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Objective: To reveal the immediate extent of trauma-induced neurodegenerative changes rostral to the level of
lesion and determine the predictive clinical value of quantitative MRI (qMRI) following acute spinal cord injury
(SCI).
Methods: Twenty-four acute SCI patients and 23 healthy controls underwent a high-resolution T1-weighted
protocol. Eighteen of those patients and 20 of controls additionally underwent a multi-parameter mapping
(MPM) MRI protocol sensitive to the content of tissue structure, including myelin and iron. Patients were examined clinically at baseline, 2, 6, 12, and 24 months post-SCI. We assessed volume and microstructural changes
in the spinal cord and brain using T1-weighted MRI, magnetization transfer (MT), longitudinal relaxation rate
(R1), and eﬀective transverse relaxation rate (R2*) maps. Regression analysis determined associations between
acute qMRI parameters and recovery.
Results: At baseline, cord area and its anterior-posterior width were decreased in patients, whereas MT, R1, and
R2* parameters remained unchanged in the cord. Within the cerebellum, volume decrease was paralleled by
increases of MT and R2* parameters. Early grey matter changes were observed within the primary motor cortex
and limbic system. Importantly, early volume and microstructural changes of the cord and cerebellum predicted
functional recovery following injury.
Conclusions: Neurodegenerative changes rostral to the level of lesion occur early in SCI, with varying temporal
and spatial dynamics. Early qMRI markers of spinal cord and cerebellum are predictive of functional recovery.
These neuroimaging biomarkers may supplement clinical assessments and provide insights into the potential of
therapeutic interventions to enhance neural plasticity.

1. Introduction
Spinal cord injury (SCI) is a devastating neurological disorder that
leads to immediate sensorimotor and autonomic dysfunction below the
lesion level (Freund et al., 2013; Grabher et al., 2015). SCI patients
show limited clinical recovery and most patients are left permanently
paralysed with signiﬁcant degrees of impairment (Dietz and Fouad,
2014). Currently there is no cure for paralysis. Intensive neurorehabilitation fosters functional recovery within the ﬁrst months after SCI

(Gassert and Dietz, 2018) which is accompanied by time dependent
neurodegenerative changes. A cascade of secondary neurodegenerative
processes accompanies the recovery in SCI (Freund et al., 2013;
Grabher et al., 2015; Park et al., 2004; Tator and Fehlings, 1991; Ziegler
et al., 2018, Seif et al., 2018). Thus, understanding the interplay between neurodegenerative and reorganizational changes at the spinal
and brain level during recovery would enable the development of evidence based rehabilitation therapy (Villiger et al., 2015).
Apart from early volumetric changes (atrophy) (Hou et al., 2014), it
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cord injury; SCIM, spinal cord independence measure
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remains unclear whether microstructural changes including myelin and
iron accumulation due to myelin breakdown (Sauerbeck et al., 2013)
parallel the volumetric changes within the same regions and beyond,
early after injury. Additionally, there is still limited knowledge on how
the magnitude of early macro- and microstructural changes relate to
functional recovery following SCI.
Various advanced quantitative magnetic resonance imaging (qMRI)
methods have already shown signiﬁcant potential to provide quantitative measures of neurodegenerative changes in both brain and the
spinal cord (Calabrese et al., 2018; Laule et al., 2006; Martin et al.,
2017; Schmierer et al., 2018, 2007b, 2004; Villiger et al., 2015). Multiparameter mapping (MPM) provides quantitative maps which are indirectly sensitive to the content of tissue structure including myelin and
iron (Dick et al., 2012; Draganski et al., 2011; Helms et al., 2008;
Sereno et al., 2013; Weiskopf et al., 2013).
Previous studies applied qMRI in SCI and have shown early traumainduced volumetric decreases (i.e. atrophy) (Hou et al., 2014) as well as
task-related increases in brain activity (i.e. reorganization) during
upper limb recovery (Jurkiewicz et al., 2007) in the primary motor
cortex (M1) occurring within the ﬁrst months following injury. Moreover, the cerebellar circuitry undergoes signiﬁcant alterations after SCI
which aﬀects ascending spinocerebellar pathways (Visavadiya and
Springer, 2016) and has been related to increases in the intensity of
neuropathic pain (Grabher et al., 2015). Interestingly, the limbic system
is prone to structural changes as well, some of which relate to clinical
impairment (Grabher et al., 2015; Jutzeler et al., 2016). These studies
indicate that neurodegenerative and reorganizational processes occurring early and in parallel after injury. However, relatively little is
known as to how early after injury remote (micro-) structural changes
become evident and if they are predictive of functional recovery. Our
study therefore aimed to identify neurodegeneration based on macroand microstructural MRI parameters above the level of injury (in the
cervical cord, cerebellum, M1 and limbic system) within a few weeks
after injury and to assess the predictive validity of early changes in MRI
parameters for functional recovery over a period of two years following
SCI.

Table 1
Clinical information of 24 patients at baseline; MVA: Motor vehicle accident,
AIS = ASIA impairment scale.
ID

Gender

Age at Baseline
measure
(years)

AIS grade at
Baseline

Initial site of
impairment (motor/
sensory)

Type of
injury

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

m
f
m
m
m
m
m
m
m
m
m
m
f
m
f
f
m
m
m
m
m
m
f
m

18
72
30
28
42
69
70
20
30
29
51
22
68
71
53
46
73
77
43
52
47
67
71
32

A
A
A
A
A
A
B
B
B
B
B
C
C
C
C
D
D
D
D
D
D
D
D
D

C4/C4
T11/T11
C7/C7
C7/C5
C5/C6
T7/T7
C7/C8
C5/C5
C7/C8
L2/L3
C7/C5
C6/C8
T10/T10
T10/T10
C4/C4
T8/T8
S2/S2
T10/T10
L3/L3
T9/T9
C4/C4
C3/C3
T4/T4
T3/T3

Fall
Ischemia
Fall
Fall
Fall
MVA
Fall
MVA
MVA
Fall
MVA
Fall
Ischemia
Ischemia
Fall
Ischemia
Fall
Ischemia
Fall
Fall
MVA
Fall
Ischemia
Fall

respiration and sphincter management and mobility. All clinical assessments were applied within predeﬁned ﬁve-time points: baseline
(about 46 day's post-SCI), 2 months, 6 months, 12 months, and
24 months after injury.

