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Abstract

Objective: To determine whether proton magnetic resonance spectroscopy (*H-MRS) can detect
neurochemical changes in amyotrophic lateral sclerosis (ALS) associated with heterogeneous
functional decline.

Methods: Nineteen participants with early-stage ALS and 18 age- and sex-ratio-matched controls
underwent ultra-high field H-MRS scans of the upper limb motor cortex and pons, ALS
Functional Rating Scale-Revised (ALSFRS-R total, upper limb, bulbar) and upper motor neuron
burden assessments in a longitudinal observational study design with follow-up assessments at 6
and 12 months. Slopes of neurochemical levels over time were compared between patient
subgroups classified by rate of upper limb or bulbar functional decline. H-MRS and clinical
ratings at baseline were assessed for ability to predict study withdrawal due to disease progression.

Results: Motor cortex total N-acetylaspartate to myc-inositol ratio (tINAA/mIns) significantly
declined in patients who worsened in upper limb function over the follow-up period (N=9,
p=0.002). Pons glutamate+glutamine (GIx) significantly increased in patients who worsened in
bulbar function (N=6, p<0.0001). Neurochemical levels did not change in patients with stable
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function (N=5-6) or in healthy controls (N=14-16) over time. Motor cortex tNAA/mIns and
ALSFRS-R at baseline were significantly lower in patients who withdrew from follow-up due to
disease progression (N=6) compared to patients who completed the 12-month scan (N=10)
(p<0.001 for tNAA/mIns, p<0.01 for ALSFRS-R), with a substantially larger overlap in ALSFRS-
R between groups.

Conclusion: Neurochemical changes in motor areas of the brain are associated with functional
decline in corresponding body regions. H-MRS was a better predictor of study withdrawal due to
ALS progression than ALSFRS-R.
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INTRODUCTION

Functional decline in amyotrophic lateral sclerosis (ALS) is driven by progressive upper and
lower motor neuron (UMN and LMN) degeneration. Regional variability in motor neuron
degeneration contributes to heterogeneous functional decline. However, the integrity of
motor neurons in the brain is not directly assessed by clinical and electrophysiological
methods. Brain imaging techniques may provide sensitive and objective measures of
progressive motor neuron dysfunction[1].

Proton magnetic resonance spectroscopy (*H-MRS) detects abnormal brain neurochemistry
in ALS[2-6]. Reproducible findings include altered levels of motor cortex N-acetylaspartate
(NAA,; neuronal marker)[2, 4] and myoc-inositol (mlIns; putative glial marker)[4, 5] — in
particular, a lower total NAA to mins ratio (tNAA/mIns) in patients than in controls[3, 5] —
as well as elevated levels of brainstem GlIx (glutamate+glutamine)[4, 7].

In cross-sectional studies, tNAA/mIns and GIx levels correlate with disease severity
measures, suggesting that they change longitudinally with ALS progression[4—7]. However,
longitudinal studies in ALS are few and have demonstrated conflicting results regarding
changes in 1H-MRS measures over time[8-12].

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 1H-MRS technique shown to
have high test-retest reproducibility[13]. Cross-sectional findings in this cohort were
reported previously[5]. Here we examined longitudinal trends and the prognostic value of
1H-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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METHODS

Study Participants and Design

Patients who met revised El Escorial Criteria[14] 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 after giving written informed consent
(figure 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 of the
difference between baseline and 6 months = 0.2). Twenty patients scanned longitudinally
gave 85% power to detect a motor cortex tNAA/mIns decline of 0.13 using paired #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[15]. 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[16]. The total ALSFRS-R score was
used as a measure of global disability. 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. Disease
duration was calculated as the interval from the date of symptom onset to the date of the
MRI exam in months. Progression rate was estimated with the following formula: (48 -
ALSFRS-R total)/disease duration. Clinical staging was abstracted from the ALSFRS-R
using an algorithm developed by King’s College London (Stage 1 mild — Stage 4 advanced)
[17]. Cognitive and behavioral status was assessed at all visits using the Edinburgh
Cogpnitive and Behavioral ALS Screen (ECAS)[18]. 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. All clinical assessments were
performed within one week of the MRI exam.

