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Abstract

Background Magnetic resonance imaging (MRI) of the brain and cervical spinal cord is often performed in diagnostic 
evaluation of suspected motor neuron disease/amyotrophic lateral sclerosis (MND/ALS). Analysis of MRI-derived tissue 
damage metrics in a common domain facilitates group-level inferences on pathophysiology. This approach was applied to 
address competing hypotheses of directionality of neurodegeneration, whether anterograde, cranio-caudal dying-forward 
from precentral gyrus or retrograde, dying-back.
Methods In this cross-sectional study, MRI was performed on 75 MND patients and 13 healthy controls. Precentral gyral 
thickness was estimated from volumetric T1-weighted images using FreeSurfer, corticospinal tract fractional anisotropy 
(FA) from diffusion tensor imaging using FSL, and cross-sectional cervical cord area between C1-C8 levels using Spinal 
Cord Toolbox. To analyse these multimodal data within a common domain, individual parameter estimates representing 
tissue damage at each corticospinal tract level were first converted to z-scores, referenced to healthy control norms. Mixed-
effects linear regression models were then fitted to these z-scores, with gradients hypothesised to represent directionality of 
neurodegeneration.
Results At group-level, z-scores did not differ significantly between precentral gyral and intracranial corticospinal tract 
tissue damage estimates (regression coefficient − 0.24, [95% CI − 0.62, 0.14], p = 0.222), but step-changes were evident 
between intracranial corticospinal tract and C1 (1.14, [95% CI 0.74, 1.53], p < 0.001), and between C5 and C6 cord levels 
(0.98, [95% CI 0.58, 1.38], p < 0.001).
Discussion Analysis of brain and cervical spinal MRI data in a common domain enabled investigation of pathophysiologi-
cal hypotheses in vivo. A cranio-caudal step-change in MND patients was observed, and requires further investigation in 
larger cohorts.

Keywords Motor neuron disease · Amyotrophic lateral sclerosis · MRI · Neurodegenerative disease

Introduction

Multimodal magnetic resonance imaging (MRI) enables 
concurrent assessment of several regions of the central 
nervous system, each technique providing a differing ana-
tomical and pathophysiological perspective. Combination 
of derived tissue damage parameters enables investigation 
of mechanistic damage along neural pathways, such as the 
corticospinal tract. An integrated analysis approach to con-
catenate heterogeneous measures into a common domain 
may facilitate hypothesis-driven research, for example, to 
assess directionality of neurodegeneration in motor neuron 
disease/amyotrophic lateral sclerosis (MND/ALS) [1]. In 
this study, we introduce an approach which allows damage 
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metrics derived from volumetric and diffusion brain and cer-
vical spinal MRI to be integrated into a single model that 
addresses competing hypotheses. Top-down, dying-forward 
[2–9] neurodegeneration starting within the precentral gyrus 
and bottom-up, dying-back [10–16] from the anterior horn 
cell have each been proposed from previous experimental, 
pathological, neurophysiological and radiological studies. 
We designed an approach to enable this longitudinal process 
to be investigated using a cross-sectional dataset, avoiding 
attrition bias towards slow progressors.

MRI is often performed routinely at diagnosis of MND/
ALS primarily to exclude mimics, but also provides estab-
lished group-level markers of tissue damage. Primary motor 
cortical thinning on T1-weighted MRI [17–24], decreased 
fractional anisotropy (FA) within corticospinal tracts on 
diffusion tensor imaging [14, 25–35] and reduced cross-
sectional area of the cervical spinal cord [36–40] have 
been consistently reported. The aim of this study was to 
determine whether analysis of these metrics in a common 
domain could demonstrate group-level gradients of tissue 
damage to support either a dying-forward or dying-back 
hypothesis. To achieve this objective, imaging measures of 
tissue damage were first converted to dimensionless z-scores 
(a common domain for analysis), then entered into linear 
regression models, specifying cranio-caudal location along 
the corticospinal tract. The hypothesis was that a significant 
positive gradient would indicate top-down dying-forward 
neurodegeneration, whilst a negative gradient would indicate 
dying-back.

Methods

Ethical approval was obtained (South Yorkshire and the 
Humber REC reference 13/YH/027 (2/10/2013)) and written 
informed consent was obtained from all participants.

Participants

Seventy-five consecutive patients with MND were recruited 
at time of diagnosis from the tertiary referral neuromus-
cular clinic at the Royal Hallamshire Hospital, Sheffield, 
UK between 2013 and 2018. Inclusion criteria for patients 
were a clinical diagnosis of MND made by a consultant 
neurologist, based on revised El Escorial criteria and after 
exclusion of mimics [41]. Thirteen healthy controls were 
recruited by advertisement. Exclusion criteria for both MND 
patients and healthy controls were contraindications to MRI, 
a neurological disorder with potential to confound results, 
or inability to give informed consent. None of the patients 
had clinically overt frontotemporal dementia; systematic 
neuropsychological testing was not performed. MRI scans 
were reviewed by a consultant neuroradiologist to exclude 

significant confounding pathology. Minor incidental cranial 
T2 hyperintensities within limits for age and/or minor cervi-
cal spondylotic disease considered of no clinico-radiological 
significance were not considered exclusion criteria. Demo-
graphic and clinical data were obtained including anatomical 
site and time from symptom onset, and neurological exami-
nation findings. Genetic testing was performed on a clinical 
by-case basis, rather than systematically in all patients. Dis-
ability was assessed using the patient-reported ALSFRS-R 
questionnaire [42].