2.2. MRI measurements
All subjects underwent a high-resolution T1-weighted 3D
Magnetization Prepared Rapid Acquisition Gradient-Echo (MPRAGE)
sequence (whole-brain extending to the cervical C5 level) with following parameters: ﬁeld of view (FOV) = 224 × 256 mm2, matrixsize = 224 × 256, repetition time (TR) = 2420 milliseconds, echo time
(TE) = 4.18 milliseconds, Bandwidth = 150 Hz/pixel, and resolution = 1x1x1 mm3 using a 3 T Magnetom SkyraFit and Verio MRI
scanner (Siemens Healthcare, Erlangen, Germany) combined with a 16channel receive radio-frequency (RF) head-neck coil for assessing both
the cervical spinal cord and brain.
To assess microstructural changes associated with quantitative MR
parameters, 18 patients and 20 controls underwent the MPM MRI
protocol (Helms et al., 2008; Weiskopf et al., 2013) which composed of
three diﬀerent 3D multi-echo fast low-angle shot (FLASH) gradientecho sequences, designed to provide MR parameter measures of longitudinal relaxation rate (R1 = 1/T1), eﬀective proton density (PD*),
magnetization transfer saturation (MT) and eﬀective transverse relaxation rate (R2* = 1/T2*) with 1 mm isotropic resolution and
FOV = 240 × 256 mm2 (matrix-size = 5240 × 256) with 176 partitions in a total scan time of 23 min and applying parallel imaging in the
phase-encoding direction using a generalized auto-calibration partially
parallel acquisition algorithm (GRAPPA) factor 2 × 2. The readout
bandwidth was 480 Hz/pixel. The following parameters were: TR = 25
milliseconds, ﬂip-angle = 23° and 4° for T1-weighted images and PDweighted images, respectively. TR = 37 milliseconds, ﬂip-angle = 9°
for MT-weighted images, six echoes between 2.46 and 14.78 milliseconds for the MT-weighted acquisitions with two additional echoes at
17.22 milliseconds and 19.68 milliseconds for the T1-weighted and the
PD-weighted acquisitions. Note, the MPM protocol was installed after
the commencement of the study and therefore the ﬁrst participants (5

2. Material and methods
2.1. Participants
The local cantonal ethics committee of Zurich approved the study
(EK-2010-0271), and informed written consent was obtained from each
subject before participation. The longitudinal aspect of neurodegeneration following spinal cord injury have been previously reported in a
subset of participants included in the present study (Freund et al., 2013;
Ziegler et al., 2018; Seif et al., 2018).
Twenty-four acute SCI patients (mean age = 49.7 ± 19.8 years, 5
female) with mean post-SCI period of 45.6 ± 20.7 days and 23 healthy
controls (age = 35.9 ± 10.9 years, 10 female) were enrolled in this
study at the University Hospital Balgrist between July 2010 and July
2014 (Table 1). The exclusion criteria were: time since injury > 2
months, pregnancy, head or brain lesions associated with spinal cord
injury, pre-existing neurological and medical disorders leading to
functional impairments, mental disorder, or contraindications to MRI.
Patients were clinically examined and scored on the international
standards for the neurological classiﬁcation of spinal cord injury
(ISNCSCI) protocol (Kirshblum et al., 2011). Within this protocol, the
muscle strength is assessed (on a scale form 0 to 5, 0 indicates no voluntary control while 5 indicates full strength) on key muscles in the
upper and lower extremity. To assess the sensory integrity based on the
ISNCSCI, the perception to light touch and pinprick is scored (0 = no
sensation, 1 = abnormal sensation, 2 = normal sensation) on all the
dermatomes. Functional independence was assessed by the spinal cord
independence measure (SCIM) (Anderson et al., 2008) which scores the
ability of the individual to perform daily activities (i.e. self-care,
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healthy controls and 6 patients) underwent only the MPRAGE sequence.

(Freund et al., 2011).

2.3. Image analysis

2.4. Statistical analysis

2.3.1. Cervical cord analysis
The cross-sectional spinal cord area (SCA) was calculated at C2/C3
level applying a semi-automatic active surface model on the T1MPRAGE images using Jim 7.0 software (Xinapse systems, Aldwincle,
UK). Further, we applied an ellipse ﬁtting to calculate the anteriorposterior width (APW) and left-right width (LRW) (Grabher et al.,
2015) using an in-house MATLAB (R2013b) script. Next, we deﬁned the
cord volume within the MT map followed by the same ellipse ﬁtting
procedure using an in-house MATLAB script based on nearest neighbour region growing algorithm. The ROI for the spinal cord was superimposed on the R1 maps and used to extract the mean quantitative
parameters from the MT and R1 maps (Grabher et al., 2015).

To investigate macrostructural changes (cervical cord area, APW
and LRW) and microstructural changes (MT, R1) in the cord between
groups, two-sample t-test in Stata (Stata Corp 13.0, College Station, TX)
was used. We applied linear regression models to explore relationships
between early structural changes of the cord area and functional recovery (Lower extremity motor score (LEMS), light touch, pinprick,
SCIM scores) over time (patients only) adjusted for clinical baseline
status, age, and gender.
General linear models were used to assess brain volume changes in
GM and WM, and the microstructure in deﬁned ROIs at the group level.
Age and TIV were included as covariates of no interest. Uncorrected
voxel threshold of p = .001 was initially considered in statistical
parametric maps. To account for multiple comparisons, we applied
theory of Gaussian random ﬁelds and only clusters surviving a corrected cluster threshold of p = .05 (family wise error corrected (FWE)
based on Gaussian random ﬁeld theory) were reported as signiﬁcant
(Friston et al., 1994). One tailed t-tests with a signiﬁcant threshold of
p < .05 were used in each voxel of interest to test for decreases in
patients and to compare the microstructural changes between controls
and patients. To ensure that each voxel was analysed only once, either
in GM or WM segments, explicit masks for each subspace were generated by assigning each voxel with a probability > 20% to the tissue
class with the highest probability (Grabher et al., 2015). We explored
associations between structural changes at baseline (46 days' post-SCI)
and functional recovery (LEMS, light-touch, pinprick and SCIM scores)
at 2 months, 6 months (short term), 12 months, and 24 months (long
term), adjusting for potentially confounding eﬀects of clinical baseline
status, age, and gender. Only signiﬁcant associations with p < .05 are
reported.

