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Amyotrophic lateral sclerosis (ALS) is a deadly neurodegenerative disorder affecting motor neurons in the spinal
cord and brain. Studies have reported on atrophy within segments of the cervical cord, but we are not aware of
previous investigations of the whole spinal cord. Herein we present our findings from a 3T MRI study involving
32 subjects (15 ALS participants and 17 healthy controls) characterizing cross-sectional area along the entire
cord. We report atrophy of the cervical enlargement in ALS participants, but no evidence of atrophy of the
thoracolumbar enlargement. These results suggest that MR-based analyses of the cervical cord may be sufficient

for in vivo investigations of spinal cord atrophy in ALS, and that atrophy of the cervical enlargement (C4-C7) is a
potential imaging marker for quantifying lower motor neuron degradation.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder
affecting motor neurons in the spinal cord and brain that leads to rapidly
progressive loss of limb and bulbar muscle function, and, ultimately,
respiratory failure and death within 3-5 years. Human in vivo neuro-
imaging has shown focal areas of cortical atrophy in the vicinity of upper
motor neurons in the brains of people with ALS (Alshikho et al., 2016).
However, brain findings focus only on the upper motor neuron
component of ALS pathology. In vivo imaging of the spinal cord and
lower motor neuron (LMN) component remains challenging due to the
small diameter of the cord and need for high spatial resolution coupled
with unavoidable motion artifacts from physiological motion such as
respiration, cardiac activity and cerebrospinal fluid (CSF) pulsatility (El
Mendili et al., 2019). The literature on spinal cord imaging in ALS
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continues to emerge, but remains sparse with variable study designs,
data acquisitions (including field strength and pulse sequences), and/or
outcome metrics (cross sectional area, volume, fractional anisotropy,
etc.), which have resulted in varying and often inconsistent findings
across studies (El Mendili et al., 2019).

Advances in in vivo spinal cord imaging technologies and methods
may offer opportunities to mitigate some of the aforementioned chal-
lenges (Bede et al., 2012; Bede et al., 2018; El Mendili et al., 2019).
Previous 1.5T (Agosta et al., 2009) or 3T (Cohen-Adad et al., 2013;
Querin et al., 2017; Paquin et al., 2018; van der Burgh et al., 2019)
studies have demonstrated spinal cord atrophy and/or diffusion ab-
normalities affecting the cervical cord in ALS participants. One study
(Paquin et al., 2018) reported that cervical gray matter atrophy was
more sensitive than spinal cord atrophy to discriminate participants
with ALS. However, spinal cord neuroimaging studies have mostly
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focused on cervical cord MRI findings — and often just segments of the
cervical cord. To the best of our knowledge, no studies to date have re-
ported on the feasibility and challenges of high-resolution MRI along the
entire spinal cord in people with ALS. Therefore, the goal of the current
study was to evaluate the spatial distribution of atrophy along the entire
spinal cord in ALS participants compared to healthy controls. A sec-
ondary objective subserving this aim was the development of appro-
priate MRI sequences for whole cord measurements of cross-sectional
area.

2. Material and methods
2.1. Study cohort

As outlined in the Consort diagram (Fig. 1), 54 subjects were pre-
screened/screened and 46 subjects were enrolled in this study. Thirty-
two subjects (15 participants with ALS and 17 healthy controls)
completed this study between July 2016 and March 2021. All subjects
met the institutional PET/MRI safety criteria (including being able to lie
supine for approximately two hours) and provided written, informed
consent through protocols approved by the Mass General Brigham
(formerly Partners HealthCare) Institutional Review Board (IRB) and
Radioactive Drug Research Committee.