MRI acquisition

All imaging was performed at 3 Tesla (Philips Ingenia, 
Best, Netherlands). Acquisitions included: whole-brain 
T1-weighted imaging (TR = 8.2  ms, TE = 3.8  ms, 340 
slices, voxel-size = 1 × 1.2 × 1  mm); whole-brain diffu-
sion tensor imaging (TR = 3100  ms, TE = 96  m, voxel 
size = 2.5 × 2.5 × 2.5 mm, b0, b800 s/mm2); and T2-weighted 
cervical cord sequences (TR = 2500  ms, TE = 100  ms, 
voxel size 0.55 × 0.79 × 4 mm, flip angle = 90°, field of 
view = 180 mm). The cord imaging sequence was a three-
dimensional turbo spin-echo with an echo train length of 
45, using a Philips dStream head-neck coil without cardiac 
or respiratory gating. Sense was used with an acceleration 
factor of 1.2 in both the phase and slice directions, manufac-
turer default shim settings, saturation bands applied antero-
posteriorly in the phase direction and one coronal 40 mm 
anterior saturation band used to reduce artefact from swal-
lowing. The field of view comprised axial slices prescribed 
to cover C1/2 superiorly and extending inferiorly 180 mm 
to cover the cervical spinal cord.

Motor tract damage parameters

Pre‑central gyrus cortical thickness

Surface-based cortical thickness measurements were derived 
using FreeSurfer software (V.5.3.0, http:// surfer. nmr. mgh. 
harva rd. edu/) from T1-weighted images [43]. Motion cor-
rection and averaging, skull-stripping, automated Talairach 
transformation, segmentation, intensity normalisation, tes-
sellation, automated topology correction, surface deforma-
tion and cortical thickness estimation were performed using 
the standard processing pipeline [44]. Outputs were visually 
reviewed for any errors (such as skull-strip failure, pial mis-
placement) and corrected by re-running the skull-strip using 
the graph cut segmentation method or adjusting watershed 
parameters, following standardised published procedures 
(https:// surfer. nmr. mgh. harva rd. edu/ fswiki/ FsTut orial/ Skull 
Strip Fix_ freev iew). Seven MND datasets and one control 
dataset were excluded from the study due to errors in auto-
mated pial contouring that could not be corrected using this 
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methodology. Two MND and one control dataset had no 
MRI brain data available. No manual editing was performed. 
Left, right and mean precentral gyral cortical thickness esti-
mates were extracted.

Corticospinal tract diffusion tensor imaging

The FMRIB Software Library (FSL: http:// fsl. fmrib. ox. ac. 
uk/ fsl/ fslwi ki/) was used for analysis of diffusion tensor data. 
Eddy current and movement correction and brain extraction 
were performed using the FSL processing pipeline. Pre-pro-
cessed data were fitted with a diffusion tensor model using 
DTIFIT. Tract-based spatial statistics were used to align the 
data into a common space using the nonlinear registration 
tool FNIRT, which applies a b-spline representation of the 
registration warp field resulting in a group-level mean FA 
skeleton. Each of subject FA data was then projected and 
transformed to fit the skeleton in MNI152 standard space. 
Binary masks of the left and right corticospinal tracts were 
chosen as the regions of interest and created using the John 
Hopkins University white-matter tractography atlas [45]. 
Voxel inclusion probability threshold was set at 10%. The 
corticospinal tract masks were applied to the final FA maps. 
This resulted in FA values for the left and right corticospinal 
tracts; means were reported. Visual checks were made to 
exclude anatomical positioning errors. Two patients had no 
available cranial FA data.

Cervical spinal cord cross‑sectional area

Cervical cord analysis was performed using Spinal Cord 
Toolbox v3.0.3. Motion correction, image segmentation, 
registration to an atlas-based template and automated anal-
ysis of cross-sectional area were performed according to 
standard processing pipelines (https:// sourc eforge. net/p/ 
spina lcord toolb ox/ wiki/ tools/). Each participant’s images 
were segmented and registered to the PAM50 template spinal 
cord image generated from 50 healthy controls. Automated 
segmentation was performed using Propseg [46]. Based on 
the cord segmentation, the cord was translated and rotated 
about the centre of segmentation, the BSplineSyn algorithm 
applied to perform section-wise regularised rigid registra-
tion, and vertebral levels identified. Warping parameters 
were then used to translate back into native space. Cross-
sectional area of the spinal cord was corrected for curvature 
of the spine using the angle of the centreline, the circumfer-
ence of the segmentation across slices was computed and 
estimates normalised, and derived from cervical cord levels 
C1–C8 [38]. Cross-sectional area was not calculable for a 
single patient at C1 level. At C7 and C8, the algorithm was 
unable to produce estimates due to limited field of view in 
21 and 33 patients, respectively.

Statistical analysis

To convert each measurement derived from each MRI tech-
nique in each anatomical region into a common domain, nor-
mality of data was first confirmed using Shapiro-Wilks tests. 
Z-scores were then calculated at individual patient level, at 
each level of the corticospinal tract (i.e. precentral gyrus 
thickness, intracranial corticospinal tract FA, and cross-sec-
tional area of each spinal cord level C1 to C8), as estimates 
of the degree of damage within that anatomical region, using 
the healthy control group mean and standard deviation at 
the corresponding level as normative standards. As z-scores 
are dimensionless, it was then possible to fit individual tra-
jectories of damage in a common domain, by entering the 
z-scores into a linear regression model as the dependent vari-
able. The independent variables specified in the model were 
subject (i.e. identification of each individual participant, to 
model random effects) and location in the corticospinal tract 
as an ordinal variable (1 = precentral gyrus; 2 = intracranial 
corticospinal tract; 3 = C1; 4 = C2; 5 = C3; 6 = C4; 7 = C5; 
8 = C6; 9 = C7; 10 = C8 cervical cord levels). For example, 
a z-score of − 3 for precentral gyrus cortical thickness, − 2 
for intracranial corticospinal tract FA, and − 1 at cervical 
cord levels would be considered a positive (dying-forward) 
motor tract damage gradient, and the reverse pattern a neg-
ative (dying-back) gradient. The primary outcome of the 
study was the mean group-level gradient of tissue damage 
along the corticospinal tract in MND patients. Secondary 
outcomes were differences in cortical thickness, intracra-
nial corticospinal tract FA and cervical spinal cord cross-
sectional area between MND patients and healthy controls.

