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MRI in traumatic spinal cord injury: from clinical assessment 
to neuroimaging biomarkers
Patrick Freund, Maryam Seif, Nikolaus Weiskopf, Karl Friston, Michael G Fehlings, Alan J Thompson, Armin Curt

Traumatic spinal cord injury occurs when an external physical impact damages the spinal cord and leads to permanent 
neurological dysfunction and disability, and it is associated with a high socioeconomic burden. Conventional MRI plays 
a crucial role in the diagnostic workup as it reveals extrinsic compression of the spinal cord and disruption of the 
discoligamentous complex. Additionally, it can reveal macrostructural evidence of primary intramedullary damage such 
as haemorrhage, oedema, post-traumatic cystic cavities, and tissue bridges. Quantitative MRI, such as magnetisation 
transfer, magnetic resonance relaxation mapping, and diffusion imaging, enables the tracking of secondary changes 
across the neuraxis at the microstructural level. Both conventional MRI and quantitative MRI metrics, obtained early 
after spinal cord injury, are predictive of clinical outcome. Thus, neuroimaging biomarkers could serve as surrogate 
endpoints for more efficient future trials targeting acute and chronic spinal cord injury. The adoption of neuroimaging 
biomarkers in centres for spinal cord injury might lead to personalised patient care.

Introduction
Conventional MRI of the spinal cord is an essential 
component in the diagnostic investigation, surgical treat­
ment, and rehabilitation of patients with spinal cord 
injury.1 Spinal MRI is the gold standard for the evaluation 
of any damage to the discoligamentous complex (ie, spine 
instability and spinal canal encroachment) and neural 
structures (ie, intramedullary damage of the spinal cord) 
induced by mechanical trauma.2 In clinical practice, 
T1-weighted and T2-weighted MRI sequences are usually 
applied.3 These conventional MRI sequences reveal 
the level of the damage and the extent of intramedullary 
or extramedullary abnormalities (oedema and haem­
orrhage), the degree of spinal cord compression, extent 
of disk herniation, and the amount of ligamentous 
instability at the level of the injury.3 Coupled with the 
clinical examination, these imaging findings, obtained 
within hours of the trauma, guide decision making and 
can lead to a timely and appropriate decompression of the 
spinal cord.4

Despite their importance in clinical management, these 
conventional MRI sequences provide little information 
about the evolving neurodegenerative changes of the 
immediate and adjacent spinal cord segments and, 
subsequently, of the brain. Thus, there is an urgent need 
for a more in-depth understanding of the complex pro­
cesses of neural plasticity involved in spinal cord injury 
recovery.5 Spinal imaging studies using advanced quanti­
tative MRI techniques, such as magnetisation transfer, 
magnetic resonance relaxation mapping, and diffusion 
imaging can improve detection and quantification of 
microstructural features of trauma-induced pathol­
ogy both at, and remotely from, the site of injury.6–14 
These quantitative MRI protocols provide measures of 
spinal cord15,16 and brain integrity17 that reflect atrophy, 
demyelination, and iron deposition. They have been used 
to demonstrate widespread6–14 and progressive neuro­
degeneration;7–9 the magnitude of which can predict 
clinical recovery.9,10 Quantitative MRI therefore offers 
improved assessment of underlying neural integrity 

and can provide insights into the relationship between 
clinical recovery and neural plasticity.18 Additionally, task-
based functional MRI and resting-state functional MRI 
(rs-fMRI), although non-quantitative, can probe plasticity 
in the brain19–21 and spinal cord.22–25 In clinical practice, 
sensorimotor impairments assessed by means of the 
International Standards for Neurological Classification of 
Spinal Cord Injury26 are commonly used as outcome 
predictors following spinal cord injury (panel 1). Con­
ventional MRI markers such as the Brain and Spinal 
Injury Center (BASIC) score37 and intramedullary lesion 
length38 are also considered useful predictors of outcome. 
However, the future portends a better understanding 
of trauma-induced microstructural changes by means of 
neuroimaging biomarkers, and a potential use of neuro­
imaging biomarkers as an indicator of outcome in 
clinical trials.

In this Review, we evaluate findings from conventional 
MRI and discuss the insights they have provided concern­
ing the primary pathological features of the injury 
epicentre. We then assess developments in quantitative 
MRI imaging studies that have revealed new information 
on secondary pathological changes affecting the entire 
neuraxis. We discuss the relevance and implications of 
these advances in quantitative MRI for improving the 
ability to predict recovery are discussed, and we follow that 
discussion with an assessment of their application as 
biomarkers in spinal cord injury trials. We review studies 
assessing cortical and spinal functional plasticity by means 
of fMRI and rs-fMRI are reviewed before discussing the 
application of MRI protocols in clinical and research 
settings. Finally, we suggest directions for future research.