Cohort characteristics are detailed in Table 1. Our ALS cohort is
enriched by participants with arm dysfunction and with relatively pre-
served leg function. Notably, nearly two-thirds of the ALS cohort had
arm onset ALS while all ALS participants included in the final analyses
showed upper limb weakness and muscle atrophy at the time of scan. At
the time of scan, nearly one-third of ALS participants (n = 4) had intact
leg/gross motor function as measured by the ALSFRS-R subdomain score
(12 out of 12), while nearly one-third (n = 4) had severe arm weakness
as measured by an ALSFRS-R fine motor subscore of < 4 out of 12. The
ALS and healthy control (HC) groups were similar for age, sex, race, and
ethnicity. All ALS participants underwent cervical-thoracolumbar spinal
cord MRI scans. To expand the sample size and minimize sampling bias,
the HC cohort included 7 subjects from a separate project led by a co-
author (M.L.L.) that acquired thoracolumbar MRI scans in the same
scanner with the same acquisition parameters. Exclusion criteria for HCs
were similar across projects.

All ALS participants were diagnosed as having suspected, possible,
probable, probable laboratory-supported, or definite ALS, according to
the revised El Escorial criteria. Participants with a history of untreated
depression or other psychiatric illnesses, other neuroinflammatory or
neurodegenerative diseases, chronic infections, or prior spine surgery
were excluded from the study. Genetic testing was not performed as part
of the study and clinical genetic testing results were not available/
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Table 1

Group characteristics for MRI cross-sectional area analyses. There are no sig-
nificant differences in age (p = 0.085), sex (p = 0.137), race (p = 0.165), or
ethnicity (p = 1.0) between groups. ALSFRS-R slope = [(baseline ALSFRS-R —
48)/ disease_duration].

Characteristic ALS (n = 15) Controls (n =
17)
%(n)/ u(o) %(n)/ u(o)
Age at screening (yrs) 53.5(7.8) 46.4 (14.0)

Sex male 73% (11) male 47% (8)

Race Caucasian 93% (14)  Caucasian 88%
(15)
Native Hawaiian or Black 12% (2)
other
Pacific Islander 7%
@
Ethnicity not Hispanic or not Hispanic or

Latino 100% (15) Latino 100%
17
C9orf72 positive (1) n/a
SOD1 (Leul45Ser
pathogenic variant)

@

TBK1 positive (1)

unknown (12)

arm 60% (9) n/a
leg 20% (3)

bulbar 20% (3)

Genetic abnormality

Onset region

Symptom onset to diagnosis (months) 13.2(8.0) n/a
Disease duration at scan (months) 32.4 (15.8) n/a
Revised El Escorial criteria definite (4) n/a

probable (3)
probable lab-
supported (4)
possible (2)
suspected (2)
Spinal segment with LMN dysfunction at ~ arm 100% (15) n/a
scan
leg 53% (8)
bulbar 0% (0)

ALSFRS-R total score at scan 34.5(6.4) n/a

Estimated ALSFRS-R slope (points/ -0.46 (0.19) n/a
month)

ALSFRS-R fine motor subdomain score at 6.3 (3.2) n/a
scan (range = 0-12)

ALSFRS-R gross motor subdomain score 7.8 (3.2) n/a
at scan (range = 0-12)

Slow vital capacity at scan (% predicted)  84.5 (15.1) n/a

Riluzole use at scan 80% (12) n/a

collected for most ALS participants at the time of their participation.
While our ALS cohort was of a reasonable sample size, an even larger
cohort with genetic testing results would have been required to conduct

54 prescreened/screened

8 screen failures

46 enrolled

Low vital capacity/inability to lie flat for scan (0)
Lack of rEEC diagnosis of ALS (0)

Unable to scan: BMI >35 scanner cutoff (7)
Other (1)

‘ ALS participants (N=22) ‘

| Healthy controls (N=24) |

|

7 did not complete study ‘ 15 completed stud ‘ I 17 completed stud | 7 did not complete study
Consent withdrawal (4) P y i y Early terminated (3)
Disease progression (1) Lost to follow up (4)
Lost to follow up (2)

Final MRI analyses

(N=32; 15 ALS participants, 17 HCs)

Fig. 1. Consort diagram for MRI data analyses. ({EEC = revised El Escorial criteria).
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clinical correlations with MRI data and report meaningful clinical rele-
vance; therefore, clinical correlations are not reported herein.

