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A B S T R A C T

Background: Amyotrophic lateral sclerosis (ALS) is a progressive neuromuscular disease characterized by both upper
and lower motor neuron degeneration. While neuroimaging studies of the brain can detect upper motor neuron
degeneration, these brain MRI scans also include the upper part of the cervical spinal cord, which offers the possi-
bility to expand the focus also towards lower motor neuron degeneration. Here, we set out to investigate cross-
sectional and longitudinal disease effects in the upper cervical spinal cord in patients with ALS, progressive muscular
atrophy (PMA: primarily lower motor neuron involvement) and primary lateral sclerosis (PLS: primarily upper motor
neuron involvement), and their relation to disease severity and grey and white matter brain measurements.
Methods: We enrolled 108 ALS patients without C9orf72 repeat expansion (ALS C9–), 26 ALS patients with
C9orf72 repeat expansion (ALS C9+), 28 PLS patients, 56 PMA patients and 114 controls. During up to five
visits, longitudinal T1-weighted brain MRI data were acquired and used to segment the upper cervical spinal
cord (UCSC, up to C3) and individual cervical segments (C1 to C4) to calculate cross-sectional areas (CSA). Using
linear (mixed-effects) models, the CSA differences were assessed between groups and correlated with disease
severity. Furthermore, a relationship between CSA and brain measurements was examined in terms of cortical
thickness of the precentral gyrus and white matter integrity of the corticospinal tract.
Results: Compared to controls, CSAs at baseline showed significantly thinner UCSC in all groups in the MND
spectrum. Over time, ALS C9– patients demonstrated significant thinning of the UCSC and, more specifically, of
segment C3 compared to controls. Progressive thinning over time was also observed in C1 of PMA patients, while
ALS C9+ and PLS patients did not show any longitudinal changes. Longitudinal spinal cord measurements
showed a significant relationship with disease severity and we found a significant correlation between spinal
cord and motor cortex thickness or corticospinal tract integrity for PLS and PMA, but not for ALS patients.
Discussion: Our findings demonstrate atrophy of the upper cervical spinal cord in the motor neuron disease
spectrum, which was progressive over time for all but PLS patients. Cervical spinal cord imaging in ALS seems to
capture different disease effects than brain neuroimaging. Atrophy of the cervical spinal cord is therefore a
promising additional biomarker for both diagnosis and disease progression and could help in the monitoring of
treatment effects in future clinical trials.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neuromuscular
disease, resulting in upper and lower motor neuron degeneration. It is a
heterogeneous disease in terms of disease onset and disease progression

(Chiò et al., 2011; Ravits and La Spada, 2009) with a median survival
time of 3 years after onset of symptoms (Westeneng et al., 2018). Most
in vivo neuroimaging studies in ALS have focused on the brain, showing
cortical thinning in several regions including the motor cortex (Agosta
et al., 2012; Bede and Hardiman, 2018; Walhout et al., 2015;
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Westeneng et al., 2015) and loss of white matter integrity in the
structural brain networks of patients with ALS compared to controls
(Buchanan et al., 2015; Keil et al., 2012; Schmidt et al., 2014;
Verstraete et al., 2011, 2014). Furthermore, a different pattern of brain
involvement is demonstrated in a subgroup of patients with a C9orf72
mutation (Floeter et al., 2016; Westeneng et al., 2016).

Neuroimaging of the brain, however, targets to find upper motor
neuron degeneration. Expanding the focus to spinal cord imaging pro-
vides an opportunity to investigate not only upper but also lower motor
degeneration (El Mendili et al., 2014, 2019). In recent years, spinal cord
imaging in ALS has gained more interest (Agosta et al., 2009; Branco
et al., 2014; Cohen-Adad et al., 2013; de Albuquerque et al., 2017; El
Mendili et al., 2014; Olney et al., 2018; Querin et al., 2017, 2018;
Rasoanandrianina et al., 2017; Sperfeld et al., 2005; Valsasina et al.,
2007; Wang et al., 2014). While significant atrophy of spinal cord was
found in patients with ALS compared to controls, it remains unclear
whether thinning occurs throughout the motor neuron disease (MND)
spectrum or only in ALS, whether thinning differs according to site-of-
onset type, and what is the relationship between thinning and grey and
white matter degeneration in the brain.

Brain MRI scans include the upper part of the cervical spinal cord
allowing us to investigate the effects of motor neuron loss in this area and
also enables to link disease effects on cervical cord MRI to those of the
brain. Together with ALS, patients with primary lateral sclerosis (PLS), a
primarily upper motor neuron disorder, and progressive muscular
atrophy (PMA), a primarily lower motor neuron disorder, make up the
MND spectrum and studying these patient groups could therefore help in
the identification of the type of motor neuron degeneration driving
cervical spinal cord thinning. Moreover, spinal cord imaging might help
in characterizing disease effects outside the brain, finding relationships
with phenotype, genotype and disease severity, and as a diagnostic and

prognostic biomarker. Finally, longitudinal neuroimaging studies have
the potential to monitor disease progression and could be used as bio-
marker in clinical trials.