Conventional MRI
Immediate changes at the epicentre
Most patients with spinal cord injury undergo decompress­
ion surgery and receive spinal fixation devices (ie, metallic 
implants) to manage spinal instability. The presence of 
metallic implants causes substantial MRI artifacts such 
as signal-loss, signal-pileup, geometric distortion, and 
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failure of fat suppression,39 which worsen with increasing 
magnetic field strength.40 These image artifacts limit MRI 
diagnostic utility and reduce the quality of the quantitative 
MRI metrics. Current strategies for metal artifact suppres­
sion that allow scan acquisitions in a clinically feasible 
duration include slice-encoding for metal artifact correct­
ion41 with dual-source parallel radiofrequency,42 as well as 
compressed sensing multi-spectral imaging techniques.43 
By taking advantage of such techniques, MRI studies 
have investigated primary (ie, macrostructural) changes 
immediately following the injury, focally at the injury site, 

and on the basis of hyperintensity signal changes of 
sagittal and axial T2-weighted MRI scans and hypointensity 
signal changes of T1-weighted MRI scans.38,44–49 The most 
prominent features on sagittal T2-weighted MRI scans 
include haemorrhage, cytotoxic oedema, and spinal cord 
swelling.38,47 Serial quantification of the sagittal T2-weighted 
hyperintensity revealed that the intramedullary damage 
dynamically expands rostrally and caudally, with injury 
severity substantially affecting the rate of expansion.37,38,47 

On the basis of T2-weighted signal abnormalities, a 
five-point ordinal MRI score—referred to as the BASIC 
score—has been proposed for MRI-based diagnostic and 
prognostic classification in patients with spinal cord injury 
in the first days after injury.37 The BASIC score quantifies 
five distinct patterns of intramedullary T2-weighted signal 
abnormality in the axial plane at the injury epicentre 
of the spinal cord (figure 1). These patterns range from 
no abnormalities to the most severe abnormalities, 
consisting of a mix of haemorrhage and oedema. The 
feasibility and prognostic validity of the BASIC score have 
been demonstrated for patients with acute cervical37,50 
and thoracic51 spinal cord injury, in whom MRI had been 
performed within days after injury. Moreover, the intra­
medullary lesion size, measured on sagittal T2-weighted 
scans (figure 2), might be a good predictor of recovery as 
its size is influenced by injury severity44–48 and the outcome 
of surgical decompression.38

A caveat to quantifying intramedullary damage by 
conventional MRI scans is that the T2-weighted signal 
changes are non-specific to the underlying pathophysio­
logy. T2-weighted signal changes can reflect various 
processes, including oedema, inflammation, demyelina­
tion, cyst cavitation, or the development of myelomalacia.37 
Moreover, interpretation should be dependent on the 
timing of MRI assessments, as the evolution of the signal 
can change considerably (eg, oedema and haemorrhage) 
over time and is highly variable across patients.38 Finally, 
since fully automated methods that can reliably distinguish 
artifact induced signal changes at the epicentre of a 
traumatic lesion are not available, the quantification of 
changes in T2-weighted MRI scans is usually performed 
by a user with experience in assessing conventional MRI. 
Thus, the utility of the BASIC score as suitable outcome 
predictor, and the quantification of the intramedullary 
lesion length require further validation. Multicentre 
studies, at both early and later time points, would be 
ideal—for example, during rehabilitation when the 
T2-weighted signal abnormalities have evolved—for the 
validation of these neuroimaging biomarkers.52

Evolution of changes at the epicentre
A longitudinal study employing conventional MRI has 
investigated the natural sequelae of macrostructural intra­
medullary changes during the first year after cervical spinal 
cord injury in 13 patients.52 This study found that 
T2-weighted MRI scans showed a transition from the acute 
oedema and haemorrhage53 to subacute intramedullary 

Panel 1: Clinical and electrophysiological assessment of 
patients with spinal cord injury 

The symptoms and signs of myelopathy (ie, the degree of 
sensorimotor deficit and the presence of neuropathic pain) 
can be assessed clinically and by electrophysiological tests. 
The gold standard in assessing clinical impairment is by 
means of the International Standards for the Neurological 
Classification of Spinal Cord Injury protocol.27 This test is 
routinely performed at admission by a qualified clinician who 
tests key muscles for strength and all dermatomes for 
light-touch and pin-prick sensation. A score is then 
calculated and used to classify the patient’s overall 
impairment on the American Spinal Injury Association 
Impairment (AISA) scale with five ranked categories—A to E. 
Category A corresponds to the most severely damaged spinal 
cord, with no motor and sensory function below the level of 
injury, whereas category E features no clinically relevant 
impairment. Although defining AISA categories is a fairly 
easy process, it does not capture the entire extent of primary 
and secondary injury mechanisms. Consequently, there is 
considerable heterogeneity within an AISA category, which 
limits the applicability of this classification to guide 
stratification in clinical trials. Thus, large clinical trials are 
needed to distinguish a treatment effect from natural 
history. To address this drawback, dedicated prediction 
models (ie, unbiased recursive partitioning) have been 
developed.28,29 These models aim to reduce the heterogeneity 
within spinal cord injury cohorts, thereby improving 
patient stratification.

For upper limb function, manual dexterity is assessed by the 
Graded Redefined Assessment of Strength, Sensibility, and 
Prehension score,30,31 and functional independence by the 
Spinal Cord Independence Measure score,32 while 
neuropathic pain intensity is commonly assessed with pain 
questionnaires.33 Neurophysiological recordings, such as 
motor and sensory-evoked potentials34 and contact heat 
evoked potentials,35 can provide additional information 
about the integrity of impulse conductance of motor and 
distinct sensory pathways.36 However, these examinations 
report on impaired function related to focal injury, and they 
do not reflect remote neurodegeneration and functional 
reorganisational processes that occur with distinct (delayed) 
temporal profiles.5
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lesion expansion44,47 (figure 3). After signs of oedema and 
haemorrhage slowly evolved on the T2-weighted MRI 
scans, a post-traumatic cyst appeared in all patients within 
the first month after spinal cord injury.52 At one month 
after spinal cord injury it is possible to detect small tissue 
bridges around the post-traumatic cyst that can be 
measured at the dorsal and ventral aspect of the cord, on 
midsagittal T2-weighted scans (figure 2).52,54 Crucially, the 
width and location of these tissue bridges might predict 
tract-specific electrophysiological information flow52 and 
long-term functional recovery.52,54,55 Thus, the quantification 
of spared midsagittal tissue bridges on T2-weighted MRI 
scans, at 1 month after spinal cord injury, holds potential as 
a important prognostic outcome tool.