1H-MRS Protocol

All 1H-MRS data were acquired as described in our previous report on Visit 1 results[5].
Briefly, studies were performed on a 7 tesla (T) whole body Siemens MAGNETOM scanner
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using a 16-channel head transceiver array coil with B, shimming[19]. 7;-weighted
MPRAGE images were acquired for 1H-MRS voxel placement. Voxels were manually
placed in the upper limb region of the primary motor cortex (22 x 22 x 22 mm3) and the
pons (16 x 16 x 16 mm3). 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.
Metabolite spectra were acquired from each voxel using semi-LASER[20] (repetition time
TR =5, 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[21] and quantification (LCModel version 6.3-0G)[22] were
performed as described previously[5] using automated methods to eliminate observer bias.
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 quality assessment, spectra with SNR < 25 were
excluded from quantification analysis. The LCModel basis set contained model spectra for
macromolecules and 19 metabolites: alanine, aspartate, ascorbate, glycerophosphocholine,
phosphocholine, creatine, phosphocreatine, -y-aminobutyric acid, glucose, glutamine (GIn),
glutamate (Glu), glutathione, mins, lactate, NAA, N-acetylaspartylglutamate (NAAG),
phosphoethanolamine, scy//lo-inositol, and taurine. Metabolite concentrations in tissue were
determined by water scaling and adjusted for cerebrospinal fluid (CSF) within the voxel[13].
In the motor cortex, we analyzed the total NAA (tNAA: NAA+NAAG) to mins ratio, a
potential marker and predictor of progressive neurodegeneration[3]. This measure correlated
significantly with ALSFRS-R[5] and UMN burden[6] 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[4, 7].

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 GlIn did not pass the CRLB criterion[5]. 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 #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
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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). To examine the effect of riluzole on neurochemical trends, patients were
also divided into riluzole users and non-users.

Motor cortex tNAA/mIns and pons Glx levels at Visit 1 were evaluated for their ability to
predict study withdrawal due to ALS progression. Student’s £tests were used to compare
these levels between patients who withdrew due to disease progression and patients who

completed the study. Withdrawals due to non-ALS reasons were excluded.

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.

RESULTS

Cohort Characteristics

The demographics and clinical features of participants at each visit are displayed in table 1.
Participant exclusions and withdrawals are shown in figure 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.

1H-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.

Motor cortex and pons metabolite spectra that satisfied quality criteria had high SNR that
was reproducible across visits (table 1; figure 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.
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For metabolites that satisfied mean CRLB < 20%, motor cortex tNAA was measured with
the lowest mean CRLB, and motor cortex Glc+Tau was measured with the highest
(supplementary figure). CRLB for individual measurements ranged from 1% to 27% across
the metabolites.

Analyses of Longitudinal Changes

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 2). ALSFRS-R upper limb and bulbar subscores
also declined (p < 0.0001 and p = 0.04, respectively). Cognitive-behavioral and UMN
burden scores for the contralateral upper limb did not change.

Motor cortex tNAA/mIns levels significantly declined in patients over the follow-up period
(p=0.01) and did not in controls (p= 0.53). Additionally, pons Glx levels significantly
increased in patients (p=0.003) and did not in controls (p = 0.19). The difference between
patients and controls in their rates of change in these measures did not reach statistical
significance (tNAA/mIns: p=0.16; GIx: p= 0.66). Rates of change were also not
significantly different between riluzole users and non-users (half of patients were riluzole
users in each longitudinal analysis). An exploratory analysis of absolute concentrations for
other neurochemicals revealed no significant changes over time in patients or controls for
either region (supplementary figure).

To determine whether clinical subgroups drove the longitudinal changes in neurochemical
levels, we stratified patients by progression of regional functional impairment. Of the 14
patients with usable longitudinal motor cortex 1H-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 (o= 0.76; figure 3).
The functionally declining patients showed a significantly greater rate of decline in tNAA/
mlns 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).