Between-group comparisons were conducted using SPSS 
Statistics version 24.0 (IBM, Armonk, NY) and mixed 
effects regression modelling performed using Stata version 
13.1 (StataCorp, TX), specifying unstructured covariance. 
Independent two-tailed t tests were used to assess between-
group differences in continuous variables, and Pearson’s 
Chi-square test was applied for categorical variables.

All results for each analysis were corrected for multiple 
comparisons using the Benjamini–Hochberg test [47]. Unad-
justed p-values together with statistical significance follow-
ing correction were reported.

Results

Participants

Table 1 summarises the demographic and clinical features 
of the participants, who were assessed at a relatively early 
stage of disease, with moderate disability. Eight patients 
had a family history of possible MND/ALS in a first or 
second degree relative, and a further six patients had a 
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family history of dementia. One of these patients had a 
C9orf72 and one patient a SOD1 mutation.

Motor tract damage measures

MND patients had lower mean precentral gyral thickness 
compared to healthy controls, but this result did not reach 
statistical significance. Intracranial corticospinal FA was 
lower in MND patients than in healthy controls, retaining 
significance after multiple comparisons correction on the 
left side. There were no significant differences in cervical 
spinal cord cross-sectional area. Results are reported in 
Table 2.

Modelling directionality of neurodegeneration

Results are reported in Table 3. There was no significant 
difference in z-scores between precentral gyral and intrac-
ranial corticospinal tract levels (− 0.24, [95% CI − 0.62, 
0.14], p = 0.222), but a group-level step-change occurred 
between the intracranial corticospinal tract and C1 level 
(1.14, [95% CI 0.74, 1.53], p < 0.001), with a positive 
cranio-caudal gradient. A second significant positive 
cranio-caudal step-change occurred between C5 and C6 
levels (0.98, [95% CI 0.58, 1.38], p < 0.001) (Fig. 1).

Discussion

Analysis of volumetric, diffusion, brain and cervical spi-
nal MRI in a common domain identified step-changes in 
tissue damage measures between the cranial descending 
corticospinal tract and C1 spinal cord level, and between 
C5 and C6 cord levels, with an apparent cranio-caudal 
gradient, but some caution in interpretation is necessary.

The MRI-derived tissue damage metrics from each 
region are in the range of previously published data for 
precentral gyral cortical thickness [17, 22–24], intracra-
nial corticospinal tract FA [26, 30, 32, 33] and cervical 
cord cross-sectional area [36, 37, 39, 40]. A few previous 
studies have assessed both the brain and cervical spinal 
cord concurrently in MND/ALS [36, 48–50] and compared 
changes at different levels, with varying results. A cross-
sectional study showed both lower cervical cord cross-
sectional area and lower intracranial corticospinal tract 
FA in MND/ALS patients compared to healthy controls 
[36]. A longitudinal study found cervical cord cross-sec-
tional area decreased in patients over 9 months, but brain 
measures did not change [49], whilst another reported 
that brainstem volume, but not precentral gyral thickness, 
decreased over 8 months; cord cross-sectional area also 
decreased and appeared clinically relevant [48]. Differing 
patterns in sporadic and SOD1 MND/ALS patients have 

Table 1  Participant 
demographic and clinical data

ALSFRS-R amyotrophic lateral sclerosis functional rating scale (revised), CI confidence interval, LMN 
lower motor neuron, MND motor neuron disease, SD standard deviation, UMN upper motor neuron

MND patients
(n = 75)

Healthy controls 
(n = 13)

p value
[95% CI]

Mean ± SD Mean ± SD

Gender

 Male 44 7 p = 0.745

 Female 31 6

Age (years) 60 ± 13 57 ± 19 p = 0.184
[− 14.43, 2.82]

Time between date of first scan and 
symptom onset (months)

17 ± 17

Total ALSFRS-R 38 ± 6

Site of first symptoms

 Arm 47%

 Leg 21%

 Bulbar 23%

 Multi-regional 9%

Clinical signs at presentation

 Mixed UMN/LMN 92%

 LMN only 5%

 UMN only 3%
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also been reported, with intracranial corticospinal tract 
FA reduction and cervical cord atrophy predominating, 
respectively [50]. Longitudinal studies focussed on either 
brain or cervical cord in isolation have shown progression 
of intracranial grey [20] and white matter tissue damage 
[34, 51–53] in some, but not all [17, 54], studies, with only 
modest cervical cord atrophy evident even in quite large 
cohorts (mean 0.8  mm2 over 6 months in 103 patients, not 
reaching statistical significance) [40]. Results of studies 

of asymptomatic gene carriers, which represent an ideal 
model of the earliest stages of MND/ALS, have reported 
early detectable changes both at cortical [8] and cord lev-
els [50, 55]. Damage patterns appear to differ between 
manifest genetic variants [56].

Similarly, cross-sectional studies have reported greater 
reductions in distal compared to proximal cervical cord 
[13] and intracranial corticospinal tracts [14, 57], and also 
the reverse pattern within the brain [26, 30] and spinal cord 
[58]. An interesting study applied an event-based probabil-
istic model to characterise evolution of MND/ALS using 
intracranial corticospinal tract FA, and supported a dying-
back process, with earlier distal changes [16]. It is notable 
that this study investigated longitudinal processes from a 
cross-sectional dataset, like the present study, but assessed 
a multi-centre cohort with a much larger control group, 
focused exclusively on brain motor regions and data required 
dichotomisation into healthy or diseased states.