The prognostic ability of MRI markers of lesion char­
acteristics and tissue bridges emphasises the importance 
of conventional MRI protocols to be applied in clinical 
routine.56 In particular, T2-weighted MRI scans can detect 
dynamic intramedullary signal changes and preserved 
midsagittal tissue bridges.52 Being potentially sensitive to 
therapeutic interventions, these neuroimaging biomarkers 
can serve both as a diagnostic and prognostic tool. 
Conventional MRI protocols are also easily applied in 

longitudinal study designs at any stage of spinal cord 
injury, and thus could serve as neuroimaging biomarkers 
for clinical trials.52

Progressive spinal cord atrophy
Automated and unbiased quantification of trauma-induced 
changes at the level of the injury are still not feasible 
because of the artifacts induced by metal implants at the 
lesion site. One strategy to measure structural changes 
free of metal artifacts that can be performed fully or semi-
automatically is to target the artifact-free spinal cord above 
and below the level of injury. A prospective, longitudinal 
MRI investigation of 15 patients with traumatic spinal cord 
injury, tracking changes to the cross-sectional cord area 
(measured in mm²) on the basis of a T1-weighted 
MPRAGE sequence at the cervical spinal cord level 
(C2/C3), showed signs of remote spinal cord atrophy 
within 2 months of the spinal cord injury.8,57 One year after 
spinal cord injury, atrophy continued to progress,7,8 at the 
level of the cervical spinal cord, reaching 14% at 2 years 
after spinal cord injury compared with 2 months after 
spinal cord injury.6,9 In patients with long-standing spinal 
cord injury, high-resolution multi-echo gradient echo MRI 

Figure 1: Classification of acute spinal cord injury according to the BASIC score
BASIC comprises a five-point ordinal MRI score for classifying acute spinal cord injuries on the basis of conventional axial T2-weighted MRI scans. The score stratifies 
spinal cord injury according to the extent of transverse T2-weighted signal abnormality during the acute phase of the injury. The figure shows cartoon schematics (A), 
representative axial T2-weighted MRI scans with the external contour of the spinal cord outlined in yellow for better delineation (B), 3D-colour surface plots based on 
the axial T2-weighted MRI scan (C), and brief definitions (D) for each of the five BASIC scores (ranging from 0 to 4). Reproduced from Talbott et al,37 by permission of 
the American Association of Neurological Surgeons.  BASIC=Brain and Spinal Cord Injury Score.

A B C D
BASIC O
No appreciable intramedullary cord signal abnormality

BASIC 1
Intramedullary T2 hyperintensity is approximately confined to 
central grey matter

BASIC 2
Intramedullary T2 hyperintensity extends beyond expected 
grey matter margins to involve spinal white matter, but does not
involve the entire transverse extent of the spinal cord

BASIC 3
Intramedullary T2 hyperintensity involves entire transverse extent
of spinal cord

BASIC 4
Grade 3 injury plus discrete T2 hypointense foci, consistent with
macrohaemorrhage
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scans, which allow to segment the grey and white matter 
of the spinal cord,58 showed that remote neurodegenera­
tion occurs within the dorsal and ventral horns as well 
as in white matter within the cervical spinal cord6 and 
lumbar enlargement.59 While dorsal horn atrophy at 

the cervical level was associated with sensory out­
come (eg, pain sensation, ie, pin-prick score), ventral horn 
atrophy was associated with motor muscle strength score.6 
It is still not clear whether the rate of spinal cord atrophy is 
related to the lesion level or the severity of the injury.7,10,57

Progressive brain atrophy
The conventional T1-weighted MPRAGE sequence that 
covers the brain and cervical spinal cord has also provided 
insights into remote brain atrophy. Trauma-induced brain 
atrophy is particularly prominent across the cranial 
projections of the corticospinal tracts, primary motor 
cortex, insula, anterior cingulate gyrus, and thalamus.7–9,60–63 
As in the spinal cord, brain atrophy starts to evolve within 
the first months after spinal cord injury and continues for 
at least 2 years after injury.9,64 The resulting changes in 
tissue volume are clinically relevant. For example, greater 
volume reductions in the brainstem during the first 
6 months after spinal cord injury were associated with 
poorer recovery of lower limb motor function.65 Likewise 
neuropathic pain intensity has been shown to be associ­
ated with reductions in volumes of primary sensory 
cortices and thalamus,60 as well as increases (ie, potentially 
reflecting reorganisational processes) in grey matter 
volume within the anterior cingulate gyrus and primary 
motor cortices.66 Performance improvements due to lower 
limb training in nine patients with incomplete chronic 
spinal injury (time since injury>1 year) led to volume 
increases within the atrophied brainstem—indicating 
reorganisation processes.64

