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Abstract
Background

We investigated cerebral degeneration and neurochemistry in patients with amyo-
trophic lateral sclerosis (ALS) using magnetic resonance spectroscopy (MRS).

Methods

We prospectively studied 65 patients and 43 age-matched healthy controls. Partic-
ipants were recruited from 4 centers as part of a study in the Canadian ALS Neu-
roimaging Consortium. All participants underwent single-voxel proton MRS using
a protocol standardized across all sites. Metabolites reflecting neuronal integrity (total
N-acetyl aspartyl moieties [tNAA]) and gliosis (myo-inositol [Ino]), as well as cre-
atine (Cr) and choline (Cho), were quantified in the midline motor cortex and
midline prefrontal cortex. Comparisons were made between patients with ALS and
healthy controls. Metabolites were correlated with clinical measures of upper motor
neuron dysfunction, disease progression rate, and cognitive performance.

Results

In the motor cortex, tNAA/Cr, tNAA/Cho, and tNAA/Ino ratios were reduced in the
ALS group compared with controls. Group differences in tNAA/Cr and tNAA/Cho
in the prefrontal cortex displayed reduced ratios in ALS patients; however, these were
not statistically significant. Reduced motor cortex ratios were associated with slower
foot tapping rate, whereas only motor tNAA/Ino was associated with finger tapping
rate. Disease progression rate was associated with motor tNAA/Cho. Verbal fluency,

semantic fluency, and digit span forwards and backwards were associated with
prefrontal tNAA/Cr.

Conclusions

This study demonstrates that cerebral degeneration in ALS is more pronounced in the motor
than prefrontal cortex, that multicenter MRS studies are feasible, and that motor tNAA/Ino
shows promise as a potential biomarker.

Amyotrophic lateral sclerosis (ALS) has the hallmarks of degeneration of upper and lower
motor neurons (UMN and LMN), often with involvement of the frontal and temporal lobes. A
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major impediment to finding effective treatments is the lack
of a biomarker for diagnosis and of understanding ALS bi-
ology and phenotypic heterogeneity.

Magnetic resonance spectroscopy (MRS) measures cerebral
metabolites relevant in neurodegeneration: N-acetylaspartate
(NAA, neuronal integrity marker) and myo-inositol (Ino, pu-
tative gliosis marker"). Previous studies demonstrated its utility
in consistently detecting cerebral degeneration in ALS,”
where motor cortex NAA ratios to creatine (Cr),"" choline
(Cho),"* or Ino,’ are reduced. Consistent with the spatial pa-
thology of FTLD,"®> NAA is reduced in the prefrontal
cortex.* ' We showed that NAA/Ino ratio has particular
promise in detecting motor and prefrontal

degenerationé’16 because of the combined effects of decreased

cortex

NAA from neuronal degeneration and increased Ino from
gliosis.

All previous MRS studies have been at single centers, usually
with small sample sizes, and with heterogeneous data ac-
quisition and processing methods. The replication of prior
MRS findings on a multicenter scale is an important step
towards validation of clinical utility. We sought to do this and
extend our prior observations of NAA/Ino changes by a study
within the Canadian ALS Neuroimaging Consortium
(CALSNIC), a multicenter clinical research platform that
conducts neuroimaging research in a standardized manner.
We hypothesized that spectroscopic markers of neuronal
integrity will be abnormal in the motor and prefrontal cor-
tices, and they will correlate with clinical signs of UMN
dysfunction, disease progression, and cognitive impairment.

Methods

Canadian ALS Neuroimaging Consortium

The primary objectives of CALSNIC are to develop and
validate novel neuroimaging biomarkers and to provide the
infrastructure for collaborative translational research. Each
participating center in CALSNIC followed identical standard
operating procedures for clinical evaluations and brain im-
aging. Four sites were included in this study: the University of
Alberta, the University of Calgary, the University of Toronto,
and McGill University.