The differing results of previous studies may reflect 
underlying heterogeneity in the pathological process of 
MND/ALS. Our study adds to the literature by enabling 
brain and spinal cord measures to be modelled together, 
rather than reported separately and compared. The observed 
step-changes could suggest brain pathology predominating 
in our cohort, or instead represent differences in sensitivity 
or specificity to detect MND/ALS pathology between the 
various MRI techniques, an important issue common to all 
multimodal imaging studies. For example, cross-sectional 
cervical cord area lacks tract specificity compared to intrac-
ranial corticospinal FA. However, this interpretation is not 

Table 2  MRI-derived tissue damage metrics in MND patients com-
pared to controls

p values are reported unadjusted for multiple comparisons

Asterisked results retained significance following Benjamini–Hoch-
berg correction

C cervical spinal cord level, FA fractional anisotropy, mm millime-
tres, MND motor neuron disease, SD standard deviation

Participant status N Mean ± SD p value

Precentral gyrus thickness (mm)

 Right MND patients 66 2.35 ± 0.18 0.088

Controls 11 2.45 ± 0.11

 Left MND patients 66 2.36 ± 0.15 0.091

Controls 11 2.45 ± 0.13

 Mean MND patients 66 2.36 ± 0.16 0.077

Controls 11 2.45 ± 0.11

Corticospinal tract FA

 Right MND patients 73  0.42 ± 0.03 0.022

Controls 13 0.44 ± 0.02

 Left MND patients 73  0.42 ± 0.03 0.002*

Controls 13 0.44 ± 0.02

 Mean MND patients 73 0.42 ± 0.03 0.007

Controls 13 0.44 ± 0.02

Mean cross-sectional cervical cord area  (mm2)

 Mean C1–C8 MND patients 63 67.00 ± 10.82 0.494

Controls 13 69.25 ± 10.52

 C1 MND patients 63 71.05 ± 12.30 0.888

Controls 13 71.78 ± 17.72

 C2 MND patients 64 72.55 ± 15.43 0.796

Controls 13 74.07 ± 19.51

 C3 MND patients 64 73.11 ± 17.00 0.715

Controls 13 74.94 ± 16.03

 C4 MND patients 64 67.17 ± 15.81 0.116

Controls 13  72.68 ± 9.96

 C5 MND patients 60 61.14 ± 15.71 0.165

Controls 13 66.80 ± 12.19

 C6 MND patients 60 54.81 ± 12.09 0.456

Controls 13 50.48 ± 19.60

 C7 MND patients 43 50.15 ± 12.32 0.159

Controls 13 43.25 ± 15.47

 C8 MND patients 31 46.91 ± 12.18 0.480

Controls 13 43.38 ± 15.78

Table 3  Modelling directionality of neurodegeneration

Regression coefficients for the gradients between adjacent anatomi-
cal levels of the corticospinal tract derived from mixed effects linear 
regression are reported, along with the associated 95% confidence 
interval and p value

An asterisk indicates retained statistical significance following Benja-
mini–Hochberg correction for multiple comparisons

C Cervical spinal cord level, CST corticospinal tract, PCG precentral 
gyrus

Corticospinal tract level Regression
coefficient

95% Confi-
dence interval

p value

PCG to intracranial CST − 0.24 − 0.62 0.14 0.222

Intracranial CST to C1 1.14 0.74 1.53  < 0.001*

C1 to C2 − 0.16 − 0.60 0.27 0.462

C2 to C3 0.08 − 0.35 0.51 0.720

C3 to C4 − 0.40 − 0.81 0.00 0.053

C4 to C5 0.00 − 0.41 0.41 1.000

C5 to C6 0.98 0.58 1.38  < 0.001*

C6 to C7 0.30 − 0.12 0.72 0.165

C7 to C8 − 0.55 − 1.03 − 0.07 0.025
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supported by results of previous studies that have applied 
both techniques [36, 48, 49]. Furthermore, this explana-
tion could not explain the second step-change between C5 
and C6, although here estimates may have been biased by 
smaller participant numbers at the limits of the field of view. 
Dying-forward neurodegeneration would have been further 
supported if between-group differences in precentral gyral 
thickness had been demonstrable, which did not quite reach 
statistical significance in this cohort. This may reflect type 
II error due to the small control group, a limitation of our 
study. Precentral gyral thinning in MND/ALS patients com-
pared to controls has been reported fairly consistently in 
previous studies [17–23], although again with inter-individ-
ual heterogeneity; only half of cases exhibited thinning in 
one study without detectable group-level differences from 
healthy controls [59]. In another study, significant differ-
ences were demonstrable in some, but not all, clinical sub-
phenotypes [60].

Our early cohort included patients with restricted MND 
phenotypes at the time of assessment, who may have had 
progressive muscular atrophy or primary lateral sclero-
sis, with potential to confound results. However, when 
we repeated the analysis omitting patients with restricted 
lower motor neuron or upper motor neuron signs, results 
were materially unchanged (data not shown). No clear 
pattern of dissociation between upper and lower motor 
neuron restricted patients was evident on plotting indi-
vidual regressions (data not shown). Future studies could 
explore this issue further with larger patient numbers. 
Analysis could be optimised in future work by parcellating 

the intracranial corticospinal tract, including more caudal 
regions of the spinal cord, sub-segmenting the spinal cord 
by tract to further optimise analysis [51, 54, 61], and col-
lating systematic neuropsychological data. Although the 
applied cross-sectional approach circumvents the issue of 
cohort attrition which may bias follow-up observations 
towards slower progressors, any inferences made on lon-
gitudinal processes from a single time-point are neces-
sarily indirect. Longitudinal methodologies are superior 
to cross-sectional approaches to investigate pathological 
changes over time [17, 20, 23, 34, 40, 48, 49, 51–53, 55, 
58]. Strengths of the current study are the comprehensive 
coverage of the corticospinal tract using routinely avail-
able clinical techniques from a consecutively recruited 
and relatively large patient cohort, and the combination 
of brain and cord analysis within a single model.

In summary, analysis of brain and cervical spinal MRI 
data in a common domain enabled investigation of mech-
anistic pathophysiological hypotheses in  vivo in MND 
patients. Further work on relative sensitivity of MRI tech-
niques to detect tissue damage using larger healthy control 
comparator groups may help further refine this modelling 
approach.
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Fig. 1  Modelling directional-
ity of neurodegeneration: 
group-level step-changes 
between adjacent levels of the 
corticospinal tract are plotted, 
derived from mixed effects 
linear regression. Regression 
coefficients for the gradient of 
the slope between each adjacent 
level of the motor tracts are 
reported. Error bars represent 
standard errors. Negative 
z-scores indicate greater tissue 
damage. C Cervical spinal cord 
level, PCG Precentral gyrus 
cortical thickness, FA Fractional 
anisotropy of the intracranial 
corticospinal tract



Journal of Neurology 

1 3

Author contributions TMJ conceived the idea for the study. Analysis 
was performed by CT, AK, AO, JH, TP and TMJ. CT and TMJ drafted 
the manuscript. All authors revised the manuscript for important intel-
lectual content and gave final approval of the version to be published.

