can indicate changes in the metabolite-of-interest, tCr,
or both.

2.4 Disease Markers
2.4.1 Limits for Detection

In order to be visible by *H-MRS, metabolites must be sufficiently abundant in tissue
(millimolar concentration) and also contain mobile protons associated with longer T»
relaxation times. Thus, most neurotransmitters and other chemical messengers cannot be
detected by the technique due to low abundance. Large, immobile macromolecules such
as nucleic acids and most proteins are also invisible. Instead, *H-MRS mainly detects low

molecular weight hydrocarbons with resonating protons in the 1-5 ppm range.

2.4.2 N-acetylaspartate

The strongest signal in the *H MR spectrum of normal human brain is a singlet belonging
to the methyl group of N-acetylaspartate (NAA). NAA is one of the most abundant
molecules in the brain (~12 mM globally) [57] but has much lower concentration in non-
neural tissues (< 50 uM) [58]. In the early 1990’s, immunohistochemical studies in
rodent brain showed that NAA is predominantly localized to neuronal cell types, with
especially high concentrations in cortical pyramidal neurons [59, 60]. NAA expression
was observed diffusely in cell bodies, dendritic processes, and axons, including those of
major white matter tracts. NAA was also found within immature oligodendrocytes and
related progenitor cells [61], which are important for myelin synthesis during early
development. In adults, it is unclear how much these relatively small cell populations

contribute to the overall NAA signal.

The neuronal specificity of NAA and the discovery of its reduction in many neurological
conditions suggest that it may indicate changes in neuronal density. However, in studies
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of various brain illnesses, changes in NAA were reversed by treatment or recovery time.
Therefore, NAA is likely sensitive to reversible neuronal dysfunction in addition to

permanent cell loss. Some examples of reversible cell changes that may influence NAA
levels include altered mitochondrial NAA metabolism and morphological changes such

as dendritic or cell body shrinkage.

NAA is currently an established marker of neuronal integrity despite general uncertainty
about its major cellular function. There is strong evidence that the synthesis of NAA
occurs in the mitochondria as well as the endoplasmic reticulum. In particular, NAA
production seems to depend on mitochondrial respiration and may influence neuronal
energy metabolism through the citric acid cycle [62]. As another possibility, NAA may
be a storage form for acetyl groups that are needed for oligodendrocytic myelin synthesis.
Oligodendrocytes likely use membrane transporters to import extracellular NAA, after
which it is catabolized with the enzyme aspartoacylase. The extracellular presence of
NAA (~100 uM) also indicates that it is regularly released from neurons, perhaps for the
purpose of maintaining osmotic balance. Finally, NAA is a substrate in the synthesis of
NAAG, a structurally related peptide that also displays a prominent neuronal-specific
distribution in the brain. NAAG colocalizes with many other neurotransmitters and may
have an important role in modulating their release. Notably, the genes for the proteins
involved in NAA synthesis have been recently identified [63, 64], which may help efforts
to better understand NAA’s biological function.

Like many other neurological diseases, *H-MRS studies in ALS have demonstrated
reduced levels of NAA in the brain. However, increased NAA levels have been detected
in the CSF of patients with ALS [65], which could arise from increased osmoregulatory
activity or upregulated catabolism of extracellular NAAG.

In most *H-MRS studies of neurological conditions, NAA has been reported with NAAG
as a sum called total NAA (tNAA) because their resonances are difficult to separate from
each other at low field strengths. The methyl proton resonances of NAAG may account
for up to 25% of the tNAA signal. Thus, changes in tNAA may be driven by changes in

one or both of these molecules [66].
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2.4.3 Myo-inositol

Myo-inositol (mIns) is a six-carbon cyclic ring sugar alcohol that is abundant within brain
tissue (~4-8 mM, mostly intracellular). The myo- configuration is the most common
isomeric form of inositol (90%). Small concentrations of myo-inositol are also present in

CSF and plasma.

The spin system of miIns shows strong J-coupling, with two prominent multiplets at 3.52
and 3.61 ppm [67]. Thus, to minimize signal loss due to J-modulation, mins is usually
best observed using short TE. The measured mins signal may also include minor

contributions from related phosphoinositols and glycine.

Myo-inositol is a potential glial cell marker. The earliest evidence supporting this is from
two cell culture studies that compared its levels between neuronal and glial cell types.
One study observed that the uptake of extracellular radiolabeled mins was much larger in
glial cells than in neurons [68]. The other study observed high mins concentrations in glia
but not in neurons using *H-NMR [69]. Since then, elevated mins levels have been
reported for several neurological conditions associated with gliosis, including ALS, and

hence have been interpreted as indicating glial proliferation.

However, caution must be taken to avoid treating mins as a glial-specific marker. Studies
have demonstrated high miIns concentrations in some neuronal populations [70]. In
addition, elevated mins levels have been observed in the absence of gliosis assessed
histologically. Thus, we must be aware that changes in mins may be non-specific to glial
pathology and may reflect other disease-related changes. In particular, the levels of mins
may be strongly influenced by changes in cellular osmotic state due to its function as an
osmolyte. Cellular swelling that occurs during glial activation may therefore be
associated with increased mins; however, this change could be mitigated by
compensatory mechanisms to maintain osmotic balance [71]. Additionally, mins is
known to have a broad role as the main precursor to the molecular components of the
phosphatidylinositol cycle. This cycle is important for many critical cell signaling events

and the generation of membrane phospholipids [72].
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2.4.4 Glutamate and glutamine

Glutamate (Glu) is a ubiquitous amino acid with a high intracellular concentration in the
brain (~5-10 mM). It is the most abundant neurotransmitter in the brain but also serves a
critical role as a building block for many cellular molecules, including proteins and other
metabolites and neurotransmitters. Glu may also be a major source of energy in addition
to glucose [73]. These functions may explain why large intracellular Glu pools are

maintained, particularly within neurons.

Extracellular Glu release causes the excitation of post-synaptic neurons. Excessive Glu-
mediated neuronal excitation is one of the proposed mechanisms underlying motor
neuron loss in ALS. The basal concentration of extracellular Glu is small at ~1-5 pM and
is tightly maintained through reuptake mechanisms. Increasing and prolonging this
concentration at ~100 puM is enough to cause rapid cell necrosis [74]. Thus, any possible
changes in extracellular Glu levels in ALS are likely too small to be detected by *H-MRS.
Instead, *H-MRS may be more sensitive to major instabilities in intracellular Glu, which
can be reduced secondary to neuronal degeneration or altered by abnormalities in any of
Glu’s metabolic pathways. Reduced levels of Glu have been observed in post-mortem
brain tissue in ALS [75]. Conversely, studies of extracellular fluids (CSF and plasma) in

patients with ALS have shown elevated levels of Glu [65, 76].

The Glu spectrum has J-coupled resonances that overlap substantially with resonances of
other metabolites, particularly glutamine (GlIn). Consequently, ultra-high fields are
necessary to resolve and quantify Glu reliably. At lower fields, Glu is typically reported
with GlIn as a sum called GlIx due to insufficient spectral resolution. The interpretation of
changes in Glx can be difficult as Glu and GIn are connected through the Glu-GlIn cycle,
which leads to speculation about how one metabolite may influence the other’s
concentration. Increased Glx has often been interpreted as an increase in the biosynthesis
of both molecules, presumably due to a higher Glu-GlIn cycle turnover rate driven by

excessive glutamatergic neurotransmission. However, Glu and Gln do not always
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fluctuate jointly. In particular, GIx is not a robust measure in conditions where Glu and

GlIn levels may change in opposite directions [77].

Most of Gln in brain tissue (2-4 mM) is synthesized within astrocytes using Glu as a
precursor. Thus, at ultra-high fields, the measurement of GIn may be a rough astrocytic
marker. Additionally, however, GIn may be an indirect marker of extracellular Glu levels.
Astroglial Gln is predominantly synthesized using neuronal Glu acquired through
reuptake from the extracellular space. Thus, increased Gln by itself could reflect
increased glutamatergic neurotransmission. *H-MRS studies in ALS mouse models have
demonstrated longitudinal increases in Gln levels in multiple brain regions as well as

higher levels compared to wildtype [78].

2.4.5 Gamma-aminobutyric acid

Although most neurons in the brain are glutamatergic, there are also considerable
numbers of inhibitory neurons (~20% in cortex) that use the neurotransmitter y-
aminobutyric acid (GABA). The status of GABAergic neurons is relevant to ALS, as
increased cortical excitability at early disease stages is likely associated with decreased

cortical inhibition [79].

In the in vivo spectrum, GABA is a weakly represented molecule (~1 mM) with J-
coupled resonances that are obscured by the contributions of more abundant metabolites.
The most widely applied method for measuring GABA is a tH-MRS editing technique
that selectively changes the phase of an obscured signal without affecting the overlying
signals. Also known as J-difference editing, a frequency-selective pulse applied at the
GABA resonance of 1.90 ppm will refocus the J-modulation of its coupled spin at 3.02
ppm [80]. Subtracting a typical J-modulated spectrum from this edited spectrum has two
consequences: 1) elimination of the overlying creatine signal at 3.04 ppm; 2) a positive,

in-phase GABA signal at 3.02 ppm.
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2.4.6 Glutathione

Glutathione is the primary antioxidant in the brain. In its reduced form (GSH), the thiol
group enables direct scavenging of oxygen radicals and participates in enzyme-catalyzed
reduction of harmful peroxides. The ratio of GSH to its oxidized form GSSG is also
important in maintaining the cell’s redox balance. Depletion of intracellular GSH pools is
associated with cell injury via oxidative damage in in vivo and in vitro models. Thus,
changes in GSH levels may be an indicator of increased oxidative stress burden, which is
a known pathological feature of ALS. Post-mortem studies in ALS have also identified
reduced GSH peroxidase activity in the brain, demonstrating the potential relevance of

this metabolite to the disease’s neuropathology.

GSH is mostly intracellular, with concentrations in the brain ranging from 1 to 3 mM
[81]. The GSH spectrum is a small contribution with substantial resonance overlap. To
measure the signal, J-difference editing techniques may be applied that exploit the
coupling between spins at 2.95 and 4.96 ppm [82]. In this approach, overlapping
resonances near the region of 2.95 ppm (e.g. Cr and GABA) are eliminated by
subtraction. Alternatively, GSH can be quantified at ultra-high fields without spectral
editing [83].

2.5 Prior Investigations in ALS

The first MR spectroscopic study in ALS was conducted using long-echo PRESS H-
MRSI at 1.5 T and discovered lower tNAA to tCr ratio (tNAA/tCr) in cortical areas in
patients compared to healthy controls [84]. The reductions were especially significant in
the motor cortex, a finding that has been confirmed in numerous studies since. In the last
20 years, H-MRS has revealed metabolic abnormalities in several different CNS regions
in ALS, both motor and extra-motor. The abnormalities are not only in tNAA, but also in
other metabolites such as Glu and mins that are best observed with optimized pulse

sequences at higher field strengths.
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2.5.1 Motor Cortex

Reduction in the levels of motor cortex tNAA or tNAA/tCr is the most consistent *H-
MRS finding in ALS (reported in over 15 studies) [84-98]. Most of these studies were
cross-sectional and applied single-voxel spectroscopy at 1.5 T. In all cases, the reductions
were interpreted as indicating cortical neuronal loss or dysfunction. Those that reported
tNAA/Cr generally attributed the reduction to a change in tNAA rather than a change in
tCr. However, some evidence indicates that cortical tCr levels may be increased in ALS
[88], which could reduce the specificity of this ratio measure as a marker of neuronal
integrity.

A few studies have also reported lower ratios of tNAA to total choline (tNAA/tCho) [94,
99] or to miIns (tNAA/mIns) [85, 91]. Strong reductions in these measures in ALS may
indicate a combination of neuronal loss and gliosis. Total choline (tCho) is the sum of
compounds phosphocholine and glycerophosphocholine, which are important
intermediates in cell membrane synthesis and catabolism [100]. Early studies reported
elevations in tCho that could reflect increased glial cellularity or myelin breakdown [94].
However, recent studies have not substantiated this finding. The tNAA/mIns ratio may be
a more robust indicator of neuronal injury associated with gliosis. Compared with tCho
findings, increased mins levels have been reported more frequently in ALS, albeit with
some inconsistency as well. In one cross-sectional study, motor cortex tNAA/mIns
showed superior sensitivity and specificity in distinguishing patients from healthy

controls compared to other ratio measures [91].

Across multiple studies, motor cortex tNAA and its ratios have correlated significantly
with ALSFRS-R, clinical UMN burden, and EI Escorial diagnostic class [101]. These
measures may also have the ability to predict survival and monitor treatment response
[92, 99].

Only a few longitudinal *H-MRS studies have been performed, and these have reported
either negative findings [93, 96] or decline in motor cortex tNAA or its ratios [94, 102,
103]. Longitudinal trends in other regions and in other metabolites have not been

investigated.
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In addition to tNAA, alterations in motor cortex Glu have been identified with *H-MRS.
However, the direction in which Glu levels change in ALS is unclear. A few studies
observed elevations in Glx, which may support an excitotoxic disease mechanism [88,
90]. However, other groups found reductions in Glu, which could reflect glutamatergic
neuron loss [86, 104]. Studies conducted at ultra-high field will help clarify the direction

of Glu abnormalities in ALS.

Motor cortex reductions in GSH and GABA have also been reported recently [88, 98].
Lower GABA in ALS may indicate loss of cortical inhibition, while lower GSH may be a
marker of oxidative stress. In these studies, no significant correlations were observed
between the metabolites and clinical severity scores. GSH and GABA are more difficult
to quantify reliably than other metabolites. The findings of these studies may depend on
the particular methodology used for detection and quantification and therefore need to be

confirmed.

2.5.2 Corticospinal Tract

A few H-MRSI studies have examined tNAA alterations in brain regions containing
pyramidal white matter tracts. Reduced tNAA/tCho or tNAA/tCr were discovered in
areas including the precentral gyrus white matter, corona radiata, and posterior limb of
the internal capsule. Significant differences with controls were also observed when
comparing the mean tNAA or tNAA/tCho levels calculated for the “whole” corticospinal
tract within the brain. Notably, one study observed an expected somatotopic relationship
between tNAA/tCho levels in the upper limb corticospinal tract and contralateral finger-
tapping speed [105]. Significant correlations were also reported between mean
corticospinal tract tNAA and ALSFRS-R [106].

Some of these studies have also tried to compare the disease information obtained from
'H-MRSI with the corticospinal tract abnormalities observed using diffusion tensor
imaging (DTI). One study demonstrated that corticospinal tract tNAA has greater ability
to distinguish patients from controls compared to typical DTI measures such as fractional

anisotropy and mean diffusivity [106].
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2.5.3 Brainstem

Due to voxel size limitations and its caudal location in the head, 'H-MRS assessment of
the brainstem is typically more challenging than intracranial regions. Thus, only a few
studies have examined metabolic alterations in the brainstem in ALS.

The findings from these studies, however, have been generally consistent. All studies
reported reductions in tNAA or tNAA/Cr levels [88, 107-109]. In addition, two of the
studies reported elevated Glx or GIx/tCr levels in the pons or medulla [88, 109]. These
metabolic abnormalities were also related to region-specific function. For example,
tNAA/Cr reductions were only observed in patients with prominent bulbar weakness
[108], and GIX/tCr levels significantly correlated with ALSFRS bulbar subscores [109].

2.5.4 Spinal Cord

Spinal cord *H-MRS has been performed in ALS but is very challenging due to the
region’s deep location, severe local field inhomogeneities, and high susceptibility to
subject and cord motion. These factors substantially reduce the SNR. A few studies in the
cervical spine reported reductions in tNAA/tCr and tNAA/mins [110, 111].
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3

Test-Retest Reproducibility of *H-MRS:

3.0 versus 7.0 Tesla

3.1  Chapter Preface

Demonstrating adequate reliability of the measurement method is a critical step in
biomarker validation and application in clinical trials. Multiple studies have reported high
test-retest reproducibility of *H-MRS measurements [112-114]; however, the potential
differences in reproducibility between different methodologies and field strengths have
not been explored. The measurement reliability of specific metabolites depends on these
factors. Here we studied the field dependence of *H-MRS test-retest reproducibility
across the neurochemical profile of the brain obtained with a state-of-the-art semi-
LASER sequence [115]. The same pulse sequence and parameters were used at 3and 7 T
to conduct serial measurements in healthy volunteers. Measurement precision was then
compared between the field strengths for different brain regions. The results of this study
help to inform the decision on the appropriate field strength to use for studying specific

metabolites.

These results are published in the paper “Test-Retest Reproducibility of Neurochemical
Profiles with Short-Echo, Single-Voxel MR Spectroscopy at 3T and 7T [116].
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3.2 Introduction

In vivo 'H magnetic resonance spectroscopy (MRS) enables non-invasive detection of
cellular and metabolic alterations in diseases of the central nervous system and therefore
is ideally suited to play a role in the development of diagnostic protocols, preventative
strategies, and therapeutic interventions [52]. With increasing availability of high and
ultra-high magnetic field scanners comes a need to characterize the benefits of the
increased sensitivity and resolution that they provide [83, 117, 118]. Systematic
investigations of these benefits will facilitate informed choice of field strength for robust

clinical applications of the technique.

Clinical applicability of MRS depends upon the test-retest reproducibility in the
neurochemical concentrations measured since disease related changes can be detected in
individuals only if they are higher than the day-to-day experimental and physiological
variability. Test-retest coefficients of variance (CVs) have been reported for many
experimental configurations for 3-7 major metabolites, quantified primarily with the
standard STEAM and PRESS sequences [119-126].

However the field dependence of test-retest CVs is largely unexplored. In this respect,
Cramér-Rao Lower Bound (CRLB) estimates of minimum variance can provide insights.
The CRLBs have been shown by simulations [117] and in practice [83, 118, 119, 127] to
be lower at higher field, predicting lower test-retest CVs at higher field. However, only a
few studies have investigated whether the lower CRLBs indeed translate to lower test-
retest CVs at higher field [119, 125].

Meanwhile, neurochemical profiles of 10-18 metabolites are increasingly being reported
at both 3 T [113, 118, 128-130] and 7 T [118, 131-135] using highly optimized, short
echo localization sequences such as STEAM, SPECIAL and semi-LASER, which
minimize apparent T» relaxation and J-coupling evolution that counteract the sensitivity
gains, particularly at 7 T. Of these, semi-LASER [49, 115] was recently shown to provide
excellent between-site reproducibility at 3 T [113] and 7 T [135], documenting its
suitability for multi-site trials. In addition, good between-session reproducibility of the
sequence was demonstrated for selected VOI at 3 T [128] and 7 T [135]. However, its
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limits for test-retest reproducibility of neurochemical profiles and how these compare at 3

T vs. 7 T remain to be established.