In the present study, we investigated cross-sectional and long-
itudinal disease effects in a large cohort of patients with ALS, PLS or
PMA using neuroimaging of the upper cervical spinal cord derived from
brain MRI.

2. Materials and methods

2.1. Participants

Patients with a MND were recruited from a population-based cohort
shortly after diagnosis (Huisman et al., 2011), between 2009 and 2018.
ALS patients were diagnosed according to the El Escorial criteria
(Brooks et al., 2009). PLS patients were diagnosed according to the
Gordon criteria, where the patient fulfilled the criteria at baseline or
during follow-up (de Vries et al., 2018; Gordon et al., 2006). For the
latter, earlier scans were included in the analyses. Similarly, patients
with PMA satisfied previously described criteria from literature (de
Vries et al., 2018; Visser et al., 2007). Clinical characteristics such as
site of and age at disease onset, and the revised ALS functional rating
scale (ALSFRS-R) score as measure for disability (Cedarbaum et al.,
1999) were recorded. The same protocol was used to acquire long-
itudinal data. Genomic DNA samples of patients were screened for the
C9orf72 repeat expansion, using a repeat primed PCR as previously
described (Van Rheenen et al., 2012). Patients have not been screened
routinely for other ALS-related mutations as these are relatively rare.
Patients had no history of brain injury, psychiatric illness, epilepsy, or
neurodegenerative diseases other than ALS or frontotemporal de-
mentia. Control subjects were also selected from a Dutch population-

Fig. 1. Cervical spinal cord segmentation. 1) A control subject was appointed as template for spinal cord segmentation. 2) The initial segmenting starting point
derived on the template was brought to individual space and used to segment the spinal cord of each subject. 3) For each subject, borders of the cervical spinal cord
segments were identified as the center of intervertebral disks. 4) The cross-sectional area (CSA) of each segmentation slice was computed and averaged over the first
three cervical segments (UCSC) or for individual segments (C1–C4).

Table 1
Demographic and clinical characteristics of all study participants at baseline.

ALS C9– ALS C9+ PLS PMA CON p-value

n (n follow-up) 108 (64) 26 (18) 28 (18) 56 (41) 114 (54)
Follow-up interval, m (median, range) 4.9c (3.0–9.8) 5.4c (3.0–10.0) 6.8c (3.2–85.9) 5.5c (3.0–59.0) 14.7 (4.3–50.8) 0.009
Gender (%) 0.007
Male 59 (54.6) 17 (65.4) 17 (60.7) 46 (82.1) 63 (55.3)
Female 49 (45.4) 9 (34.6) 11 (39.3) 10 (17.9) 51 (44.7)

Age at 1st MRI (median, range) 64.6 (30.6–80.5) 59.7 (40.6–67.0) 60.2 (36.1–78.3) 63.1 (22.6–80.1) 65.0 (30.8–79.4) 0.027
Site of onset (%) <0.001
Bulbar 30 (27.8) 5 (19.2) 3 (10.7) 0 (0.0) –
Spinal 78 (72.2) 21 (80.8) 25 (89.3) 56 (100) –

Disease durationa,b (median, range) 14.4 (2.9–174.4) 11.5 (3.3–68.3) 90.6 (23.5–224.9) 20.3 (4.6–467.4) – <0.001
ALSFRS-R score (median, range) 40 (23–47) 41 (30–47) 39 (28–44) 41.5 (25–48) – 0.027

a Disease duration was measured from disease onset until date of the first MRI in months.
b Diagnosis of PLS and PMA was given after 4 years, but prior (baseline) scans were included in analyses.
c Denotes characteristics that significantly differ (p < .05) between a patient group and their matched control group. The column of p-values denotes significant

differences between the patient groups.
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based cohort (Huisman et al., 2011). These controls are, therefore, not
necessarily healthy but are controls in the sense that they have no MND
or a history of brain injury, psychiatric illness or epilepsy. Participants
(patients and controls) with cervical myelopathy, cervical radiculo-
pathy, spinal trauma or spinal surgery of the studied spinal segments,
and subjects with demyelinating conditions (multiple sclerosis / neu-
romyelitis optica) were also excluded. The Ethical Committee for
human research of the University Medical Center Utrecht approved the
study protocols and informed written consent, according to the De-
claration of Helsinki, was obtained from each subject.

2.2. Image acquisition

From all subjects, T1 scans were acquired using a 3 Tesla Philips
Achieva Medical Scanner with a SENSE receiver head-coil, initially for the
purpose of brain imaging. Each high-resolution T1-weighted image was

acquired by a 3D fast field echo using parallel imaging (acquisition
time=11min, TR/TE=10/4.6ms, flip-angle 8°, slice orientation: sagittal,
voxel size=0.80×0.75×0.75mm, field of view (FOV)=176×
240×240mm, gradient nonlinearity correction was applied), covering the
whole brain and the first segments of the cervical spinal cord (C1-C2). The
proportion of other cervical spinal cord segments (C3-C5) present on the
images depended on the subject's head size and position in the field of view,
while the subject's head and upper cervical spinal cord (UCSC) was con-
sistently positioned in the middle of the head coil.