Figure 2: Extent of lesion and tissue bridges in patients with spinal cord injury 
(A) Postoperative T2-weighted MRI of the cervical spinal cord of a 17-year-old patient with traumatic spinal cord injury (male, American Spinal Injury Association 
Impairment Scale [AISA] grade A [complete]). Postoperative MRI at 32·5 h after decompression surgery indicated an intramedullary lesion length of 102 mm 
(long bracket) with bleeding (short bracket) and myelomalacia (dotted lines) at the injury epicentre. Reproduced from Aarabi and colleagues, 2017,38 with permission 
from the American Association for the Advancement of Science. (B) Demonstration of the lesion segmentation using mid-sagittal T2-weighted MRI within the 
cervical cord of a 51-year-old patient with incomplete spinal cord injury (male, tetraplegic, AISA grade C, and with scan finding of central T2-weighted hyperintensive 
cervical spinal cord defect at the C6/C7 level). (C) Demonstration of the lesion segmentation using mid-sagittal T2-weighted MRI within the thoracic spinal cord of 
an 80-year-old patient with an incomplete spinal cord injury (female, paraplegic, AISA grade C, and with scan finding of subdural haemorrhage on T4 level). 
(D) Schematic drawing of the lesion on the spinal cord for analysing the lesion parameters: dorsal midsagittal tissue bridges (DB), lesion area (LA), lesion length (LL), 
lesion width (LW), ventral midsagittal tissue bridges (VB).

A  Cervical spinal cord B  Cervical spinal cord C  Thoracic spinal cord D

Intramedullary
lesion length

Bleeding
LL

VB

DB
LW

LA

Figure 3: Overview of the lesion evolution over time in a patient with spinal cord injury
Longitudinal T2-weighted axial MRI scans showing the evolution of the cervical lesion epicentre in a 27-year-old 
patient with spinal cord injury (male, tetraplegic, American Spinal Injury Association Impairment Scale [AISA] 
grade A [complete]) in the acute, subacute, and chronic phases after spinal cord injury.

Cystic 
cavity

A Acute 
1 day after spinal cord injury 

B Sub-acute 
1 month after spinal cord injury 

C Chronic 
12 months after spinal cord injury 

Cystic 
cavity
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Quantitative MRI
Advances in MRI technology
Novel quantitative MRI protocols of the spinal cord15,67 and 
the brain17,68 have the potential to measure neural changes 
at the microstructural level. This quantification is feasible 
because the degree of myelination, iron content, and 
neuronal microstructure are reflected in magnetic res­
onance relaxation times, magnetisation transfer, and 
diffusion of water molecules, which can be measured at 
the voxel level in the spinal cord15,67 and the brain.17,68 
Quantitative MRI aims at providing values that can 
be compared between individuals and that are sensi­
tive to particular structural states, for example, axonal 
degeneration or demyelination.67

The most common quantitative MRI technique is 
diffusion-weighted imaging, which probes the directional 
diffusivity of water molecules and shows sensitivity and 
specificity to the axon and myelin pathology.69 Diffusion-
imaging data are commonly analysed using a tensor 
model (ie, applying diffusion tensor imaging [DTI]).70 
However, the tensor model makes several restricting 
assumptions, which complicate the interpretation of key 
DTI indices (eg, fractional anisotropy) with respect to 
the underlying pathology. Novel biophysical models of 
diffusion contrast are being developed on the basis 

of different mathematical models and could alleviate this 
issue. However, these modelling approaches have yet to 
be validated—partially due to acquisition or modelling 
variability versus biological variability.71 The quantitative 
measurement of relaxation and magnetisation transfer 
parameters has been an area of substantial development, 
making these approaches more accessible to clinical and 
preclinical research applications. For example, the multi-
parametric mapping approach combines different MRI 
modalities in one protocol quantifying magnetic reson­
ance parameter measures of magnetisation transfer, and 
longitudinal and effective transverse relaxation rates 
(R1, R2*)72 (figure 4). The link between these quantita­
tive MRI metrics and histology has been studied to 
probe the microstructure of the human neocortex, 
focusing specifically on myelin, iron deposition, and 
neuronal fibre mapping.68 Magnetisation transfer meas­
ures correlate with histologically measured myelin 
content,75 whereas certain quantitative relaxation rate 
measurements, such as R2*, correlate with iron con­
tent.76 These results might provide useful and specific 
biomarkers such as measurements of oligodendrocyte, 
glial cells, and iron rich fibres, with potential clinical 
impact in different pathologies, including spinal cord 
injury.68

Figure 4: Schematic representation of potential connections between quantitative MRI methods and neocortical microstructural features
The figure shows relationships between different quantitative MRI readouts and the microstructural features based on post-mortem brain tissue72,73. A coloured line 
between a quantitative MRI readout and a microstructural feature implies that this readout has been empirically linked to this feature. The relationships between 
magnetic resonance contrast and microstructural features makes microstructural mapping via the combination of complementary quantitative MRI possible. 
Reproduced from Edwards et al,68 under the terms of the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Microstructural features

Myelin Iron deposition Neuronal fibres

Magnetisation transfer 
saturation
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Effective transverse 
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Diffusion-weighted MRI