Funding The authors have no financial or non-financial interests rel-
evant to the work submitted for publication.

Declarations 

Conflicts of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest. TMJ received support as an 
NIHR Clinical Lecturer and Senior Clinical Lecturer. PJS is supported 
as an NIHR Senior Investigator (NF-SI-0617-1007). This study was 
supported by the NIHR Sheffield Biomedical Research Centre. The 
funders had no role in the conduct of the study.

Ethical standards All procedures performed in studies involving 
human participants were in accordance with the ethical standards of the 
institutional and/or national research committee (South Yorkshire and 
the Humber REC 13/YH/027 (2/10/2013)) and with the 1964 Helsinki 
Declaration and its later amendments or comparable ethical standards.

Informed consent Written informed consent was obtained.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Kiernan MC, Vucic S, Cheah BC et al (2011) Amyotrophic lateral 
sclerosis. Lancet 377:942–955. https:// doi. org/ 10. 1016/ S0140- 
6736(10) 61156- 57

 2. Eisen A, Weber M (2001) The motor cortex and amyotrophic 
lateral sclerosis. Muscle Nerve 24:564–573. https:// doi. org/ 10. 
1002/ mus. 1042

 3. Eisen A, Braak H, Del Tredici K et al (2017) Cortical influences 
drive amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 
88:917–924. https:// doi. org/ 10. 1136/ jnnp- 2017- 315573

 4. Braak H, Brettschneider J, Ludolph AC et al (2013) Amyotrophic 
lateral sclerosis—a model of corticofugal axonal spread. Nat Rev 
Neurol 9:708–714. https:// doi. org/ 10. 1038/ nrneu rol. 2013. 221

 5. Kassubek J, Müller HP, Del Tredici K et al (2014) Diffusion ten-
sor imaging analysis of sequential spreading of disease in amyo-
trophic lateral sclerosis confirms patterns of TDP-43 pathology. 
Brain 137:1733–1740. https:// doi. org/ 10. 1093/ brain/ awu090

 6. Mannen T, Iwata M, Toyokura Y et al (1977) Preservation of 
a certain motoneurone group of the sacral cord in amyotrophic 
lateral sclerosis: its clinical significance. J Neurol Neurosurg Psy-
chiatry 40:464–469. https:// doi. org/ 10. 1136/ jnnp. 40.5. 464

 7. Menon P, Kiernan MC, Vucic S (2014) Cortical dysfunction 
underlies the development of the split-hand in amyotrophic lateral 

sclerosis. PLoS One 9:e87124. https:// doi. org/ 10. 1371/ journ al. 
pone. 00871 24

 8. Vucic S, Nicholson GA, Kiernan MC (2008) Cortical hyperex-
citability may precede the onset of familial amyotrophic lateral 
sclerosis. Brain 131:1540–1550. https:// doi. org/ 10. 1093/ brain/ 
awn071

 9. Mascalchi M, Salvi F, Valzania F et al (1995) Corticospinal tract 
degeneration in motor neuron disease. Am J Neuroradiol 16:878–
880. https:// doi. org/ 10. 1016/j. spinee. 2012. 03. 011

 10. Chou SM, Norris FH (1993) Amyotrophic lateral sclerosis: lower 
motor neuron disease spreading to upper motor neurons. Muscle 
Nerve 16:864–869. https:// doi. org/ 10. 1002/ mus. 88016 0810

 11. Dadon-Nachum M, Melamed E, Offen D (2011) The ‘dying-back’ 
phenomenon of motor neurons in ALS. J Mol Neurosci 43:470–
477. https:// doi. org/ 10. 1007/ s12031- 010- 9467-1

 12. Fischer LR, Culver DG, Tennant P et al (2004) Amyotrophic lat-
eral sclerosis is a distal axonopathy: evidence in mice and man. 
Exp Neurol 185:232–240. https:// doi. org/ 10. 1016/j. expne urol. 
2003. 10. 004

 13. Nair G, Carew JD, Usher S et al (2010) Diffusion tensor imaging 
reveals regional differences in the cervical spinal cord in amyo-
trophic lateral sclerosis. Neuroimage 53:576–583. https:// doi. org/ 
10. 1016/j. neuro image. 2010. 06. 060

 14. Iwata NK, Kwan JY, Danielian LE et al (2011) White matter alter-
ations differ in primary lateral sclerosis and amyotrophic lateral 
sclerosis. Brain 134:2642–2655. https:// doi. org/ 10. 1093/ brain/ 
awr178

 15. Cohen-Adad J, El MMM, Morizot-Koutlidis R et  al (2013) 
Involvement of spinal sensory pathway in ALS and specificity 
of cord atrophy to lower motor neuron degeneration. Amyotroph 
Lateral Scler Front Degener 14:30–38. https:// doi. org/ 10. 3109/ 
17482 968. 2012. 701308

 16. Gabel MC, Broad RJ, Young AL et al (2020) Evolution of white 
matter damage in amyotrophic lateral sclerosis. Ann Clin Transl 
Neurol 7:722–732. https:// doi. org/ 10. 1002/ acn3. 51035

 17. Verstraete E, Veldink JH, Hendrikse J et al (2012) Structural MRI 
reveals cortical thinning in amyotrophic lateral sclerosis. J Neu-
rol Neurosurg Psychiatry 83:383–388. https:// doi. org/ 10. 1136/ 
jnnp- 2011- 300909

 18. Agosta F, Valsasina P, Riva N et al (2012) The cortical signature 
of amyotrophic lateral sclerosis. PLoS One 7:e42816. https:// doi. 
org/ 10. 1371/ journ al. pone. 00428 16