Standard protocol approvals, registrations,
and patient consents

All patients and healthy controls gave written consent and the
study was approved by the health research ethics boards at each
of the participating sites. This study is registered with Clin-
icalTrials.gov under the identifier number: NCT02405182.

Participants

Sixty-five patients and 43 healthy controls were prospectively
recruited from the ALS clinics (table 1). Eligible patients had
a diagnosis of ALS according to the El Escorial criteria of
possible ALS or higher,'” and thus had a combination of UMN
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Table 1 Participant demographics

ALS (n = 65) Healthy controls (n = 43)
Age (y) 59 (33-86) 55 (25-69)
Gender (m:f) 42:23 15:28
Symptom duration (mo) 26 (8-90) NA
ALSFRS-R 38 (22-47) NA

Disease progression rate  0.36 (0.02-1.00) NA

Finger tapping (per 10 s) 38 (2-83) 55 (25-81)
Foot tapping (per 10 s) 24 (7-64) 39 (23-62)
Verbal fluency 11 (3-22) 16 (7-24)
Semantic fluency 17 (7-29) 22 (8-32)
Digit span forward 9 (3-14) 9 (4-13)
Digit span backward 6(3-12) 7 (4-13)
Digit ordering 5(0-11) 7 (2-11)

Abbreviations: ALS = amyotrophic lateral sclerosis; ALSFRS-R = ALS
Functional Rating Scale-Revised; N/A = not applicable.

Aggregate data are expressed as median (range). Disease progression rate =
(48—ALSFRS-R)/symptom duration

and LMN signs on neurological examination in at least one
region, and had the cognitive capacity to provide informed
consent. Participants were excluded if they had a history of
other neurological or psychiatric disorders, prior brain injury, or
respiratory impairment resulting in an inability to lie flat and
tolerate the MRI scan. Participants in the study were enrolled
between September 2015 and February 2018. Average symp-
tom duration was 33.2 + 20.7 months at the time of the MRS
data collection. There was an attempt to balance the ALS and
healthy controls with respect to age and gender, but challenges
in recruitment resulted in a sample of convenience. In addition,
S healthy volunteers that were separate from the healthy con-
trols (“traveling head phantoms”) were each scanned twice at
the individual sites to evaluate the reproducibility of our MRS
measures.

Clinical evaluations

Finger and foot tapping rates (left and right) were measured
and averaged as indicators of UMN function, and disability
was assessed with the ALS Functional Rating Scale-Revised
(ALSFRS-R). Cognitive function was assessed using tests for
verbal fluency (letter F'®), digit span, and the Edinburgh
Cognitive and Behavioral ALS Screen (ECAS) scores. Dis-
ease progression rate was estimated using the formula: (48 -
ALSFRS-R)/ symptom duration.

MRI data acquisition

All data were acquired on MRI systems operating at 3 Tesla.
Two sites (University of Alberta and McGill University)
acquired data using Siemens systems (Prisma and TimTrio,
respectively), and the remaining 2 sites acquired data using
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General Electric Healthcare (Discovery MR750) systems. The
data acquisition protocol included a 3D-T'1 volume acquired at
1 mm’ isotropic resolution. Acquisition parameters were
identical for the Siemens systems, which used magnetization-
prepared rapid gradient echo imaging (MPRAGE sequence,
repetition time [TR] = 2,300 ms, echo time [TE] = 3.43 ms,
inversion time [TI] = 900 ms, flip angle = 9°, field of view
[FOV] = 256 mm x 256 mm) and the 2 General Electric
systems, which used fast spoiled gradient-recalled echo imag-
ing (FSPGR sequence, TR = 7.4 ms, TE = 3.1 ms, TI = 400 ms,
flip angle = 11°, FOV = 256 mm X 256 mm). These anatomical
images were used for planning of the MRS voxels in the 2
regions of interest: midline motor cortex (20 x 50 x 20 mm)
and midline prefrontal cortex (25 x 32 x 25 mm) (figure).
Vozxels were placed with the use of anatomical landmarks
according to a standardized procedure. The motor cortex voxel
was centered symmetrically across the midline. Its bottom
edge was parallel to the anterior commissure-posterior com-
missure (AC-PC) line. The posterior edge was parallel to and
touching a line drawn perpendicular to the AC-PC line that
touched the posterior edge of splenium. The prefrontal cortex
voxel was also placed centered symmetrically across the mid-
line. Its bottom edge was parallel to the AC-PC line at the level
of genu of the corpus callosum. The posterior edge touched
the anterior edge of the genu of corpus callosum. Single-voxel
spectroscopy with a stimulated echo acquisition mode
(STEAM) sequence was performed to acquire water sup-
pressed spectra from each region (TR = 3 seconds, TE = 160
ms, mixing time [TM] = 40 ms, 2 acquisitions per voxel of 32
signal averages each). STEAM slice selection was performed at
an offset of —1.9 ppm relative to the water frequency.