Therefore the goal of this study was to compare test-retest reproducibility of
neurochemical profiles obtained with semi-LASER at 3 T versus 7 T, with state-of-the art
hardware at each field. We investigated whether improvements in CRLB at ultra-high vs.
high field lead to better test-retest reproducibility, and which metabolites critically need
the sensitivity and spectral resolution at 7 T to manifest clinically applicable
reproducibility. A secondary goal was to determine the number of repeat measurements
needed for a robust estimation of test-retest CVs, as between-session test-retest

reproducibility investigations typically use only one repeat measurement.

The same subjects were scanned at both 3 T and 7 T using the best hardware available to
us and matched software on a clinical platform. We utilized coils that were capable of
achieving sufficient By for spectroscopy (with minimal chemical shift displacement) in
deep brain regions at both fields. We focused on two brain regions that are of interest for
neurological diseases and that present different levels of technical challenges for MRS:
the posterior cingulate, a key node in the default mode network [136], which is affected
in a number of neurological and psychiatric disorders [137, 138], and the cerebellum,
which is affected in multiple movement disorders [139], and is technically more
challenging for study by MRS (due to its caudal location in the brain and broader
intrinsic linewidths than most other cortical areas).

3.3 Methods
Subjects and study design

Six healthy volunteers (males, 32 + 8 years) participated in the study after giving written
informed consent using procedures approved by the Institutional Review Board: Human
Subjects Committee of the University of Minnesota. Volunteers were scanned 4 times at
3T and 4 times at 7 T, once weekly for each field strength, except for one subject who
was scanned 5 times at 3 T and twice at 7 T and another subject who was scanned 5 times
at7T.
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MR protocol

Studies were performed with a 3 T whole-body Siemens Tim Trio and a 7 T whole body
Siemens MAGNETOM scanner (Siemens Medical Solutions, Erlangen, Germany). At 3
T, the standard body RF coil was used for radiofrequency transmission and the 32-
channel phased-array Siemens head coil was used for signal reception. At 7 T, a 16-
channel transceiver array coil [140] allowed B1* shimming as described previously [133].
T1-weighted MPRAGE images (3 T: repetition time (TR) = 2530 ms, echo time (TE) =
3.65 ms, flip angle = 7°, slice thickness = 1 mm, 224 slices, field-of-view (FOV) = 256 x
176 mm?, matrix size = 256 x 256; 7 T: TR = 2500 ms, TE = 2.4 ms, flip angle = 5°, slice
thickness = 1 mm, 176 slices, FOV = 232 x 256 mm?, matrix size = 232 x 256) were
acquired to position the volume-of-interest (VOI) for MRS. Proton spectra were acquired
from the posterior cingulate cortex (PCC, 2.0 x 2.0 x 2.0 cm?®) and cerebellar vermis
(CBM, 1.0 x 2.5 x 2.5 cm®). Reproducible voxel placement was based on anatomical
landmarks: For the PCC, the anterior inferior corner of the voxel was placed at the
splenium of the corpus callosum and the anterior superior corner was below the cingulate

sulcus. The surfaces, lobes, lobules and fissures of the cerebellum were used for CBM.

After selecting the VOI and B1* shimming at 7 T [133], first- and second-order Bo shims
were adjusted in each VOI using FASTMAP (fast, automatic shimming technique by
mapping along projections) with echo-planar imaging readout [141]. Next, B1 levels for
localization pulses and water suppression in semi-LASER were adjusted [113].
Metabolite and water reference spectra were acquired using a modified semi-LASER
sequence [115] (TE=28 msat3 Tand 26 msat 7 T, TR =5s, 64 transients, as described
previously [113]. Finally, fully relaxed unsuppressed water signals were acquired at TE’s
ranging from 28-4000 ms (TR = 15 s) to estimate the cerebrospinal fluid (CSF)
contribution to each VOI [142].

Spectral post-processing and quality control (QC)

Single-shot spectra were post-processed in Matlab, including Eddy current correction,
removal of shots affected by subject motion, frequency correction using a cross-

correlation algorithm and phase correction using a least-square fit algorithm [113], and
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then averaged. Summed spectra were visually assessed for extraneous coherences and

spectra excluded from further analysis if such coherences were noted.

To evaluate the between-session reproducibility of voxel placement, the MPRAGE image
from the first session was used as a reference to which images from later sessions were
aligned linearly (6 degrees of freedom) together with VOI masks in FSL-FLIRT
registration tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). The proportion of the
volume that is shared by at least three of the four VOI masks to the VOI volume was
calculated and expressed in percent. This approach was chosen to treat the 4 sessions as
‘exchangeable’ rather than identifying one of them post-hoc as a ‘gold standard’ session
to which the others should be compared, which may introduce a bias if the reference VOI

has poor overlap with the other 3 even if the other 3 VOI overlap well.

Metabolite quantification

Metabolites were quantified using LCModel [55]. The model spectra for alanine (Ala),
aspartate (Asp), ascorbate (Asc), glycerophosphocholine (GPC), phosphocholine (PC),
creatine (Cr), phosphocreatine (PCr), y-aminobutyric acid (GABA), glucose (Glc),
glutamine (GIn), glutamate (Glu), glutathione (GSH), myo-inositol (Ins), lactate (Lac), N-
acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE),
scyllo-inositol (sIns) and taurine (Tau) were simulated using density matrix formalism
[143] based on previously reported chemical shifts and coupling constants [67, 144].
Macromolecule spectra acquired from the occipital cortex of 4-5 volunteers at each field
using an inversion recovery technique (TR = 2.5 s, inversion time TI =0.75sat 3 T and
TR=2s, TI=0.69sat7T)[83] were also included in the basis set. The validity of using
a general macromolecule spectrum for fitting spectra from multiple brain regions was
recently demonstrated [56, 145].

Metabolite concentrations were determined after correcting for tissue water and CSF

content, and the T, of water in LCModel (version 6.3-0G), as described previously [113].
A water content of 82% was assumed [146]. The % CSF contribution was obtained from
a bi-exponential fit of the integrals of water spectra at different TE values [142]. A water

T2 0f 120 ms was used at 3 T and 87 ms at 7 T, based on the assumption that the T, of
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water under Carr-Purcell conditions is 1.5x longer than the measured free precession T»
[113]. Metabolites quantified with CRLB > 50% were classified as not detected [147].
Only metabolites quantified with mean CRLB < 20% were included in the neurochemical
profile of each brain region at each field. If the correlation between two metabolites was
consistently very high (correlation coefficient <-0.7), their sum was reported [147], e.g.
total creatine (tCr, Cr + PCr) and total choline (tCho, GPC + PC).

Statistical analysis

Summaries were calculated per field strength for each region. Spectral quality was
quantified by water linewidth and SNR in the frequency domain (SNRfreq). Voxel
placement reproducibility was assessed by within-voxel CSF fraction and % voxel
overlap between sessions. These quantities were each compared across regions within
field strength, and across field strengths within region, using linear mixed models to

account for the multiple scans per person.

Neurochemical concentrations (summed over 64 transients per scan per subject), and
CRLBs of concentrations, were summarized per person using intra-subject means across
all scans. Between-session CV of concentration was calculated for the i subject and m™"
metabolite across repeat scans as intra-subject sample standard deviation (SD) divided by

intra-subject sample mean:

intra-subject CV=CV, :S% _

im

Since some concentrations were excluded according to CRLB criteria (see above), all
included concentrations were used in computing these means and SDs. A confidence
interval (Cl) for each CVin was calculated using the modified McKay approximation
[148]. To examine the robustness of the intra-subject CVs to the number of repeat scans,
the intra-subject CV and CI calculations were repeated using each person’s first 2, then 3
and then 4 scans. For each number of scans used (2, 3, and 4), means across the 6
participants of the intra-subject CVs were calculated:

~ov 16
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means of the endpoints of the CVin Cls were also calculated. Next, using all scans per
person, intra-subject CVs were summarized across people using inter-subject means (as

in the above equation) and using inter-subject SDs:

o ;'V - \/% Z? |((‘Km —F }’5’1:)2 ;

similar inter-subject means and SDs were computed for the intra-subject mean CRLBs.

Concentrations, CVs and mean CRLBs were compared between field strengths (for each
region separately) using paired Wilcoxon tests because of mild non-normality. Lastly,
intra-subject between-session CV was separately re-computed five times: including the
first 2, 4, 8, 16, and 32 transients from each scan; these were then compared to the

original summaries using 64 transients from each scan.

34 Results

Using an MRS protocol that involved Bo shimming with FASTMAP, voxel-based B
adjustment, localization by semi-LASER [115] and single-shot phase/frequency
correction, consistently high quality spectra were obtained in both brain regions at both
fields. The high reproducibility of spectral quality and pattern within individuals is
demonstrated in Figure 3.1. Based on QC criteria, 1 spectrum from the cerebellum (of a
total of 23 spectra) and 2 spectra from the posterior cingulate (of 23 spectra) at 7 T were
excluded from further analysis. None of the 25 spectra available for each regionat 3 T

were excluded.

As expected, the PCC spectra had narrower linewidths and better SNR than CBM spectra
(Table 3.1). Frequency domain SNR (SNRi#req) Was better at 7 T for CBM, but not for
PCC (Table 3.1), underlining the importance of the many factors that determine the SNR
in addition to field strength, such as coil configurations. VVoxel placement consistency
was demonstrated both by CSF contribution to each VOI and by between-session voxel
overlap (Table 3.1, p>0.05,3Tvs. 7).
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Figure 3.1  Reproducibility of spectral quality and pattern. All spectra obtained in one
subject are shown (semi-LASER, TE=28 msat 3T and 26 msat 7T, TR =5+, 64
transients), with the spectra obtained per brain region/field overlaid in each panel. The
voxel locations are shown on the T1-weighted images acquired at 3T. Spectra were
apodized with linebroadening (1 Hz) and Gaussian multiplication (o = 0.12 s) for display
purposes. PCC: posterior cingulate cortex, CBM: cerebellar vermis.

Table 3.1 Spectroscopic parameters measured in two brain regions and two fields
3T 7T
PCC CBM PCC CBM

Number of spectra (N) 25 25 21 22
Water linewidth (Hz) 6.6+ 0.4 75+09" 12.1+1.0 143+12%
SNRjieg" 234+ 57 127 29" 181 + 28" 141 £21°"
CSF fraction (%) 6.1+£25 76+33 55+16 78+26
Voxel overlap (%)" 91+5 90+2 88£5 904

Values given are inter-subject mean + inter-subject standard deviation of the intra-subject means.
PCC: posterior cingulate cortex; CBM: cerebellar vermis.

*SNR was measured in the frequency domain (defined as peak height divided by root mean
square noise) based on tNAA in non-apodized spectra.

°Fraction of total voxel volume that is shared in at least three of the four scanning sessions
*p<0.01, 3T vs. 7T (within region)
** p<0.001, PCC vs. CBM (within field)

A larger number of metabolites had mean CRLB <20% at 7 T than at 3 T for both VOI
(Figure 3.2), despite a lower SNRfeq for PCC at 7 T. Metabolites such as GABA, Lac, PE

and NAAG passed the CRLB filter only at 7 T, while Glc passed the filter only at 3 T for
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both regions and sins passed the filter only at 3 T for PCC. The concentrations obtained
at the two fields were comparable with few exceptions, such as NAA, Glu and Gln,

which were estimated at higher levels at 7 T likely due differences in the fitted spline

baselines.

14 14
» Posterior cingulate o3T Cerebellum 03T

12 = a7T 12 . w7T

10 = 10 . -

=) o

=8 _ =8 *

: 2

Es Es

4 ® 4

; ﬂrl Lo 2N allo ana

B *

0 nilllnm. 0l S a il
< < &5 ® = © o £ 3 I 9 o g o Ww o S W 0 o & S 3 W T £ O U o 0w 0
$E° 0520 g It g Sfggzorsgo0 It g
s & = o -
20 30

25 25

— L —

ézo ézu

o

115 * " s - *

o 3

o o

10 10

5"‘_1*“ I 5 **w*“ I
o w00 o Cn ([ [k 1

4 « % v 3 0 o £ - I # o g © W o L w0 « <« 3 S ® I £ L 0 L O W (O
$3¥So0g520fB5083%% ©E532208580029 50 g
e o =z = = o] =

Lac p———

Tau
Gle
Lac
Tau
sins
Gin
Glc

GABA ms——
PE m——
NAAG

Test-retest CV (%)
o a2 om
(=] o o w o (4]
NAA
tCr
[ER==N
Glu o’
tCho
ASP m—
GIN i —
GSH {——
sing ————
]
GABA mssssss—
PE ms—
NAAG m—
Test-retest CV (%)
- - 1] (]
o o o o o @«
tCr
Ins |k
tCho e
NAA
INAA
GlU
GSH —
]
ASC EEE——

tNAA

Figure 3.2  Mean metabolite concentrations, Cramér-Rao lower bounds (CRLB) and

between-session CVs obtained with semi-LASER (TE =28 ms at 3T and 26 ms at 7T,
TR =55, 64 transients) in the two brain regions at both field strengths. Only metabolite
with mean CRLB < 20% are shown. Error bars represent inter-subject SD of intra-subje
means. Means include all scans of each subject, i.e. up to 5 scans at each field strength.
*p <0.05, 3T vs. 7T.
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To determine the number of repeat measurements needed for a robust evaluation of intra-

subject test-retest reproducibility, between-session CVs were calculated for each of 2, 3

and 4 repeat measurements. Between-session CVs tended to be underestimated for most

metabolites with only 2 scans, although the mean CVs were similar with 2, 3 and 4

measurements (Figure 3.3, top). On the other hand, the robustness of the intra-subject CV

estimates increased substantially (inter-subject means of the intra-subject CI widths

decreased substantially) from 2 to 3 repeat scans, while the improvement from 3 to 4

scans was smaller (Figure 3.3, bottom).
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Figure 3.3  Mean between-session CVs (SD/mean, top row) and inter-subject means

of the intra-subject confidence interval widths for between-session CVs (bottom row) for
posterior cingulate neurochemical profiles, obtained with 2, 3 or 4 repeat scans. Similar
results were obtained for the CBM (not shown).

Mean CRLBs were lower at 7 T than at 3 T for almost all metabolites while between-
session CVs were comparable at the two fields (Figure 3.2). Trends for lower CVsat 7 T
were detected for Glu, GIn and GSH in CBM. Therefore, while the CRLB provided a
rough estimate of test-retest reproducibility, they did not fully reflect the true relative

reproducibility at the 2 field strengths. Notably, NAA, tCr, tCho, Ins and Glu were
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quantified with between-session CVs of < 5% even at 3 T. To investigate whether with
the very high spectral quality we have reached a physiological threshold upon which
reproducibility cannot be further improved, we analyzed between-session CVs of
subspectra. Namely, we summed the first 2, 4, 8, 16 and 32 shots of all spectra and
thereby evaluated the between-session reproducibility of spectra with varying SNR at
each field (Figure 3.4). This analysis showed that the between-session CVs were indeed
lower with shorter acquisitions at 7 T than at 3 T for most metabolites in PCC. For
example, the between-session CVs had already leveled off at 2-4 shots for NAA, at 8
shots for tCr and tCho and at 16 shots for Ins at 7 T, while they continuously improved
with increasing acquisition duration, i.e. increasing SNR, at 3 T. In CBM, mean between-

session CVs for Glu, GIn and GSH were lower at 7 T vs. 3 T across acquisition times.
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Figure 3.4  Mean between-session CVs obtained by averaging the first 2, 4, 8, 16, 32
and 64 transients (NEX) of spectra from the two brain regions and field strengths. Only
metabolites that passed the CRLB reliability criteria are shown, e.g. weakly represented
metabolites such as Asp, GIn, Tau and GSH are not reliably quantified in spectra with 2
transients.
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35 Discussion

Here we examined the test-retest reproducibility of neurochemical profiles using state-of-
the-art MRS methodology at high (3 T) and ultra-high (7 T) field with an unprecedented
number of retests. We demonstrated excellent reproducibility with standard clinical 3 T
hardware and a FASTMAP + semi-LASER based MRS protocol. We further showed that
more neurochemicals are detected reliably at 7 T vs. 3 T even when SNRfreq Was lower at
7 T. Importantly, the reproducibility advantages of 7 T were realized primarily for
coupled metabolites such as Glu, GIn and GSH, and for experimental conditions with low
SNR. We further showed that the CRLB and test-retest reproducibility do not necessarily

improve together.

Sequences such as semi-LASER are increasingly utilized at high field primarily because
they minimize chemical shift displacement, which is a major drawback of the standard
full intensity sequence PRESS at high field. While these sequences are not standard, they
are available as work-in-progress packages on major clinical scanner platforms. Hence
the assessment of their within-person reproducibility is critical for their utility in
longitudinal clinical applications. To accomplish this, we focused on two clinically
relevant VOI. Better linewidths and SNR were obtained for PCC than CBM, because
CBM has more microscopic heterogeneities and is located further away from the receive
coils. Still, the MRS protocol used here provided spectra with excellent SNR and
linewidths with ~5 minute data averaging from both brain regions at both fields (Figure
3.1, Table 3.1). Importantly we aimed at a practical field comparison here, using matched
software and the best hardware available to us to consistently achieve sufficient B at
both fields because of the challenges to perfectly match hardware for a strict field
comparison. Indeed these challenges have resulted in a wide range of reported SNR
improvements at ultra-high vs. high field [117]. Note however that despite the differences
in coil configurations at the two field strengths, the relationship between the SNRfreq at 3
T vs. 7 T corresponded well with theoretical predictions for the CBM. Namely, a ~22%
increase in SNRireq IS expected at 7 T vs. 3 T for this voxel (SNRfreq is proportional to
SNRtime/ Avhz, where Avn; is the spectral linewidth in Hz. Since theory predicts a linear
dependence of SNRtime on Bo [149], SNRfreq~ Bo/Avhz), i.€. the increase in SNRtime IS
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largely offset by the increase in linewidth. The observed 11% increase in SNRfreq (Table
3.1) is close to the theoretical prediction; hence observations for this VOI are
generalizable for 3 T vs. 7 T comparisons. In addition, the conclusions on test-retest
repeatability were the same for the two VOI, further supporting the generalizability of the

findings.