 19. Thorns J, Jansma H, Peschel T et al (2013) Extent of cortical 
involvement in amyotrophic lateral sclerosis—an analysis based 
on cortical thickness. BMC Neurol 13:148. https:// doi. org/ 10. 
1186/ 1471- 2377- 13- 148

 20. Menke RAL, Proudfoot M, Talbot K et al (2018) The two-year 
progression of structural and functional cerebral MRI in amyo-
trophic lateral sclerosis. Neuroimage Clin 17:953–961. https:// doi. 
org/ 10. 1016/j. nicl. 2017. 12. 025

 21. Ferraro PM, Cabona C, Roccatagliata L et al (2021) Age at symp-
tom onset influences cortical thinning distribution and survival 
in amyotrophic lateral sclerosis. Neuroradiology 63:1481–1487. 
https:// doi. org/ 10. 1007/ s00234- 021- 02681-3

 22. Schuster C, Kasper E, Machts J et al (2013) Focal thinning of 
the motor cortex mirrors clinical features of amyotrophic lateral 
sclerosis and their phenotypes: a neuroimaging study. J Neurol 
260:2856–2864. https:// doi. org/ 10. 1007/ s00415- 013- 7083-z

 23. Wirth AM, Khomenko A, Baldaranov D et al (2018) Combinatory 
biomarker use of cortical thickness, MUNIX and ALSFRS-R at 
baseline and in longitudinal courses of individual patients with 
amyotrophic lateral sclerosis. Front Neurol 9:614. https:// doi. org/ 
10. 3389/ fneur. 2018. 00614

 24. Machts J, Cardeno-Blanco A, Acosta-Cabronero J et al (2018) 
Prefrontal cortical thickness in motor neuron disease. Neuroimage 
Clin 18:648–655. https:// doi. org/ 10. 1016/j. nicl. 2018. 03. 002

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(10)61156-57
https://doi.org/10.1016/S0140-6736(10)61156-57
https://doi.org/10.1002/mus.1042
https://doi.org/10.1002/mus.1042
https://doi.org/10.1136/jnnp-2017-315573
https://doi.org/10.1038/nrneurol.2013.221
https://doi.org/10.1093/brain/awu090
https://doi.org/10.1136/jnnp.40.5.464
https://doi.org/10.1371/journal.pone.0087124
https://doi.org/10.1371/journal.pone.0087124
https://doi.org/10.1093/brain/awn071
https://doi.org/10.1093/brain/awn071
https://doi.org/10.1016/j.spinee.2012.03.011
https://doi.org/10.1002/mus.880160810
https://doi.org/10.1007/s12031-010-9467-1
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1016/j.neuroimage.2010.06.060
https://doi.org/10.1016/j.neuroimage.2010.06.060
https://doi.org/10.1093/brain/awr178
https://doi.org/10.1093/brain/awr178
https://doi.org/10.3109/17482968.2012.701308
https://doi.org/10.3109/17482968.2012.701308
https://doi.org/10.1002/acn3.51035
https://doi.org/10.1136/jnnp-2011-300909
https://doi.org/10.1136/jnnp-2011-300909
https://doi.org/10.1371/journal.pone.0042816
https://doi.org/10.1371/journal.pone.0042816
https://doi.org/10.1186/1471-2377-13-148
https://doi.org/10.1186/1471-2377-13-148
https://doi.org/10.1016/j.nicl.2017.12.025
https://doi.org/10.1016/j.nicl.2017.12.025
https://doi.org/10.1007/s00234-021-02681-3
https://doi.org/10.1007/s00415-013-7083-z
https://doi.org/10.3389/fneur.2018.00614
https://doi.org/10.3389/fneur.2018.00614
https://doi.org/10.1016/j.nicl.2018.03.002


 Journal of Neurology

1 3

 25. Ellis CM, Simmons A, Jones DK et al (1999) Diffusion tensor 
MRI assesses corticospinal tract damage in ALS. Neurology 
53:1051–1058. https:// doi. org/ 10. 1212/ wnl. 53.5. 1051

 26. Toosy AT, Werring DJ, Orrell RW et al (2003) Diffusion tensor 
imaging detects corticospinal tract involvement at multiple levels 
in amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 
74:1250–1257. https:// doi. org/ 10. 1136/ jnnp. 74.9. 1250

 27. Abe O, Yamada H, Masutani Y et al (2004) Amyotrophic lateral 
sclerosis: diffusion tensor tractography and voxel-based analysis. 
NMR Biomed 17:411–416. https:// doi. org/ 10. 1002/ nbm. 907

 28. Graham JM, Papadakis N, Evans J et al (2004) Diffusion tensor 
imaging for the assessment of upper motor neuron integrity in 
ALS. Neurology 63:2111–2119. https:// doi. org/ 10. 1212/ 01. wnl. 
00001 45766. 03057. e7

 29. Sage CA, Peeters RR, Gorner A et al (2007) Quantitative diffu-
sion tensor imaging in amyotrophic lateral sclerosis. Neuroimage 
34:486–499. https:// doi. org/ 10. 1016/j. neuro image. 2006. 09. 025

 30. Ciccarelli O, Behrens TE, Johansen-Berg H et al (2009) Investiga-
tion of white matter pathology in ALS and PLS using tract-based 
spatial statistics. Hum Brain Mapp 30:615–624. https:// doi. org/ 
10. 1002/ hbm. 20527

 31. Baek SH, Park J, Kim YH et al (2020) Usefulness of diffusion ten-
sor imaging findings as biomarkers for amyotrophic lateral sclero-
sis. Sci Rep 10:5199. https:// doi. org/ 10. 1038/ s41598- 020- 62049-0

 32. Tang M, Chen X, Zhou Q et al (2015) Quantitative assessment 
of amyotrophic lateral sclerosis with diffusion tensor imaging in 
3.0T magnetic resonance. Int J Clin Exp Med 8:8295–8303