2.3.2. Whole brain analysis
Voxel based morphometry (VBM) and voxel based cortical thickness
(VBCT) methods were applied to T1w-MPRAGE images for estimation
of grey matter (GM) and white matter (WM) changes (Ashburner and
Friston, 2000) and investigate the cortical thickness changes of the
whole-brain (Hutton et al., 2008), respectively.
We segmented T1w-MPRAGE images into GM, WM, and cerebrospinal ﬂuid (CSF) with uniﬁed segmentation (Ashburner and
Friston, 2005) in VBM analysis. For each subject, this procedure produced three images in the same space as the original anatomical image,
in which each voxel was assigned a probability of being GM, WM, or
CSF. Next, the GM and WM segments were spatially normalized into
standard MNI space, with a diﬀeomorphic Anatomical Registration
using Exponentiated Lie algebra (Dartel) algorithm (Ashburner, 2007).
The grey matter and white matter maps were subsequently modulated
by the Jacobian determinants of the deformations (Good et al., 2001).
Finally modulated probability maps were smoothed with an isotropic
Gaussian kernel of 3 mm full width at half maximum (FWHM). The total
intracranial volume (TIV) was calculated as sum of grey matter, white
matter, and CSF volumes (Ridgway et al., 2011).
Moreover, we applied voxel based quantiﬁcation (VBQ) (Draganski
et al., 2011; Weiskopf et al., 2013) on MPM images to assess microstructural changes which includes the indirect measure of myelin (MT &
R1) and iron content (R2*) (Langkammer et al., 2010; Weiskopf et al.,
2014) using general linear models within the framework of the SPM12
(University College London, London, UK). MT-weighted, PD-weighted,
and T1-weighted images acquired from MPM protocol were used to
calculate quantitative parameter maps of MT, R1, and R2*. To estimate
the inhomogeneity of the RF transmit ﬁled, we used uniﬁed segmentation based correction (UNICORT) (Weiskopf et al., 2011) on R1 maps.
We also segmented the MT images to GM, WM and CSF using uniﬁed
segmentation method (Ashburner and Friston, 2005). The Dartel algorithm (Ashburner, 2007) was applied for the transformation to MNI
space, maps were warped to the MNI space with the participant speciﬁc
ﬂow ﬁelds from the MT maps and smoothed with an isotropic Gaussian
kernel ﬁlter with 3 mm full-width at half maximum (FWHM). The VBQ
approach was used for this normalization process to minimize partial
volume eﬀects and for relative contribution of GM and WM accounting
to the respective voxel signal.

3. Results
3.1. Spinal cord analysis
At baseline the cervical cord area (p = .004 patients:
SCA = 69.23 ± 9.47 mm2, controls = 74.95 ± 7.57 mm2) and its APW
(p = .005, patients = 7.54 ± 0.76 mm; controls = 8.12 ± 0.67 mm)
were already decreased in patients, while the LRW remained unchanged (p = .67, patients = 12.09 ± 0.74 mm; controls = 12.00 ±
0.76) (Fig. 1). Microstructural measures of MT, R1 and R2* in the
cervical cord were not signiﬁcantly diﬀerent in patients compared to
controls.

3.2. Whole brain analysis in grey matter, white matter and cortical
thickness
At baseline VBM analysis revealed signiﬁcant GM volume decreases
in a number of areas- the left anterior insula (z-score = 5.01, x = −35,
y = 30, z = 5, p = .009, cluster extent (CE) = 743), the bilateral thalamus (z-score = 4.70, x = 0, y = −11, z = 6, p = .007, CE = 780),
the bilateral anterior cingulate gyrus (z-score = 4.50, x = −2, y = 35,
z = −15, p = .001, CE = 1203), and the right lingual gyrus extending
into the right cerebellum and occipital gyrus (z-score = 5.83, x = 2,
y = −62, z = 8, p < .0001, CE = 982) (Fig. 2). VBM of WM did not
show changes in patients compared with controls.
VBCT revealed reduced cortical thickness (Fig. 3.) in bilateral M1 (zscore = 4.79, x = 53, y = 11, z = 18, p = .039, CE = 412), in bilateral
S1 (z-score = 4.84, x = −54, y = −23, z = 50, p = .001, CE = 858),
and in right lingual gyrus extending into cerebellum (z-score = 4.06,
x = 14, y = −80, z = −15, p = .01, CE = 572).

2.3.3. Region of interest (ROI)
The ROI approach applied in brain analysis, based on the previous
studies (Freund et al., 2011, 2013; Grabher et al., 2015; Jutzeler et al.,
2016) comprised of bilateral M1 and S1 cortices (precentral and postcentral gyrus) respectively, cerebellum, and thalamus extracted from
SPM Anatomy toolbox (Eickhoﬀ et al., 2007). Moreover, to increase
sensitivity of changes within the leg area of M1, a 10 mm sphere was
centred on bilateral x = 6, y = −28, z = 60 based on previous reports
558
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Fig. 1. Macrostructural changes in the cervical cord A: Illustration of measures of cross sectional spinal cord area, left-right width (LRW) and anterior-posterior width
(APW) at cervical level C2-C3. Box plot shows B: Reduced cross-sectional cord area (p = .004) C: Reduced APW of the spinal cord (p = .005) D: reduced LRW of the
spinal cord. All parameters were determined at the C2/C3 level in patients compared to controls. Dots represent outliers that fall below Q1–1.5 × IQR or above
Q3 + 1.5 × IQR (Q1: ﬁrst quartile, Q3: third quartile, IQR = Q3-Q1: interquartile range).

3.3. Region of interest (ROI) analysis in brain
The more sensitive ROI based approach revealed signiﬁcant GM
volume decreases in the right cerebellum (z-score = 4.68, x = 24,
y = −74, z = −18, p < .0001, CE = 1088), in the area of M1 representing the left leg (z-score = 3.96, x = −53, y = −11, z = 32,
p = .017, CE = 400), and in the right S1 (z-score = 4.07, x = 44,
y = −17, z = 42, p = .013, CE = 434). VBCT showed cortical thinning
in the bilateral cerebellum (GM) (z-score = 4.01, x = 12, y = −77,
z = −15, p = .032, CE = 259) and in the area of M1 representing the
left leg (z-score = 3.51, x = 5, y = −33, z = 63, p = .03, CE = 21) and
in the left S1, in the same area of brain reported in whole brain analysis
before, (z-score = 4.85, x = −54, x = −23, z = 50, p = .001,
CE = 861). VBQ revealed increased MT in the right cerebellum (GM) (zscore = 5.58, x = 24, y = −80, z = −24, p = .009, CE = 98) and in
cerebellar vermal lobules VI-VII (z-score = 4.11, x = 3, y = −74,
y = −20, p = .033, CE = 71) as well as increased R2* in right cerebellum (z-score = 5.02, x = 24, y = −87, z = −26, p = .002,
CE = 160) in patients compared to controls (Fig. 4). All these results are
reported in Table 2.
3.4. Baseline predictors of outcome
At the cord level, baseline APW of the cord area was associated with
lower extremity motor scores at two months (p = .03, r2 = 0.87; [95%
Conﬁdence interval (CI): 0.55 to 10.3]) (Fig. 5). Baseline R1 of the cord
was associated with pin-prick score at twelve months (p = .04,
r2 = 0.71; [CI: -0.12 -0.002]). In the brain, GM volume decreases in the
left cerebellum was associated with light touch scores at twelve months
(z-score = 4.02, x = −14, y = −93, z = −30, p = .03, CE = 326)
(Fig. 6). Baseline R2* in the right cerebellum was associated with lower
extremity motor scores at 6 months (z-score = 6.23, x = 14, y = −69,