The SNRfreq Was lower at 7 T for PCC, likely because the 32 channel receive array at 3 T
provided superior sensitivity relative to the 16 channel T/R array for peripheral VOI such
as the PCC. Hence, SNR improvements at 7 T vs. 3 T can vary widely depending on the
RF coil characteristics and the relative location of the VOI to the receive coils.
Importantly, CRLB were lower at 7 T for both VOI, leading to more metabolites being
quantified with mean CRLB < 20% (Figure 3.2) despite the loss in SNR#req in PCC, and
therefore are likely due to the resolution enhancement at 7 T. Note that Kreis recently
cautioned against quality filtering based on relative CRLBs (in %), and laid out cases
where such filtering can lead to biased concentrations in cohort data and wrong
conclusions in group comparisons [150]. Here we used the 20% CRLB threshold to
identify the neurochemicals that were most reliably quantified [147] at each field rather
than for group comparisons, consistent with the recommendation to utilize the relative
CRLB to define which metabolites should be evaluated at all [150]. Also note that all
metabolites that were quantified with mean CRLB < 20% were also quantified with
CRLB < 50% in the majority of the spectra, thereby avoiding biases in metabolite

selection for reporting.

The extent of improvement in CRLB at 7 T vs. 3 T differed substantially among
neurochemicals, as also shown previously [83, 121, 125, 127]. Namely, the greatest
improvements were observed for J-coupled metabolites such as Glu, GIn, GSH and
GABA (Figure 3.2) due to increased spectral dispersion at 7 T, fully consistent with
recent simulations [117]. Glc is a known exception to this trend [83] and is more reliably
quantified at 3 T because of a simpler spectral pattern. Despite these improvements we
also noted that more spectra were excluded from analysis at 7 T due to unwanted
coherences, which were encountered in a larger fraction of spectra likely because of less

consistent performance of OVS pulses due to B; inhomogeneities at 7 T.
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We also investigated the extent to which a single retest is sufficient to provide a robust
estimate of between-session CVs. We found that mean CVs were similar with 2, 3 and 4
measurements, with only small trends upon increasing the number of retest measurements
(Figure 3.3). This was because skewness and outliers were absent from the current
dataset. Skewness or outliers could cause large changes in the CV or confidence interval
estimates when including one or two more data points in the CV calculation. Our analysis
showed that 3 repeat measurements instead of 2 can substantially improve the robustness
of the estimate for datasets without skewness/outliers.

The between-session CVs observed here (Figure 3.2) were lower than almost all prior
reports of MRS reproducibility [119-126, 151], except for a recent 3 T study [130].
Notably, that study utilized the same 32 channel RF coil on the same clinical 3 T
platform with a non-standard sequence and also investigated reproducibility for a VOI in
the PCC. The mean between-session CVs for PCC were lower for multiple metabolites
(NAA, tCr, tCho, Ins, Glu) in our study vs. the Wijtenburg et al. study [130], while they
were the same (GIn) or higher for others (Asp, GSH). While there were multiple
methodological differences between the two studies, including the pulse sequences used
and LCModel basis sets (e.g. we included experimentally acquired macromolecule
spectra), together these studies demonstrate the advantages of utilizing optimized MRS
methodology on standard clinical 3 T hardware for improved reproducibility of
neurochemical profile quantification. Note however that when using semi-LASER for
clinical cohort comparisons, age [152], disease [153], metabolite [154] and region [155]
associated variance in T2 needs to be considered at the TEs achievable with the sequence.
In addition to optimized MRS methodology, reproducible voxel placement (Table 3.1)
was clearly also an important factor in the high reproducibility in metabolite
concentrations. Note that the approach we chose to report voxel overlap (fraction shared
by at least 3 VOI) was appropriate since the voxel was not placed based on a reference
session (e.g. session #1). Also note that the reproducibility of metabolite concentrations
may be further improved by automating VOI placement using atlas-based approaches
[156].
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Importantly, lower CRLBs did not necessarily translate to lower CVs at 7 T (Figure 3.2).
However, the sample size was only 6 for the pairwise comparison of CVsat 3 Tvs. 7 T,
therefore notable differences in mean CVs of Glu, Gln and GSH at 3 T vs. 7 T remained
as trends. Analysis of sub-spectra with a reduced number of scans demonstrated that we
reached a minimum achievable CV threshold with a lower number of transients than 64 at
7 T for multiple metabolites and that test-retest CVs are indeed lower at 7 T thanat 3 T

with shorter acquisitions (Figure 3.4).

3.6  Relevance to the Study of ALS

This work demonstrated very high test-retest reproducibility for the measurements of
major metabolites at both 3 and 7 T. However, except for one study at 3 T [96], all
longitudinal *H-MRS studies in ALS thus far have been performed at 1.5 T. Furthermore,
the study at 3 T did not report the number of transients per scan, making it unclear
whether they achieved substantial gains in measurement precision. Thus, the majority of
studies have not utilized the increased measurement precision associated with higher field
strengths, which may be a reason for the mixed findings in longitudinal *H-MRS

literature (either negative or reported tNAA decline).

Major metabolites such as tNAA and mins may be sensitive biomarkers in ALS.
However, there is also strong interest in weakly represented coupled metabolites such as
GSH and GABA, each of which have been investigated only once in ALS. Without
spectral editing, these metabolites showed better reproducibility at 7 T compared to 3 T.
Thus, we employed this study’s sequence and parameters at 7 T to examine the full
neurochemical profile in patients with ALS. Our *H-MRS experiments in ALS will be
described in the next two chapters.
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A

A 'H-MRS Study of ALS at 7 Tesla:

Cross-sectional Findings

4.1  Chapter Preface

This chapter describes the cross-sectional analysis of *H-MRS data acquired at 7 T from
an early-stage ALS cohort. Comparisons of metabolite levels between disease and control
groups are described as well as correlation analyses with clinical status. We were
particularly interested in the group comparison of motor cortex GSH levels, which are
purportedly lower in ALS according to a recent study performed at 3 T [98]. Thus, in
addition to the GSH quantification at 7 T, we also ran a GSH-editing protocol at 3 T to
replicate this previous finding and to determine whether the choice of methodology
impacts the results obtained for this metabolite. The results from this study are published
in the paper “Ultra-High Field Proton MR Spectroscopy in Early-Stage Amyotrophic
Lateral Sclerosis” [157]. The longitudinal follow-up of this cohort was performed only at
7 T and will be discussed in the next chapter.

In this chapter, unpublished data on the diagnostic sensitivity and specificity of *H-MRS
measures and additional correlations with novel measures of clinical burden are also
presented. The Methods section contains descriptions of the methods used in these
additional analyses.
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4.2  Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset motor neuron disease
characterized by progressive and irreversible loss of voluntary muscle function. Affected
persons generally die within two to four years after symptom onset, and riluzole — an
FDA-approved drug for ALS — has provided only a modest benefit in prolonging
survival [158, 159]. On post-mortem exam, ALS is distinguished from other motor
neuron diseases by the selective degeneration of both the upper motor neurons (UMNS)
that descend from the primary motor cortex to the brainstem and spinal cord and the
lower motor neurons (LMNS) that project peripherally to the musculature. The diagnosis
of ALS currently depends upon the clinician’s ability to detect signs of UMN and LMN
dysfunction through physical examination. While electrophysiological testing can
provide additional supportive evidence of LMN dysfunction, the reliability of tools for
quantitatively and objectively measuring UMN degeneration in ALS has not been
established. Such tools could help identify biomarkers of disease activity in the brain that

are critical for evaluating treatment efficacy in therapeutic trials for ALS [160].

Single-voxel proton magnetic resonance spectroscopy (*H-MRS) is an advanced
magnetic resonance imaging (MRI) technique for examining the neurochemistry of the
brain. Whereas conventional brain MRI is unremarkable in ALS [161], *H-MRS has
revealed various neurochemical abnormalities that may indicate underlying disease
processes, including gliosis, glutamate excitotoxicity, and oxidative stress. *H-MRS
studies over the years in humans with ALS have suggested abnormal levels of the
following brain metabolites: N-acetylaspartate (NAA, marker of neuronal integrity) [88,
89, 103]; myo-inositol (mlIns, putative marker of glial cells) [86, 91]; glutamate (Glu,
excitatory neurotransmitter) [90]; y-aminobutyric acid (GABA, inhibitory
neurotransmitter) [88]; and glutathione (GSH, thiol antioxidant) [98]. Nearly all of these
studies included the primary motor cortex and its underlying white matter as a region of

investigation.

The most commonly reported finding across *H-MRS studies of ALS to date is lower
levels of NAA in the motor cortex, indicating neuronal loss and/or dysfunction. However,

apart from this finding, alterations in the levels of other metabolites have been reported
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inconsistently in ALS literature. For example, only a few studies reported a significant
elevation in motor cortex mins levels [86, 91], while the majority did not. In addition, it
remains unclear as to whether motor cortex Glu levels are higher or lower in ALS, as
differences from controls have been reported in both directions [86, 88, 90, 104]. This
discrepancy may stem from the difficulty in quantifying Glu at low field strengths due to
its considerable overlap with glutamine (GIn), resulting in the reporting of Glu and GIn as
a sum termed GlIx. Furthermore, in two relatively recent studies, lower GABA and GSH
levels were observed in the motor cortex of patients using edited *H-MRS techniques at 3
T [88, 98]. GABA and GSH may mark states of cortical hyperexcitability and chronic
oxidative stress, respectively, in ALS [79, 162] and require further investigation with
advanced 'H-MRS methods.

Neurochemical profiles that consist of 10-15 metabolites can be reliably quantified with
'H-MRS at 7 T [83, 116]. A major advantage of increasing the magnetic field to 7 T is
improved resolution of the overlapping J-coupled resonances of GIn, Glu, GSH, and
GABA, resulting in quantification of these metabolites with excellent test-retest
reproducibility [114, 116] and without the need for metabolite-specific spectral editing.
The purpose of the present study was to utilize our advanced 7 T *H-MRS protocol to
establish the neurochemical profiles of an early-stage ALS cohort and compare them with
a cohort of matched healthy controls. Specifically, the study was designed to (1) clarify
discrepancies in the literature regarding metabolite concentrations in ALS by using state-
of-the-art *H-MRS technology at 7 T and (2) investigate the dependence of
neurochemical abnormalities on clinical measures of functional status, upper motor
neuron disease burden, and diagnostic classification. We selected volumes-of-interest
(VOI) in the motor cortex and pons, which are regions that show histopathologic
evidence of neurodegeneration in ALS [4, 17]. On the same participants, we also
performed edited *H-MRS at 3 T for measuring GSH levels in the motor cortex, which
were recently reported to be lower in ALS versus controls [98]. Finally, we examined the
relationships between brain metabolite levels and measures of clinical status, including
ALS Functional Rating Scale-Revised (ALSFRS-R) scores, upper motor neuron (UMN)

burden scores, and EIl Escorial diagnostic criteria.
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4.3  Methods
Study Participants and Design

A total of 38 volunteers (20 individuals with ALS and 18 healthy controls, matched by
age-range and sex-ratio) were enrolled in the study after giving written informed consent
using procedures approved by the Institutional Review Board: Human Subjects
Committee of the University of Minnesota. All volunteers with ALS were recruited from
the ALS Association Certified Treatment Centers of Excellence at the University of
Minnesota and Hennepin County Medical Center and fulfilled the revised EIl Escorial
Criteria [163] for clinically possible (N = 8), probable (N = 8), or definite (N = 4) ALS.
Two volunteers were withdrawn from the study after enrollment: 1 control volunteer with
evidence of neurologic disease and 1 individual with ALS who was unable to undergo
scanning due to claustrophobia.

Participants underwent both 3 and 7 T MR scanning no more than one week apart and a
neuromuscular examination by a board-certified neurologist on the day of the 3 T scan
(19 subjects with ALS, 17 healthy controls total). At 7 T, MR spectra were acquired from
two VOIs: primary motor cortex and pons. At 3 T, spectra were acquired from the
primary motor cortex only. In subjects with ALS, the motor cortex VOI was selected in
the hemisphere contralateral to the more clinically affected side of the body. In controls,
the hemispheres were chosen so that the cohorts would have similar proportions of left-
and right-sided scans. The neuromuscular exam was used to determine the clinical
characteristics of subjects with ALS, including the more affected side of the body, the EI
Escorial diagnosis, and a score on a novel upper motor neuron (UMN) burden scale.
Active riluzole use at the time of the exam was also recorded in order to account for the
drug’s potential effect on metabolite concentrations [88]. Disease duration and site of
onset were obtained from patient medical records. Disease duration was calculated as the
time from the first symptom occurrence to the date of the MR exam. The UMN burden
score was based on neurologic exam signs and was used to measure the extent of UMN
involvement in subjects with ALS. This score was generated by assigning point values of
“1” to the presence of upper motor neuron signs in the cranial, cervical, and lumbosacral

cord segments. Specifically, six signs were used in the rating: 1) pathologic jaw jerk, 2)
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slow tongue coordination, 3) abnormal upper limb reflexes (increased biceps reflex,
triceps reflex, brachioradialis reflex, and/or finger flexors), 4) upper limb spasticity, 5)
abnormal lower limb reflexes (increased patellar reflex, Achilles reflex, and/or extensor
plantar response), 6) lower limb spasticity. Summing the points resulted in a total scale
ranging from 0 to 6 (a higher score indicating greater UMN burden). All subjects with
ALS were also evaluated with the ALS Functional Rating Scale-Revised (ALSFRS-R) as
a measure of global disease severity [39]. The ALSFRS-R consists of 12 physical
function queries that address bulbar, respiratory, gross motor, and fine motor domains. It
yields a composite score ranging from 0 (most severe) to 48 (no disability). Participant

characteristics are summarized in Table 4.1.

*Unpublished methods: Other clinical rating systems were also used to generate scores of
UMN and LMN burden. First, UMN scores for the upper limbs were determined using a
modified version of the established Penn scale [164]. Second, a novel system developed
by the Clinical Research in ALS and Related Disorders for Therapeutic Development
(CReATe) Consortium was used to quantify UMN and LMN burden in the right/left
upper limb, lower limb, and cranial regions. Scoring components for each system are

provided in the Appendix.

Data Acquisition

Proton MRS studies were performed on a 7 T whole body Siemens MAGNETOM
scanner and a 3 T whole body Siemens Tim Trio scanner (Siemens Medical Solutions,
Erlangen, Germany). At 7 T, a 16-channel transceiver array coil [140] allowed B1*
shimming as described previously [133]. Ti:-weighted MPRAGE images were acquired to
position the VOI for MRS using the following parameters: repetition time (TR) = 2500
ms, echo time (TE) = 2.4 ms, flip angle = 5°, slice thickness = 1 mm, number of slices =
176, field of view = 232 x 256 mm?, and matrix size = 232 x 256. VOI placement was
based on anatomical landmarks. For the primary motor cortex, a 2.2 x 2.2 x 2.2 cm®voxel
was placed in the area representing the upper limb and aligned parallel to the dura mater
in the coronal orientation in order to maximize inclusion of the cortical surface (Figure

4.2). The upper limb portion of the motor homunculus was specifically selected because a
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large majority of subjects with ALS were predicted to have some degree of upper limb
involvement during the time of scanning. For the pons, a 1.6 x 1.6 x 1.6 cm®voxel was
aligned parallel to the pontomedullary junction in the sagittal orientation to maximize
inclusion of pons tissue (Figure 4.1). This voxel included both LMN and UMN structures

that undergo pathological changes in ALS.
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Figure 4.1  Diagram illustrating ALS-relevant neuroanatomic structures within the
pons voxel. Left: Pons voxel placement in sagittal and axial views. Right: Contained
structures that show degenerative changes in ALS are labeled and include the pontine
pyramidal fascicles, cranial motor nuclei and efferent fibers, and the reticular formation
(see Section 1.3.1 Neuropathology). Note that cranial nerve VI fibers also wrap medially
around the abducens nucleus (not labelled). Photos of histological brainstem slices are
reused with permission from the University of Minnesota Medical School Neuroanatomy
Course.
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After B:* shimming and VVOI selection, first- and second-order Bo shims were adjusted in
the VOI using FASTMAP (a fast, automatic shimming technique by mapping along
projections) with an echo planar imaging readout [141]. Then, B1 levels required for
localization and water suppression were adjusted, as described previously [116].
Metabolite and water reference spectra were acquired using a modified semi-LASER
sequence [115] (TR =5, TE = 26 ms, 64 averages). In addition, fully relaxed
unsuppressed water signals were acquired at TEs ranging from 28 to 4000 ms (TR = 155)
to estimate the cerebrospinal fluid (CSF) contribution to the VOI [142].

At 3 T, radiofrequency transmission was performed with the built-in body coil, and signal
was received with a 32-channel receive-only head coil. T1-weighted MPRAGE images
were obtained for VOI positioning (TR = 2.6 s, TE = 2.43 ms, flip angle = 7°, slice
thickness = 1 mm, number of slices = 224, field of view = 256 x 256 mm?, and matrix
size = 256 x 256). Spectra were acquired from a 3.5 x 2.5 x 2.3 cm® VOI placed in the
motor cortex using the MEGA-PRESS sequence [165, 166] (TR =2s, TE =68 ms, 512
averages) with editing pulse (180° Shinnar-Le Roux; duration, 22.7 ms; bandwidth, 52
Hz) applied at 4.56 ppm and 7.5 ppm. The larger VOI relative to that selected at 7 T
included areas of the motor cortex corresponding to the face and lips, in addition to upper
limb (Figure 4.4).

Data Post-processing and Quality Control

For 7 T data, single-shot metabolite spectra were corrected for frequency and phase
fluctuations as well as residual eddy currents before summing [167]. Summed spectra
were then visually inspected for the presence of unwanted coherences. Signal-to-noise
ratio (SNR) measurements were made on the raw spectra by taking the ratio of the NAA
methyl resonance at 2.02 ppm and root mean square of the noise measured from -4 to -2
ppm. Linewidth was measured as the full-width at half-maximum of the unsuppressed
water reference spectrum. Spectra were excluded from further analysis if SNR < 25.

Based on this criterion, three spectra from the pons were excluded.
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For 3 T data, edit-off and edit-on spectra were corrected for phase and frequency
fluctuations before subtracting to generate difference spectra. Edit-off and edit-on spectra
were visually inspected for unwanted coherences. Difference spectra were also inspected
for small frequency shifts between edit-off and edit-on spectra.