Quantitative MRI methods
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Clinical quantitative MRI studies
Building on advances of quantitative MRI methods, 
studies in patients with spinal cord injury have focused on 
improving the detection and quantification of tissue-
specific spinal cord and brain pathology and on elucidating 
its relationship with clinical impairment. DTI applied to 
the white matter of the injured spinal cord showed lower 
than healthy controls fractional anisotropy (sensitive to 
axon degeneration) values above and below the lesion, 
both in acute77 and in chronic patients.6,12 For processing 
diffusion-weighted images, the advent of a spinal cord 
template77 and post-processing tools79,80 included in the 
spinal cord toolbox81 now offer the opportunity to assess 
tract-specific DTI changes at the voxel level across the 
entire spinal cord. At both the cervical cord6 and lumbar 
enlargement,59 DTI has shown tissue specific decreased 
fractional anisotropy and axial diffusivities (associated 
with axonal degeneration69) and increased radial diffus­
ivities (associated with demyelination69) in the corticospinal 
tract and the dorsal columns. The results are suggestive of 
retrograde and anterograde degeneration of descending 
motor pathways and ascending afferent spinal projections, 
respectively. Moreover, the grey matter of the lumbar 
enlargement featured decreased fractional anisotropy and 
axial diffusivity, indicating trans-synaptic degeneration of 
motor neuron pools deprived of supraspinal input.59 Brain 
DTI showed impaired microstructure along the cranial 
projection of the corticospinal tract,13,14 and other brain 
areas (eg, the corpus callosum) and fibre tracts (eg, inferior 
and superior longitudinal fasciculi)11 suggesting large-scale 
structural degeneration and reorganisation across the 
brain after spinal cord injury.

The multi-parametric mapping protocol74,82 (figure 4), 
applied to patients with acute spinal cord injury 
(<2 months), revealed that spinal cord atrophy was par­
alleled by myelin-sensitive magnetisation transfer dec­
reases,7 while in brain areas undergoing progressive 
atrophy, myelin content decreased and iron content 
increased.8–9 Specifically, compared with values derived 
from healthy controls, the atrophying primary motor 
cortex showed lower myelin content (reflected by decreased 
magnetisation transfer and R18), while the atrophying 
thalamus showed iron deposition (reflected by increased 
R2*8). Moreover, within the cerebellum, accelerating 
atrophy was paralleled by a deceleration of myelin-sensitive 
magnetisation transfer.9 These bidirectional effects sug­
gest that the changes in myelination75 and iron content83 
reflect dynamic processes in the context of compensation, 
decompensation, and the compounding of functional 
deficits.5

Predicting outcome
Clinical recovery occurs most rapidly within the first 
6 months and plateaus at approximately 2 years after 
spinal cord injury.84 At present, neurorehabilitation shows 
the strongest evidence to foster functional recovery. Neuro­
rehabilitation per se is believed to promote neurological 

changes such as cortical and spinal cord neural circuit 
reorganisation, which are assumed to translate into 
improved function.65 A few longitudinal quantitative MRI 
studies, within the range of 1–2 years after spinal cord 
injury follow-up, have found that better motor recovery 
was predicted by less cervical spinal cord atrophy9,10 and 
cord diffusion alterations.85 Early after spinal cord injury 
(less than 2 months after injury) and at the level of the 
brain, greater motor recovery was associated with less 
cranial corticospinal tract atrophy.9 At the microstructural 
level, an absent or impaired pain sensation (eg, altered 
pin-prick score) was associated with a greater increase in 
grey matter R2* in the thalamus,9 a better motor recovery 
was predicted by a smaller decrease in magnetisation 
transfer in the somatosensory cortex,9 a greater decrease 
in R2* in the cerebellum,10 and increased functional 
connectivity between primary motor cortex and supple­
mentary motor and premotor cortices.57 Greater grey 
matter atrophy in the cerebellum was associated with 
impaired light-touch sensation,10 while greater increases in 
neuropathic pain intensity were associated with increased 
iron-sensitive R2* in the secondary sensory cortex, anterior 
cingulate cortex, and cerebellum.9

These longitudinal quantitative MRI studies within a 
2-year follow-up point to three important and clinically 
relevant findings: while clinical recovery stops improv­
ing at about 2 years after spinal cord injury, progressive 
changes in macroscopic and microstructural markers 
continue; although macrostructural changes slow down at 
the level of the spinal cord, both macroscopic and micro­
structural measures of neurodegeneration show sustained 
changes in the brain; the changes that have the greatest 
predictive validity in relation to clinical outcome appear to 
be those observed at the level of the spinal cord, brainstem, 
and cortex (eg, spinal cord atrophy, cranial corticospinal 
tract atrophy, and lower magnetisation transfer in the 
primary motor cortex) over the first 6 months.9,10

Implication for clinical trials
The usual primary endpoint of choice in spinal cord injury 
trials is an improvement in clinical outcome. However, 
neuroimaging biomarkers have the potential to supple­
ment these clinical measures, as they are sensitive to 
neuronal changes even when they do not yet translate into 
clinical benefit. Clinical trials employ conventional MRI—
eg, T2-weighted signal characteristics of the spinal cord 
(table)—to account for gross macrostructural changes at 
the lesion site in the spinal cord—for example, after stem 
cell interventions.86–89 However, signal intensity changes in 
conventional MRI do not correspond with the specific 
and quantitative measures of microstructural deficits—
eg, demyelination and axonal degeneration.15 With poten­
tial treatments targeting repair of the injured spinal cord, 
it is imperative to improve clinical trial design and 
efficiency, optimise patient stratification in the context 
of disease heterogeneity, and identify sensitive outcome 
measures.
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Based on the advances in MRI, the application of 
neuroimaging biomarkers for spinal cord injury trials, 
which combine conventional MRI and quantitative MRI 
assessments, is now feasible. The application of neuro­
imaging biomarkers requires measures sensitive to the 
earliest changes following injury, which are quantifiable, 
and capture neural damage and plasticity. As quantitative 
MRI15,67,90 is sensitive to microstructural aspects of specific 
tissue classes of the CNS, these neuroimaging biomarkers 
are potentially sensitive to recovery processes and treat­
ment responses.15,17,68 Moreover, they have the potential to 
provide short-term surrogate endpoints (ie, changes over 
6–12 months), which may reduce the time and cost 
associated with novel drug development.91,92 Even if a 
therapeutic intervention would have an effect on an 
imaging outcome, such as halting atrophy, there is still 
some disconnect between changes in imaging outcomes 
and clinically meaningful recovery—the ultimate goal of a 
successful clinical trial. Thus, it might be useful to employ 
more than one imaging outcome in future trials to 
maximise understanding and interpretation of clinically 
meaningful findings.