Furthermore, diffusion-weighted images (DWI) of the brain were
acquired to assess white matter. For this, two sets of 30 diffusion-
weighted scans and five unweighted B0 scans each were acquired as
follows: DWI-MR using parallel imaging SENSE, p-reduction= 3, gra-
dient set of 30 different weighted directions, b= 1000 s/mm2, TR/
TE=7035/68ms, 2× 2×2mm voxel size, 75 slices, second set with
reversed k-space read-out, acquisition time= 4.5min.

Fig. 2. CSA of UCSC and individual segments. A) The CSA of UCSC for each patient group (PLS, ALS C9–, PMA and ALS C9+) was compared to their age- and gender-
matched controls (CON). Solid lines denote the mean CSA and dashed lines reflect the mean ± standard deviation boundaries. B) Comparison between patient and
control groups for cervical segments C1–C4.
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2.3. Spinal cord data processing

Using the T1-weighted images, we identified a control subject with
minimal anterior-posterior and left-right curvature of the spine and the
most cervical segments (C1-C5). This subject was set to be the experi-
mental standard template, following the framework of Kong et al. (2014).

The spinal cord of the template was segmented, using segmentation
functions of the Spinal Cord Toolbox (De Leener et al., 2017), by manually
setting the initial segmenting starting point for the template (Fig. 1).

The T1-weighted image of each subject was registered to the tem-
plate by applying FSL's non-linear image registration algorithm
(FNIRT), which used the output of the linear registration algorithm

Table 2
Cross-sectional CSA results for ALS, PLS, PMA and their matched controls.

CSA PAT CSA CON ΔCSA p-value FDR-corrected p-value

ALS C9– UCSC 71.03 ± 7.55 75.30 ± 7.55 4.27 <0.001 <0.001
C1 75.41 ± 9.62 78.75 ± 9.62 3.34 0.010 0.016
C2 68.51 ± 7.41 72.22 ± 7.41 3.71 <0.001 0.001
C3 69.87 ± 7.79 75.53 ± 7.79 5.66 <0.001 <0.001
C4 72.57 ± 9.26 76.87 ± 9.21 4.30 0.025 0.030

ALS C9+ UCSC 72.36 ± 6.96 77.31 ± 7.11 4.77 0.019 0.030
C1 74.72 ± 9.42 79.75 ± 9.68 4.90 0.052 0.066
C2 70.11 ± 6.96 74.28 ± 7.15 3.98 0.032 0.047
C3 72.25 ± 7.19 78.15 ± 7.54 5.73 0.006 0.013
C4 73.19 ± 10.69 80.43 ± 9.95 7.23 0.301 0.309

PLS UCSC 66.89 ± 7.16 73.55 ± 7.26 6.66 0.003 0.005
C1 69.14 ± 9.34 76.73 ± 9.34 7.59 0.003 0.005
C2 63.47 ± 7.22 70.01 ± 7.21 6.54 <0.001 0.002
C3 66.89 ± 6.98 74.32 ± 7.07 7.43 <0.001 0.003
C4 65.50 ± 7.02 77.99 ± 7.80 12.49 0.002 0.005

PMA UCSC 71.17 ± 8.42 75.80 ± 8.79 4.64 0.002 0.005
C1 74.24 ± 11.14 78.83 ± 11.14 4.59 0.011 0.016
C2 69.43 ± 8.99 73.16 ± 8.99 3.74 0.011 0.016
C3 70.82 ± 8.98 76.30 ± 9.37 5.48 <0.001 0.002
C4 74.64 ± 9.69 75.15 ± 10.03 0.52 0.876 0.876

CSA PAT and CSA CON are the estimated marginal means, corrected for age and gender (in mean ± standard deviation). All CSA values are in mm2.
P-values < 0.05 are denoted in bold.

Fig. 3. Estimates of longitudinal CSA change. A) PLS patients compared to their matched controls. B) ALS C9– patients compared to their matched controls. C) PMA
patients compared to their matched controls. D). ALS C9+ patients compared to their matched controls (CON).

H.K. van der Burgh, et al. NeuroImage: Clinical 24 (2019) 101984

4



(FLIRT) as affine starting guess. From this registration, an inverse
transform matrix was obtained, which, in turn, was applied to bring the
segmentation starting point of the template to individual subject space.
Next, the spinal cord of all subjects was segmented using the Spinal
Cord Toolbox based on the derived initial starting point as input in
order to optimize the performance of these segmentation functions.
Each segmentation was visually checked and, if necessary, improved
manually (blinded for disease status). Finally, the centers of inter-
vertebral disks served as the borders dividing the cervical spinal cord
segments and were identified for all subjects (Fig. 1).