MRS data post processing

All data were centrally processed and analyzed at a singlecore
laboratory, the ALS Neuroimaging Research Unit, at the Uni-
versity of Alberta. Automated metabolite quantification of the
proton MR spectra was performed using LCModel® (version
6.1).19 Manual inspection was conducted on each spectrum
fitted by LCModel to assure quality with respect to lineshape,
linewidth, signal-to-noise ratio, and the presence of spurious
signal as a result of eddy current effects. Spectra not meeting
these quality check criteria or those with an LCModel fit with
a standard deviation greater than 15% were excluded from
further analysis.'” MRS quality is particularly sensitive to par-
ticipant motion; thus, the acquisition of 2 spectra in each region
greatly reduced the possibility of not having useable metabolite
data because of brief movement during the scanning period.
The peak area estimates from LCModel of Cr, Cho, Ino, NAA,
and N-acetylaspartylglutamate (NAAG) were of interest for
this study. Peak areas for NAA and NAAG metabolites were
combined to quantify the total amount of N-acetyl aspartyl
moieties (tNAA). tNAA metabolite ratios (tNAA/Cho, tNAA/
Cr, tNAA/Ino) were derived for primary statistical analyses and
Ino ratios (Ino/Cho, Ino/Cr) for secondary (exploratory)
analyses. The final ratio in a region was the average of the ratios
derived from the 2 scans in that region, when possible. Ac-
quisition of 2 spectra permits averaging of small fluctuations in
metabolite peak measures, and thereby arriving at more accu-
rate results for that participant.

Statistical analyses
In addition to quality checking spectra as described above,

Tukey’s test was used to detect outliers in metabolite ratios that

Figure Single voxel magnetic resonance spectroscopy of the motor and prefrontal cortex
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Magnetic resonance spectroscopic data were acquired from 2 brain regions as illustrated in the T1-weighted images showing voxel prescription in the (A)
motor and (C) prefrontal cortices. Proton magnetic resonance spectrum acquired from each of the regions, shown in (B) and (D), respectively, highlights the
target metabolites: Cho = choline; Cr = creatine + phosphocreatine; Ino = myo-inositol; NAA = N-acetylaspartate + N-acetylaspartylglutamate.
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were subsequently removed from further analysis. Metabolite
ratios were compared between ALS patients and healthy con-
trols using linear regression after accounting for clustering
within sites, and age and gender as covariates. Pearson correla-
tions were performed to assess associations between participant
metabolite ratios and clinical measures, namely ALSFRS-R,
finger and foot tapping rate, disease progression rate, verbal
fluency, and digit span. Statistical analyses were performed on
MedCalc Statistical Software version 17.6 (MedCalc Software
bvba, Ostend, Belgium; www.medcalc.org; 2017) and linear re-
gression was performed on Stata 14 SE. Statistical significance
was accepted at p < 0.0S for all analyses.

Data availability
Anonymized data will be shared at the request of qualified
investigators.