Deploying advanced quantitative MRI methods in 
multicentre trials is challenging, however, requiring high-
quality quantitative MRI techniques such as high-field 
MRI scanner (eg, 3 Tesla), advanced software versions, 
and sophisticated image post-processing pipelines to be 
implemented on the different scanner platforms from 
different manufacturers and at different clinical sites. Any 

resulting differences or performance issues might reduce 
the potential benefits for evaluating new therapies. More­
over, clinical trials usually run over years, and hence 
scanner software and hardware upgrades, as well as 
scanner replacements, cannot always be avoided. Thus, 
there is a need to further improve intra-scanner and inter-
scanner comparability of the quantitative MRI protocols. 
The feasibility of combining multicentre DTI data has 
been shown using different 3T MRI scanner models, 
software versions, and pulse sequences.93,94 However, criti­
cal parameters—such as noise, floor level and signal-to-
noise floor ratio—have to be monitored and adjusted 
to increase the statistical power estimates.93 Likewise, 
the multi-parametric mapping protocol was validated at 
3T MRI scanner for use in multicentre studies based on 
standard FLASH sequences.74 The multi-parametric map­
ping protocol is currently used in a phase 2 multicentre 
clinical trial (NCT03935321) investigating the neutralising 
effects of an anti-Nogo-A antibody treatment for spinal 
cord injury.89 Hypothetical treatment effects, defined by 
slower longitudinal structural changes in these imaging 
measures, could be detectable over a realistic timescale 
(6 months after the injury) with potentially lower sample 
sizes (fewer than 50 participants per arm) than required 
for traditional clinical readouts.64

Task-based and resting-state functional MRI
Much of the discussion above concerns the assessment of 
trauma-induced neurodegenerative changes in the brain 

Study name Intervention Patients Primary MRI 
outcome

Secondary MRI 
outcome

MRI techniques

NCT0132510386 Evaluation of autologous 
mesenchymal stem cell 
transplantation in patients with 
chronic spinal cord injury

Autologous mesenchymal 
stem cells

14 participants with 
chronic spinal cord injury

·· Lesion volume 
(before transplantation 
[baseline], and 
3 months and 6 months 
after the 
transplantation)

Conventional MRI scan 
(T1-weigthed and 
T2-weighted MRI)

NCT0162477987 Intrathecal transplantation of 
autologous adipose tissue 
derived mesenchymal stem 
cells in patients with spinal 
cord injury

Autologous adipose tissue 
derived mesenchymal 
stem cells

15 participants with 
chronic spinal cord injury

Qualitative lesion 
assessment 
(at baseline and 
8 months after the 
transplantation)

·· Conventional MRI scan 
(T1-weigthed and 
T2-weighted axial and 
sagittal MRI)

NCT0173902388 Safety of autologous human 
Schwann cells in subjects with 
subacute spinal cord injury

Autologous human 
Schwann cells

9 participants with 
subacute spinal cord injury 
(30 days after the injury)

·· Lesion volume 
(immediately after the 
injury, 1–2 days before 
the transplantation 
[baseline], day 1, 
6 months, and 
12 months after the 
transplantation)

Conventional MRI scan 
(T1-weighted and 
T2-weighted)

NCT0393532189 Nogo inhibition in spinal cord 
injury (NISCI)

Antibodies against Nogo-A 
infusion in sub-acute spinal 
cord injury

132 patients with acute 
tetraplegic spinal cord 
injury (4–28 days after 
the injury)

·· Lesion volume, tissue 
bridges, and voxel-wise 
(microstructural) 
changes above the 
lesion (at baseline, 
3 months, and 6 months 
after the intervention)

Conventional and 
quantitative MRI scan

We searched clinicaltrials.gov for clinical trials in spinal cord injury with MRI as an outcome measure.

Table: Clinical trials assessing treatments for patients with spinal cord injury with MRI as an outcome measure 
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and spinal cord during recovery. Just as important is the 
ability to assess functional reorganisation associated with 
spinal cord injury. Functional reorganisation can be 
indirectly quantified, both in the brain and spinal cord, 
by means of fMRI that tracks task-dependent oxygen 

consumption that is indirectly related to neuronal activity 
(eg, blood oxygen dependent signal). In the absence of an 
explicit task, neuronal activity can also be studied by 
means of rs-fMRI analysis, which is based on low 
frequency spontaneous fluctuations in the blood oxygen 

Figure 5: Overview of primary 
and secondary 

neurodegenerative processes 
occurring after spinal 

cord injury 
Primary damage at the 

epicentre of the lesion occurs 
within hours after injury (A), 

and secondary (systematic) 
degenerative processes occur 

remotely (B), above, below, 
and at the primary injury site. 