2.2. Data acquisition

Eligible subjects underwent a combined [*'C]PBR28-PET/MRI scan
at the Athinoula A. Martinos Center for Biomedical Imaging, Massa-
chusetts General Hospital (Charlestown, MA), performed with a Siemens
Biograph mMR whole-body 3 Tesla PET/MR system (Siemens Healthi-
neers, Erlangen, Germany) (Delso et al., 2011). Complete details of the
spinal cord PET experiment will be presented in a separate report.

High-resolution T2-weighted MRI scans were acquired to compute
spinal cord cross-sectional area (CSA), which is critical for accurate
anatomical definition and segmentation of the spinal cord from sur-
rounding cerebrospinal fluid and nerve root contrasts. After an interim
analysis and quality control (QC) assessment of MRI data, unanticipated
technical challenges were discovered that affected cervical spinal cord
data in some scans, attributed to small cord volumes coupled with mo-
tion artifacts arising from sialorrhea (i.e., excessive salivation), repeti-
tive swallowing, and effortful breathing that are not uncommon to ALS
disease populations. As a result, we improved our MRI acquisition pro-
tocol and workflow to mitigate partial volume effects and the impact of
deleterious sources of physiological noise while being mindful of the
acquisition times to reduce participant discomfort. The revised and
finalized cervical cord protocol used a 3D T2-SPACE (Sampling Perfec-
tion with Application-optimized Contrasts by using flip angle Evolution)
sequence (Chokshi et al., 2017) and consisted of the following param-
eters: FOV = 268 x 358 mm, matrix size = 288 x 384, sagittal orien-
tation, number of slices = 64, in-plane encoding resolution = 0.93
mm x 0.93 mm, slice thickness = 0.9 mm, voxel volume = 0.78 mm?,
phase encode direction = A-P, phase oversampling = 25%, slice
oversampling = 25%, TR = 1500 ms, TE = 103 ms, RESTORE (i.e.,
driven equilibrium) magnetization, constant refocusing flip angle =
120°, concatenations = 1.4, GRAPPA acceleration factor = 3, readout
flow compensation, sampling bandwidth = 723 Hz/pixel, echo spacing
= 5.83 ms, echo train duration = 268 ms, turbo factor = 59, acquisition
time =5 min 33 s. The original scan parameters (not shown) resulted in
an 8 min 24 s acquisition time (due in part to an H-F phase encode di-
rection) vs. a revised time of 5 min 33 s using the above parameters,
which improved ALS participants’ ability to tolerate lying still for the
scan while maintaining high signal-to-noise ratio (SNR) and data qual-
ity. Nonetheless, to account for potential ALS participant motion during
at least one anatomical scan, the T2-weighted cervical scan was repeated
for each subject and the highest quality scan (through a visual inspection
by R.L.B.) was included in final analyses.

Thoracolumbar images for all subjects were acquired using a 2D T2-
weighted turbo spin echo (TSE) sequence with the following protocol
parameters: FOV = 232 x 240 mm, matrix size = 269 x 384, sagittal
orientation, number of slices = 30, slice gap = 25%, in-plane encoding
resolution = 0.86 mm x 0.63 mm, slice thickness = 2.0 mm, voxel
volume = 1.08 mm®, phase encode direction = H-F, phase over-
sampling = 100%, TR = 3380 ms, TE = 109 ms, RESTORE (i.e., driven
equilibrium) magnetization, refocusing flip angle = 150°, concatena-
tions = 2.0, readout flow compensation, sampling bandwidth = 228
Hz/pixel, echo spacing = 10.9 ms, turbo factor = 17, acquisition time
= 7 min 7 s. Both high-resolution scans were performed with the
respective anatomy of interest (cervical or thoracolumbar cord)
approximately centered at the scanner isocenter.