Fig. 2. Baseline volumetric changes in brain revealed by voxel-based morphometry (VBM). Overlay of statistical parametric maps in grey matter shows volumetric decreases in bilateral thalamus, in bilateral lingual gyrus extending
into the cerebellum, and in the left inferior frontal gyrus in patients compared
to control. Overlay of statistical parametric maps are uncorrected P < .001, for
illustrative purposes. The colour bar indicates the t score.
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z = −57, p = .002, CE = 158) and at 12 months (z-score = 5.3,
x = 14, y = −71, z = −57, p = .009, CE = 117). No associations were
evident between baseline qMRI parameters of the brain and clinical
outcomes at 24 months. Similarly there were no signiﬁcant correlations
between the average time since injury and clinical recovery.
4. Discussion
In this study, we applied qMRI early after SCI and determined remote atrophy (i.e. volume decreases and cortical thickness changes)
and microstructural changes sensitive to diﬀerent tissue components
including myelin and iron at the rostral cord and brain level. To our
knowledge this is the ﬁrst study to investigate the microstructural
changes in acute SCI. The magnitude of trauma-induced structural
changes at baseline predicted functional recovery during follow-up.
These ﬁndings, in the context of previous reports (Freund et al., 2013;
Grabher et al., 2015; Ziegler et al., 2018), allowed us to address two
important questions: how soon following injury are the macro- and
microstructural changes detectable and whether neurodegenerative
changes at the earliest time points are associated with functional recovery.
Our previous longitudinal studies from a subgroup of the current
patient cohort revealed that progressive changes in macroscopic and
microstructural qMRI markers continue for at least two years posttrauma (Ziegler et al., 2018). While these progressive changes level oﬀ
within the spinal cord, they showed sustained changes as a linear
function of time in sensorimotor areas and other regions of the central
nervous system. In this study, the cervical cord above the level of injury
showed signiﬁcant signs of atrophy at 46 days following SCI, while
microstructural changes only become evident with a certain time lag
(Grabher et al., 2015). As cord atrophy is representative of an accumulation of multiple disease processes, several possible mechanisms
need to be considered. Immediately following trauma, a cascade of
pathophysiological processes at the site of injury is initiated (Rossignol
et al., 2007). The most prominent processes include damage to neurons
and oligodendrocytes (Starkey and Schwab, 2012), the expression of
neurotrophic factors from non-neuronal cells around neighboring degenerating axons (Lemon and Griﬃths, 2005), growth-factor dysregulation (Bareyre and Schwab, 2003), vascular remodelling, and disruption of the blood–spinal cord barrier (Tator and Fehlings, 1991). The
primary injury processes initiate a secondary response (Crowe et al.,
1997) which is dominated by inﬂammation and eventually spreads
across the entire neuroaxis (Park et al., 2004). We anticipate that remote cord atrophy therefore relates to neurodegenerative changes
which are associated with chronic inﬂammation, retrograde degeneration of descending ﬁbers and anterograde degeneration of ascending
ﬁbers (Beirowski et al., 2005; Freund et al., 2013; Grabher et al., 2015),
as well as trans-synaptic changes within the propriospinal system (Filli
and Schwab, 2015; Huber et al., 2018). Crucially, the magnitude of
atrophy and microstructural changes at baseline were associated with
sensorimotor recovery at post-SCI. This suggests that in addition to
neurodegenerative changes, time-dependent reorganization of neuronal
circuits may explain the association between SCI-induced atrophy and
motor and sensory function (Courtine et al., 2008; Jain et al., 2000;
Lundell et al., 2011).
At the level of the cerebellum, cerebellar circuit plasticity in response to injuries of the spinal cord have been reported to aﬀect the
integrity of ascending spinocerebellar pathways (Visavadiya and
Springer, 2016). Interestingly, we found volumetric decreases. Next to
atrophic changes we found R2* and MT parameter changes. R2* is
associated with iron content (Langkammer et al., 2010), a key co-factor
in the production and maintenance of myelin (Zecca et al., 2004). On
the other hand, MT values have been associated with myelin content
(Schmierer et al., 2007a, 2004) and thus this ﬁnding in the cerebellum
may be indicative of myelin breakdown triggered by oxidative stress
leading to release of iron.

Fig. 3. Baseline cortical thickness changes in bilateral M1/S1 and cerebellum in
patients compared to healthy controls revealed by voxel based cortical thickness analysis (VBCT) (uncorrected p < .001, for illustrative purposes). The
colour bar indicates the t score.

Fig. 4. Microstructural changes in grey matter at baseline revealed by voxelbased quantiﬁcation (VBQ). A, B, and C: Overlay of statistical parametric maps
(uncorrected p < .001, for illustrative purposes) showing elevated MT in blue
and increased eﬀective transverse relaxation (R2* = 1/T2*) in yellow in patients compared to controls in the cerebellum. The colour bar indicates the t
score. D: The cerebellar results are overlayed onto the ﬂattened map of the
cerebellum using SUIT toolbox (Diedrichsen et al., 2009).
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Table 2
Results of whole brain and region of interest (ROI) analysis using voxel based morphometry (VBM), voxel based cortical thickness (VBCT), and voxel based
quantiﬁcation (VBQ) methods; LT: Light touch score, LEMS: Lower extremity score.