Metabolite Quantification

Summed 7 T spectra were analyzed with LCModel (version 6.3-0G) [55]. The basis set
for LCModel contained 19 metabolites that were simulated using a density matrix
approach [143] based on previously reported chemical shifts and coupling constants [67,
168]: alanine (Ala), aspartate (Asp), ascorbate (Asc), glycerophosphocholine (GPC),
phosphocholine (PCho), creatine (Cr), phosphocreatine (PCr), y-aminobutyric acid
(GABA), glucose (Glc), glutamine (GIn), glutamate (Glu), glutathione (GSH), myo-
inositol (mIns), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate
(NAAG), phosphoethanolamine (PE), scyllo-inositol (sIns), and taurine (Tau). The basis
set also included a macromolecule spectrum that was measured previously using an
inversion recovery technique in 5 healthy subjects (TR = 2 s, inversion time = 685 ms,
640 averages total, occipital cortex) [56, 83]. Absolute metabolite concentrations were
determined by utilizing the unsuppressed water spectrum as an internal reference and
correcting for tissue water and CSF content [116]. A tissue water content of 82% was
assumed for the motor cortex and pons [146]. The T relaxation of tissue water was taken
into account in the LCModel fitting by assuming values of 68 ms for the motor cortex
and 74 ms for the pons. These assumptions were determined by acquiring a series of
unsuppressed water signals at different echo times (TE = 28-4000 ms, TR = 15 s) in the
respective VOI in ten healthy control subjects and fitting their integrals with a
biexponential function. For the biexponential fit, the T, of CSF was fixed at 565 ms,
which was measured using the same sequence in the lateral ventricles of four healthy
subjects (TE = 28-4000 ms, TR =15 s, VOI = 0.125-0.360 mL). The measured free
precession T values of tissue water in the motor cortex (45.4 + 2.5 ms) and pons (48.9 +
0.9 ms) were multiplied by a factor of 1.5 assuming Carr-Purcell conditions [167]. The %

CSF contribution to each VOI was also obtained by fitting the integrals of the
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unsuppressed water spectra acquired in each VOI at different TE values with a

biexponential decay function [142].

The 3 T MEGA-PRESS edit-off and difference spectra were analyzed with LCModel
(version 6.3-1J) using a protocol nearly identical to that described above. However, NAA
was separated into singlet and multiplet, and tCr was separated into CHz and CH2 groups.
The difference spectra were analyzed with the basis set that contained simulated
information for NAA and GSH using previously described fitting parameters [154]. For
edit-off data, absolute metabolite concentrations were obtained by utilizing an
unsuppressed water reference spectrum and correcting for tissue water and CSF content.
The CSF content was determined by segmenting the MPRAGE images using the SPM8
software package and then applying iterative threshold selection to obtain within-VOI
fractions of gray matter, white matter, and CSF, as described previously [112]. A tissue
water content of 82% was assumed and the Ty of tissue water of 1.08 s and T2 of 95 ms
were used [169, 170].

For each region, only metabolites quantified with mean Cramér-Rao Lower Bounds
(CRLB) < 20% were selected for analysis. In addition, metabolites were reported only as
sums if they correlated strongly with each other (r <-0.7), as in the cases of total creatine
(tCr; Cr+PCr) and total choline (tCho; GPC+PCho). Additionally, total NAA (tNAA;
NAA+NAAG) and metabolite ratios (i.e., mIns/tCr, tNAA/tCr, NAA/mIns, tNAA/mIns)
were reported in order to compare with prior work performed at lower field. The sums
Glc+Tau and Glu+GIn (GIx) were also reported if any metabolite within each pair did not
meet mean CRLB < 20% criterion. Lac at 7 T was not quantified in the motor cortex of 6
subjects with ALS and 5 healthy controls due to the presence of unwanted coherences

near 1.3 ppm.

Statistical Analysis

Except for left/right hemisphere and male/female scan counts, all measures were
compared between the two cohorts using unpaired, two-tailed Student’s t-tests. Group
comparisons of the count data were made using Fisher’s exact tests. Neurochemical

levels were compared between the cohorts using t-tests and then two-way ANOVA to
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adjust for hemisphere scanned (motor cortex data only). Age and sex were not included
as covariates in the models because they were similar between the ALS and control
groups. The neurochemical levels were also compared pairwise across El Escorial
diagnostic subgroups and controls using one-tailed t-tests (with the direction pre-
specified according to disease severity in the diagnostic subgroups); a step-down
Bonferroni procedure was used to correct type | error for multiple comparisons [171].
Comparisons in tNAA levels assumed that Definite ALS < Probable ALS < Possible ALS
< Controls because these levels were expected, based on literature, to become lower as
more disease signs appear [93, 103]. Conversely, mins levels were expected to be higher
in disease and comparisons assumed that Definite ALS > Probable ALS > Possible

ALS > Controls [86, 91]. For Glu level comparisons, two-tailed t-tests were performed
between subgroups and controls because there was no obvious expectation that Glu levels
are altered in one direction as opposed to the other. Neurochemical levels were also
compared across riluzole-treatment subgroups using pairwise two-tailed t-tests between
riluzole-users, riluzole-non-users, and control groups, while again applying the step-down
Bonferroni correction. Pearson’s correlation tests were used to examine possible linear

relationships between neurochemical levels and clinical status measures.

*Unpublished methods: Diagnostic sensitivity and specificity were assessed for
metabolites that demonstrated the most significant differences between patients and
controls. The ‘ROCR’ package in R (version 3.4.2) was used to generate receiver-
operator characteristic (ROC) curves and to estimate area-under-the-curve (AUC).
Sensitivity and specificity at the optimal cut-off were calculated from logistic regression

model predictions of success (disease) and failure (no disease).

As a supplement to the El Escorial diagnostic subgroup analysis, metabolite levels were
compared across King’s disease stages, which were estimated from ALSFRS-R scores
using an algorithm described previously [43]. King’s stages 1 and 2 were considered
“early” stages, while stages 3 and 4 were considered “advanced”. Corrections for
multiple comparisons were applied (same as above).
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4.4 Results
Cohort characteristics

Motor cortex *H-MRS data were obtained at both 3 T and 7 T for all 19 subjects with
ALS and 17 controls. Five subjects were unable to complete the exam’s second half,
which was allotted for pons data acquisition. For two of these subjects, pons data were
acquired successfully at 6-month follow-up visits and were used in the analysis. Three
subjects also had larger heads that resulted in increased coil loading. For these subjects,
pons spectra were acquired with subadiabatic RF transmit power and were excluded due
to low SNR. Thus, data from a total of 15 subjects with ALS and 15 controls were used in

the pons *H-MRS analysis.

The ALS and control cohorts were matched on average for age and sex for both regions
examined (Table 4.1). For motor cortex data, the cohorts were also approximately
matched for brain hemisphere scanned. In the ALS cohort, 4 out of 19 subjects had
bulbar-onset ALS, and of these, only one did not exhibit signs of upper limb involvement
during the time of scanning. Compared to most prior studies [88, 91, 172], our ALS
cohort had a higher mean ALSFRS-R score, indicating that the subjects as a group had
milder disease. Scores on the UMN burden scale also indicated that they had mild upper
motor neuron involvement on average. Lastly, seven subjects within the scanning cohort
were classified by El Escorial criteria as having possible ALS. Subjects within this
particular subgroup had the fewest disease signs, and their ALSFRS-R scores were
significantly higher than the subjects with probable or definite ALS (Table 4.3). Notably,
the subjects with probable and definite ALS also had mean ALSFRS-R scores higher
than those commonly reported in literature.

Spectral quality in subjects with ALS and controls

High-SNR metabolite spectra were obtained at 7 T from the motor cortex and pons of
subjects with ALS and healthy controls (Figure 4.2). No differences in spectral quality
were apparent between the groups, while differences were observed between the two

regions as expected. Pons spectra had lower SNR and broader linewidths than motor
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cortex spectra (Table 4.1). The spectral patterns were also distinct between the regions

and noted to be characteristic of the motor cortex and pons. Similarly, comparable

spectral quality was obtained in ALS and control groups at 3 T.

Table 4.1 Clinical and "H-MRS characteristics by group and brain region examined

Motor Cortex Pons
Clinical parameters WD el P -values LD S P -values
P (N =19) (N=17) (N =15) (N = 15)
Sex ratio, male:female 10:9 10:7 0.75* 87 8:7 1*
57+9 57+ 9 56 + 10 56+9
bR DR [31-74] [30-69] ! [31-70] [30-69] e
Brain hemisphere scanned, ) ; .
left-right 8:11 89 1 N/A N/A
. : 40.2 +43.0 37.0+40.2
Disease duration, months [3.5-147.8] N/A [3.5-147.8) N/A
Site of onset, limb:bulbar 154 N/A 12:3 N/A
: . . Possible (7) Possible (6)
'(i' OE?f";'i 8?1'339)’”"5'5 Probable (8) N/A Probable (7) N/A
S Definite (4) Definite (2)
Stage 1 (6) Stage 1 (6)
King's Disease Stage Stage 2 (6) N/A Stage 2 (5) N/A
(no.of patients) Stage 3 (6) Stage 3 (3)
Stage 4 (1) Stage 4 (1)
Current riluzole use, yes:no 8:11 N/A 6:9 N/A
398+56 406+52
ALSFRS-R score [26-45] 43+ 0 <0.001 [26-45] 48+ 0 <0.001
25+13 23+1.1
UMN score [1-6] N/A [1-5] N/A
7 T MRS quality parameters
Signal-to-noise ratio 205 + 37 201 +35 0.72 45+9 53 £ 17 0.11
Water linewidth, Hz 10+2 11+2 0.53 16 + 2 15+ 2 0.15
% CSF 11231553 10.2+39 0.55 09+03 1.1+03 0.26

Data are given as mean + SD or counts. *denotes p-values that are from Fisher's exact tests. Other p-values are from

unpaired, two-tailed {-tests.

The CSF content within the motor cortex and pons VOIs was not significantly different

between subjects with ALS and controls; therefore there was no indication of atrophy in

these regions due to disease. In the motor cortex at 7 T, eleven metabolites had mean
CRLB < 20%: Gln, Glu, GSH, Lac, mIns, NAA, NAAG, tCho, tCr, tNAA, and Glc+Tau.
Notably, the major metabolites (tNAA, tCho, tCr, mins) as well as Glu, GIn, and GSH

were each quantified with mean CRLB less than 10%, consistent with prior findings at 7
T using semi-LASER [116]. In the pons, the CRLB criteria were fulfilled by the same

metabolites as above, with the exception of GSH and GlIn; the sum GIx (Glu+GIn) was

therefore reported. Asc measurements in the pons also passed the mean CRLB < 20%

criterion.
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Figure 4.2  Localized proton spectra obtained from the motor cortex (top) and pons
(bottom) at 7 T using semi-LASER (TE =26 ms, TR =53, 64 averages). A 2.2 x 2.2 X
2.2 cm® voxel (shown on Ti-weighted images) was selected in the motor cortex and
angulated parallel to the slope of the dural surface in the coronal orientation. A 1.6 x 1.6
x 1.6 cm® voxel was selected to cover nearly the entire pons region. The spectra are
shown with 1-Hz exponential and 5-Hz Gaussian weighting. Left: healthy control (68
year-old female); right: subject with ALS (64 year-old female)

Neurochemical alterations in ALS

Metabolite concentrations from the motor cortex and pons of subjects with ALS and
controls were quantified at 7 T (Figure 4.3, Table 4.2). In the motor cortex, the greatest
group differences were seen in the levels of mins. Subjects with ALS had significantly
higher mins levels and miIns/tCr ratio than controls (both p < 0.01). In addition,
participants with ALS had significantly lower NAA/mins and tNAA/mIns ratios than
controls (both p < 0.01). In the pons, subjects with ALS had significantly lower NAAG
and tNAA/mIns ratio compared to controls (p < 0.01 and p = 0.04, respectively).
Analysis of the edit-off data acquired at 3 T from the larger motor cortex VOI (Figure
4.4) produced similar findings; significantly lower NAA/mIns and tNAA/mIns ratios
(both p < 0.01) were observed in subjects with ALS versus controls. No differences in
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GSH levels were observed between the ALS and healthy control cohorts using either
non-edited *H-MRS at 7 T or edited *H-MRS at 3 T.
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Figure 4.3  Neurochemical profiles of healthy controls and subjects with ALS
obtained at 7 T (shown as mean concentration and standard deviation bars). Only
neurochemicals that were quantified with mean CRLB < 20% are plotted. Motor cortex:
ALS (N =19), controls (N = 17). Pons: ALS (N = 15), controls (N = 15). Asc, ascorbate;
Glc+Tau, glucose+taurine; Gln, glutamine; Glu, glutamate; Glx, glutamate+glutamine;
GSH, glutathione; Lac, lactate; mIns, myo-inositol; NAA, N-acetylaspartate; NAAG, N-
acetylaspartylglutamate; tCho, phosphocholine+glycerophosphocholine; tCr,
creatine+phosphocreatine; tNAA, N-acetylaspartate+N-acetylaspartylglutamate.
*p < 0.05 from ANOVAs adjusting for brain hemisphere scanned
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Table 4.2 Metabolite concentrations (umol/g) and ratios in subjects with ALS and controls

Motor Cortex Pons
Metabolites ALS (N=19) Controls (N=17) P-values | ALS (N=15) Controls (N=15) P-values
Gln 2.36 + 0.29 2.38 £ 0.35 0.86 = = =
Glu 5.99 + 0.42 5.99 1+ 0.41 0.99 - - -
GSH 1.01+0.19 0.91 + 0.20 0.14 - - -
Lac 0.71 £ 0.36 0.79 £ 0.33 0.57 - - -
mins 5.51+ 0.60 5.00 £ 0.67 0.01 8.07 £ 1.25 7.59 £ 0.96 0.25
NAA 8.90 + 0.69 9.27 £ 0.50 0.08 9.51 £ 0.95 9.83 + 0.87 0.35
NAAG 1.82+0.32 1.81+£0.29 0.94 1.84 £ 0.32 220+ 0.31 <0.01
tCho 1.39+0.13 1.35+£0.16 0.50 3.07 +0.36 2.99+0.31 0.51
tCr 5.93 £ 0.51 5.88 £ 0.60 0.76 6.15 £ 0.78 6.01 £ 0.50 0.58
tNAA 10.72+ 0.79 11.08 + 0.57 0.13 11.35+ 1.05 12.03 £ 1.00 0.07
Glx - - - 4.24 +0.76 4.56 £ 0.84 0.28
Glc+Tau 1.80 £ 0.44 1.57 £ 0.46 0.13 261+0.54 2.37 £ 0.39 0.18
Metabolite Ratio
INAACr 1.82+0.18 1.90+0.21 0.13 1.87 £ 0.26 2.01+0.17 0.06
mins/tCr 0.93 + 0.09 0.85 + 0.08 0.01 1.29 + 0.06 1.26 £ 0.12 0.22
NAA/mIns 1.63 + 0.23 1.89 + 0.29 <0.01 1.20+0.18 1.32+0.23 0.12
tNAA/mIns 1.97 £ 0.27 2.26 £ 0.35 <0.01 1.45+0.20 1.61+0.26 0.04
GSH/ACr 0.17 £ 0.03 0.15 £ 0.02 0.10 - - -

Data are given as mean + SD. P-values are from ANOWVAs adjusting for hemisphere scanned. Note: Glx was not reported in the
motor cortex since Gln and Glu were each quantified with mean CRLB < 20%. Gin, Glu, and GSH in the pons did not meet this
criterion.
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Figure 4.4  GSH-edited spectra and GSH concentrations from the motor cortex of
subjects with ALS and healthy controls using MEGA-PRESS at 3T (TE=68 ms, TR =2
s, 512 averages). (a) Representative difference spectra acquired in a subject with ALS
(top) and healthy control (bottom). Motor cortex voxel placement (3.5 x 2.5 x 2.3 cm®) is
shown on Ti-weighted images. Spectra are shown with 1-Hz exponential line broadening
and with vertical scale adjusted using NAA resonance. (b) GSH concentrations quantified
using LCModel in subjects with ALS and controls; p = 0.6 from ANOVA adjusting for
brain hemisphere scanned

In order to investigate whether neurochemical levels were different for different
diagnostic categories, the ALS cohort was separated into El Escorial diagnostic
classifications (Figure 4.5A, Table 4.3). Total NAA levels in the motor cortex were the
lowest in subjects with definite ALS and were significantly different in these subjects
compared to those with possible ALS (p = 0.04) and healthy controls (p = 0.04). Myo-
inositol levels in the motor cortex were significantly higher in subjects with probable
ALS than in controls (p = 0.02). Finally, Glu levels in subjects with either probable or
definite ALS were significantly lower compared to those with possible ALS (both p =
0.01). In addition, since most prior *H-MRS studies only enrolled subjects with definite
and probable ALS and reported their results from whole cohort comparisons versus
controls, we also pooled these two subgroups (N = 12; ALSFRS-R mean + SD =37.3 £
5.7) and compared their neurochemical levels to those of subjects with possible ALS
(ALSFRS-R mean = SD =44.1 + 0.7) and healthy controls. In the motor cortex,
combined probable/definite ALS had lower tNAA than possible ALS and controls (both p
=0.03), higher mins than controls (p < 0.01), and lower Glu than possible ALS (p <
0.01).
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The analysis of King’s disease stage subgroups revealed neurochemical differences

similar to those observed between EI Escorial diagnostic categories. Compared to the

other groups, the advanced-stage patients (Stages 3 or 4) had significantly higher mins
levels and lower tNAA and Glu levels (Figure 4.5B).
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Figure 45  Motor cortex NAA, mins, and Glu levels differ between healthy controls

and ALS subgroups classified by El Escorial diagnostic criteria (A) and King’s disease
staging (B). Controls (N = 17); ALS diagnostic subgroups: definite (N = 4), probable (N
= 8), possible (N = 7). King’s staging subgroups: Stages 3 or 4 = “Advanced” (N =7),
Stages 1 or 2 = “Early” (N = 12). For tNAA and mIns comparisons, one-tailed Student’s
t-tests were performed because the expected group differences are unidirectional. For the
Glu comparison, two-tailed t-tests were performed as no such assumption was made.
*indicates p < 0.05 corrected for multiple comparisons.

Table 4.3 Motor cortex metabolite concentrations (umol/g) in El Escorial subgroups

ALS
Definite (N=4) Probable (N=8) Possible (N =7) Controls (N = 17)
Glu 5.68 £ 0.35° 5.79 + 0.24° 6.40 + 0.29 5.99 + 0.41
mins 5.49 + 0.68 5.80 + 0.56° 520+ 0.52 5.00 £ 0.67
tNAA 10.10 + 0.41%° 10.64 £ 0.87 11.16 £ 0.66 11.08 £ 0.57
tNAA/mIns 1.86 + 0.24 1.85 + 0.26° 2.16 £ 0.22 2.26 +0.35
ALSFRS-R 398 +22° 36.1+6.6" 44107 N/A

Data are given as mean + SD. Numeric superscripts denote p < 0.05 (Type 1 error corrected) from unpaired Student's t-
tests: 'Possible vs. Controls; ?Probable vs. Controls; *Definite vs. Controls; *Probable vs. Possible; *Definite vs. Possible;

®Definite vs. Probable
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Unlike their dependence on El Escorial classification, neurochemical levels did not vary

in relation to the severity of UMN dysfunction. Subjects with ALS were separated into

subgroups consisting of those with higher burden (UMN score > 3) and those with lower

burden (UMN score < 3); no differences in the levels of metabolites were observed

between these subgroups.