2.4. Brain data processing

Cortical and subcortical brain regions were analyzed using T1
images and FreeSurfer (V5.3.0, http://surfer.nmr.mgh.harvard.edu/).
In total, 83 distinct brain regions (68 cortical regions, 14 subcortical
regions and brainstem) were parcellated and segmented (Fischl et al.,
2002, 2004) according to the Desikan-Killiany atlas (Desikan et al.,
2006). From the DWI dataset, white matter integrity was assessed.
Preprocessing included correction for susceptibility and eddy-current
distortions, as previously described (Verstraete et al., 2011). Next, the
images were processed with the TRACULA tool (TRActs Constrained by
Underlying Anatomy) for automated reconstruction of major white
matter tracts, like the corticospinal tract (CST), using global probabil-
istic tractography (Yendiki et al., 2011). The output included fractional
anisotropy (FA), radial diffusivity (RD) and mean diffusivity (MD) va-
lues for the major white matter tracts.

2.5. Cross-sectional area

We calculated the mean cross-sectional area (CSA) of the upper
cervical spinal cord (UCSC), defined as the mean of all slices in the first
three spinal cord segments (i.e. C1–C3, Fig. 1) with CSA of each seg-
mentation slice computed using the sct_process_segmentation function of
the Spinal Cord Toolbox (De Leener et al., 2017). This function counts
pixels in each slice, multiplies them by the voxel area and then geo-
metrically adjusts this using the centerline orientation of the spinal cord
to obtain the CSA. Next, we investigated disease effects in individual
cervical segments, defined by the identified borders, and computed the
mean CSA over all slices in each segment (Fig. 1). For this analysis, we
also included segment C4 as the CSA in this segment could be calculated

for at least 25% of subjects in each patient group. In contrast, C5 was
usually (90%) outside the field of view, so we constrained the segment-
wise comparison to C1–C4.

2.6. Statistical analysis

Statistical analyses were executed using MATLAB Release 2017b, in-
cluding the Statistics Toolbox (The MathWorks, Inc., Natick, Massa-
chusetts, United States; http://www.mathworks.com). We matched each
patient to an age- and gender-matched control subject. For this, we first
divided the patient and control groups according to gender. For each
gender-group, we then calculated the Euclidean distance based on age
between each patient and the controls. The control subject with the
smallest distance was chosen as the match for this patient and was not
available anymore for the matching algorithm of this patient subgroup.

First, baseline cross-sectional analyses were performed. Patient groups
were compared to their age- and gender-matched controls based on their
upper spinal cord and segment-wise measurements. No direct comparisons
between patient subgroups were performed due to the dependence of dis-
ease duration, different sample sizes of the groups, and because we focused
primarily on ‘abnormality’ (thus compared to controls). We therefore re-
stricted the analyses to comparisons with age- and gender-matched controls.

Significance between groups was assessed by means of linear
models (age and gender were used as covariates) and permutation tests
in which group labels were randomly assigned (10,000 permutations).
P-values < 0.05, after FDR-correction for multiple testing, were con-
sidered statistically significant. We used the algorithm of Benjamini and
Hochberg for this FDR-correction (Benjamini and Hochberg, 1995).

Second, we conducted longitudinal analyses using linear mixed-effects
models to assess CSA change over time. Age and gender were included as
covariates and we accounted for random between-subject variation of
slopes and intercepts. To examine disease effects and to compare whether
one group shows faster deterioration than others, we included an inter-
action term (follow-up time × group), where follow-up time was defined
as the time since baseline scan at follow-up scan, and group referred to
patient or control. The reported values reflect the greater amount of CSA
that a patient group has lost per month compared to the control group.

Third, we investigated CSA in relationship to phenotype, where we
stratified the C9orf72-negative ALS patient group (ALS C9–) for their site of
disease onset (bulbar or spinal). Furthermore, the CSAs of patients were
correlated with their total ALSFRS-R scores and their total ALSFRS-R minus
the bulbar sub-score (spinal ALSFRS-R sub-score (Rasoanandrianina et al.,
2017)), obtained at the time of scan, to link the spinal cord measurements to
disease severity. For the longitudinal MRI and ALSFRS-R measurements, a
linear model with random slopes and intercepts was computed. Finally, we
investigated a possible link between brain measurements (i.e. cortical
thickness of precentral gyrus and FA of the CST) and CSA.

3. Results

3.1. Participants

In total, 108 ALS C9– patients and 26 ALS patients with a C9orf72
mutation (ALS C9+), 28 PLS and 56 PMA patients participated in the
study (Table 1 and S1). In addition, 114 unrelated population-based
controls were included in the study and matched based on age and gender
to each of the patient groups (Table S2). Follow-up data (up to five visits,
Table S3) were available for 64 ALS C9–, 18 ALS C9+, 18 PLS and 41
PMA patients. Of the total control group of 114 subjects, 54 controls had
two visits (i.e. 51 controls matched to the ALS C9– group, 11 controls for
the ALS C9+ group, 12 controls for the PLS and 25 controls for the PMA
patients). CSA of segments C1 and C2 were available for all participants
(Table S4). The CSA of C3 and C4 could be calculated for at least 75% and
25% of the participants in each subject group, respectively.

Table 3
Longitudinal CSA reduction (ΔCSA, in mm2/month) for the ALS, PLS and PMA
groups compared to their matched controls.