Sensory and motor tracts 
affected by the injury undergo 

anterograde or retrograde 
(depending on the location) 

axonal degeneration 
and accompanying 

demyelination.6,12,77 Lesion site  
shows the macrostructural 

evidence of primary 
intramedullary damage 

(eg, oedema and 
haemorrhage) and secondary 

changes, such as 
post-traumatic cyst cavities 

and spared tissue bridges.52,54 
In the lumbar cord, the lower 
motor neurons located in the 

ventral horn may undergo 
trans-synaptic degeneration 
due to the loss of input from 

the injured corticospinal 
tracts.59 Similarly, second-order 

sensory neurons of the 
spinothalamic and dorsal 
column medial lemniscus 

systems can also be affected by 
trans-synaptic degeneration. 

At the brain level, atrophic 
changes are located within the 

brainstem,62 cranial 
corticospinal tracts, primary 

motor cortices, insula, anterior 
cingulate cortex, and 

thalamus.7,8,14 Some of these 
brain areas (eg, cortical and 
subcortical regions) present 
also with changes in myelin 
and iron content which are 

suggestive of demyelination 
and iron accumulation.9 

Reproduced from David et al,59  
by permisssion of the 

American Academy of 
Neurology. DTI=diffusion 

tensor imaging. 
MPM=multi-parameter 

mapping. 
T1wMRI=T1-weighted MRI. 

T2wMRI= T2-weighted MRI. 
T2*w MRI=T2*-weighted MRI.
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dependent signal. rs-fMRI provides an indirect measure­
ment of connectivity that allows for characterisation of 
distinct functional networks in the brain or spinal cord.95

Motor and sensory recovery after spinal cord injury are 
associated with functional reorganisation of the sensori­
motor networks.96–98 fMRI studies after chronic spinal cord 
injury (time since injury>2 years) have inferred cortical 
reorganisation through increased task-dependent activa­
tion in the primary motor cortex, cerebellum, and parietal 
lobe.96 In 23 patients with chronic spinal cord injury, 
stimulation below the level of the injury resulted in 
activation in the relevant somatosensory cortices.98 This 
observation suggests that preserved tissue bridges52 con­
tinue to carry functional information, but that they are 
insufficient to produce clinically meaningful activations or 
functions.

Spinal cord fMRI studies have also found that substan­
tial task-related spinal activity, in response to stimuli, is 
retained above and below the injury site.22–24 This finding 
suggests that the spinal cord is actively engaged in plastic 
processes that can result in recovery of function. This 
retained activity might also contribute to the presence of 
neuropathic pain conditions,97 which have been associated 
with maladaptive plasticity.60 Thus, spinal fMRI is feasible 
in the clinical setting99 and can identify changes in neural 
processing in relation to the location and extent of injury. 
Although the task-based fMRI and rs-fMRI are readily 
available on clinical MRI systems with a good spatial res­
olution, the analysis requires sophisticated post-process­
ing tools81 and the interpretation of the functionally 
activated voxels remains challenging.16 Further advances 
in MRI hardware (sensitive MRI coils100), MRI software 
(optimised localised shimming101), and other areas (eg, 
image postprocessing) are expected to increase the value 
of spinal cord fMRI as an imaging biomarker, in the near 
future, for probing reorganisation and plasticity induced 
by injury.

The application of rs-fMRI has gained momentum as it 
does not require an explicit task or active participation of 
the individual. Both in patients with acute19–21 spinal cord 
injury and in those with chronic102–104 spinal cord injury, 
connectivity changes occur across the motor system and in 
areas of cognitive control (eg, dorsal anterior cingulate 
cortex); the magnitude of change, in both groups, relates to 
the recovery of function.19–21 Thus, connectivity changes 
in brain networks might reflect compensatory strategies 
to overcome functional deficit. However, rs-fMRI is an 
emerging field featuring a wide range of pre-processing 
and analytical approaches, which make it difficult to 
compare the outcomes of the different studies. Although 
rs-fMRI studies in patients with spinal cord injury are 
technically feasible,25,95,105 such studies have not been 
conducted yet due to various technical issues, such as the 
influence of physiological noise and metallic implants. 
Nonetheless, rs-fMRI results obtained in healthy controls 
have consistently shown robust networks with extensive 
connectivity between spinal cord regions and across the 

brainstem and the spinal cord.89,106 On the basis of these 
results, rs-fMRI of the injured spinal cord would be 
expected to show regions with altered or absent connectivity 
to other spinal cord regions, as well as dynamic connectivity 
changes during recovery. This imaging biomarker would 
allow monitoring of functionally relevant changes within 
the spinal cord during the process of recovery.

Conclusions and future directions
Traumatic spinal cord injury causes permanent disability, 
and yet, despite advances in clinical management, many 
patients are left with substantial neurological impair­
ment. Currently, intensive care measures, including blood 
pressure augmentation, neuroprotective approaches with 
anti-inflammatories, neurosurgical decompression and 
stabilisation, and intensive neurorehabilitation are the 
only interventions applied to promote partial recovery.84 
Understanding the pathophysiological sequelae would 
help to prevent and reduce disease burden and would 
facilitate the development of effective regenerative and 
neuroprotective treatments.