Results

Representative spectra from the motor and prefrontal are
shown in the figure. With our quality assurance protocol, 5.9%
of both motor and frontal spectra were rejected (21 spectra out
of 354 for each region). Fifteen metabolite ratios identified as
outliers were excluded from analysis. The number of partic-
ipants were different in the metabolite-specific analyses after
quality assurance assessments: motor tNAA/Cr (n = 106),
tNAA/Cho (n = 101), tNAA/Ino (n = 89), and frontal tNAA/
Cr (n = 100), tNAA/Cho (n = 100), tNAA/Ino (n = 92).

Reproducibility

Metabolite ratio data acquired from the traveling head
phantoms revealed that for a single individual, intrasite re-
producibility was within 3.0% for the motor region and 5.1%
for the prefrontal region while intersite reproducibility was
very similar at 2.9% for the motor region and 5.2% for the
prefrontal region. Thus, there was excellent congruence be-
tween site and across site data.

The objective of this study was to
investigate cerebral degeneration in
patients with ALS using MRS.

Group differences

In the motor cortex, tNAA ratios were reduced by 9%-12% in
the ALS group, with all reaching statistical significance: NAA/
Cr (p < 0.001), NAA/Cho (p < 0.001), NAA/Ino (p = 0.002) as
shown in table 2. There were no significant group differences in
the motor cortex for Ino/Cr and Ino/Cho ratios between
patients with ALS and healthy controls. In the prefrontal cortex,
tNAA/Cr and tNAA/Cho were reduced by 5% and 6%, re-
spectively, in patients with ALS and approached but did not
reach statistical significance (table 2). There were no differences
observed between patients with limb or bulbar site of onset.

Correlations

Lower motor tNAA ratios for ALS patients were associated
with reduced foot tapping rate (table 3). Lower motor
tNAA/Ino was associated with reduced finger tapping rate as
well. Higher disease progression rate was associated with
lower motor tNAA/Cho. Decreased prefrontal tNAA/Cr
ratio was associated with lower verbal fluency, semantic
fluency, and digit span (forwards and backwards). There was
no correlation with ALSFRS-R or symptom duration.

Discussion

The objective of this study was to investigate cerebral de-
generation in patients with ALS using MRS. The focus was on
regions that contribute to the major clinical manifestations of
ALS, notably motor impairment because of the involvement of
the motor cortex and cognitive impairment because of the

Table 2 Group differences in metabolite ratios in the motor and prefrontal cortices in ALS patients compared with

healthy controls

ALS Healthy controls
Region Metabolite ratio Mean (SD) Mean (SD) Difference (%) p Value
Motor tNAA/Cr 1.86 (0.22) 2.05(0.17) -9.3 <0.001°
tNAA/Cho 2.41(0.37) 2.71(0.32) -11.1 <0.001
tNAA/Ino 2.02 (0.49) 2.31(0.34) -12.5 0.002°
Prefrontal tNAA/Cr 1.55(0.15) 1.64(0.14) -5.0 0.071
tNAA/Cho 1.65(0.22) 1.75(0.20) -5.8 0.052
tNAA/INO 1.57 (0.31) 1.57 (0.25) -0.3 0.870
Abbreviations: Cho = choline; Cr = creatine; Ino = myo-inositol; tNAA = total N-acetylaspartate moieties.
4 Statistically significant group mean difference accounting for variance across sites and incorporating age and gender as covariates.
Neurology.org/CP Neurology: Clinical Practice | Volume 9, Number 5 | October 2019

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://www.medcalc.org
http://neurology.org/cp

404

Compared with the single-center
studies reported to date, this work
was a prospective multicenter study
wherein participants underwent

a clinical and neuroimaging protocol
that was harmonized across all sites.

involvement of the prefrontal cortex. These 2 specific regions of
interest were selected based on encouraging results from our
previous studies, which measured NAA/Ino in ALS
populations.”'® Compared with the single-center studies
reported to date, this work was a prospective multicenter study
wherein participants underwent a clinical and neuroimaging
protocol that was harmonized across all sites.