ΔCSA p-value FDR-corrected p-value

ALS C9– UCSC 0.004 0.006 0.046
C1 0.003 0.125 0.297
C2 0.004 0.021 0.093
C3 0.005 0.003 0.044
C4 <0.001 0.994 0.999

ALS C9+ UCSC 0.001 0.771 0.999
C1 0.003 0.169 0.377
C2 0.004 0.611 0.989
C3 0.001 0.876 0.999
C4 0.007 0.518 0.893

PLS UCSC <0.001 0.999 0.999
C1 0.001 0.407 0.744
C2 <0.001 0.999 0.999
C3 0.002 0.998 0.999
C4 0.006 0.022 0.097

PMA UCSC 0.002 0.062 0.206
C1 0.004 0.006 0.048
C2 0.001 0.968 0.999
C3 0.003 0.078 0.230
C4 0.004 0.091 0.261
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3.2. Baseline disease effects

At baseline, ALS C9– patients showed a significantly thinner UCSC CSA
than controls (mean estimated difference CSA (ΔCSA)=−4.27mm2,
95%-CI[−6.27;−2.27], p < 0.001, Fig. 2A, Table 2). Compared to con-
trols, a significant thinner UCSC was also observed in PLS (mean
ΔCSA=−6.66mm2, 95%-CI[−10.68;−2.63], p=0.005) and PMA pa-
tients (mean ΔCSA=−4.64mm2, 95%-CI[−7.52;−1.75], p=0.005).
Finally, the mean CSA of the UCSC of ALS C9+ was significantly lower
compared to controls at baseline (mean ΔCSA=−4.77mm2, 95%-CI
[−8.76;−0.78], p=0.030).

ALS C9– and PLS patients showed differences in CSA compared to
their controls for all individual segments of the cervical spinal cord
(C1–C4, Fig. 2B, Table 2). The CSA of the PMA group were significantly
lower than the controls at level C1–C3. Finally, the ALS C9+ patients
displayed thinner segments compared to control at level C2 and C3.

Patients with and without follow-up data displayed similar CSA
results at baseline, with no significant difference between the two
groups (Fig. S1). Averaging only segments C2 and C3 instead of UCSC

(i.e. C1–C3) resulted in similar findings as for UCSC (Table S5).

3.3. Longitudinal disease effects

Over time, ALS C9– patients revealed significant thinning in the
UCSC measurement compared to controls (ALS C9–: mean CSA reduc-
tion= 0.004mm2/month, 95%-CI[−0.007;−0.001], p= 0.044;
Fig. 3). In contrast, the PLS, PMA and ALS C9+ patients showed no
significant changes over time (Table 3). Similar findings were observed
after averaging only C2 and C3 (Table S6).

Compared to controls, significant thinning of C3 was observed over
time in ALS C9– patients, but no longitudinal changes in segments C1, C2
and C4 (Table 3). Progressive thinning over time was also observed in C1
of PMA patients, whereas the spinal cord thickness of the PLS and ALS
C9+ group did not change over time in any of the examined segments.

3.4. Relationship with site of onset

In ALS C9– patients, both the bulbar- (n= 30) and spinal-onset

Fig. 4. CSA stratified for site of onset. A) CSA of UCSC for patients with either bulbar or spinal onset compared to their matched controls. B) Comparison at individual
cervical segment levels.
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(n= 78) patients showed a significantly reduced mean UCSC CSA
compared to controls (bulbar onset: mean ΔCSA=−4.12mm2, 95%-CI
[−7.19;−1.04], p= 0.022; spinal onset: mean ΔCSA=−4.33mm2,
95%-CI[−6.83;−1.83], p= 0.003); no significant difference was
found between the two groups (Fig. 4A and Table 4). Both onset types
displayed a significantly smaller mean CSA in segment C3 compared to
controls, where spinal-onset patients additionally revealed significantly
smaller CSA at the level of C2 (Fig. 4B and Table 4). Again, there were
no significant differences between the separate segments when com-
paring the bulbar and spinal onset groups directly.

Over time, the spinal-onset patients displayed progressive thinning of
UCSC (mean ΔCSA=−0.004mm2, 95%-CI[−0.007;−0.001], p=0.026)
and, more specifically, of segments C2 and C3 (Table 5). No significant
thinning could be revealed for patients with bulbar onset (UCSC: mean
ΔCSA=−0.004mm2, 95%-CI[−0.010;0.003], p=0.746) or between the
two site-of-onset groups.

3.5. Relationship with ALSFRS-R

The total ALSFRS-R score correlated significantly with the upper spinal
cord measurement of PLS patients (r=0.557, p=0.009, Fig. 5A) and the
first three segments separately (C1: r=0.547, p=0.003; C2: r=0.541,
p=0.003; C3: r=0.463, p=0.034; C4: r=0.349, p=0.396). Of note,
the correlation for C4 was based on only eight subjects, so insufficient
power could explain the lack of a significant correlation with the total

ALSFRS-R score in this segment. In the other groups, we observed no
significant correlations between the upper spinal cord measurement and
the total ALSFRS-R score, nor for the individual segments (Table S7).