We also investigated the potential effects of riluzole treatment on neurochemical levels

(Table 4.4). In the motor cortex, no significant metabolite differences were observed

between 8 subjects with ALS who were using riluzole at the time of MR scanning and 11

subjects who were not. When compared with healthy controls, riluzole-non-users had

lower tNAA/mIns (p = 0.04). In the pons, no significant differences were observed

among riluzole-users, riluzole-non-users, and healthy controls.

Table 4.4 Metabolite concentrations (umol/g) in riluzole-users and -non-users with ALS

Motor Cortex Pons
ALS ALS
Riluzole- Riluzole-non- Riluzole- Riluzole-non-

users users Controls users users Controls
Metabolites (N = 8) (N=11) (N=17) (N = 6) (N=9) (N = 15)
GIn 222+030 237+0.22 2.38%+0.35 - - -
Glu 6.02+0.44 586+036 5.99+0.41 - - -
GSH 1.05+0.24 098+0.17 0.91+0.20 - - -
mins 552+0.79 543+051 5.00+067| 8.13+155 8.04+1.10 7.59+0.96
tCho 1.39+0.14 137+0.14 135%0.16| 3.13+0.47 3.03+0.29 299%0.31
tCr 570053 6.03+051 588+0.60| 6.02+0.84 6.23+£0.77 6.01+0.50
tNAA 10.88 + 0.97 10.44+0.52 11.08+0.57| 10.81+0.76 11.71+1.10 12.03 + 1.00
Glx - - - 400+0.69 4.40+0.81 4.56+0.84
Glc+Tau 169+050 187+043 157+046| 2.38+0.55 2.77+0.51 2.37+0.39
Metabolite Ratio
tNAA/tCr 192+0.22 1.74+0.11 190£0.21 1.81+0.15 190+£0.29 2.01+0.17
mIns/tCr 0.97+0.12 090+0.07 0.85+0.08| 1.34+0.11 1.29+0.08 1.26+0.12
tNAA/mins 2.02+0.42 193+0.16* 226+035| 136+0.17 148+0.22 1.61%0.26
ALSFRS-R 41.9+3.2 38.4+6.6 - 42.7+2.9 39.2+6.0 -

Data are given as mean + SD. *p < 0.05 (Type 1 error corrected) from unpaired Student's t-test between riluzole-

non-users and healthy controls.

Correlations with functional status
Metabolite levels and ratios in the motor cortex significantly correlated with ALSFRS-R

scores, but not with disease duration or any of the UMN burden scales. Specifically,
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moderate positive correlations were observed between ALSFRS-R and ratios of
tNAANACT (r =0.61; p <0.01) and tNAA/mIns (r = 0.56; p = 0.01). Weaker correlations
were seen between ALSFRS-R and absolute concentrations of tNAA (r = 0.46; p = 0.05),
Glu (r=0.48; p=0.04), and mins (r = -0.42; p = 0.07). Metabolite levels in the pons did

not correlate with any of the clinical measures.

Significant correlations were also observed between motor cortex tNAA/mins and
CReATe LMN scores of the contralateral upper limb (Figure 4.6). Whole-limb LMN
scores were moderately correlated with tNAA/mIns (r = -0.54, p = 0.02). However, the
strength of the correlation increased when using only the strength scores of distal limb
muscle groups (r =-0.63, p < 0.01). Unexpectedly, trends were also seen between
ipsilateral upper limb LMN scores and motor cortex tNAA/mIns. Metabolite levels did
not correlate with CReATe LMN scores of the bulbar or lower limb regions.
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Figure 4.6  Upper limb motor cortex tNAA/mIns correlates with CReATe upper limb
LMN scores in patients with ALS. The strongest correlation was observed using scores
from the distal portion of the contralateral limb. P-values and r coefficients were obtained
from Pearson’s test of correlation.
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45 Discussion

To date, only a limited number of studies have utilized in vivo *H-MRS at ultra-high field
(7 T) for investigating neurochemical alterations associated with neurological diseases.
These few studies have reported abnormalities in Parkinson’s disease, Huntington’s
disease, adrenoleukodystrophy, and schizophrenia [173-177], while many other
conditions have not been explored with *H-MRS at 7 T. Aside from research abstracts
[172, 178], this is the first report of neurochemical alterations in ALS determined via H-
MRS at 7 T. In addition, only two other studies have reported *H-MRS data from subjects
with early-stage ALS [96, 102]. Consistent with previous reports, our data at 7 T indicate
that people with ALS have metabolite alterations in the motor cortex and pons (Figure
4.3). In particular, the tNAA/mIns ratio was significantly lower in these areas in affected
subjects compared to healthy controls and suggests neurodegenerative changes [91, 138].
Importantly, we also observed that the levels of NAA, mins, and Glu depend on El

Escorial diagnostic categories and King’s stages (Figure 4.5).

Using an optimized semi-LASER protocol at 7 T, we acquired proton spectra with high
SNR and resolution from subjects with ALS and healthy controls. Relative to the motor
cortex, the lower spectral quality obtained from the pons was expected and due to
multiple factors, including smaller voxel size, deeper brain location, and increased
intrinsic field inhomogeneities [115]. The increased sensitivity and spectral dispersion at
7 T allowed us to quantify a greater number of metabolites compared to previous *H-
MRS studies of ALS at lower fields. However, a few metabolites with low abundance
(i.e., GABA, Asp, PE) did not pass the mean CRLB < 20% criterion, which was unlike
recent data on the test-retest reproducibility of 7 T H-MRS in the cerebellum and
cingulate cortex [116]. Thus, the detectability of metabolites by *H-MRS depends on

brain region in addition to data acquisition methodology and magnetic field strength.

This study was partly motivated by a recent report that described lower levels of GSH in
the motor cortex of subjects with ALS using spectral editing at 3 T [98]. In addition to
our advanced *H-MRS protocol at 7 T, we performed the previously-described protocol
on the same subjects at 3 T in order to compare GSH quantitation in ALS across these

two methods. The results were the same using both methods, with no differences
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observed in GSH levels and significant differences observed in tNAA/mIns ratio in the
motor cortex between groups. The discrepancy between our GSH findings and those of
the previous study is likely not explained by differences in methodology. Both studies
used similar edited *H-MRS protocols at 3 T, but in our study the size of the motor cortex
VOI was larger (20.1 versus 12.5 ml) [98]. Furthermore, our smaller motor cortex VOI at
7 T (10.6 ml) also did not reveal a GSH difference between ALS and controls. Instead,
differences in the characteristics of the studies’ cohorts may be important. Our study had
a larger sample size and a potentially earlier-stage ALS cohort. The mean ALSFRS-R
score of our cohort was among the highest of all ALS cohorts studied to date using *H-
MRS (ALSFRS-R mean £ SD = 39.8 £ 5.6). Notably, while the previous study reported a
mean ALSFRS-R score similar to ours, it was calculated using data from only half of
their cohort (N = 6). Thus, a difference between the cohorts’ disease severities may
explain the difference in results. Our data show that GSH levels are not different from
controls in people with ALS who possess relatively high functional status. Whether these
levels change as ALS progresses needs to be examined further through longitudinal

investigations.

Previous studies also reported alterations in the levels of NAA and Glx in the motor
cortex and pons of humans with ALS [88, 90]. The present study suggests that the levels
of these metabolites are not significantly altered in these regions early in ALS. In
particular, no differences in these metabolite levels were observed when comparing the
entire early-stage ALS cohort with healthy controls (Figure 4.3). Rather, group
differences in motor cortex NAA and Glu levels became apparent only when performing
comparisons with a subgroup of individuals with greater disease burden (i.e., subjects
with probable/definite ALS [ALSFRS-R mean + SD: 37.3 £ 5.7]). This finding is
remarkable in the context of previous literature, in which many studies restricted their
enrollment to probable or definite ALS. These studies commonly reported lower motor
cortex NAA in subjects with ALS than in controls, suggesting neuronal loss and/or
dysfunction [88, 91, 103]. Notably, the few studies that did not observe alterations in
NAA included (1) a study of an early-stage cohort [96] and (2) a study of
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possible/suspected ALS [102]. Thus, motor cortex NAA levels appear dependent on

disease stage, which likely explains differences in findings.

This is one of the first tH-MRS studies of ALS to report absolute Glu levels in the motor
cortex. Due to lower sensitivity and spectral resolution, previous studies at lower field
strengths only reported Glx, a sum of Glu and GIn. Multiple contradictory reports have
indicated either higher or lower levels of GlIx in subjects with ALS [86, 88, 90, 104], and
therefore the absolute quantification of Glu is essential for determining the true direction
of Glu alteration in ALS. Recently, Ratai et al. described lower motor cortex Glu levels
in 13 subjects with ALS compared to 12 healthy controls [85]. In the present study, we
analyzed a larger sample of subjects and did not observe differences in Glu levels
between the cohorts. However, the El Escorial subgroup comparison suggests that motor
cortex Glu levels also depend on disease stage in ALS. Lower Glu levels in subjects with
probable/definite ALS than in those with possible ALS suggest glutamatergic neuron
loss/dysfunction with progressing disease. This is further supported by earlier work in
post-mortem human tissue that demonstrated neuronal loss as well as markedly lower Glu

levels in the motor cortex in end-stage ALS [4, 75].

Due to its potential as a glial cell marker [68, 69], mIns has been quantified in the brain
extensively using in vivo *H-MRS. Elevated mins levels have been reported for several
neurodegenerative diseases, including Alzheimer’s disease [179], Huntington’s disease
[180], hereditary ataxias [181, 182], and ALS [88, 91]. In these cases, investigators
interpreted the elevated levels as an indication of gliosis, a proliferative response by glial
cell types to neuronal injury. In ALS, gliosis is commonly seen on post-mortem exam and
includes increased numbers of reactive astrocytes and activated microglia in the motor
cortex [4, 7]. Prior work in ALS using a positron emission tomography (PET) tracer that
binds specifically to these cells has shown evidence of gliosis in the motor cortex in vivo
[183-185]. This PET biomarker also positively correlates with mins levels, according to a
recent pilot investigation [186]. Consistent with these previous studies, we observed
higher mins levels in the motor cortex in subjects with ALS than in healthy controls.
Importantly, this group difference was primarily driven by higher mins levels in those
with probable ALS. Similar to tNAA and Glu, mins levels in subjects with possible ALS
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were not significantly different from controls (Fig. 4). Thus, mins levels appear to
increase with progressing disease in ALS. Notably, a prior study that enrolled subjects at
a similarly early disease stage (ALSFRS-R mean + SD = 40.1 + 4.3) reported no
differences in mins levels [96].

One of the limitations of this study is the relatively small sample sizes of each El Escorial
subgroup. In particular, the pons data were acquired from fewer subjects, which may
have impacted our ability to detect subgroup differences in neurochemical levels in this
region. Secondly, while the El Escorial classifications provide information on disease
extent according to the number of regions affected by ALS, they were designed as a tool
for providing diagnostic certainty rather than an indicator of disease stage. Furthermore,
the EI Escorial criteria require counting both UMN and LMN clinical signs in order to
determine the classification. Therefore, novel classification schemes based only on
clinical signs of UMN dysfunction may be better for assessing the extent of disease
within the brain. In this study, there were no associations between our novel UMN
burden score and neurochemical levels in subjects with ALS. There were also no
differences in neurochemical levels between those with greater burden (UMN score > 3)
and those with lesser burden (score < 3). Incorporating additional components into our
rating scale that are recognized as highly sensitive to UMN dysfunction, such as finger-
and foot-tapping speed, may provide a better means of separating disease cohorts
according to the severity of UMN burden.

Notably, motor cortex tNAA ratios also showed highly significant correlations with
contralateral upper limb LMN scores measured using the novel CReATe system. This
new finding confirms the expected relationship between brain and body that is governed
by the motor cortex’s somatotopic organization. The strongest correlation was observed
with distal upper limb LMN scores, which makes sense given that the motor cortex voxel
was positioned specifically over the hand knob area. The finding also suggests that
changes at the UMN level are not independent of changes at the LMN level, which
supports the current model of disease focality and spread [35]. Interestingly, we also
found that the tNAA ratios were associated to a lesser extent with ipsilateral upper limb

LMN dysfunction. This is consistent with the idea that the disease spreads from the most
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affected neuroanatomical areas to contiguous tissue (in this case from the contralateral
anterior horn to the ipsilateral anterior horn of a cervical cord segment). Longitudinal
studies that investigate how the relationship between these region-specific UMN and

LMN measures evolves over time may better inform us on regional spread.

In conclusion, the data from this study suggest that differences between disease cohorts,
particularly in subjects’ functional status and El Escorial classification, may be
responsible for the discrepancies in the literature regarding the concentrations of MRS-
measured metabolites in ALS. In addition, alterations in MRS-measured metabolites,
namely NAA, mins, and Glu, are restricted to individuals with ALSFRS-R scores lower
than 44. Notably, these three metabolites show weak-to-moderate correlations with
ALSFRS-R scores, suggesting that their levels change with disease severity. Longitudinal
studies to monitor this ALS cohort, particularly those individuals with possible ALS, will
be critical for evaluating the sensitivity of these and additional metabolites to disease

progression in ALS.

4.6  Chapter Summary

Consistent with prior literature [88, 91], the cross-sectional analysis of baseline data
revealed that patients with ALS have metabolic alterations in the brain compared to
healthy controls. Comparisons between whole cohorts showed that the differences are
statistically significant for certain metabolites, but the effect size is small. The results at 3
and 7 T are also very comparable, with both methods showing (1) no differences in motor
cortex GSH and (2) lower levels of motor cortex tNAA/mIns in ALS. Overall, the most
interesting findings from the analysis are related to the various correlations between *H-
MRS measures and clinical status.

Our results extend previous work that reported a significant correlation between motor
cortex tNAA/tCr and EI Escorial diagnostic category [101]. Here we observed that three
motor cortex metabolites (tNAA, mins, and Glu) correlate with diagnostic category and
with King’s disease stage. Like several previous studies [88, 90, 96], we also observed

significant or near-significant correlations between these metabolites and total ALSFRS-
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R (with motor cortex tNAA ratios showing the strongest associations). Lastly, our data
revealed an expected anatomic relationship between upper limb motor cortex tNAA/mIns
and contralateral upper limb LMN scores. No relationships were observed with clinical
UMN burden scores, which are generally poor measures of UMN dysfunction.
Importantly, the clinical correlations with disease severity and staging suggest that *H-

MRS can provide sensitive biomarkers of ALS progression.

4.6.1 Potential as a Diagnostic Biomarker

The results of these cross-sectional analyses suggest that *H-MRS currently has limited
diagnostic value. The EI Escorial diagnostic subgroup comparison shows that metabolite
levels lack sensitivity in patients with milder severity. Stratification by King’s stages also
confirms this, as patients at Stages 1 and 2 did not have values that were significantly

different from healthy controls.

The most significant difference between patients and healthy controls was observed in
motor cortex tNAA/mIns levels. However, the ROC curve analysis showed low
diagnostic accuracy for this measure in distinguishing patients with possible ALS from
controls (71% sensitivity, 65% specificity, and 60% AUC). The measure had greater
accuracy in identifying patients with probable or definite ALS (89% sensitivity, 76%
specificity, and 81% AUC), which was expected as these diagnostic classes were
primarily responsible for the significant differences between the cohorts. These latter
values are generally comparable to those reported by another group who studied only
probable and definite ALS [91].

The low diagnostic accuracy of motor cortex tNAA/mIns is perhaps not surprising since
it is not a UMN-specific measure. Reduced tNAA/mIns has been reported in different
brain regions in ALS [187] and other neurodegenerative diseases [188, 189] and thus can
broadly reflect dysfunction in multiple neuronal populations. The motor cortex voxel
contains not only UMNSs but other neuronal cell types and glia. In early-symptomatic
ALS, the motor cortex may undergo selective UMN degeneration that is difficult to
detect with *H-MRS. Later-stage disease may involve both UMNSs and other surrounding

cell types, which may boost the sensitivity of tINAA/mIns.
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The search for a diagnostic marker is an important area of ALS biomarker research.
Patients often go through multiple referrals before an official diagnosis is made. The
diagnostic delay prevents early treatment but also makes it very difficult to study early-
symptomatic ALS, which can build our understanding of how the disease propagates. In
particular, to investigate the hypothesis that the disease begins focally and then spreads

neuroanatomically, patients must be studied at the earliest disease stages.

Combination with other sensitive neuroimaging techniques may be able to enhance the
diagnostic accuracy of *H-MRS. In one study, a multi-modal analysis of corticospinal
tract DTI fractional anisotropy and motor cortex *H-MRS biomarkers resulted in
improvement of DTI’s ability to distinguish patients with ALS from healthy controls
[190]. Studies examining whether a multi-modal approach can improve H-MRS’s
diagnostic accuracy have not been performed.
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5

A 'H-MRS Study of ALS at 7 Tesla:
Longitudinal Findings

5.1  Chapter Preface

In the previous chapter, we described the cross-sectional analysis of an early-stage
cohort, which identified potential markers of disease progression. Here we focus on a
longitudinal study design that evaluated neurochemical changes in this cohort over one
year. The objective of this study was to assess the sensitivity of *H-MRS biomarkers to
disease progression by comparing their time trends to those of established clinical
measures, particularly the ALSFRS-R. In addition, we examined the heterogeneity
among patients in their regional progression and its relationship to neurochemical
changes in specific brain areas. Finally, the study included analyses to determine the
prognostic value of *H-MRS biomarkers. Data on the prediction of survival, participant
withdrawal, and clinical progression are presented.

In this chapter, the results of the longitudinal neurochemical trend analyses and the
patient withdrawal prediction analysis have been submitted for publication. Other

predictive analyses are included here as supplementary information to this thesis.
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5.2 Introduction

Functional decline in amyotrophic lateral sclerosis (ALS) is driven by progressive upper
and lower motor neuron (UMN and LMN) degeneration. However, longitudinal changes
in UMN integrity are not directly assessed by clinical and electrophysiological methods.
Neuroimaging may provide sensitive and objective measures of progressive motor neuron
dysfunction in the brain [191].