VBM (GM)

VBCT

VBM (GM)

VBCT

VBQ (MT, R2*)

GM volume & LT score at 12 M
R2* & LEMS scores at 6 M
R2* & LEMS scores at 12 M

Brain area

Z-score

P-value (FWE corrected)

Whole
Left anterior insula
Bilateral thalamus
Bilateral anterior cingulate gyrus
Bilateral lingual gyrus extending to cerebellum
Bilateral M1
Bilateral S1
Right lingual gyrus extending to Cerebellum

brain analysis
5.01
=0.009
4.70
=0.007
4.50
=0.001
5.83
=0.0001
4.79
=0.039
4.84
=0.001
4.06
=0.01

Region of interest (ROI) analysis in brain
Right cerebellum
4.68
=0.0001
M1 representing left leg area
3.96
=0.013
Right S1
4.07
=0.032
Bilateral cerebellum
4.01
=0.032
Right M1 representing right leg
3.51
=0.03
Left S1
4.85
=0.001
Right Cerebellum (MT)
5.58
=0.009
Cerebellar vermal lobules VI-VII (MT)
4.11
=0.033
Right cerebellum (R2*)
5.02
=0.002
Left cerebellum
Right cerebellum
Right cerebellum

Baseline predictors of outcome in brain
4.02
=0.03
6.23
=0.002
5.30
=0.009

Cluster extent

X (mm)

Y (mm)

Z (mm)

743
780
1203
982
412
858
572

−35
0
−2
2
53
−54
14

30
−11
35
−62
11
−23
−80

5
6
−15
8
18
50
−15

1088
400
434
259
21
861
98
71
160

24
−53
44
12
5
−54
24
3
24

−74
−11
−17
−77
−33
−23
−80
−74
−87

−18
32
42
−15
63
50
−24
−20
−26

326
158
117

−14
14
14

−93
−69
−71

−30
−57
−57

role of the cerebellum in recovery processes after SCI (Grabher et al.,
2015; Kaushal et al., 2016). The observed changes might serve to facilitate recruitment of neural substrates to compensate for neural deficits following SCI.
Further upstream, cortical thinning occurred within the leg representing area of M1 and S1 at baseline. This reduction in cortical
thickness has been linked to soma size shrinkage of pyramidal cells and
it is likely to be of permanent nature as this reduction persists into the
very chronic state (Freund et al., 2011). In addition, diﬀusivity changes
in the corticospinal tract (Freund et al., 2012) and myelin changes in
M1 (Ziegler et al., 2018) become evident, demonstrating the sensorimotor system is aﬀected in its entire length after SCI.
Finally, GM atrophy was evident within the limbic system.
Speciﬁcally, we found volumetric decreases in the thalamus, anterior
insula, inferior frontal gyrus, and anterior cingulate gyrus at baseline;
most of which are in line with previous studies (Chen et al., 2017;
Grabher et al., 2015; Jutzeler et al., 2016). These regions are relatively
heterogeneous in terms of their function and cytoarchitecture. For instance, they are engaged in emotional function, depression, bladder
controls, and cognitive control (Etkin et al., 2011; Griﬃths et al., 2007;
Tops and Boksem, 2011) next to the sensorimotor functions. However,
alterations in structure and function in most of these areas have been
associated with impaired sensorimotor processing in patients with SCI

Fig. 5. Correlation between anterior-posterior width and lower extremity
motor scores at 2 months following injury (p = .03, r2 = 0.87) at the C2-C3
cord level.

Crucially, less atrophy in the cerebellum was associated with better
sensory outcomes and increases in R2* in the cerebellum was associated
with lower extremity motor scores. The association between structural
changes in the cerebellum with sensorimotor outcomes highlights the