 33. Trojsi F, Calazzo G, Corbo D et al (2015) Microstructural changes 
across different clinical milestones of disease in amyotrophic lat-
eral sclerosis. PLoS One 10:e0119045. https:// doi. org/ 10. 1371/ 
journ al. pone. 01190 45

 34. Kalra S, Muller HP, Ishaque A et al (2020) A prospective harmo-
nized multicentre DTI study of cerebral white matter degeneration 
in ALS. Neurology 95:e943–e952. https:// doi. org/ 10. 1212/ WNL. 
00000 00000 010235

 35. Li J, Pan P, Song W et al (2012) A meta-analysis of diffusion ten-
sor imaging studies in amyotrophic lateral sclerosis. Neurobiol 
Aging 33:1833–1838. https:// doi. org/ 10. 1016/j. neuro biola ging. 
2011. 04. 007

 36. Valsasina P, Agosta F, Benedetti B et al (2007) Diffusion ani-
sotropy of the cervical cord is strictly associated with disability 
in amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 
78:480–484. https:// doi. org/ 10. 1136/ jnnp. 2006. 100032

 37. Branco LMT, De Albuquerque M, De Andrade HMT et al (2014) 
Spinal cord atrophy correlates with disease duration and severity 
in amyotrophic lateral sclerosis. Amyotroph Lateral Scler Front 
Degener 15:93–97. https:// doi. org/ 10. 3109/ 21678 421. 2013. 
852589

 38. Paquin M-Ê, El Mendili XMM, Gros XC et al (2018) Spinal cord 
gray matter atrophy in amyotrophic lateral sclerosis. Am J Neu-
roradiol 39:184–192. https:// doi. org/ 10. 3174/ ajnr. A5427

 39. Olney NT, Bischof A, Rosen H et al (2018) Measurement of spi-
nal cord atrophy using phase-sensitive inversion recovery (PSIR) 
imaging in motor neuron disease. PLoS One 13:e0208255. https:// 
doi. org/ 10. 1371/ journ al. pone. 02082 55

 40. Wimmer T, Schreiber F, Hensiek N et al (2020) The upper cer-
vical spinal cord in ALS assessed by cross-sectional and lon-
gitudinal 3T MRI. Sci Rep 10:1783. https:// doi. org/ 10. 1038/ 
s41598- 020- 58687-z

 41. Brooks BR, Miller RG, Swash M et al (2000) El Escorial revisited: 
Revised criteria for the diagnosis of amyotrophic lateral sclero-
sis. Amyotroph Lateral Scler 1:293–299. https:// doi. org/ 10. 1080/ 
14660 82003 00079 536

 42. Cedarbaum JM, Stambler N, Malta E et al (1999) The ALSFRS-R: 
a revised ALS functional rating scale that incorporates assess-
ments of respiratory function. BDNF ALS Study Group (Phase 

III). J Neurol Sci 169:13–21. https:// doi. org/ 10. 1016/ s0022- 
510x(99) 00210-5

 43. Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based 
analysis. Neuroimage 9:179–194. https:// doi. org/ 10. 1006/ nimg. 
1998. 0395

 44. Reuter M, Rosas HD, Fischl B (2010) Highly accurate inverse 
consistent registration: a robust approach. Neuroimage 53:1181–
1196. https:// doi. org/ 10. 1016/j. neuro image. 2010. 07. 020

 45. Jenkinson M, Beckmann CF, Behrens TEJ et al (2012) FSL Neu-
roimage 62:782–790. https:// doi. org/ 10. 1016/j. neuro image. 2011. 
09. 015

 46. De Leener B, Lévy S, Dupont SM et al (2017) SCT: Spinal Cord 
Toolbox, an open-source software for processing spinal cord MRI 
data. Neuroimage 145:24–43. https:// doi. org/ 10. 1016/j. neuro 
image. 2016. 10. 009

 47. Benjamini Y, Hochberg Y (1995) Controlling the false discovery 
rate: a practical and powerful approach to multiple testing. J Royal 
Stat Soc Series B (Methodol) 57:289–300. https:// www. jstor. org/ 
stable/ pdf/ 23461 01

 48. De Albuquerque M, Branco LM, Rezende TJ et al (2017) Longi-
tudinal evaluation of cerebral and spinal cord damage in amyo-
trophic lateral sclerosis. Neuroimage Clin 14:269–276. https:// doi. 
org/ 10. 1026/j. nicl. 2017. 01. 024

 49. Agosta F, Rocca MA, Valsasina P et al (2009) A longitudinal 
diffusion tensor MRI study of the cervical cord and brain in amyo-
trophic lateral sclerosis patients. J Neurol Neurosurg Psychiatry 
80:53–55. https:// doi. org/ 10. 1136/ jnnp. 2008. 154252

 50. Agosta F, Spinelli EG, Marjanovic IV et al (2018) Unraveling 
ALS due to SOD1 mutation through the combination of brain and 
cervical cord MRI. Neurology 90:e707–e716. https:// doi. org/ 10. 
1212/ WNL. 00000 00000 005002

 51. Menke RAL, Abraham I, Thiel CS et al (2012) Fractional anisot-
ropy in the posterior limb of the internal capsule and prognosis in 
amyotrophic lateral sclerosis. Arch Neurol 69:1493–1498. https:// 
doi. org/ 10. 1001/ archn eurol. 2012. 1122

 52. Kassubek J, Muller HP, Del Tredici K et al (2018) Imaging the 
pathoanatomy of amyotrophic lateral sclerosis in vivo: targeting 
a propogation-based biological marker. J Neurol Neurosurg Psy-
chiatry 89:374–381. https:// doi. org/ 10. 1136/ jnnp- 2017- 316365

 53. Baldaranov D, Khomenko A, Kobor I et al (2017) Longitudinal 
diffusion tensor imaging-based assessment of tract alterations: an 
application to amyotrophic lateral sclerosis. Front Hum Neurosci 
11:567. https:// doi. org/ 10. 3389/ fnhum. 2017. 00567