Proton magnetic resonance spectroscopy (*H-MRS) detects abnormal brain
neurochemistry in ALS [84, 85, 88, 91, 157]. Reproducible findings include altered levels
of motor cortex N-acetylaspartate (NAA; neuronal marker) [84, 88] and myo-inositol
(mlIns; putative glial marker) [88, 157] — in particular, a lower total NAA to mins ratio
(tNAA/mIns) in patients than in controls [91, 157] — as well as elevated levels of

brainstem Glx (glutamate + glutamine) [88, 109].

In cross-sectional studies, tNAA/mIns and Glx levels correlate with disease severity
measures, suggesting that they change longitudinally with ALS progression [85, 88, 109,
157]. However, longitudinal studies in ALS are few and have demonstrated conflicting

results regarding changes in *H-MRS measures over time [93, 94, 96, 102, 103].

In this study, people with early-stage ALS and matched healthy controls were evaluated
across 12 months at approximately 6-month intervals. We measured motor cortex
tNAA/mIns and pons Glx levels using an optimized, ultra-high field *H-MRS technique
shown to have high test-retest reproducibility [116]. Cross-sectional findings in this
cohort were described in the last chapter and published [157]. Here we examined
longitudinal trends and the prognostic value of *H-MRS measures alongside scores of
functional impairment and UMN burden. To identify the neurochemical changes
associated with regional loss of function, we stratified patients according to their rates of
upper limb and bulbar functional decline.
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53  Methods
Study Participants and Design

Patients who met revised El Escorial Criteria [163] for clinically possible, probable, or
definite ALS were recruited from the ALS Association Certified Treatment Centers of
Excellence at the University of Minnesota and Hennepin County Medical Center. Healthy
control volunteers were recruited from the general public and selected to match the
patient group on mean age and sex ratio. Twenty-two patients and 28 controls were
screened using the following exclusion criteria: (1) presence of neurologic illnesses other
than ALS, (2) inability to tolerate MRI scanning, and (3) failure to meet MRI safety
requirements. After screening, 20 patients and 19 controls were enrolled as study

participants (Figure 5.1).

Participants underwent MRI and clinical assessments at baseline (Visit 1) and returned
for repeat assessments after approximately 6 and 12 months (Visits 2 and 3). Sample size
was estimated from a preliminary analysis of 5 patients who completed baseline and 6-
month follow-up exams and showed decline in motor cortex tNAA/mIns levels (SD =
0.2). Twenty patients scanned longitudinally gave 85% power to detect a motor cortex
tNAA/mIns decline of 0.13 using paired t-test (a-level = 0.05).

Clinical Assessments

At Visit 1, each participant underwent a neurologic examination by a neuromuscular
neurologist. A UMN burden score for each upper limb was generated using a
modification of a rating system described previously [164]. The following signs were
tallied for a score out of 5: pathologically brisk reflexes (biceps, triceps, and finger
flexors), Hoffman’s sign, and upper limb spasticity.

Functional impairment was measured at all 3 visits using the ALS Functional Rating
Scale-Revised (ALSFRS-R) and its region-specific subscales [39]. The total ALSFRS-R
score was used as a measure of global disability (0 most severe — 48 normal). The bulbar
subscore equaled the sum of ALSFRS-R questions 1 to 3, and the upper limb subscore

equaled the sum of questions 4 to 6 (0 most severe — 12 normal, for each region). Clinical
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staging was abstracted from the ALSFRS-R using an algorithm developed by King’s
College London (Stage 1 mild — Stage 4 advanced) [43]. Cognitive and behavioral status
was assessed at all visits using the Edinburgh Cognitive Behavioral ALS Screen (ECAS)
[44]. Scores on the total ECAS and its ALS-specific component were recorded. Current
riluzole use was documented to evaluate its potential effects on longitudinal
neurochemical trends. Disease duration was calculated as the interval from the date of
symptom onset to the date of the MRI exam. All clinical assessments were performed
within one week of the MRI exam.

ALS Healthy Controls
| 22 screened | | 28 screened I
:: ziaddncoin:noer;idmnlglu ;gﬁ?;cccrﬁ:::ion —*| 9 had comorbid neurologic conditions
1
—-l 1 did not tolerate MRI (claustrophobia) —»1 1 withdrawal due to personal reason
| 19 scanned at Visit 1 | 18 scanned at Visit 1 |
2 withdrawals e o non-ALS reasons
| 14 scanned at Visit 2| | 15 scanned at Visit 2" |
e S —{Eieiors |
| 10 scanned at Visit 3 | | 13 scanned at Visit 3 |

Figure5.1  Flow diagram of study participation

Participant withdrawals were recorded as being either due to ALS progression or due to
reasons unrelated to ALS. Lost to follow-up refers to participants who discontinued
follow-up but did not communicate any reason for withdrawal.

*QOne control participant missed Visit 2 but returned for Visit 3.

1H-MRS Protocol

All 'H-MRS data were acquired as described in our previous report on Visit 1 results

[157]. Briefly, studies were performed on a 7 tesla (T) whole body Siemens
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MAGNETOM scanner using a 16-channel head transceiver array coil with B1" shimming
[133]. T1-weighted MPRAGE images were acquired for *H-MRS voxel placement.
Voxels were manually placed in the upper limb region of the primary motor cortex (22 x
22 x 22 mm?3) and the pons (16 x 16 x 16 mm?). In patients, the motor cortex voxel was
positioned in the hemisphere contralateral to the more clinically affected upper limb. For
patients who did not have upper limb involvement at the time of Visit 1, the hemisphere
was selected contralateral to the side of the body with greater overall disease
involvement. In controls, hemispheres were chosen such that the ratio of left- to right-
sided scans was comparable in both cohorts. The “‘AutoAlign’ option on the Siemens
console was applied to achieve reproducible voxel placement across each participant’s
series of scans. Metabolite spectra were acquired from each voxel using semi-LASER
localization [115] (repetition time TR =5 s, echo time TE = 26 ms, 64 averages).
Unsuppressed water reference spectra were collected for metabolite quantification. Total
scan duration was approximately one hour, with the pons acquisition conducted during

the second half of the session.

Spectral post-processing and quantification were performed using automated methods to
eliminate observer bias. During post-processing, spectra were corrected for frequency and
phase fluctuations and lineshape distortions [113]. Signal-to-noise ratio (SNR) was
measured on summed metabolite spectra by dividing the height of the NAA peak at 2.01
ppm by the root mean square of the noise measured from -4 to -2 ppm. Linewidth was
measured as the full-width at half-maximum of the water reference signal. To minimize
bias during spectral quality assessment, an exclusion criterion of SNR < 25 was used to

reject low quality spectra.

Metabolite spectra were quantified with LCModel (version 6.3-0G) [55] as described
previously [157]. A basis set contained model spectra for macromolecules and 19
metabolites: alanine, aspartate, ascorbate, glycerophosphocholine, phosphocholine,
creatine, phosphocreatine, y-aminobutyric acid, glucose, glutamine (Gln), glutamate
(Glu), glutathione, mins, lactate, NAA, N-acetylaspartylglutamate (NAAG),
phosphoethanolamine, scyllo-inositol, and taurine. Metabolite concentrations in tissue

were determined by water scaling and adjusted for cerebrospinal fluid (CSF) within the
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voxel [116]. In the motor cortex, we analyzed the total NAA (tNAA: NAA + NAAG) to
mins ratio, a potential marker and predictor of progressive neurodegeneration [91]. This
measure correlated significantly with ALSFRS-R [157] and UMN burden [85] in earlier
cross-sectional studies, including our published analysis of Visit 1 data. In the pons, we
analyzed GlIx (Glu + GIn), which also correlated with disease severity measures in cross-
sectional studies [88, 109].

Measurement reliability was assessed using Cramér-Rao Lower Bounds (CRLB)
estimates from LCModel. Only those metabolites quantified with mean CRLB < 20%
were examined longitudinally. In the pons, individual concentrations for Gln and Glu
were not reported since Gln did not pass the CRLB criterion [157]. Additionally,
correlated metabolites (r < -0.5) were analyzed only as sums (e.g., tCho
[phosphocholine+glycerophosphocholine], tCr [creatine+phosphocreatine], and tNAA).

Statistical Analysis

All analyses were performed using R version 3.4.2. Comparisons of binary data (sex,
hemisphere scanned, and riluzole use) were performed using Fisher’s exact tests. Other
measures (e.g., age, clinical scores, and spectral quality parameters) were compared
between groups at each visit using Student’s t-tests. Using all participants who completed
2 or 3 visits, linear mixed-effects models estimated time trends (linear slopes) in motor
cortex tNAA/mIns, pons Glx, and clinical measures in whole cohorts and in patient
subgroups. Age and sex were not included as covariates due to their similarity by design
between cohorts. Mean slope estimates in patients were tested against no change over
time and against mean slope estimates in controls. Patients were classified into those with
stable function and those with declining function (defined as a negative slope in
ALSFRS-R subscore over the observation period). Patients were also divided into
riluzole users and non-users, and their mean slope estimates were compared to examine
the effect of riluzole on neurochemical trends. Linear models were used to estimate each
patient’s individual trajectory in motor cortex tNAA/mins, pons Glx, UMN burden

scores, and ALSFRS-R scores over time. Spearman’s rank test examined correlations
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between the estimated slopes of the metabolites and the estimated slopes of the clinical

Scores.

We conducted predictive analyses on motor cortex tNAA/mIns and pons GIx levels
measured at Visit 1. Student’s t-tests were used to compare these levels between patients
who withdrew due to ALS progression and patients who completed the study, while
excluding withdrawals due to non-ALS reasons. To determine ability to predict change in
ALSFRS-R, we examined correlations between metabolite levels at Visit 1 and patient-
specific ALSFRS-R slope estimates.

Linear mixed models were also used to examine longitudinal change in the absolute
concentrations of metabolites quantified with mean CRLB < 20%. This exploratory

analysis did not include Type 1 error corrections for multiple testing.

Additional Methods: In addition to the on-site ALSFRS-R scores obtained at each scan
visit, ALSFRS-R scores were retrieved from medical records of patient clinic visits.
These clinic ALSFRS-R scores were first gathered at the clinic date closest in time to the
first scan visit and recorded for each subsequent clinic visit for 18 months (x 2 months)
or until the last visit if death occurred within 18 months. For each assessment, the
answers to all 12 questions were also obtained, allowing for calculation of the ALSFRS-
R subscores. Eighteen-month follow-up was chosen as this is the upper limit for typical
phase 111 trial duration. Using the same methods described above, Visit 1 metabolite
levels were examined for their ability to predict clinic ALSFRS-R slopes.

Survival analyses were carried out in two ways using the ‘survival’ package in R. First,
Visit 1 metabolite levels were assigned as covariates in a Cox proportional hazards
model. A measure of progression rate at Visit 1, called AFS, was also included as a
covariate for comparison of predictor performance. AFS is a widely recognized predictor

of survival in ALS and is calculated with the following formula [192]:
AFS = (48 — ALSFRS-R at Visit 1)/(disease duration at Visit 1)

Hazard ratios were obtained for each covariate as an estimate of its association with

survival time. Second, all Visit 2 and 3 metabolite data were added in a time-updated

extended Cox model. This analysis was performed because the hazard risk may change
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over time with the follow-up values. Follow-up of survival status ended on October 26,
2017, approximately 46.2 months after the first scan date of the study’s first participant
with ALS.

Study withdrawers and completers were also compared in their AFS at Visit 1 using t-

tests as above.

For each participant, the percent voxel overlap between visits was determined. VVoxel
masks from later visits were registered to the same space as the T1-weighted image from
Visit 1 using the method described in the test-retest reproducibility study [116]. However,
instead of calculating the overlap shared among multiple voxels, percent overlap was
calculated using Visit 1’s voxel mask as a reference. This approach was performed
because later visit scans used the AutoAlign feature to copy the first visit’s voxel
placement. Means and standard deviations of percent voxel overlap relative to Visit 1 are

presented in Table 5.1.

5.4 Results
Cohort Characteristics

The demographics and clinical features of participants at each visit are displayed in Table

5.1. Participant exclusions and withdrawals are shown in Figure 5.1.

Patients and controls at Visit 1 were well-matched on age-range, sex ratio, and
hemisphere scanned. Matching on age-range and sex ratio was retained across Visits 2
and 3. At Visit 1, most patients (12 out of 19, 63%) were in King’s disease stages 1 or 2.
This proportion was similar at Visit 2 (10/14 = 72%) and lower at Visit 3 (3/10 = 30%).
Mean ALSFRS-R scores also indicated that the patient cohort was mildly disabled at
Visits 1 and 2 and more severely disabled at Visit 3. UMN burden scores were
determined for the upper limb contralateral to the scanned hemisphere. Mean scores
indicated mild UMN dysfunction in 19 patients at Visit 1 and in 7 patients who returned
at Visit 3. Total ECAS scores were lower in patients compared to controls at all visits, but
the differences did not reach statistical significance.
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Table 5.1 Cohort Characteristics: Clinical Information and Spectroscopic Parameters*

Visit 1 Visit 2 Visit 3
ALS Control ALS Control ALS Control
Sample sizen 19 18 14 15 10 13
Time of exam after Visit 1, months - - 66+1.1 6.3+08 | 128+x14 123zx1.0
Sex ratio, male:female 10:9 10:8 8:6 7:8 6:4 6:7
57+9 57+9 58 + 10 59+7 58 + 11 58 + 10
Age, years (31-74) (30-69) (32-71) (48-69) (32-70) (31-69)
Brain hemisphere scanned, left:right 8:11 8:10 5:9 7:8 3.7 6:7
Riluzole use, yes:no 8:11 - 77 - 4:6 -
. . 40.3+43.1 47.1+£49.4 43.2+41.8
Disease duration, months (3.5-148.1) - (9.9-154.2) - (15.9-156.5)
Stage 1 (6) Stage 1 (4) Stage 1 (1)
R . Stage 2 (6) _ Stage 2 (6) _ Stage 2 (2) _
King's Disease Stage (no. of patients) Stage 3 (6) Stage 3 (2) Stage 3 (2)
Stage 4 (1) Stage 4 (2) Stage 4 (5)
ALSFRS-R Total Score 39.8+5.6 39.7+x41 _ 36.4+5.9
(0 most severe — 48 normal) (26-45) (33-47) (26-45)
ALSFRS-R Upper Limb Subscore 8.7+3.2 _ 9.3+1.6 _ 8.4+1.8
(0 most severe — 12 normal) (0-12) (7-12) (5-12)
ALSFRS-R Bulbar Subscore 10.3+£1.9 _ 9.7+28 8.8+3.8
(0 most severe — 12 normal) (6-12) (4-12) (0-12)
Contralateral Upper Limb UMN Score**| 1.9+1.7 _ _ _ 1.9+2.0
(0 normal — 5 most severe) (0-5) (0-5)
ECAS Total Score 115.3+6.5 119.3+8.8|116.7+8.2 123.0+7.1|117.5+6.6 122.4+7.2
(0 most severe — 136 normal) (99-127)  (103-129) | (106-135) (107-132) | (106-129) (108-134)
ECAS ALS-Specific Subscore 86.3+4.9 _ 87.2+6.3 86.6 +5.1
(0 most severe — 100 normal) (74-95) (77-100) (80-97)
Motor Cortex Spectra SNR 205 = 37 201+ 34 215+ 48 198 £ 45 208 + 26 202 +44
Motor Cortex Spectra Linewidth, Hz 11+2 11+2 10+2 11+2 10+2 11+2
Motor Cortex % Voxel Overlap - - 86+5 86+6 86+6 89+4
Pons Spectra SNR 45+ 10 53+17 51+10 56 + 16 52+ 10 62+ 12
Pons Spectra Linewidth, Hz 162 15+2 142 152 15+2 15+2
Pons % Voxel Overlap - - 87+9 89+ 10 84+6 88+8

Data are given as counts or mean + SD and range. Comparisons were made between
patients and controls using Fisher’s exact tests (sex ratio and brain hemisphere scanned)
and unpaired, two-tailed Student’s t-tests. Total ECAS scores trended lower in patients
compared with controls at each visit. All other parameters were not different between
groups. Abbreviations: ALSFRS-R = ALS Functional Rating Scale-Revised; UMN =
upper motor neuron; ECAS = Edinburgh Cognitive-Behavioral ALS Screen.

*Pons spectra were acquired from fewer participants (see Results: *H-MRS Data

Completeness and Quality).

**Neuromuscular examinations were conducted at Visits 1 and 3. Contralateral Upper
Limb UMN burden was assessed in all patients at Visit 1 and in 7 patients at Visit 3.
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'H-MRS Data Completeness and Quality

Motor cortex metabolite spectra were acquired at each visit, and all datasets subsequently

passed quality criteria. In contrast, fewer pons datasets were obtained. Thirteen pons
acquisitions were incomplete due to participant discomfort during the latter half of the

exam. Seven pons datasets were excluded due to SNR < 25. In total, usable pons spectra

were acquired from 13 patients and 15 controls at Visit 1, 9 patients and 13 controls at

Visit 2, and 9 patients and 10 controls at Visit 3.
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Figure 5.2  Proton spectra obtained from the motor cortex and pons of a patient and

healthy control. Upper limb motor cortex spectra (A) and pons spectra (B) had high SNR

that was reproducible across visits (semi-LASER: TR/TE = 5000/26 ms, 64 averages).

Spectral SNR was not different between patients and controls using unpaired Student’s t-
test. Spectra are weighted with a 5-Hz Gaussian function for display purposes.
Abbreviations: Glu, glutamate; Mac; macromolecules; mins, myo-inositol; tCho,

phosphocholine + glycerophosphocholine; tCr, creatine+phosphocreatine; tNAA, N-

acetylaspartate + N-acetylaspartylglutamate.
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Motor cortex and pons metabolite spectra that satisfied quality criteria had high SNR that
was reproducible across visits (Table 5.1; Figure 5.2). The mean coefficient of variation
in SNR across visits was 9.0% for motor cortex spectra and 12.4% for pons spectra.
Motor cortex spectra had significantly higher SNR and narrower linewidths than pons
spectra (both p < 0.0001). Patient and control spectra did not differ in SNR or linewidth.

High percent voxel overlap was also observed across visits for both regions.

Analyses of Longitudinal Changes

As reported previously [157], the cross-sectional analyses of neurochemical levels at
Visit 1 demonstrated significantly reduced motor cortex tNAA/mIns in patients, as well

as positive correlations between this measure and ALSFRS-R.

In patients, ALSFRS-R total scores declined over the follow-up period at an average rate
of -0.46 points per month (p < 0.0001; Table 5.2). ALSFRS-R subscores also declined,
with the upper limb scores showing a stronger change over time than bulbar scores.
Cognitive-behavioral and UMN burden scores for the contralateral upper limb did not
change.