Fig. 6. Correlation between atrophy in the cerebellum and sensory outcome (light touch score at 12 months). Overlay of statistical parametric maps on the ﬂattened
map of the cerebellum for demonstration purpose (Diedrichsen et al., 2009).
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(Grabher et al., 2015). Interestingly, the progression of atrophy is
paralleled by iron accumulation within the thalamus (Ziegler et al.,
2018) indicating ongoing pathophysiological processes which accumulate over time and are associated with the development of neuropathic pain after SCI (Gustin et al., 2014; Jutzeler et al., 2016).
In summary, our results next to the former reports of dynamic
structural brain changes in sub-acute patients (Chen et al., 2017; Hou
et al., 2014; Jurkiewicz et al., 2007) show that the majority of changes
within the brain are initiated very early following injury and are independent of lesion severity and level.
This study had a number of limitations. Patients were on average
10 years older than controls that may aﬀect compensatory eﬀects.
However, age was considered as a covariate in all statistical analyses to
exclude any age-related eﬀects. The determined MR parameters (MT,
R1, and R2*) are an indirect measure of macromolecular contents in
tissue structure. We therefore cannot exclude a partial contribution of
unexplored physiologic/cellular processes occurring after SCI.
Although, previous reports have shown a high correspondence between
MT-based measures and myelin staining in ex-vivo studies (Schmierer
et al., 2004), as well as a dominate contribution of macromolecular
component on R1 (Grabher et al., 2015; Rooney et al., 2007; Schmierer
et al., 2004). Additionally, a post-mortem study showed the relationship between R2* and chemically determined iron concentrations
(Langkammer et al., 2010). The acquisition time of MPM research
protocol is relatively long for its clinical application; however, within
our next studies we succeeded to reduce the acquisition time to 18 min.
In conclusion, remote macro- and microstructural neurodegenerative changes at the level of the spinal cord and brain occur at the very
early stage following SCI, although with diﬀerent temporal and spatial
dynamics. Crucially, both early cord and cerebellar changes predict
functional recovery independently of early clinical status. These ﬁndings provide new insights into the neurodegenerative mechanisms following SCI and begin to identify biomarkers which may predict the
evolution of individual patients.
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for scanning subjects as well as Markus Hupp and Katharina Wolf at the
spinal cord injury centre Balgrist clinic for their help in patient's recruitment.
References
Anderson, K., Aito, S., Atkins, M., Biering-Sørensen, F., Charlifue, S., Curt, A., Ditunno, J.,
Glass, C., Marino, R., Marshall, R., Mulcahey, M.J., Post, M., Savic, G., Scivoletto, G.,
Catz, A., 2008. Functional recovery measures for spinal cord injury: an evidencebased review for clinical practice and research. J. Spinal Cord Med. 31, 133–144.
https://doi.org/10.1080/10790268.2008.11760704.
Ashburner, J., 2007. A fast diﬀeomorphic image registration algorithm. NeuroImage 38,
95–113. https://doi.org/10.1016/j.neuroimage.2007.07.007.
Ashburner, J., Friston, K.J., 2000. Voxel-based morphometry–the methods. NeuroImage
11, 805–821. https://doi.org/10.1006/nimg.2000.0582.
Ashburner, J., Friston, K.J., 2005. Uniﬁed segmentation. NeuroImage 26, 839–851.
https://doi.org/10.1016/j.neuroimage.2005.02.018.
Bareyre, F.M., Schwab, M.E., 2003. Inﬂammation, degeneration and regeneration in the
injured spinal cord: insights from DNA microarrays. Trends Neurosci. 26, 555–563.
https://doi.org/10.1016/j.tins.2003.08.004.
Beirowski, B., Adalbert, R., Wagner, D., Grumme, D.S., Addicks, K., Ribchester, R.R.,
Coleman, M.P., 2005. The progressive nature of Wallerian degeneration in wild-type
and slow Wallerian degeneration (Wld S) nerves. BMC Neurosci. 6, 6. https://doi.
org/10.1186/1471-2202-6-6.
Calabrese, E., Adil, S.M., Cofer, G., Perone, C.S., Cohen-Adad, J., Lad, S.P., Johnson, G.A.,
2018. Postmortem diﬀusion MRI of the entire human spinal cord at microscopic resolution. NeuroImage Clin. 18, 963–971. https://doi.org/10.1016/J.NICL.2018.03.
029.
Chen, Q., Zheng, W., Chen, X., Wan, L., Qin, W., Qi, Z., Chen, N., Li, K., 2017. Brain gray
matter atrophy after spinal cord injury: a voxel-based morphometry study. Front.
Hum. Neurosci. 11 (211). https://doi.org/10.3389/fnhum.2017.00211.
Courtine, G., Song, B., Roy, R.R., Zhong, H., Herrmann, J.E., Ao, Y., Qi, J., Edgerton, V.R.,
Sofroniew, M.V., 2008. Recovery of supraspinal control of stepping via indirect
propriospinal relay connections after spinal cord injury. Nat. Med. 14, 69–74.
Crowe, M.J., Bresnahan, J.C., Shuman, S.L., Masters, J.N., Beattie, M.S., 1997. Apoptosis
and delayed degeneration after spinal cord injury in rats and monkeys. Nat. Med. 3,
73–76.
Dick, F., Tierney, A.T., Lutti, A., Josephs, O., Sereno, M.I., Weiskopf, N., 2012. In vivo
functional and myeloarchitectonic mapping of human primary auditory areas. J.
Neurosci. 32, 16095–16105. https://doi.org/10.1523/JNEUROSCI.1712-12.2012.In.
Diedrichsen, J., Balsters, J.H., Flavell, J., Cussans, E., Ramnani, N., 2009. A probabilistic
MR atlas of the human cerebellum. NeuroImage 46, 39–46. https://doi.org/10.1016/
j.neuroimage.2009.01.045.
Dietz, V., Fouad, K., 2014. Restoration of sensorimotor functions after spinal cord injury.
Brain 137, 654–667. https://doi.org/10.1093/brain/awt262.
Draganski, B., Ashburner, J., Hutton, C., Kherif, F., Frackowiak, R.S.J., Helms, G.,
Weiskopf, N., 2011. Regional speciﬁcity of MRI contrast parameter changes in normal
ageing revealed by voxel-based quantiﬁcation (VBQ). NeuroImage 55, 1423–1434.
https://doi.org/10.1016/j.neuroimage.2011.01.052.
Eickhoﬀ, S.B., Paus, T., Caspers, S., Grosbras, M.-H., Evans, A.C., Zilles, K., Amunts, K.,
2007. Assignment of functional activations to probabilistic cytoarchitectonic areas
revisited. NeuroImage 36, 511–521. https://doi.org/10.1016/j.neuroimage.2007.03.
060.
Etkin, A., Egner, T., Kalisch, R., 2011. Emotional processing in anterior cingulate and
medial prefrontal cortex. Trends Cogn. Sci. https://doi.org/10.1016/j.tics.2010.11.
004.
Filli, L., Schwab, M.E., 2015. Structural and functional reorganization of propriospinal
connections promotes functional recovery after spinal cord injury. Neural Regen. Res.
10, 509–513. https://doi.org/10.4103/1673-5374.155425.
Freund, P., Weiskopf, N., Ward, N.S., Hutton, C., Gall, A., Ciccarelli, O., Craggs, M.,
Friston, K., Thompson, A.J., 2011. Disability, atrophy and cortical reorganization
following spinal cord injury. Brain 134, 1610–1622. https://doi.org/10.1093/brain/
awr093.
Freund, P., Wheeler-Kingshott, C.A., Nagy, Z., Gorgoraptis, N., Weiskopf, N., Friston, K.,
Thompson, A.J., Hutton, C., 2012. Axonal integrity predicts cortical reorganisation
following cervical injury. J. Neurol. Neurosurg. Psychiatry 83, 629–637. https://doi.
org/10.1136/jnnp-2011-301875.
Freund, P., Weiskopf, N., Ashburner, J., Wolf, K., Sutter, R., Altmann, D.R., Friston, K.,
Thompson, A., Curt, A., Freund, P., Weiskopf, N., Ashburner, J., Friston, K., 2013.
MRI investigation of the sensorimotor cortex and the corticospinal tract after acute
spinal cord injury: a prospective longitudinal study. Lancet Neurol. 12, 873–881.
https://doi.org/10.1016/S1474-4422(13)70146-7.
Friston, K.J., Worsley, K.J., Frackowiak, R.S., Mazziotta, J.C., Evans, A.C., 1994.
Assessing the signiﬁcance of focal activations using their spatial extent. Hum. Brain
Mapp. 1, 210–220. https://doi.org/10.1002/hbm.460010306.
Gassert, R., Dietz, V., 2018. Rehabilitation robots for the treatment of sensorimotor
deﬁcits: a neurophysiological perspective. J. Neuroeng. Rehabil. 15 (1), 46. https://
doi.org/10.1186/s12984-018-0383-x.
Good, C.D., Johnsrude, I.S., Ashburner, J., Henson, R.N.A., Friston, K.J., Frackowiak,

Study funding
This study is funded by the SRH Holding, Wings for Life Austria
(WFL-CH-007/14), the EU project (Horizon 2020 ‘NISCI’ grant agreement n_ 681094), ERA-NET Neuron (hMRI of SCI) and the Clinical
Research Priority Program “NeuroRehab” of the University of Zurich.

Author contributions
MS: data analysis, statistical analysis, conception and design of the
study, drafting and ﬁnalizing the manuscript; AC, AT, NW: conception
and design of the study; PG: data acquisition, drafting manuscript; PF:
conception and design of the study, drafting and revising the manuscript.

Conﬂicts of interest
We declare no conﬂicts of interest.