2.3. Data processing and analysis

Data were processed and analyzed using in-house code written in
MATLAB (MathWorks, Natick, MA) with functions from the Spinal Cord
Toolbox (development version, pre-v5.3.0, downloaded March 19,
2021) (De Leener et al., 2017). First, all MR images were resampled
(sct_resample) to 0.7-mm isotropic resolution as recommended by
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the developers because the acquired data were anisotropic (personal
correspondence; (Gros et al., 2019)). Second, to ensure accurate regis-
tration to template space, points were manually labeled (sct_labe-
1_utils) at the C2/C3 and C7/T1 intervertebral discs, respectively, for
cervical images. Similarly, for thoracolumbar images, points were
manually labeled at the extents of the spinal cord that were within the
imaging field of view (typically T6/T7 or T7/T8, and T12/L1 or L1/L2,
respectively). Third, the spinal cord was automatically segmented from
the image (sct_deepseg_sc). Fourth, the MR image was warped
(sct_warp_template) to the PAM50 spinal cord and brainstem tem-
plate (De Leener et al., 2018). Fifth, measurements of cross-sectional
area were extracted for each vertebral level (sct_pro-
cess_segmentation). While the entire cervical spinal cord was visu-
alized in all subjects, an imaging gap in the mid-thoracic cord (e.g.,
Fig. 2) was present in some, but not all, subjects. Because the primary
MRI outcome was mean CSA per vertebral level (Fig. 3), CSA measure-
ments of vertebral levels with partial coverage were treated in the same
way as levels with complete coverage. In a few subjects, the cervico-
thoracic and thoracolumbar segments overlapped slightly; in such cases,
CSA was calculated using each segment, and the greater value was taken
as the final CSA to compensate for the downward bias in CSA mea-
surement in low SNR regions.

Group-level comparisons for mean spinal cord CSA across vertebral
levels C1 to L1 were performed using one-tailed Wilcoxon rank sum tests
with the a priori hypothesis that ALS < Control. If a vertebral level for a
given subject contained no CSA measurement, then the statistical test
between groups was performed with the remaining data. Because
contiguous tests along the cord are not statistically independent, Bon-
ferroni correction with a correction factor of 3 was used to correct for
multiple comparisons considering that the spinal cord has three distinct
anatomical segments (cervical, thoracic, and lumbar).

Investigating group-level changes in spinal cord CSA as a function of
vertebral level creates a spatial sensitivity bias because the length of the
cord varies across subjects (De Leener et al., 2018). Specifically, we
expect lower sensitivity more caudally due to the variability in overlap
of the thoracolumbar enlargement (see Fig. 7 in (De Leener et al.,
2018)), which is a potential confound in our investigation of whole cord
atrophy. We addressed this issue through a secondary analysis of the
CSA data where, for each subject, vertebral level C1 was used as an
“anchor point” and CSA measurements were linearly scaled so that the
thoracolumbar enlargement and cauda equina approximately aligned
across subjects prior to group-level averaging. Statistical comparisons
for mean spinal cord CSA at each point along the cord between C1 and
the cauda equina were then performed as previously described for
vertebral levels.

3. Results

Fig. 3 presents the mean CSA across vertebral levels for the entire
spinal cord with group-level comparisons between HCs (n = 17) and
ALS participants (n = 15) at each level. Across ALS participants, spinal
cord atrophy was not uniform and predominantly presented in the cer-
vical cord compared to other cord segments. Upon review of the verte-
bral levels within the cervical cord, reductions in CSA were significant at
C4, C5, C6, and C7 vertebral level cord segments (p < 0.05 or p < 0.01;
corrected for multiple comparisons), indicating flattening of the char-
acteristic cervical cord enlargement. The CSA u(o) in mm? for HCs and
ALS participants, respectively, at these four cervical levels are: 71.3
(9.29) vs. 60.4 (7.60) at C4, a 15.3% decrease (p = 0.019); 71.0 (7.72)
vs. 58.7 (8.91) at C5, a 17.3% decrease (p = 0.009); 64.6 (6.89) vs. 55.2
(8.51) at C6, a 14.6% decrease (p = 0.020); and 56.6 (7.39) vs. 48.2
(8.92) at C7, a 15.1% decrease (p = 0.049). Interestingly, there was no
evidence of atrophy in the ALS cohort at the level of the thoracolumbar
enlargement.

Fig. 4 plots group-level CSA analyses following the rescaling pro-
cedure aligning the thoracolumbar enlargement and cauda equina of
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individual spinal cords to mitigate decreased sensitivity to CSA differ-
ences in caudal regions. It is important to note that both cervicothoracic
and thoracolumbar cord segments have comparable high imaging data
quality, which were QCed by a clinically-blinded investigator during
analyses (R.L.B.). No group differences were observed at the thor-
acolumbar enlargement following normalization, while statistically
significant group-level differences were still observed at the cervical
enlargement region.