Of the 12 patients with usable longitudinal pons 1H-MRS data, 6 experienced decline in
ALSFRS-R bulbar subscores during the follow-up period (o = 0.03; average rate = -0.26
points/month), while 6 remained stable (p = 0.52; average rate = 0.01 points/month). Pons
Glx 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 4). Both the
functionally declining and functionally stable patients did not differ significantly from
controls in their rate of change in GIx (p= 0.15 and 0.61, respectively). The proportion of
riluzole users was equal in the functionally declining and functionally stable subgroups (3
out of 6 patients in each).
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Prediction of Patient Withdrawal

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 5A).

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 (o= 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 5B,
5C).

Pons Glx levels at Visit 1 did not display predictive value.

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 1H-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[23]. Reduction in tNAA indicates neuronal loss and dysfunction, while elevation in
mlns suggests gliosis[24]. 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[25]. Here we report that motor cortex
tNAA/mIns decreases longitudinally in patients, which extends previous cross-sectional
findings[3, 5, 6] and supports tNAA/mIns as a measure of progressive neurodegeneration in
ALS.

The longitudinal 1H-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)[2, 9], other
studies obtained negative results[8, 10-12]. 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, tNAA/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 UMNs that control upper limb function. More
broadly, however, our finding also 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 neurochemical changes appear to have functional
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consequences according to the cortical somatotopic map. This regional relationship 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[26].

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. 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. 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[27].

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[28]. Relatedly, low cingulate
cortex tNAA/mIns in normal individuals predicts the conversion to mild cognitive
impairment and Alzheimer’s disease[29, 30]. Together these studies suggest that tINAA/mIns
has prognostic value for conditions that show both neuronal degeneration and gliosis.

The sum GIx is frequently reported in 1H-MRS literature due to the difficulty in reliably
separating the overlapping resonances of Glu and Gln. Alterations in GIx levels have been
interpreted primarily as alterations in Glu, which accounts for approximately 80% of the
sum in healthy brain regions[31]. In cross-sectional studies, authors reported elevated GIx in
the brainstem in patients with ALS and suggested that this supports the role of excess Glu
neurotransmission in motor neuron death[4, 7]. 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[5]. 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[32], 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[4,
7] were more severe than our cohort at Visit 1. Longitudinal increases in Glx may reflect
progressive abnormalities in Glu metabolism in ALS[33] or increases in astroglial GIn[34].
It may also indirectly support Glu excitotoxicity as a pathogenic mechanism, although this
interpretation is tenuous as the Glu signal in 1H-MRS principally arises from the
intracellular compartment[35].

The stratification analysis in patients showed that elevation in pons Glx 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,
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swallowing, and salivation)[17]. 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[36]. Moreover, pons GIx may
indirectly reflect disease burden in the medulla, since degenerative changes are likely to
affect both brainstem regions simultaneously due to their anatomic proximity.

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[37, 38]. Unlike these methods, 1H-MRS may
provide direct /n 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, 1H-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[39]. 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.

A potential limitation of this study is that it was conducted at ultra-high field, which has
limited availability in the clinical setting. In order to achieve high measurement
precision[13], we utilized an optimized TH"MRS technique at 7T. In our earlier work,
comparisons of neurochemical levels between patients with ALS and controls yielded
similar results whether 3T edited or 7T unedited 1H-MRS was performed[5]. Here we expect
that unedited 1H-MRS experiments at 3T will confirm our present findings because tNAA/
mlins and GIx each have comparable measurement precision at both field strengths.
Specifically, the mean coefficients of variation for these measures at 3T and 7T are each
under 5% as calculated from prior test-retest data from the cortex[13].