As hypothesized, tNAA ratios in the motor region were lower
in ALS, indicative of impaired neuronal integrity in the motor
cortex and subjacent white matter. These findings parallel
those of previous single-center MRS studies demonstrating

Table 3 Statistically significant correlations (r) between
cerebral metabolic ratios in motor and
prefrontal regions with clinical features of motor
and cognitive function, respectively

tNAA/Cr tNAA/Cho tNAA/Ino
Motor
Finger tapping — — r=0.36
p=0.010
Foot tapping r=0.41 r=0.33 r=0.54
p=0.0022 p=0019 p < 0.001
Disease progression rate — r=-0.30 —
p=0.029
Prefrontal
Verbal fluency r=0.26 — —
p =0.049
Semantic fluency r=0.32 — —
p=0.017
Digit span forwards r=0.27 - —
p =0.046
Digit span backwards r=0.28 — —
p=0.036

ECAS scores? — — —

Disease progression rate — — —

Abbreviations: ALS = amyotrophic lateral sclerosis; Cho = choline; Cr =
creatine; ECAS = Edinburgh Cognitive and Behavioral ALS Screen; Ino = myo-
inositol; tNAA = total N-acetyl aspartyl moieties.

3 ECAS ALS specific, ECAS executive, and ECAS verbal fluency scores.
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abnormal metabolites in this same region, including reduc-
tions in tNAA concentration’®?*! or of its ratios: NAA/
C1r,2’9’22 NAA/ Ch0,8’23 and NAA/Ino.®** As in our previous
study,® we found that the magnitude of change in tNAA
ratios was lowest with Ino. We found mild reductions in
tNAA/Cr and tNAA/Cho ratios in the prefrontal cortex;
however, these did not reach statistical significance. This
confirms in vivo the gradation of cerebral pathology in ALS,
with more severe degeneration in the motor cortex com-
pared with extramotor regions.>>*°

In our previous single-center study, we did find a statisti-
cally significant reduction of NAA/Ino in the mesial pre-
frontal cortex.'® This discrepancy could be because of
heterogeneity in the patient populations with respect to
involvement of extramotor regions; indeed, one study has
reported pathological heterogeneity even within the pri-
mary motor cortex with motor neuron density in gray and
white matter varying between end-stage ALS patients.”’
Technical factors influencing the accuracy of metabolite
quantification is also to be considered because frontal lobe
spectra are more liable to be of lower quality due to issues
such as shimming performance and a greater detrimental
effect of head motion in this region. The present study
attempted to mitigate the latter by acquiring 2 spectra from
each region (in case one is not useable) and by employing
strict quality control procedures. The comparable standard
deviations of metabolite ratios between prefrontal and
motor regions, and similarly, the rejection of a low number
of spectra from each region suggest that a discrepancy in
quality of spectral quantification was not an important
factor in the results reported here.

Besides the study by Usman et al.,'® there has been only one
other study that evaluated mesial prefrontal cortex metab-
olites using MRS in ALS.*® Direct comparison is not pos-
sible with the latter as their statistical analysis evaluated
patients dichotomized according to site of onset: those with
bulbar onset (n = S) had reduced NAA/Cr, whereas in
patients with limb onset (n = 8), it was normal. A compa-
rable region, the dorsolateral prefrontal cortex, has been
evaluated and found to have reduced NAA/Cr in patients
with impaired verbal fluency.'> However, an analysis of
prefrontal cortex metabolites between patients and healthy
controls was not performed as the study did not include
healthy controls. Overall, mesial prefrontal cortex spec-
troscopy does not appear to be a useful diagnostic tool with
respect to distinguishing patients from healthy controls. It
may be useful to understand spatial distribution of pathol-

ogy and in identifying ALS subgroups.