Using longitudinal scan data and longitudinal ALSFRS-R total scores,
significant correlations were found for PLS (r=0.677, p < 0.001,
Fig. 5B, Table S8), ALS C9– (r=0.318, p < 0.001, Fig. 5C) and PMA
(r=0.233, p=0.016, Fig. 5D), suggesting that thinning of the cervical
spinal cord is reflected in lowering total scores on the ALSFRS-R and thus
increasing disease severity. For ALS C9+ patients, the correlation did not
reach significance (r=0.316, p=0.134, Fig. 5E).

Similar results were found for the spinal ALSFRS-R sub-score in the
various groups for both the cross-sectional and longitudinal analyses
(Tables S7 and S8).

3.6. Relationship with cerebral motor system

In contrast to the UCSC result, only the ALS C9– and ALS C9+
patients displayed a significantly thinner motor cortex of the precentral
gyrus (averaged over both hemispheres, Fig. 6A) compared to their
matched controls at group-level. However, correlating CSA with cor-
tical thickness of the precentral gyrus did not reveal a significant re-
lationship (Table 6).

For the cerebral part of corticospinal tract, the ALS C9– patients
showed significantly lower FA than their matched controls, whereas the
other patient groups did not (Fig. 6B). The MD of the CST was sig-
nificantly increased for all but PMA patients and we only found sig-
nificantly increased RD of the CST for ALS C9– (Table S9). The PLS and
PMA groups displayed a significant correlation between FA of the CST
and CSA, both for UCSC and separate segments, although the direction
of the correlation was opposite between these two groups (Table 6). We
found similar results when using RD or MD as white matter integrity
measure for the CST. Only for ALS C9+, other major white matter
tracts reached significance (Table S9).

4. Discussion

In the present study, we investigated the value of upper cervical
spinal cord measurements as biomarker of diagnosis and disease pro-
gression in patients with ALS, and its upper motor neuron variant, PLS,
and lower motor neuron variant, PMA. We showed a thinner upper
cervical spinal cord compared to controls in all disease groups (ALS, PLS
and PMA), which might suggest that cervical spinal cord thinning is re-
lated to both upper and lower motor neuron loss. Interestingly, patients
with a C9orf72 repeat expansion, who have an MRI phenotype

Table 4
Cross-sectional CSA comparison between bulbar and spinal onset ALS C9– patients and controls.

CSA PAT CSA CON ΔCSA p-value FDR-corrected p-value

Bulbar UCSC 70.24 ± 6.16 74.36 ± 6.16 4.12 0.011 0.022
C1 74.25 ± 7.72 78.18 ± 7.72 3.93 0.056 0.077
C2 67.61 ± 6.19 71.05 ± 6.20 3.43 0.032 0.054
C3 69.39 ± 7.18 74.84 ± 7.18 5.45 0.004 0.010
C4 71.66 ± 8.23 74.87 ± 8.39 3.21 0.280 0.281

Spinal UCSC 71.32 ± 8.02 75.66 ± 8.02 4.33 <0.001 0.003
C1 75.84 ± 10.30 78.96 ± 10.30 3.12 0.062 0.077
C2 68.84 ± 7.83 72.66 ± 7.83 3.82 0.002 0.007
C3 70.04 ± 8.02 75.78 ± 8.02 5.74 <0.001 <0.001
C4 73.47 ± 9.52 77.69 ± 9.31 4.23 0.084 0.093

CSA BULBAR CSA SPINAL ΔCSA p-value FDR-corrected p-value

UCSC 70.51 ± 8.75 71.27 ± 8.74 0.76 0.690 –
C1 74.51 ± 10.98 75.86 ± 10.97 1.34 0.567 –
C2 67.93 ± 8.41 68.76 ± 8.40 0.84 0.645 –
C3 69.64 ± 8.72 69.99 ± 8.70 0.35 0.850 –
C4 72.75 ± 10.09 73.02 ± 10.12 0.27 0.934 –

Table 5
Longitudinal CSA reduction (ΔCSA, in mm2/month) for the ALS C9– patients,
stratified for site of onset, compared to their matched controls.

ΔCSA p-value FDR-corrected p-value

Bulbar vs CON UCSC 0.004 0.344 0.746
C1 0.002 0.739 0.746
C2 0.001 0.741 0.746
C3 0.011 0.048 0.237
C4 0.003 0.746 0.746

Spinal vs CON UCSC 0.004 0.005 0.026
C1 0.003 0.122 0.153
C2 0.005 0.012 0.027
C3 0.005 0.016 0.027
C4 <0.001 0.991 0.991

Bulbar vs spinal UCSC 0.001 0.925 –
C1 0.002 0.674 –
C2 0.004 0.893 –
C3 0.006 0.522 –
C4 0.001 0.941 –
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characterized by widespread cortical thinning (Bede et al., 2013;
Westeneng et al., 2016), did not show such widespread significantly
thinner cervical spinal cord at baseline. Over time, significant thinning
occurred in the ALS patient group without C9orf72 repeat expansion,
while the PMA patients only show thinning in one segment (C1), and ALS
C9+ as well as PLS patients displayed no significant longitudinal thin-
ning at all. Longitudinal cervical spinal cord imaging might, therefore, be
a valuable biomarker of disease progression in clinical trials.