Disclosure statement
The Wellcome Trust Centre for Neuroimaging and Max Planck institute in Germany have an institutional research agreement with
Siemens Healthcare and receive support from Siemens. Prof. Alan J.
Thompson has received honoraria and support for travelling and consultancy from Biogen Idec, MedDay, Eisai, and Novartis, and for
teaching from Teva, Novartis, and EXCEMED. He also receives an
honorarium as editor-in-chief of Multiple Sclerosis.
562

NeuroImage: Clinical 20 (2018) 556–563

M. Seif et al.

Ridgway, Gerard R., Barnes, Josephine, Pepple, Tracey, Fox, Nick, 2011. Estimation of
total intracranial volume; a comparison of methods. Alzheimer's Dement. 7 (4).
https://doi.org/10.1016/j.jalz.2011.05.099.
Rooney, W.D., Johnson, G., Li, X., Cohen, E.R., Kim, S.-G.G., Ugurbil, K., Springer, C.S.,
2007. Magnetic ﬁeld and tissue dependencies of human brain longitudinal 1H2O
relaxation in vivo. Magn. Reson. Med. 57, 308–318. https://doi.org/10.1002/mrm.
21122.
Rossignol, S., Schwab, M., Schwartz, M., Fehlings, M.G., 2007. Spinal cord injury: time to
move? J. Neurosci. 27, 11782–11792. https://doi.org/10.1523/JNEUROSCI.344407.2007.
Sauerbeck, A., Schonberg, D.L., Laws, J.L., McTigue, D.M., 2013. Systemic iron chelation
results in limited functional and histological recovery after traumatic spinal cord
injury in rats. Exp. Neurol. 248, 53–61. https://doi.org/10.1016/j.expneurol.2013.
05.011.
Schmierer, K., Scaravilli, F., Altmann, D.R., Barker, G.J., Miller, D.H., 2004.
Magnetization transfer ratio and myelin in postmortem multiple sclerosis brain. Ann.
Neurol. 56, 407–415. https://doi.org/10.1002/ana.20202.
Schmierer, K., Tozer, D.J., Scaravilli, F., Altmann, D.R., Barker, G.J., Tofts, P.S., Miller,
D.H., 2007a. Quantitative magnetization transfer imaging in postmortem multiple
sclerosis brain. J. Magn. Reson. Imaging 26, 41–51. https://doi.org/10.1002/jmri.
20984.
Schmierer, K., Wheeler-Kingshott, C.A.M., Boulby, P.A., Scaravilli, F., Altmann, D.R.,
Barker, G.J., Tofts, P.S., Miller, D.H., 2007b. Diﬀusion tensor imaging of post mortem
multiple sclerosis brain. NeuroImage 35, 467–477. https://doi.org/10.1016/j.
neuroimage.2006.12.010.
Schmierer, K., McDowell, A., Petrova, N., Carassiti, D., Thomas, D.L., Miquel, M.E., 2018.
Quantifying multiple sclerosis pathology in post mortem spinal cord using MRI.
NeuroImage. https://doi.org/10.1016/j.neuroimage.2018.01.052.
Seif, M., Ziegler, G., Freund, P., 2018. Progressive ventricles enlargement and CSF volume
increases as a marker of neurodegeneration in SCI patients: a longitudinal MRI study.
J. Neurotrauma. https://doi.org/10.1089/neu.2017.5522.
Sereno, M.I., Lutti, A., Weiskopf, N., Dick, F., 2013. Mapping the human cortical surface
by combining quantitative T1 with retinotopy. Cereb. Cortex 23, 2261–2268. https://
doi.org/10.1093/cercor/bhs213.
Starkey, M.L., Schwab, M.E., 2012. Anti-Nogo-A and training: can one plus one equal
three? Exp. Neurol. https://doi.org/10.1016/j.expneurol.2011.04.008.
Tator, C.H., Fehlings, M.G., 1991. Review of the secondary injury theory of acute spinal
cord trauma with emphasis on vascular mechanisms. J. Neurosurg. 75, 15–26.
https://doi.org/10.3171/jns.1991.75.1.0015.
Tops, M., Boksem, M.A.S., 2011. A potential role of the inferior frontal gyrus and anterior
insula in cognitive control, brain rhythms, and event-related potentials. Front.
Psychol. 2 (330). https://doi.org/10.3389/fpsyg.2011.00330.
Villiger, M., Grabher, P., Hepp-Reymond, M.-C., Kiper, D., Curt, A., Bolliger, M., HotzBoendermaker, S., Kollias, S., Eng, K., Freund, P., 2015. Relationship between
structural brainstem and brain plasticity and lower-limb training in spinal cord injury: a longitudinal pilot study. Front. Hum. Neurosci. 9 (254). https://doi.org/10.
3389/fnhum.2015.00254.
Visavadiya, N.P., Springer, J.E., 2016. Altered cerebellar circuitry following thoracic
spinal cord injury in adult rats. Neural Plast. 2016, 1–5. https://doi.org/10.1155/
2016/8181393.
Weiskopf, N., Lutti, A., Helms, G., Novak, M., Ashburner, J., Hutton, C., 2011. Uniﬁed
segmentation based correction of R1 brain maps for RF transmit ﬁeld inhomogeneities (UNICORT). NeuroImage 54, 2116–2124. https://doi.org/10.1016/j.
neuroimage.2010.10.023.
Weiskopf, N., Suckling, J., Williams, G., Correia, M.M., Inkster, B., Tait, R., Ooi, C.,
Bullmore, E.T., Lutti, A., 2013. Quantitative multi-parameter mapping of R1, PD(*),
MT, and R2(*) at 3T: a multi-center validation. Front. Neurosci. 7 (95). https://doi.
org/10.3389/fnins.2013.00095.
Weiskopf, N., Callaghan, M.F., Josephs, O., Lutti, A., Mohammadi, S., 2014. Estimating
the apparent transverse relaxation time (R2*) from images with diﬀerent contrasts
(ESTATICS) reduces motion artifacts. Front. Neurosci. 8, 1–10. https://doi.org/10.
3389/fnins.2014.00278.
Zecca, L., Youdim, M.B.H., Riederer, P., Connor, J.R., Crichton, R.R., 2004. Iron, brain
ageing and neurodegenerative disorders. Nat. Rev. Neurosci. 5, 863–873. https://doi.
org/10.1038/nrn1537.
Ziegler, G., Grabher, P., Thompson, A., Altmann, D., Hupp, M., Ashburner, J., Friston, K.,
Weiskopf, N., Curt, A., Freund, P., 2018. Progressive neurodegeneration following
spinal cord injury. Neurology 90. https://doi.org/10.1212/WNL.
0000000000005258.