Clinical associations between metabolite ratios and measures of
UMN dysfunction were also observed in the present work.
Reduced motor cortex tNAA/Cr, tNAA/Cho, and tNAA/Ino
ratios were associated with lower foot tapping rate, and reduced
tNAA/Ino was associated with lower finger tapping rate. The
more robust association with foot tapping may be attributed to
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the midline placement of the MRS voxel, which would have
greater sampling of the lower limb than upper limb region on
the motor homunculus. Reduced motor tNAA/Cho was asso-
ciated with higher disease progression rate, indicating that
greater cerebral degeneration is associated with faster pro-
gressing disease. Our findings are consistent with prior studies
reporting clinical correlations of motor metabolites with finger
tapping, "' "** foot tapping,** and disease progression.*>*****°
Correlations with tapping rates provide a degree of clinical
validation of the specificity of the metabolite findings to cere-
bral degeneration, as impaired tapping is a result of UMN
dysfunction rather than weakness which is the result largely of
LMN degeneration.”® While we did not find associations be-
tween metabolite ratios and symptom duration and ALSFRS-R,
previous studies have indicated that reduced ratios were asso-
ciated with longer disease duration®***" and lower ALSFRS-R
(greater disability).®”*****3? The lack of an association with
the ALSFRS-R is not surprising given that disability is largely
dependent on strength which in turn is largely dependent on
LMN integrity in ALS.»

Exploration of correlations of frontal metabolite ratios
revealed that lower tNAA/Cr ratio was associated with re-
duced executive function (verbal fluency and backwards digit
span). Impaired fluency has consistently been reported as
a feature of dysexecutive functioning in ALS.** This associ-
ation suggests MRS as a potential biomarker for identifying
cognitive subgroups.

Cerebral metabolite changes measured using MRS have been
documented in ALS studies with group sizes in the teens to mid-
twenties. These studies have consistently shown reduced NAA
ratios in the motor cortex and extramotor regions including the
posterior limb of the internal capsule,**> brainstem,” medulla
oblongata,* cingulate cortex, and mesial prefrontal cortex.'®
There have been a few large-scale studies reported; however,
they have all been retrospective in nature and conducted at single
sites. One study of 164 patients reported correlations of NAA/
Cr ratio with UMN signs; however, there was no healthy control
group.® Cervo et al.*” compared 84 ALS patients to a relatively
small (n = 28) group of healthy controls and reported reduced
NAA/(Cho + Cr) ratio in the motor cortex of patients. The
present prospective study has aimed to address these limitations
by examining a large cohort of both ALS patients and controls
through a prospective multicenter approach and by using a har-
monized clinical and radiological protocol.

This study has a number of limitations for which we propose
mitigating strategies in future experiments. To address the
heterogeneity of the ALS population, it would be preferable to
conduct analysis on a more stratified cohort with over 30
patients and 30 healthy controls from each site. To explore the
potential of MRS as a diagnostic marker for ALS, future studies
should include disease controls such as progressive muscular
atrophy, primary lateral sclerosis, and relevant neuropathies,
such as multifocal motor neuropathy. Caution is required in the
attribution of tapping rate to purely UMN integrity in the

Neurology.org/CP
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presence of significant LMN involvement, as the latter can
manifest with marked weakness and fatigue; correcting or sta-
tistically modeling for the presence of both UMN and LMN
signs should be considered. Although the variability between
sites was small, future multicenter MRS studies may benefit
from identifying an intersite correction measure.

Our review of the literature would suggest that there is no
consensus yet on which metabolic marker or ratio is the best
to distinguish between patients and controls or to correlate
with UMN degeneration. However, we did replicate our prior
study,6 which found motor tNAA/Ino ratio to have the
largest decrease among the motor metabolite ratios and to
have the strongest clinical correlation. Future studies should
further evaluate this measure, including its sensitivity to
disease progression, utility in subgrouping patients, and de-
termining its pathological correlates.

In summary, this study demonstrates in vivo that cerebral
degeneration in ALS is most profound in the motor cortex
and less so in the mesial prefrontal cortex, that tNAA/Ino
ratio remains a promising biomarker of degeneration and one
that requires further evaluation. This study also demonstrates
that a multicenter approach to prospective MRS studies in
ALS is feasible.
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