4. Discussion

The spinal cord is a critical region of the central nervous system
involved in ALS disease biology affecting LMNs and descending corti-
cospinal tracts. Despite this, there is sparse evidence about regional
distribution patterns and in vivo changes of atrophy and other mecha-
nistic alterations affecting the spinal cord in human ALS. Two recent 3T
studies reported cervical cord atrophy in ALS participants, but these
studies evaluated limited portions of the cervical spinal cord (Grolez
et al., 2018; Wimmer et al., 2020). The Grolez et al. study (Grolez et al.,
2018) evaluated a short segment of the cord between vertebral levels C3
and C5 in 40 ALS participants and observed correlations of spinal cord
volume reduction with slow vital capacity decline from baseline.
Another recent multi-center study (N = 103) similarly examined only
the rostral cervical cord (C1-C3) and observed a 5% decrease in cord
CSA at these levels in ALS compared to HCs at baseline (60.8 mm?
vs. 63.8 mmz) (Wimmer et al., 2020).

To the best of our knowledge, the whole cord investigation presented
herein is the first to report on non-uniform atrophy and selective
degeneration of the cervical cord enlargement in ALS. Across all spinal
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Fig. 2. Mid-sagittal view of the cervicothoracic and
thoracolumbar spinal cord segments in (A) a healthy
control and (B) an ALS participant. The spinal cord,
automatically identified using the Spinal Cord
Toolbox (De Leener et al., 2017), is overlaid in red.
The mid-thoracic cord, especially T4-T7, is chal-
lenging to image across subjects with two segments
due to its distance from the head/neck coil array and
the field of view and positioning of the thoracolumbar
segment (details of how this is handled are described
in the Methods). Atrophy of the cervical cord is visible
in this ALS participant.

cord segments, significant atrophy was observed only between vertebral
levels C4 to C7, inclusive, in the ALS cohort. Interestingly, there was no
evidence of atrophy in the thoracic cord or thoracolumbar enlargement
(between vertebral levels T11 and L1) in our ALS participants — even
after the rescaling procedure to align the thoracolumbar enlargement
and cauda equina of individual spinal cords prior to group analyses.
Therefore, selective atrophy of the cervical enlargement (C4-C7) is a po-
tential imaging marker for quantifying LMN degeneration in ALS.

An additional contribution of this study was the development of an
improved MRI protocol for reliable measurements of spinal cord
morphometry. In developing an MRI biomarker for spinal cord neuro-
degeneration tracking and prediction modeling in ALS, defining the
spinal cord/CSF margins accurately is fundamental for accurate cord
segmentation. Our 3D T2-SPACE protocol for high-resolution MRI of the
upper spinal cord covers the entire cervical cord and upper thoracic cord
in a reasonable scan time that permits accurate delineation of the cord
boundaries. Additionally, we repeat this scan and allow for the selection
of the best acquisitions in case one of the volumes is compromised due to
motion from swallowing or head movements, etc., which is not un-
common in the ALS population. Thus, this cervical cord imaging tech-
nique with a repeat acquisition could be important in guiding a high-
yielding spinal cord MRI session for quantifying LMN degeneration in
ALS that could have direct clinical impact in the future.