Several previous studies showed no differences in spinal cord area
or diameter between ALS patients and controls at the level of C2-C4
(Sperfeld et al., 2005; Wang et al., 2014). Other research revealed a
thinner spinal cord in these regions, applying 1.5 T or 3 T MRI in up to
64 patients (Agosta et al., 2009; Branco et al., 2014; de Albuquerque

et al., 2017; Olney et al., 2018; Rasoanandrianina et al., 2017; Valsasina
et al., 2007). Differences in results might be explained by the use of
1.5 T or 3 T MRI scanner, different study population sizes or the mea-
surements of only one slice in a segment, a mid-vertebra slice, or an
average over slices in entire segments. Compared to studies that also
found thinner spinal cord cross-sectionally, we demonstrated smaller
area differences (Branco et al., 2014; de Albuquerque et al., 2017;
Olney et al., 2018; Valsasina et al., 2007). Disease duration of the pa-
tients at baseline might also influence the CSA differences: the median
disease duration of the ALS patients in our population is shorter than in
study populations of previous research. Therefore, our cross-sectional
findings might reflect an earlier phase of upper cervical spinal cord
degeneration since our longitudinal analyses also showed growing

Fig. 5. CSA relationship with ALSFRS-R. A) At baseline, there is a significant positive correlation between the total ALSFRS-R score and CSA of UCSC for PLS patients.
B) Estimates of longitudinal CSA change in the UCSC with respect to the total ALSFRS-R score for PLS, C) ALS C9–, D) PMA and E) ALS C9+ .
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differences over time. We demonstrated in a large well-characterized,
C9orf72-genotyped cohort of patients, thinner spinal cord in MND pa-
tients, by both examining the mean CSA in UCSC and individual seg-
ments. In this way, we obtained a robust measure of spinal cord
thickness, while still considering the possibly variable behavior of the
disease at different levels of the cervical spinal cord. We anticipate
applying these analyses to MRI of the entire spinal cord also including
thoracic and lumbosacral segments in future studies.

Over time, we demonstrated thinning of the UCSC in ALS C9– pa-
tients, which is in line with previous studies (Agosta et al., 2009; de
Albuquerque et al., 2017; El Mendili et al., 2014). We found no sig-
nificant longitudinal change in the UCSC for the other patient groups.
This might be explained by a relatively more substantial decrease of
CSA in controls in these groups (reductions of 2.38mm2/year and
1.54mm2/year for controls matched to ALS C9+ and PLS, compared to
reductions of 1.08mm2/year and 0.98mm2/year for controls matched
to ALS C9– and PMA). This substantial decrease in controls could be
due to smaller group sizes. The similar reduction of the CSA that seems
to occur for ALS C9+ and ALS C9– patients supports this explanation.
Comparing these decreases of CSA in controls to literature (Casserly
et al., 2018; de Albuquerque et al., 2017), they are higher than expected
(Fig. S3) and could be caused by our study design: although subjects

with spinal cord diseases were excluded, controls were not necessarily
healthy as they were recruited from a population-based cohort to re-
duce potential selection bias. Overall, the small sample sizes and the
noteworthy decrease of CSA in controls might potentially create a bias
in the longitudinal results. In specific segments, thinning over time was
seen for all patient groups except ALS C9+ and PLS. The absence of
significant thinning over time for the PLS group might be explained by
the longer disease duration at baseline in these patients. Thinning of
upper spinal cord in ALS patients in our study was not driven by site of
onset. The smaller group of patients with bulbar onset could explain the
absence of significant thinning for this group over time as the slope of
CSA reduction per month is similar to the slope in spinal-onset patients.
A difference between the site-of-onset groups might be revealed more
pronounced when examining lower segments of the (cervical) spinal
cord. For example, patients with upper-limb onset seem to have a dis-
tinct metabolic activation in cervical segments compared to lower-limb-
onset patients (Marini et al., 2018).

We could not reveal significant correlations between CSA and the
ALSFRS-R total score, with or without bulbar sub-scores, for the ALS
patients at baseline, and thus could not demonstrate a significant re-
lationship between spinal cord thickness and functional disability at
this time point. Previous results concerning this aspect have been

Fig. 6. Brain measurements. A) Cortical thickness (CT) of the precentral gyrus (both hemispheres averaged). B) Fractional anisotropy (FA) of corticospinal tract (CST).
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conflicting: some studies did (Branco et al., 2014; El Mendili et al.,
2014) and others did not find a significant correlation (Agosta et al.,
2009; Valsasina et al., 2007). On the other hand, we did find a sig-
nificant correlation between CSA and the ALSFRS-R score for patients
with PLS, both for UCSC and individual segments, possibly reflecting a
link between functional disability and pure upper motor neuron loss.
Importantly, we did find a relationship between the longitudinal mea-
surements of CSA and total ALSFRS-R score, indicating that disease
progression is reflected in the cervical spinal cord.