Both conventional MRI and quantitative MRI of the 
spinal cord and brain can guide diagnostic workup, 
identify predictors of recovery, elucidate spinal cord injury 
pathogenesis, and provide surrogate endpoints in future 
clinical trials (figure 5).16,56 Conventional T2-weighted 
sagittal and axial MRI scans are key methods to identify 
the extent of the intramedullary injury37,38 and to iden­
tify prognostic parameters such as intramedullary les­
ion length and preserved midsagittal tissue bridges.47,52,54 

Panel 2: Overview of MRI techniques used in clinical 
practice or research and their corresponding outcome 
measures in spinal cord injury 

•	 Sagittal and axial conventional T2-weighted MRI of the 
spinal cord at the injury level: extent of the intramedullary 
injury and lesion lenght;37,38,48 presence of haemorrhage,44 

oedema,46 spinal cord compression28

•	 Sagittal conventional T2-weighted MRI of the spinal cord 
at the injury level: preserved midsagittal tissue bridges52,54

•	 T1-weighted MRI (above the injury level, cervical cord 
and brain): presence of cervical spinal cord and brain 
atrophy7,8,10,57,60,63

•	 T2*-weighted MRI of the cervical and lumbar cord 
(remote from the injury site): presence of grey and white 
matter atrophy of the spinal cord6,59

•	 Diffusion tensor imaging of the spinal cord and brain 
(remote from the injury site): presence of axonal 
degeneration and demyelination6,11,12,14,77

•	 Multiparameter mapping of the cervical spinal cord and 
brain (above the injury level): Presence of demyelination 
and iron deposition7–10

•	 Functional MRI of brain and spinal cord (remote from 
injury level): Integrity of functional networks and 
plasticity in the brain19–21 and spinal cord22–25
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Advanced quantitative MRI sequences, such as DTI and 
multi-parametric mapping, applied remotely from the 
injury, can identify microstructural changes such as axonal 
degeneration, demyelination, and iron deposition across 
the entire neuraxis.15,9 Combinations of serial conventional 
MRI and quantitative MRI represent key modalities for a 
better assessment of spinal cord function than clinical 
assessment, and further, for elucidating the relationship 
between clinical impairment and remote secondary 
changes in the spinal cord and brain. In addition, these 
quantifiable changes appear to have predictive validity, 
rendering them viable outcomes for interventional trials.9,64

Neuroimaging of the spinal cord should be routinely 
performed in clinical practice and in interventional trials 
(panel 2). Conventional MRI should include both sagittal 
and axial views to assess the level and extent of injury 
within the first 48 hours (eg, BASIC score). These scans 
should be repeated 3–4 weeks later to quantify the 
dynamics of intramedullary lesion length and to identify 
the amount of preserved midsagittal tissue bridges. To 
investigate pathophysiological changes in the research 
setting, quantitative MRI methods, such as DTI and 
multi-parametric mapping, should be used, as these 
methods can probe microstructural changes of the spinal 
cord and brain. Neuroimaging outcome measures derived 
from both conventional MRI and quantitative MRI pro­
tocols should be considered as predictors of recovery.9,64 
However, a careful evaluation of the variance caused 
by differences between MRI scanners and an assessment 
of reproducibility is required, adding to the complexity of 
multicentre trials.

Understanding of trauma-induced changes across the 
neuraxis remains incomplete (figure 5). A key requirement 
to assess plasticity in vivo is ultra-high spatial resolution 
on the order of hundreds of microns. To visualise and 
quantify ultra-scale tissue properties of grey and white 
matter, biophysical models that exploit symmetries in the 
organisation of microstructure are required. Emerging 
technological and imaging developments at higher field 
strengths (eg, 7T MRI scanner), such as improvements in 
radio frequency coil designs, pulse-sequence design, 
improved localised magnetic field shimming methods,101 
suppression of MRI artifacts induced by orthopaedic 
implants,43 and changes in data sampling schemes67 will 
provide the necessary means for these biophysical models 
in future research. These models can combine multiple 
different MRI contrasts with different views on the 
underlying microstructure. Thus, addressing the intract­
able problem of accurately making inferences concerning 
the microstructure from single contrasts, by modelling 
the relative myelination of axons (eg, g-ratio mapping107,108). 
The integration and unifying across the different contrasts 
and spatial scales (from micrometres to centimetres) is 
the subject of intensive and ongoing research in the MRI 
community.15,68 However, MRI contrasts remain indirect 
measures of changes in the microstructure and com­
position of the tissue. Therefore, knowledge about the 

underlying changes is needed for interpretation of the 
non-invasive quantitative MRI data and for improving 
the biophysical models. Quantitative MRI data will need 
to undergo histological validation. Cross-validation of the 
multi-parametric mapping contrasts is currently per­
formed in a multi-national ERA-NET funded consortium 
(understanding the mechanisms of atrophy associated 
with spinal cord injury: the application of MRI-based in 
vivo histology and ex vivo histology, known as hMRIofSCI) 
of tissue samples from experimental spinal cord injury 
models to shed light on the mechanistic underpinnings of 
changes observed with different MRI contrasts. Finally, 
multicentre and longitudinal studies, with large patient 
cohorts, that employ quantitative MRI of the spinal cord 
and brain, would be useful to better characterise primary 
and secondary disease changes, along with their dynamics, 
and also to support and extent current monocentric 
and mainly cross-sectional studies. Increasing our under­
standing of the sequelae after spinal cord injury will 
eventually allow prediction of individual trajectories of 
recovery.
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