It is known from studies of fresh, non-fixed spinal cord from non-ALS
cadavers (Ko et al., 2004; Watson et al., 2009) and in vivo spinal cord
MRI of HCs (Frostell et al., 2016; De Leener et al., 2018) that CSA in-
creases from C1 to vertebral levels C4-C5 (spinal levels C5-C6) and then
decreases in the upper thoracic segments. Our HC data follow this
physiological pattern of CSA change along the cord length and show
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Fig. 3. Whole spinal cord cross-sectional area (CSA) in healthy controls (n =
17; blue) and ALS participants (n = 15; red) across vertebral levels. Interver-
tebral discs were used to register individual spinal cords to the PAM50 template
for analyses and comparisons. Lines represent mean and standard deviation
across subjects within each cohort. Group-level differences between controls
and ALS participants are observed across vertebral levels C4 to C7 (* =
p < 0.05; ** = p < 0.01; corrected for multiple comparisons), demonstrating
atrophy of the cervical enlargement but preservation of the thoracolumbar
enlargement (between vertebral levels T11 and L1) in ALS participants. The
primary finding — significant group-level differences in CSA at these four cer-
vical levels — is, for convenience, also summarized in tabular form.
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Fig. 4. Whole spinal cord cross-sectional area (CSA) in healthy controls (n =
17; blue) and ALS participants (n = 15; red) following a rescaling procedure
(described in the Methods) to align the thoracolumbar (TL) enlargement and
cauda equina across subjects to mitigate decreased sensitivity to CSA changes in
caudal regions. Lines represent mean and standard deviation across subjects
within each cohort. No group-level differences are observed at the thor-
acolumbar enlargement while statistically-significant differences are still
observed at the cervical enlargement (* =p < 0.05; ** = p < 0.01; corrected for
multiple comparisons).
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cervical enlargement as expected at vertebral levels C4-C5. Further-
more, the numerical values for CSA in our HC cohort are in good
agreement with the PAM50 spinal cord atlas for all levels (De Leener
et al., 2018), thus providing additional validation of the representa-
tiveness of this study’s HC cohort and that CSA values and patterns of
atrophy observed in the ALS cohort reflect true biological changes.

One reason for the selective involvement of the cervical enlargement
could be related to the universal presence of arm weakness clinical
phenotype in our ALS study cohort. In our cohort, all participants had
arm weakness while only half experienced leg weakness at the time of
scan. Another reason may be the hypothesized selective motor neuron
vulnerability in the cervical enlargement region, which is supported by
clinical and electrodiagnostic studies showing non-contiguous and
preferential limb muscle involvement in ALS (Babu et al., 2017; Shayya
et al., 2018; Nijssen et al., 2017). It has been hypothesized that regional
differences in motor neuron density, metabolic energy demands, glial
activation abnormalities, etc., may explain preferential lower motor
neuron vulnerability in different cord regions (Nijssen et al., 2017). For
example, a seminal ALS postmortem study revealed widespread pTDP-
43 pathology across the entire spinal cord, with the heaviest neuronal
loss correlating strongly with the distribution of TDP-43 pathology most
prominently at spinal levels C5-T1 and L5 (with corresponding vertebral
levels C4-C7 and T12-L1, respectively) (Brettschneider et al., 2014).

The spinal cord MRI findings from this study support future longi-
tudinal quantitative MRI (qMRI) studies in larger, clinically-
homogeneous ALS cohorts. Such larger cohort studies must focus on
stratifying and enriching subgroups based on phenotypic homogeneity
such as leg, arm, truncal, or bulbar weakness at the time of scan to better
evaluate other cord regions with confidence. Specifically, the cervical
enlargement (C4-C7) is a potential high-yielding region for qMRI in
ALS. Future ALS studies could focus on this specific region of interest to
increase the likelihood of detecting cord atrophy while reducing scan
time and patient discomfort, which should improve scan tolerability and
thus recruitment/retention for longitudinal qMRI studies. While
designing future clinical association studies using cervical spinal cord
gMR], it is important to recognize that the cervical enlargement is a
complex anatomical system showing somatotopic arrangement of motor
neurons in both transverse and longitudinal patterns. Even though the
origin of a motor unit innervating a certain muscle/myotome is defined
by the vertebral level from which it arises (e.g., intrinsic hand muscles
by C8-T1 nerve roots), the spinal cord segment within each vertebral
level is complex and motor neurons innervating C8-T1 myotomes may
be distributed both transversely and longitudinally across multiple
adjacent vertebral levels (Watson et al., 2009). Regardless, the focused
approach of evaluating the widest segment of the spinal cord - the
cervical enlargement — would accelerate further development and
scaling of spinal cord qMRI for clinical disease tracking and overall
prediction of upper limb functional decline in ALS.
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