Although we obtained brain and spinal cord measurements from the
same image, we could not display a direct relationship between these
measurements for the ALS patients. The lack of this direct relationship
might be due to the progressive or multifocal pathogenic nature of ALS,
possibly leading to different disease effects (of both upper and lower motor
neurons) in brain and spinal cord which level out when correlating the two
sites. Possible support for this hypothesis is the fact that this relationship
was found between spinal cord and the white matter integrity of the CST
for PLS and PMA patients. In PLS patients we demonstrated that a thinner
spinal cord also correlated with white matter integrity being more af-
fected. The positive correlation for the PLS patients was in line with our
expectations and might possibly support UMN involvement in the upper
cervical spinal cord. In contrast, the correlation for PMA patients was in-
verted: more affected white matter integrity implied a thicker spinal cord.
This negative correlation for PMA is harder to explain. One might hy-
pothesize the occurrence of a protection mechanism in the upper cervical
spinal cord for the PMA patients (preventing them of becoming ALS pa-
tients), which needs to be investigated in future research.

The upper cervical spinal cord is a challenging area to image with
MRI. Since we have used an MRI protocol initially for the purpose of
brain imaging, we analyzed a region at the edge of the FOV. CSA
measurements could, therefore, be influenced by intensity drop or
gradient nonlinearity (Stroman et al., 2014). However, the MRI images
used in our study had a homogeneous signal intensity across the FOV
(see Fig. S2 for example images) and were corrected for gradient non-
linearity. Although there still might be measurement errors present in
such a small structure as the UCSC, this would affect both patients and
controls equally and, therefore, the observed differences in CSA may
still be regarded as disease effects.

In this study, we focused on the upper part of the cervical spinal cord
that was included on brain MRI. In support of our method, previous re-
search has successfully shown differences in the cervical spinal cord using
brain MRI (de Albuquerque et al., 2017). We also revealed disease effects

in the upper cervical spinal cord, but caution is required when interpreting
significant results at the level of C4, as analyses of this segment could be
applied only to a relatively small group in our study. Investigation of the
entire spinal cord would provide a complete overview of atrophy in this
important structure. However, as all central motor nerves innervating the
upper and lower limbs pass through the upper cervical spinal cord, a
correlation with motor deficits could be revealed on the basis of this upper
part of the spinal cord. We could not include specific measures for white
and grey matter atrophy as the contrast between grey and white matter in
the upper cervical spinal cord on our T1-weighted images was not suffi-
cient enough. Future research should include DTI measures and T2- or
T2*-weighted MRI to obtain a comprehensive view of grey and white
matter damage in the upper cervical spinal cord (Martin et al., 2017;
Stroman et al., 2014). Furthermore, test-retesting of the method used in
this study and other reliability tests is of importance before upper cervical
spinal cord MRI can be used as a biomarker in clinical trials.

In this study, we showed differences between patients and controls
in cervical spinal cord MRI, suggesting its potential as diagnostic and
longitudinal biomarker in the spectrum of MND.
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Table 6
Correlations between CSA and brain measurements (cortical thickness of precentral gyrus and FA of the CST).

UCSC C1 C2 C3 C4

Precentral gyrus ALS C9– r= 0.158 r= 0.181 r= 0.163 r= 0.101 r= 0.070
p=0.103 p=0.061 p=0.093 p=0.297 p=0.634

ALS C9+ r=−0.069 r=−0.193 r=−0.225 r=−0.114 r=−0.196
p=0.767 p=0.346 p=0.270 p=0.624 p=0.674

PLS r= 0.294 r= 0.259 r= 0.362 r= 0.291 r= 0.130
p=0.208 p=0.199 p=0.064 p=0.213 p=0.760

PMA r= 0.005 r= 0.053 r= 0.014 r= 0.014 r=−0.114
p=0.971 p=0.698 p=0.916 p=0.924 p=0.652

CST ALS C9– r=−0.014 r=−0.024 r=−0.013 r= 0.006 r=−0.008
p=0.885 p=0.803 p=0.893 p=0.950 p=0.959
padj= 0.959 padj = 0.959 padj= 0.959 padj= 0.959 padj= 0.959

ALS C9+ r=−0.192 r=−0.156 r=−0.071 r=−0.129 r=−0.549
p=0.444 p=0.489 p=0.754 p=0.609 p=0.259
padj= 0.740 padj = 0.752 padj= 0.959 padj= 0.871 padj= 0.518

PLS r=0.551 r=0.410 r=0.520 r=0.527 r= 0.697
p=0.012 p=0.034 p=0.005 p=0.017 p=0.082
padj= 0.039 padj= 0.042 padj= 0.032 padj= 0.039 padj= 0.091

PMA r=−0.358 r=−0.321 r=−0.388 r=−0.349 r=−0.223
p=0.023 p=0.026 p=0.006 p=0.027 p=0.391
padj= 0.039 padj= 0.039 padj= 0.032 padj= 0.039 padj= 0.710

padj = FDR-corrected p-value.
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