Overall, this study shows 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, 1H-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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ALS Healthy Controls

| 22 screened | | 28 screened |

1 had comorbid neurologic condition
1 did not meet MRI safety criteria

—>| 9 had comorbid neurologic conditions

|20 enrolled | | 19 enrolled |

—>| 1 did not tolerate MRI (claustrophobia) —»‘ 1 withdrawal due to personal reason

[ 19 scanned at Visit 1 | | 18 scanned at Visit 1 |

3 withdrawals due to ALS progression
2 withdrawals due to non-ALS reasons 2 lost to follow-up

| 14 scanned at Visit 2 | | 15 scanned at Visit 2” |

3 withdrawals due to ALS progression L[ 3 lost to follow-
1 withdrawal due to non-ALS reason et To Toflow-up

10 scanned at Visit 3 13 scanned at Visit 3 |

Figure 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.
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Figure 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 #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+/A\-
acetylaspartylglutamate.
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Figure 3.
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/
mlns 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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DECLINE IN BULBAR FUNCTION (n = 6 ALS)
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Figure 4.
Longitudinal changes in pons GIx 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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Figure 5.

Comparison of motor cortex tNAA/mIns and ALSFRS-R at Visit 1 between study
withdrawers and completers. Patient subgroups were divided according to study withdrawal
and completion. All 3 measures were significantly different between patients who withdrew
due to ALS progression and patients who completed all visits (o < 0.05; unpaired, two-tailed
Etests). However, the most significant difference between groups was observed in the tNAA/
mlns comparison (p < 0.001).
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Cohort Characteristics: Demographics, Clinical Features, and Spectral Quality *

Table 1.

Page 18

Visit 1 Visit 2 Visit 3

ALS Controls ALS Controls ALS Controls
Sample size n 19 18 14 15 10 13
Time of exam after Visit 1, months — - 6.6+1.1 6.3+0.8 128+14 12.3+1.0
Sex ratio, male:female 10:9 10:8 8:6 7:8 6:4 6:7
S &% B v o o
Brain hemisphere scanned, left:right 8:11 8:10 5:9 7:8 3.7 6:7
Riluzole use, yes:no 8:11 - 7.7 - 4:6 —
s -
Progression rate, points per month ?Osggflogz) ?0302;00625(; - 3046[3?100217) -

Stage 1 (6) Stage 1 (4) Stage 1 (1)
King’s Disease Stage (no. of patients) gggg g Egg - gggg % Egg - gtggg g gg -
Stage 4 (1) Stage 4 (2) Stage 4 (5)

ALSFRS-R Total Score 39.8+5.6 _ 39.7+4.1 36.4+5.9 _
(0 most severe — 48 normal) (26-45) (33-47) (26-45)
ALSFRS-R Upper Limb Subscore 8.7+32 _ 93+16 84+18 _
(0 most severe — 12 normal) (0-12) (7-12) (5-12)
ALSFRS-R Bulbar Subscore 10.3+1.9 9.7+28 _ 8.8+3.38 _
(0 most severe — 12 normal) (6-12) (4-12) (0-12)
Contralateral Upper Limb UMN Score ™ 1.9+ 17 _ _ 1.9+20 B
(0 normal — 5 most severe) (0-5) (0-5)
ECAS Total Score 1153+6.5 1193+88 116.7+82 123.0+7.1 1175+£6.6 122472
(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
Pons Spectra SNR 45+10 53 £ 17 51+10 56 + 16 52+ 10 62 £12
Pons Spectra Linewidth, Hz 16+2 15+2 14+2 15+2 15+2 15+2

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 #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 and Behavioral

ALS Screen.

*
Pons spectra were acquired from fewer participants (see Results: 1H-MRS Data Completeness and Quality).

Hok

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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Linear Trends in Clinical and Spectroscopy Measures™

Table 2.

ALS Controls

Clinical Measures”* Mean change per month SE p-value  Mean change per month 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 - - -
1H-MRS Measures Mean change per year SE p-value  Mean change per year SE p-value
Motor cortex tNAA/mIns -0.126 0.049 0.01 -0.030 0.047 0.53
Pons Glx, umol/g 0.570 0.178 <0.01 0.414 0.308 0.19

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

Page 19

Abbreviations: SE = standard error; ALSFRS-R = ALS Functional Rating Scale-Revised; UMN = upper motor neuron burden; ECAS = Edinburgh

Cognitive and Behavioral ALS 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 GIx analyses (12 patients, 14 controls) and contralateral upper limb

UMN burden analysis (7 patients).

Aok
Please refer to Table 1 for scale ranges.
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