 54. Alruwaili AR, Pannek K, Henderson R et al (2019) Tract integrity 
in amyotrophic lateral sclerosis: 6-month evaluation using MR 
diffusion tensor imaging. BMC Med Imaging 19:19. https:// doi. 
org/ 10. 1186/ s12880- 019- 0319-3

 55. Querin G, Bede P, El Mendili MM et al (2019) Presymptomatic 
spinal cord pathology in c9orf72 mutation carriers: a longitudinal 
neuroimaging study. Ann Neurol 86:158–167. https:// doi. org/ 10. 
1002/ ana. 25520

 56. Müller HP, Del Tredici K, Lulé D et al (2020) In vivo histopatho-
logical staging in C9orf72-associated ALS: a tract of interest DTI 
study. NeuroImage Clin 27:102298. https:// doi. org/ 10. 1016/j. nicl. 
2020. 102298

 57. Metwalli NS, Benatar M, Nair G et al (2010) Utility of axial 
and radial diffusivity from diffusion tensor MRI as markers of 
neurodegeneration in amyotrophic lateral sclerosis. Brain Res 
1348:156–164. https:// doi. org/ 10. 1016/j. brain res. 2010. 05. 067

 58. Pisharady PK, Eberly LE, Cheong I et al (2020) Tract-specific 
analysis improves sensitivity of spinal cord diffusion MRI to 
cross-sectional and longitudinal changes in amyotrophic lat-
eral sclerosis. Commun Biol 3:1–13. https:// doi. org/ 10. 1038/ 
s42003- 020- 1093-z

 59. Grieve SM, Menon P, Korgaonkar MS et al (2016) Potential 
structural and functional biomarkers of upper motor neuron 

https://doi.org/10.1212/wnl.53.5.1051
https://doi.org/10.1136/jnnp.74.9.1250
https://doi.org/10.1002/nbm.907
https://doi.org/10.1212/01.wnl.0000145766.03057.e7
https://doi.org/10.1212/01.wnl.0000145766.03057.e7
https://doi.org/10.1016/j.neuroimage.2006.09.025
https://doi.org/10.1002/hbm.20527
https://doi.org/10.1002/hbm.20527
https://doi.org/10.1038/s41598-020-62049-0
https://doi.org/10.1371/journal.pone.0119045
https://doi.org/10.1371/journal.pone.0119045
https://doi.org/10.1212/WNL.0000000000010235
https://doi.org/10.1212/WNL.0000000000010235
https://doi.org/10.1016/j.neurobiolaging.2011.04.007
https://doi.org/10.1016/j.neurobiolaging.2011.04.007
https://doi.org/10.1136/jnnp.2006.100032
https://doi.org/10.3109/21678421.2013.852589
https://doi.org/10.3109/21678421.2013.852589
https://doi.org/10.3174/ajnr.A5427
https://doi.org/10.1371/journal.pone.0208255
https://doi.org/10.1371/journal.pone.0208255
https://doi.org/10.1038/s41598-020-58687-z
https://doi.org/10.1038/s41598-020-58687-z
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1016/s0022-510x(99)00210-5
https://doi.org/10.1016/s0022-510x(99)00210-5
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2016.10.009
https://doi.org/10.1016/j.neuroimage.2016.10.009
https://www.jstor.org/stable/pdf/2346101
https://www.jstor.org/stable/pdf/2346101
https://doi.org/10.1026/j.nicl.2017.01.024
https://doi.org/10.1026/j.nicl.2017.01.024
https://doi.org/10.1136/jnnp.2008.154252
https://doi.org/10.1212/WNL.0000000000005002
https://doi.org/10.1212/WNL.0000000000005002
https://doi.org/10.1001/archneurol.2012.1122
https://doi.org/10.1001/archneurol.2012.1122
https://doi.org/10.1136/jnnp-2017-316365
https://doi.org/10.3389/fnhum.2017.00567
https://doi.org/10.1186/s12880-019-0319-3
https://doi.org/10.1186/s12880-019-0319-3
https://doi.org/10.1002/ana.25520
https://doi.org/10.1002/ana.25520
https://doi.org/10.1016/j.nicl.2020.102298
https://doi.org/10.1016/j.nicl.2020.102298
https://doi.org/10.1016/j.brainres.2010.05.067
https://doi.org/10.1038/s42003-020-1093-z
https://doi.org/10.1038/s42003-020-1093-z


Journal of Neurology 

1 3

dysfunction in ALS. Amyotroph Lateral Scler Frontotemporal 
Degener 17:85–92. https:// doi. org/ 10. 3109/ 21678 421. 2015. 10747 
07

 60. Mezzapesa DM, D’Errico E, Tortelli R et al (2013) Cortical thin-
ning and clinical heterogeneity in amyotrophic lateral sclerosis. 
PLoS One 8:e80748. https:// doi. org/ 10. 1371/ journ al. pone. 00807 
48

 61. Rasoanandrianina H, Grapperon AM, Taso M et al (2017) Region-
specific impairment of the cervical spinal cord (SC) in amyo-
trophic lateral sclerosis: a preliminary study using SC templates 
and quantitative MRI (diffusion tensor imaging/inhomogeneous 
magnetization transfer). NMR Biomed 30:1–13. https:// doi. org/ 
10. 1002/ nbm. 3801

https://doi.org/10.3109/21678421.2015.1074707
https://doi.org/10.3109/21678421.2015.1074707
https://doi.org/10.1371/journal.pone.0080748
https://doi.org/10.1371/journal.pone.0080748
https://doi.org/10.1002/nbm.3801
https://doi.org/10.1002/nbm.3801

	Analysis of brain and spinal MRI measures in a common domain to investigate directional neurodegeneration in motor neuron disease
	Abstract
	Background 
	Methods 
	Results 
	Discussion 

	Introduction
	Methods
	Participants
	MRI acquisition
	Motor tract damage parameters
	Pre-central gyrus cortical thickness
	Corticospinal tract diffusion tensor imaging
	Cervical spinal cord cross-sectional area

	Statistical analysis

	Results
	Participants
	Motor tract damage measures
	Modelling directionality of neurodegeneration

	Discussion
	Acknowledgements 
	References