Table 5.2 Linear Trends in Clinical and Spectroscopy Measures*

ALS Controls

Clinical Measures Mean change per mo. SE p-value | Mean change per mo. SE p-value
ALSFRS-R Total -0.46 0.07 <0.0001 - - -
ALSFRS-R Upper Limb -0.13 0.03 < 0.0001 - - -
ALSFRS-R Bulbar -0.13 0.06 0.04 — - -
Contralateral Upper Limb UMN -0.07 0.04 0.16 - - -
ECAS ALS-Specific 0.08 0.11 0.48 - - -
!H-MRS Measures Mean change per yr. SE p-value | Mean change per yr. SE p-value
Motor cortex tNAA/mIns -0.126 0.049 0.01 -0.030 0.047 0.53
Pons Glx, pmol/g 0.570 0.178 <0.01 0.414 0.308 0.19

P-values are from tests against null change over time.

Abbreviations: SE = standard error; ALSFRS-R = ALS Functional Rating Scale-Revised;
UMN = upper motor neuron burden; ECAS = Edinburgh Cognitive-Behavioral Screen.
*Slope analyses were performed on longitudinal data from participants who completed
two or three visits. The sample size was 14 patients and 16 controls for all analyses,
except for the following: ALSFRS-R bulbar and pons Glx analyses (12 patients, 14
controls) and contralateral upper limb UMN burden analysis (7 patients).
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Motor cortex tNAA/mIns levels significantly declined in patients over the follow-up
period (p = 0.01). Additionally, pons GlIx levels significantly increased in patients (p =
0.003). The rates of change in these measures were not significantly different between
riluzole users and non-users (half of patients were riluzole users in each longitudinal
analysis). Neither metabolite measure changed over time in controls. An exploratory
analysis of absolute concentrations for 8 neurochemicals revealed no significant changes
over time in patients or controls for either region, except for an increase in pons Glx

levels in patients with ALS (Figure 5.3).
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Figure 5.3  Absolute concentrations for metabolites quantified with mean CRLB <
20%. Linear slope analysis showed that pons Glx levels in patients with ALS
significantly increased across visits. Other metabolite levels were not different across
visits for either region in patients or controls. Mean + standard deviation bars were
generated using the datasets from only those participants who completed at least two
visits. Correlated metabolites (r < -0.5) were analyzed as sums (tCho, tCr, tNAA, and
Glc+Tau).

Abbreviations: Glc, glucose; Gln, glutamine; Glu, glutamate; GSH, glutathione; mins,
myo-inositol; tCho, phosphocholine + glycerophosphocholine; tCr, creatine +
phosphocreatine; tNAA, N-acetylaspartate + N-acetylaspartylglutamate; Tau, taurine.

To determine whether clinical subgroups drove the longitudinal changes in
neurochemical levels, we stratified patients by progression of regional functional
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impairment. Of the 14 patients with usable longitudinal motor cortex *H-MRS data, 9
experienced decline in ALSFRS-R upper limb subscores during the follow-up period (p <
0.0001; average rate = -0.21 points/month), while 5 remained stable (p = 1; average rate
= 0 points/month). Motor cortex tNAA/mIns levels dropped significantly over time in the
patients with declining upper limb function (p = 0.002) but did not change in those who
were stable (p = 0.76; Figure 5.4). The functionally declining patients showed a
significantly greater rate of decline in tNAA/mIns compared to controls (p = 0.04), while
functionally stable patients did not (p = 0.94). The proportion of riluzole users was not
significantly different between the functionally declining and functionally stable

subgroups (5 out of 9 patients versus 2 out of 5 patients; Fisher’s test).
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Figure 5.4  Longitudinal changes in motor cortex tNAA/mIns are related to
progression of upper limb function. Patients who had declining ALSFRS-R upper limb
scores over the follow-up period experienced decreasing tNAA/mIns over the same time
window (both p < 0.01). In contrast, patients who had stable ALSFRS-R upper limb
scores showed no change in tNAA/mIns over time. Analyses were performed on data
from participants who completed two or three visits. P-values are from a test of the mean
slope against no change over time.
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Of the 12 patients with usable longitudinal pons *H-MRS data, 6 experienced decline in
ALSFRS-R bulbar subscores during the follow-up period (p = 0.03; average rate = -0.26
points/month), while 6 remained stable (p = 0.52; average rate = 0.01 points/month).
Pons GIx levels increased significantly over time in the patients with declining bulbar
function (p < 0.0001) and did not change in those who were stable (p = 0.43; Figure 5.5).

The proportion of riluzole users was equal in the functionally declining and functionally
stable subgroups (3 out of 6 patients in each).
We also analyzed patients’ individual trajectories in motor cortex tNAA/mIns, pons GIx,

UMN burden scores, and ALSFRS-R scores (total, upper limb, and bulbar). The slopes of

neurochemical levels over time did not correlate with the slopes of clinical measures.
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Figure 5.5  Longitudinal changes in pons Glx levels are related to progression of
bulbar function. Patients who had declining ALSFRS-R bulbar scores over the follow-up
period experienced increasing Glx levels in the pons over the same time window (p <
0.0001). In contrast, patients who had stable ALSFRS-R bulbar scores showed no change
in pons GlIx levels over time. Analyses were performed on data from participants who
completed two or three visits. P-values are from a test of the mean slope against no

change over time.
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Prediction of Patient Withdrawal

Neurochemical levels at Visit 1 were assessed for their ability to predict disease
progression in patients. Specifically, we compared motor cortex tNAA/mIns levels at
Visit 1 between 6 patients who withdrew from the study due to ALS progression and 10
patients who returned for all follow-up visits. Levels of tNAA/mIns were significantly
lower in people who withdrew than in those who completed all visits (p < 0.001; Figure
5.6).

Compared with those who completed all visits, patients who withdrew due to ALS
progression also had lower ALSFRS-R total and upper limb scores at Visit 1 (p = 0.007
and 0.02, respectively). However, overlap in the clinical scores between withdrawers and
completers was substantially larger than the overlap in their tNAA/mIns levels (Figure
5.6). AFS and pons Glx at Visit 1 displayed no predictive ability.

A p<0.001 B p=09
| L
28 | 15 o
— [ — o = 12 1
g _ 24 o T
T = > o9
= 9 50 r\% o
=
2= . ® % ® 08 o
z"° ® <
= 1.6 L ] ® 03 °
(o) (o}
1.2 0 O
) Withdrew ~ Withdrew Completed Withdrew  Withdrew Completed
after 1 visit after 2 visits 3 visits after 1 visit after 2 visits 3 visits
C p=0.007 D p=0.02
50 | _g 16 1 |
=
44 1 peie) - 1
o 0 @ 12 9 ©
P~ @ o o] @]
) = a8 [ ] @ [e) Q = [5] (@]
o Q o@ L] @
%> o] x> 8 ] o
= ® 32 2 ©
[T 4 1
26 ) 7
E o
20 0 "
Withdrew  Withdrew Completed Withdrew  Withdrew Completed
after 1 visit after 2 visits 3 visits after 1 visit after 2 visits 3 visits

Figure 5.6  Comparison of motor cortex tNAA/mIns, ALSFRS-R, and AFS at Visit 1
between study withdrawers and completers. Patient subgroups were divided according to
study withdrawal and completion. The most significant difference between groups was
observed in the tNAA/mIns comparison (p < 0.001; unpaired, two-tailed t-tests).
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Prediction of Clinical Progression

The estimation of ALSFRS-R slopes required at least 2 data points for each participant.
Clinic ALSFRS-R slopes were not determined for 6 patients who either did not have
more than 1 available clinic visit or were not followed for approximately 18 months. The
average number of data points used for slope calculation was 2.7 = 1.5 points for on-site
ALSFRS-R and 4.5 + 1.3 points for clinic ALSFRS-R.

In patients, motor cortex tNAA/mIns at Visit 1 did not correlate with change in ALSFRS-
R total or upper limb scores over time. This was the case regardless of whether on-site or

clinic ALSFRS-R slope estimates were used (Figure 5.7).

For 2 patients, pons datasets were not acquired successfully at Visit 1 but were acquired
at Visit 2. Thus, these patients’ Visit 2 pons GIx levels were included as baseline values
in this analysis and the survival analysis (next section). Pons Glx levels at baseline did
not correlate with change in on-site ALSFRS-R total or bulbar scores. However, they did
significantly correlate with clinic ALSFRS-R total slopes (r =-0.63, p = 0.04). No
significant correlations were observed between pons Glx at baseline and clinic ALSFRS-

R bulbar slopes.

Prediction of Survival

We recorded 7 patient deaths over the course of the study (total study duration = 45.3
months). Cox regression analyses demonstrated no significant ability for motor cortex
tNAA/mIns to predict reduced survival (Figure 5.8). Higher pons Glx at Visit 1 showed a
trend for an association with increased risk of death (p = 0.05; hazard ratio = 7.4).
However, the time-updated analysis showed no such relationship (p = 0.48). A trend
between higher AFS at Visit 1 and reduced survival was also observed (p = 0.11; hazard
ratio = 3.9).
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Figure 5.7  Correlation analyses between metabolite levels at baseline and patient-
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moderate correlation was observed between pons Glx levels at baseline and clinic
ALSFRS-R slope estimates.
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Figure 5.8  Kaplan-Meier survival curves for patient groups divided by median
predictor values at baseline. Trends were observed in the abilities for pons Glx and AFS
at baseline to predict survival. Note that the p-values displayed were obtained from Cox
proportional hazards regression.
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55 Discussion

This longitudinal study revealed changes in brain neurochemical levels over one year in
people with ALS. These neurochemical changes were regionally related to functional
decline (i.e., upper limb motor cortex tNAA/mIns and upper limb function, pons Glx and
bulbar function). Additionally, motor cortex tNAA/mIns was a significant predictor of

study withdrawal due to ALS progression.

Most *H-MRS studies in ALS to date have been cross-sectional and typically found lower
tNAA and higher mins levels in the motor cortex in patients compared to healthy controls
[193]. Reduction in tNAA indicates neuronal loss and dysfunction, while elevation in
mins suggests gliosis [52]. Hence, the tNAA/mIns ratio may be a robust, pathologically
relevant biomarker for ALS, especially since UMN degeneration in the disease is often
accompanied by glial activation and proliferation [194]. Earlier work showed that
tNAA/mIns was markedly lower in ALS motor cortex and had the best sensitivity and
specificity among *H-MRS measures in distinguishing patients from controls [91].
Subsequent studies also observed moderate-to-strong correlations between this measure
and clinical scores of disability (ALSFRS-R) and UMN burden [85, 157]. Here we report
that motor cortex tNAA/mIns decreases longitudinally in patients, which extends
previous cross-sectional findings and supports tNAA/mIns as a measure of progressive

neurodegeneration in ALS.

The longitudinal *H-MRS literature in ALS has been inconsistent. Although a few studies
reported declines in motor cortex tNAA or its ratios (i.e., tNAA/tCho, tNAA/Cr) [84,
94], other studies obtained negative results [93, 96, 102, 103]. Notably, these studies did
not examine whether neurochemical changes in the scanned area of motor cortex are
related to functional decline in the represented body region. Investigating this question is
meaningful because the heterogeneity of disease spread in ALS may be driven by
differences among patients in their pattern of motor cortex degeneration. In our
stratification analysis, tINAA/mIns in the upper limb motor cortex declined in patients
with worsening upper limb function but did not change in patients who were functionally
stable. This suggests that tNAA/mIns in the upper limb motor cortex reflects the integrity

of UMNSs that control upper limb function. More broadly, however, our finding also
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indicates that the degeneration of distinct regions of the motor cortex is variable in ALS.
This may explain the mixed longitudinal results in literature, which were all obtained
from analyses of small areas within the motor cortex. Furthermore, focal motor cortex
changes appear to have functional consequences according to the cortical somatotopic
map. Thus, stratification by functional decline may be necessary to detect neurochemical
changes consistently in parts of the motor cortex. This regional dependence has also been
suggested in a previous cross-sectional study, which reported that upper limb
corticospinal tract tNAA/tCho correlated significantly with finger-tapping rate but not

with foot-tapping or bulbar muscle syllable repeat rates [105].

In our analysis of absolute concentrations, motor cortex tNAA and mins did not
significantly change over time in patients with ALS. Therefore, the decline in tNAA/mIns
is probably driven by associated disease processes that cause small but opposite changes
in the two concentrations. The measurement of the tNAA/mIns ratio likely confers
additional robustness in detecting neurodegenerative changes, particularly during early
disease stages when neuronal and glial pathology may be modest. Notably, changes in
tNAA/mIns were detected while observing no changes in clinical UMN burden over
time. This reinforces the understanding that clinical scores based upon reflexes and tone
are an imperfect surrogate for UMN degeneration. In particular, the physiology that
underlies clinical UMN signs is complex, and the presentation of these signs may also be
obscured by advanced lower motor neuron signs [195]. By contrast, *H-MRS can directly
evaluate motor areas of the brain and may have greater sensitivity to progressive UMN

degeneration.

We also observed that motor cortex tNAA/mIns may be prognostic, with the potential to
identify patients who are likely to withdraw from a study due to progressive decline. This
finding is especially relevant to clinical trial design, which would benefit greatly from
accurate prognostic information during participant selection [196]. Relatedly, low
cingulate cortex tNAA/mIns in normal individuals predicts the conversion to mild
cognitive impairment and Alzheimer’s disease [197, 198]. Together these studies suggest
that tNAA/mIns has prognostic value for conditions that show both neuronal

degeneration and gliosis.
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The sum GIx is frequently reported in *H-MRS literature due to the difficulty in reliably
separating the overlapping resonances of Glu and GlIn. Alterations in GIx levels have
been interpreted primarily as alterations in Glu, which accounts for approximately 80%
of the sum in healthy brain regions [83]. In cross-sectional studies, authors reported
elevated Glx in the brainstem in patients with ALS and suggested that this supports the
role of excess Glu neurotransmission in motor neuron death [88, 109]. Our previously
published analysis of Visit 1 data showed no differences in pons Glx levels between
patients with relatively early-stage ALS and healthy controls [157]. However,
longitudinal follow-up of these patients revealed increases in pons Glx levels over the
subsequent year. These increases are likely unrelated to riluzole’s purported
antiglutamatergic activity [20], since trends in GIx were not different between riluzole
users and non-users. Our findings suggest that pons GIx levels are normal in early-stage
ALS and rise as the disease transitions to later stages. Consistently, the mean disability
scores of the cohorts that were previously reported to have elevated Glx levels [88, 109]
were more severe than our cohort at Visit 1. Longitudinal increases in Glx may reflect
progressive abnormalities in Glu metabolism, which likely occur in ALS [199]. It may
also indirectly support Glu excitotoxicity as a pathogenic mechanism, although this
interpretation is tenuous as the Glu signal in *H-MRS principally arises from the
intracellular compartment [200]. Lastly, the rise in GIx may also indicate increases in
astroglial GIn [201].

The stratification analysis in patients showed that elevation in pons GIx is related to
decline in bulbar function. This finding was somewhat surprising, given that the
ALSFRS-R bulbar subscore is a rating of functions governed largely by medullary motor
neurons (i.e., speech, swallowing, and salivation) [43]. The pons voxel in this study
contains cranial motor nuclei and corticospinal fibers that are less directly involved in
controlling these functions. However, it also includes corticobulbar projections to the
medullary motor nuclei as well as extrapyramidal tracts that greatly influence axial
muscle tone [18]. Thus, elevated Glx in the pons may represent abnormalities in these
different areas, which affect a variety of bulbar and non-bulbar motor functions.

Moreover, degenerative changes are likely to occur in the pons and medulla
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simultaneously due to their anatomic proximity. Pons GIx may therefore indirectly reflect

disease burden in the medulla.

Although longitudinal neurochemical trends were different between subgroups of patients
with different rates of functional decline, correlations were not statistically significant
between the individual slopes of neurochemical levels and slopes of ALSFRS-R scores.
This is most likely due to the correlation tests being insufficiently powered. Several
patients had ALSFRS-R slopes that were zero, and thus the range of slope values may be
too restricted to observe a large correlation coefficient. Furthermore, slope estimates are
associated with additional measurement error that will lead to a biased underestimation of
the true correlation [202]. This attenuation effect may be prominent due to the

considerable error associated with slopes calculated from only two or three data points.

The regional association between neurochemical changes and functional decline suggests
that *H-MRS can inform us about disease spread in ALS. The pattern of disease spread is
a subject of intense interest and, to date, has relied largely upon longitudinal clinical
examinations and post-mortem histopathology [12, 35]. Unlike these methods, *H-MRS
may provide direct in vivo information on disease progression within and between brain
regions, e.g., by tracking neurochemical changes in different areas of motor cortex that
control bulbar, upper limb, or lower limb function. Specifically, tH-MRS may be able to
determine how motor areas of the brain are sequentially involved in ALS, which would
help explain patterns of functional decline.

Our longitudinal cohort was small, with 10 patients undergoing scanning at all three
visits. Additionally, the rate of ALSFRS-R decline in our cohort was approximately half
the rate typically observed in natural history studies [203]. We detected statistically
significant longitudinal changes in motor cortex tNAA/mIns and pons Glx levels despite
these factors, which suggests that these measures are highly sensitive to disease
progression in the brain. We expect that future investigations of larger cohorts with
typical progression rates will help establish these as disease progression biomarkers in
ALS.
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Our study has some limitations in addition to small sample size. First, in order to achieve
high measurement precision [116], we utilized an optimized *H-MRS technique at 7 T,
which is currently unavailable in the clinical setting. Our findings would have greater
clinical application if demonstrated on a widely available 3 T system. In our earlier work,
comparisons of glutathione levels between patients with ALS and controls yielded similar
results whether 3 T edited or 7 T unedited *H-MRS was performed [157]. Here we expect
that unedited *H-MRS experiments at 3 T will confirm our present findings because
tNAA/mIns and Glx each have comparable measurement precision at both field strengths.
Specifically, the mean coefficients of variation for these measures at 3 and 7 T are each
under 5% as calculated from prior test-retest data from the cortex [116]. Second, we used
an established UMN burden scoring system that is based heavily on pathologic reflexes.
In particular, reflexes in the upper limb reflect overlapping motor neuron pools and may
be overrepresented in this system. A more comprehensive scoring system that grades the
severity of spasticity and hyperreflexia, assigns weighting to individual components, and
incorporates speed of repetitive movements may allow a better comparison with *H-MRS

measures.

Overall, this study indicates that neurochemical changes in motor areas of the brain
reflect disease progression in corresponding areas of the body. Subsequent studies may
confirm the relationship between neurochemical changes and functional decline for other
motor cortex regions, such as the lower limb and cranial representations. Ultimately, tH-
MRS may provide outcome measures for monitoring and predicting disease progression
in future therapeutic trials. In natural history studies, *H-MRS may also be useful for

mapping the course of cerebral degeneration.