R.S.J., 2001. A voxel-based morphometric study of ageing in 465 normal adult
human brains. NeuroImage 14, 21–36. https://doi.org/10.1006/nimg.2001.0786.
Grabher, P., Callaghan, M.F., Ashburner, J., Weiskopf, N., Thompson, A.J., Curt, A.,
Freund, P., 2015. Tracking sensory system atrophy and outcome prediction in spinal
cord injury. Ann. Neurol. 78, 751–761. https://doi.org/10.1002/ana.24508.
Griﬃths, D., Tadic, S.D., Schaefer, W., Resnick, N.M., 2007. Cerebral control of the
bladder in normal and urge-incontinent women. NeuroImage 37, 1–7. https://doi.
org/10.1016/j.neuroimage.2007.04.061.
Gustin, S.M., Wrigley, P.J., Youssef, A.M., McIndoe, L., Wilcox, S.L., Rae, C.D., Edden,
R.A.E., Siddall, P.J., Henderson, L.A., 2014. Thalamic activity and biochemical
changes in individuals with neuropathic pain after spinal cord injury. Pain 155,
1027–1036. https://doi.org/10.1016/j.pain.2014.02.008.
Helms, G., Dathe, H., Kallenberg, K., Dechent, P., 2008. High-resolution maps of magnetization transfer with inherent correction for RF inhomogeneity and T1 relaxation
obtained from 3D FLASH MRI. Magn. Reson. Med. 60, 1396–1407. https://doi.org/
10.1002/mrm.21732.
Hou, J.M., Yan, R., Xiang, Z., Zhang, H., Liu, J., Wu, Y.T., Zhao, M., Pan, Q.Y., Song, L.,
Zhang, W., Li, H., Liu, H., Sun, T.-S.S., 2014. Brain sensorimotor system atrophy
during the early stage of spinal cord injury in humans. Neuroscience 266, 208–215.
https://doi.org/10.1016/j.neuroscience.2014.02.013.
Huber, E., David, G., Thompson, A.J., Weiskopf, N., Mohammadi, S., Freund, P., 2018.
Dorsal and ventral horn atrophy is associated with clinical outcome after spinal cord
injury. Neurology. https://doi.org/10.1212/WNL.0000000000005361.
Hutton, C., De Vita, E., Ashburner, J., Deichmann, R., Turner, R., 2008. Voxel-based
cortical thickness measurements in MRI. NeuroImage 40, 1701–1710. https://doi.
org/10.1016/j.neuroimage.2008.01.027.
Jain, N., Florence, S.L., Qi, H.X., Kaas, J.H., 2000. Growth of new brainstem connections
in adult monkeys with massive sensory loss. Proc. Natl. Acad. Sci. U. S. A. 97,
5546–5550. https://doi.org/10.1073/pnas.090572597.
Jurkiewicz, M.T., Mikulis, D.J., McIlroy, W.E., Fehlings, M.G., Verrier, M.C., 2007.
Sensorimotor cortical plasticity during recovery following spinal cord injury: a
longitudinal fMRI study. Neurorehabil. Neural Repair 21, 527–538. https://doi.org/
10.1177/1545968307301872.
Jutzeler, C.R., Huber, E., Callaghan, M.F., Luechinger, R., Curt, A., Kramer, J.L.K.,
Freund, P., 2016. Association of pain and CNS structural changes after spinal cord
injury. Sci. Rep. 6 (18534). https://doi.org/10.1038/srep18534.
Kaushal, M., Oni-Orisan, A., Chen, G., Li, W., Leschke, J., Ward, B.D., Kalinosky, B.T.,
Budde, M.D., Schmit, B.D., Li, S.-J., Muqeet, V., Kurpad, S.N., 2016. Evaluation of
whole-brain resting-state functional connectivity in spinal cord injury – a large-scale
network analysis using network based statistic. J. Neurotrauma. https://doi.org/10.
1089/neu.2016.4649. neu.2016.4649.
Kirshblum, S.C., Waring, W., Biering-Sorensen, F., Burns, S.P., Johansen, M., SchmidtRead, M., Donovan, W., Graves, D., Jha, A., Jones, L., Mulcahey, M.J., Krassioukov,
A., 2011. Reference for the 2011 revision of the international standards for neurological classiﬁcation of spinal cord injury. J. Spinal Cord Med. 34, 547–554. https://
doi.org/10.1179/107902611X13186000420242.
Langkammer, C., Krebs, N., Goessler, W., Scheurer, E., Ebner, F., Yen, K., Fazekas, F.,
Ropele, S., 2010. Quantitative MR Imaging of Brain Iron: a Postmortem Validation
Study 1. Radiology 257, 455–462. https://doi.org/10.1148/radiol.10100495.
Laule, C., Leung, E., Lis, D.K.B., Traboulsee, A.L., Paty, D.W., MacKay, A.L., Moore,
G.R.W., 2006. Myelin water imaging in multiple sclerosis: quantitative correlations
with histopathology. Mult. Scler. 12, 747–753. https://doi.org/10.1177/
1352458506070928.
Lemon, R.N., Griﬃths, J., 2005. Comparing the function of the corticospinal system in
diﬀerent species: organizational diﬀerences for motor specialization? Muscle Nerve
32, 261–279. https://doi.org/10.1002/mus.20333.
Lundell, H., Barthelemy, D., Skimminge, A., Dyrby, T.B., Biering-Sørensen, F., Nielsen,
J.B., 2011. Independent spinal cord atrophy measures correlate to motor and sensory
deﬁcits in individuals with spinal cord injury. Spinal cord Oﬀ. J. Int. Med. Soc.
Paraplegia 49, 70–75. https://doi.org/10.1038/sc.2010.87.
Martin, A.R., De Leener, B., Cohen-Adad, J., Cadotte, D.W., Kalsi-Ryan, S., Lange, S.F.,
Tetreault, L., Nouri, A., Crawley, A., Mikulis, D.J., Ginsberg, H., Fehlings, M.G., 2017.
Clinically feasible microstructural MRI to quantify cervical spinal cord tissue injury
using DTI, MT, and T2∗-weighted imaging: Assessment of normative data and reliability. Am. J. Neuroradiol. 38, 1257–1265. https://doi.org/10.3174/ajnr.A5163.
Park, E., Velumian, A.A., Fehlings, M.G., 2004. The role of excitotoxicity in secondary
mechanisms of spinal cord injury: a review with an emphasis on the implications for
white matter degeneration. J. Neurotrauma 21, 754–774. https://doi.org/10.1089/
0897715041269641.

563