56  Chapter Summary

The main implication of this longitudinal study is that functional heterogeneity in ALS
may be underpinned by variable degeneration within the brain that is detectable using *H-
MRS. The work confirms the spatial specificity of the technique, as neurochemical

derangements in motor areas of the brain are linked to functional decline in
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corresponding body regions. This is especially the case for our analysis of tNAA/mIns, in
which changes in the upper limb motor cortex were observed only in patients with upper
limb functional decline. Similar to the previous chapter’s correlation analysis of motor
cortex tNAA/mIns and CReATe LMN scores, this finding reflects an expected

somatotopic relationship.

We did not observe a decline in motor cortex Glu over time, even though the metabolite
showed cross-sectional negative correlations with disability and disease stage. Although
mostly intraneuronal, Glu is not cell type-specific and is involved in many cellular
pathways. Thus, neuronal loss would probably have to be dramatic in order to observe
significant decline in tissue Glu levels. In contrast, our cohort displayed mild-to-moderate
disease progression based on our analysis of the longitudinal trends in clinical scores and

other neurochemical levels.

The patient cohort in this study was assessed for three clinical outcomes: ALSFRS-R
decline, mortality, and withdrawal due to progression. The high event rate (6 withdrawals
due to progression and 7 deaths out of 19 patients) enabled analysis of the predictors of
these outcomes. Compared to other predictors, such as ALSFRS-R and AFS, motor

cortex tNAA/mIns showed the most significant ability to predict patient withdrawal.

5.6.1 Potential as a Prognostic Biomarker

Robust prognostic biomarkers can help address the problem of phenotypic heterogeneity
in ALS. In particular, large clinical trials are needed mainly because of high variability in
disease progression rate. Predictors of progression rate can be used to study more

homogeneous groups.

This study identified motor cortex tNAA/mIns as having potential prognostic value. If
accurate, the measure’s ability to predict study withdrawal due to disease progression
would have enormous application in the smaller phase Il trials. However, since our
sample size is small, with only 6 withdrawals due to ALS progression and 10 completers,
this finding should be treated as preliminary.
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In this study, motor cortex tNAA/mIns was not a significant predictor of clinical
outcomes such as survival and ALSFRS-R decline. Higher pons Glx levels at baseline
showed a trend in the prediction of reduced survival, but this disappeared after including
the time-updated values in the extended Cox model. This extended model is likely more
appropriate as we know that the metabolite levels vary with time. Notably, higher AFS at
baseline also showed a trend in predicting reduced survival, which is consistent with
previous literature [192]. Pons Glx at baseline also correlated significantly with clinic
ALSFRS-R progression but not with on-site ALSFRS-R progression. This suggests that
the slope estimations were different between the two sites, which is most likely due to the

discrepancy among the sites in the number of data points used for slope calculation.

A previous study in a cohort of 63 patients reported decent accuracy for tNAA ratios in
predicting reduced survival in ALS [99]. The larger sample size is an important
consideration especially when predicting a highly variable measure such as survival. In
ALS, survival time can depend on multiple factors, including the quality and availability
of nutritional and respiratory support and decisions regarding when to withdraw life-

sustaining treatment.

Previous studies have not examined the ability of *H-MRS to predict ALSFRS-R decline.
This is surprising given that ALSFRS-R scores are relatively easy to track longitudinally,
as the questionnaire is simple to administer and accurate scores can also be obtained over
the phone. However, estimating ALSFRS-R decline may not be straightforward if the
assumption of linearity is not true. Some observers have noted different rates of
ALSFRS-R progression at different stages of the disease. In particular, a current
hypothesis proposes that the earliest and latest stages are characterized by plateaus in
ALSFRS-R, while the middle stages are marked by rapid decline. Thus, ALSFRS-R
progression may be better modeled using curved functions [41, 204]. In this study, the
linearity of individual ALSFRS-R progression could not be confidently ascertained, as
each participant had only two or three data points for on-site ALSFRS-R and usually four
or five data points for clinic ALSFRS-R followed across 18 months. Ultimately, the

ability to predict ALSFRS-R progression is likely best assessed in a larger cohort of
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patients at early disease stage with more frequent evaluations over time (e.g., once per

month, as in recent clinical trials).

5.6.2 Potential as a Progression Biomarker

Of all the biomarker types, progression and pharmacodynamic biomarkers would have
the most direct impact on drug development for ALS. Our study of longitudinal
neurochemical change shows that *H-MRS biomarkers are sensitive to disease
progression, but the heterogeneity in regional progression needs to be taken into account.
Compared to total ALSFRS-R decline, changes in region-specific neurochemical levels
are much weaker. The time trends are generally comparable between region-specific
ALSFRS-R scores and neurochemical levels, but nonetheless the upper limb ALSFRS-R
decline is still more significant than upper limb motor cortex tNAA/mIns decline. This
may reflect that upper limb motor cortex tNAA/mIns is simply not as sensitive to disease
progression as upper limb ALSFRS-R. Alternatively, this could indicate that our cohort
suffered greater progression at the LMN level than at the UMN level, since ALSFRS-R is
recognized as being more driven by LMN dysfunction [205]. This latter possibility may
also explain why pons GIx levels showed more significant time trends, as the pons voxel
contained LMN as well as UMN areas. Thus, motor cortex tNAA/mIns may be a very
useful measure of UMN or, more broadly, cortical degeneration in ALS. Notably,
progressive UMN dysfunction was not detected using a rating system based on traditional
clinical UMN signs. Subsequent studies that compare longitudinal neurochemical trends
in UMN-predominant and LMN-predominant ALS will help determine the value of *H-

MRS as a biomarker of progression.
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Conclusion

This work demonstrates that *H-MRS is capable of quantifying region-specific
neurodegeneration in ALS. As a non-invasive in vivo technique, *H-MRS may have
powerful application as a biomarker of progression and prognosis. Larger studies are
obviously needed to confirm and establish its utility in clinical trials, but studies that
examine more regions of the brain, particularly other areas within the motor cortex, are
also necessary. In ALS, the regional degeneration of the brain is variable across patients,
which makes it difficult to predict and select the areas that undergo progressive change.
When applied simultaneously to multiple regions, the high spatial specificity of *H-MRS
may help us define distinct patterns of motor cortex degeneration, which would be
beneficial information during efficacy analysis and drug development. In particular,
therapies designed for local application in the brain may be able to contain disease
spread. In this regard, *H-MRSI may be the most appropriate tool for understanding
cortical disease spread in ALS. Recent improvements in this technique have enabled the
reliable quantification of measures such as tNAA/mins and Glx in multiple regions

simultaneously [206].
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The information obtained from *H-MRS(1) regarding disease spread in ALS would be
further strengthened by agreement with current models of neuropathological spread. In a
recently proposed model of TDP-43 propagation [207], disease involvement begins in the
motor cortex and subsequently spreads to (1) the reticular formation and other brainstem
nuclei, (2) prefrontal, parietal, and striatal areas, and (3) the hippocampus and temporal
lobe. Most, if not all, of these regions can be assessed by *H-MRS, and thus, future

longitudinal studies may support and establish this model of disease spread.

Both the cross-sectional and longitudinal components of this study reflect that UMN and
LMN degeneration in ALS are not independent of each other. Larger studies may
examine the interdependence of motor area-specific neurochemical levels and region-
specific measures of LMN dysfunction (e.g., electrophysiologic indices or sensitive
clinical scores such as CReATe LMN). These studies could appropriately test whether
the idea of disease focality and contiguous anatomic spread is an accurate model of

regional disease propagation.

'H-MRS is sensitive to metabolic changes in ALS, which by itself may robustly indicate
neurodegeneration. However, other neuroimaging measures, such as structural and
functional connectivity metrics and cortical thickness, are also abnormal in ALS and
indicate different aspects of the disease. Thus, combining modalities may confer
increased robustness in disease detection. Improvements in diagnostic sensitivity and
specificity in ALS have been observed after integrating *H-MRS and DTI data [190].
Additionally, *H-MRS and DTI biomarkers have occasionally demonstrated prognostic
value in separate studies. Combining them in a multimodal approach may provide gains

in predictive power, with important consequences for clinical trial design.

Longitudinal studies using neuroimaging techniques such as *H-MRS have struggled so
far to identify a biomarker of progression that can match the sensitivity and relatively low
variability of the ALSFRS-R. For example, one study estimated the required sample size
to detect a treatment effect as 94 participants per experimental arm for ALSFRS-R
compared to over 500 per arm for DT fractional anisotropy [208]. However, a clear
limitation of the ALSFRS-R is that it does not provide specific information on the status

of the cortical descending motor pathway and other brain areas of major disease
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involvement. Therefore, neuroimaging techniques are still among the most likely options
for discovering sensitive markers that are more related to the fundamental disease biology
in ALS. Such markers would have a better ability to screen for disease-modifying

treatments.

One of the main hurdles towards the clinical application of neuroimaging biomarkers is
demonstrating measurement reproducibility. *H-MRS strongly meets this requirement, as
shown by the work in this thesis and by other groups. To maximize precision, future *H-
MRS biomarker evaluation work in ALS should utilize optimized pulse sequences and

other state-of-the-art methodology.

The relevance of the biomarkers to clinical outcome is another major test. In this regard,
'H-MRS has also stepped forward by showing significant correlations with established
clinical measures in ALS, particularly the ALSFRS-R. This step is critical if biomarkers

are expected to serve as substitutes for gold-standard clinical endpoints.

Considering all factors, the heterogeneity in ALS is perhaps the largest hindrance to the
development of effective therapies. Discovering markers that can separate distinct
phenotypes will make the population easier to study, in addition to powering clinical
trials. The work of this thesis showed that *H-MRS biomarkers may reflect variability in
regional functional decline, but other aspects of disease heterogeneity also need to be
investigated such as LMN- versus UMN-predominant ALS and genotypic differences.
Ultimately, *H-MRS biomarkers may aid in our search for treatments for this unrelenting
disease. Future studies are necessary to define their potential contributions to both drug

development and our biological understanding of the disease’s progression and spread.
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APPENDICES

Appendix 1. ALS Functional Rating Scale-Revised Form [39]

1.

Speech

4 — Normal Speech processes

3 — Detectable speech with disturbances

2 — Intelligible with repeating

1 — Speech combined with nonvocal communication
0 — Loss of useful speech

Salivation

4 — Normal

3 — Slight but definite excess of saliva in mouth; may have nighttime drooling
2 — Moderately excessive saliva; may have minimal drooling

1 — Marked excess of saliva with some drooling

0 — Marked drooling; requires constant tissue or handkerchief

Swallowing

4 — Normal eating habits

3 — Early eating problems — occasional choking

2 — Dietary consistency changes

1 — Needs supplemental tube feeding

0 — NPO (exclusively parenteral or enteral feeding)

Handwriting

4 — Normal

3 — Slow or sloppy; all words are legible
2 — Not all words are legible

1 — Able to grip pen but unable to write
0 — Unable to grip pen

Does subject have gastrostomy?
No — Answer 5a
Yes — Answer 5b

Cutting Food and Handling Utensils (patients without gastrostomy)

4 — Normal

3 — Somewhat slow and clumsy, but no help needed

2 — Can cut most foods, although clumsy and slow; some help needed
1 — Food must be cut by someone, but can still feed slowly

0 — Needs to be fed

Cutting Food and Handling Utensils (alternate scale for patients with gastrostomy)
4 — Normal

3 — Clumsy but able to perform all manipulations independently

2 — Some help needed with closures and fasteners

1 — Provides minimal assistance to caregivers

0 — Unable to perform any aspect of task

Dressing and Hygiene
4 — Normal function
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10.

11.

12.

3 — Independent and complete self-care with effort or decreased efficiency
2 — Intermittent assistance or substitute methods

1 — Needs attendant for self-care

0 — Total dependence

Turning in bed and adjusting bed clothes

4 — Normal

3 — Somewhat slow and clumsy, but no help needed

2 — Can turn alone or adjust sheets, but with great difficulty
1 — Can initiate, but not turn or adjust sheets alone

0 — Helpless

Walking

4 — Normal

3 — Early ambulation difficulties

2 — Walks with assistance

1 — Nonambulatory functional movement only
0 — No purposeful leg movement

Climbing Stairs

4 — Normal

3 - Slow

2 — Mild unsteadiness or fatigue
1 — Needs assistance

0 — Cannot do

Dyspnea

4 — None

3 — Occurs when walking

2 — Occurs with one or more of the following: eating, bathing, dressing

1 — Occurs at rest, difficulty breathing when either sitting or lying

0 — Significant difficulty, considering using mechanical respiratory support

Orthopnea
4 — None

3 — Some difficulty sleeping at night due to shortness of breath, does not routinely use more

than two pillows

2 — Needs extra pillow in order to sleep (more than two)
1 - Can only sleep sitting up

0 — Unable to sleep

Respiratory Insufficiency

4 —None

3 — Intermittent use of NIPPV

2 — Continuous use of NIPPV during the night

1 — Continuous use of NIPPV during the night and day

0 — Invasive mechanical ventilation by intubation or tracheostomy

Total Score for ALSFRS-R (0-48):
Total Score for ALSFRS-R Bulbar Questions 1, 2, 3 (0-12):
Total Score for ALSFRS-R Upper Limb Questions 4, 5, 6 (0-12):
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Appendix 2. In-house-developed UMN Burden Scale

Score 1 point each for hyperreflexia and spasticity in each spinal cord segment. Laterality
of deficits are not accounted for.

1. Bulbar
Pathological brisk jaw jerk reflex (0-1)
Slow tongue coordination (0-1)

2. Cervical
Pathologically brisk biceps, triceps, brachioradialis, or finger flexor reflexes (0-1)
Spasticity (0-1)

3. Lumbosacral
Pathologically brisk patellar or ankle jerk reflexes or Babinski sign (0-1)
Spasticity (0-1)

Total UMN Burden Score (0-6):

Total UMN Burden Score for Bulbar Only (0-2):

Total UMN Burden Score for Cervical Only (0-2):
Total UMN Burden Score for Lumbosacral Only (0-2):
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Appendix 3. Modified Penn UMN Burden Scale [164]

Modifications to this established scale include the following:
Binary scoring of spasticity (0-1) instead of Ashworth grading
Omission of clonus, pseudobulbar affect, and palmomental sign

Total UMN Burden Score (0-23):
Total UMN Burden Score for Bulbar Only (0-2):
Total UMN Burden Score for Single Limb Only (0-5):

Bulbar
Jaw Jerk (0-1)
Facial Reflex (0-1)

Right Cervical
Spasticity (0-1)
Triceps Reflex (0-1)
Biceps Reflex (0-1)
Finger Flexors (0-1)
Hoffman’s Sign (0-1)

Left Cervical
Spasticity (0-1)
Triceps Reflex (0-1)
Biceps Reflex (0-1)
Finger Flexors (0-1)
Hoffman’s Sign (0-1)

Thoracic
Abdominal Reflex (0-1)

Right Lumbosacral
Spasticity (0-1)

Patellar Reflex (0-1)
Crossed Adduction (0-1)
Ankle Reflex (0-1)
Babinski Sign (0-1)

Left Lumbosacral
Spasticity (0-1)

Patellar Reflex (0-1)
Crossed Adduction (0-1)
Ankle Reflex (0-1)
Babinski Sign (0-1)
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Appendix 4. CReATe UMN and LMN Burden Scoring

UMN
1. Bulbar
Speed of Tongue Movements
Normal 0
Slow 1
Minimal or no movement 2
Jaw Jerk
Present or Absent 0
Brisk 1

Total Bulbar UMN (0-3):

2. Cervical (single limb)

Hyperactive Reflexes
Biceps 0.5
Brachioradialis 0.5
Triceps 0.5
Hoffman 0.5

Subtotal (0-2):

Tone
Tone normal or reduced 0
Spastic 2

Subtotal (0-2):

Strength
Assigns new point values to the Medical Research Council’s 5-point strength scale:
MRC 0 1 2 3 4- 4 4+ 5- 5
new point 10 9 8 7 6 4 2 1 0

Shoulder abduction (0-10)
Elbow extension (0-10)
Wrist extension (0-10)
Finger extension (0-10)

Subtotal divided by 20 (0-2):

Total Cervical UMN (0-6):

3. Lumbosacral (single limb)

Hyperactive Reflexes
Patellar 0.667
Ankle 0.667
Babinski  0.667

Subtotal (0-2):

Tone
Tone normal or reduced 0
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Spastic 2
Subtotal (0-2):

Strength
MRC 0 1 2 3 4-

new point 10 9 8 7 6

Hip flexion (0-10)
Knee flexion (0-10)
Ankle dorsiflexion (0-10)

Subtotal divided by 15 (0-2):

Total Lumbosacral UMN (0-6):

LMN

Bulbar

Tongue Atrophy
Absent 0
Present 2

Fasciculations
Upper Face 0.25
Lower Face 0.25
Tongue 0.5

Total Bulbar LMN (0-3):

Cervical (single limb)

Hypoactive Reflexes
Biceps 0.667
Brachioradialis 0.667
Triceps 0.667

Subtotal (0-2):
Tone

Tone normal or increased 0
Flaccid 2

Subtotal (0-2):

Bulk

Normal muscle bulk 0
Atrophy 2
Subtotal (0-2):

Strength
MRC 0 1 2 3 4-

new point 10 9 8 7 6

Proximal:
Shoulder abduction (0-10)
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Elbow flexion (0-10)
Elbow extension (0-10)

Subtotal divided by 7.5 (0-4):

Distal:

Wrist flexion (0-10)

Wrist extension (0-10)

Finger flexion (0-10)

Finger extension (0-10)

First dorsal interosseous (0-10)
Abductor pollicis brevis (0-10)

Subtotal divided by 15 (0-4):
Total Cervical LMN (0-8):

Lumbosacral (single limb)

Hypoactive Reflexes

Patellar 1
Ankle 1
Subtotal (0-2):
Tone
Tone normal or increased 0
Flaccid 2
Subtotal (0-2):
Bulk
Normal muscle bulk 0
Atrophy 2
Subtotal (0-2):
Strength
MRC 0 1 2 3 4- 4+ 5-
new point 10 9 8 7 6 2 1

Hip flexion (0-10)

Knee flexion (0-10)

Knee extension (0-10)
Ankle dorsiflexion (0-10)
Ankle plantarflexion (0-10)
Ankle inversion (0-10)
Ankle eversion (0-10)

Toe flexion (0-10)

Toe extension (0-10)

Subtotal divided by 22.5 (0-4):

Total Lumbosacral LMN (0-8):
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