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MRI Features of Spinal Cord 
Injury
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Value Add – MRI in SCI
§ MRI has changed the clinical and research landscape 

for SCI.
§ First imaging technique that provided non-invasive 

reliable information about:
§ The integrity of spinal cord
§ Intrinsic pathologic state
§ Extent and location of injury
§ External influences – compression, vascular

§ Physiologic techniques provide inference about 
function
§ Diffusion
§ Functional
§ Perfusion
§ Spectro
§ Myelin water fraction
§ Axonal density
§ And more….!
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Morphology of SCI

§ Penetrating injuries
§ Mechanical Transection
§ Blunt Injury
§ Simple contusion (edema)
§ Hemorrhagic contusion
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Cord Transection
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Cord Transection
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BID & Cord Transection
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Cord Transection
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T/L Spondylopsis
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Stab Wound

9

GSW – Concussive Injury
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MRI Features of Blunt SCI
§ More common.
§ Portions of architecture are salvageable.
§ Type is of therapeutic interest.
§ Features of SCI on MRI include:

§ Spinal Cord Swelling
§ Spinal Cord Edema
§ Spinal Cord Hemorrhage

§ Edema length prop to neurologic deficit 
and prognosis.

§ Heme associated with most severe injuries 
and predicts poor neurologic recovery.

§ Heme location correlates with NLI.
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UID & SCI
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Spinal Cord Edema

T2W

C4

T2W
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Flexion Teardrop & SCI
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Flexion Teardrop & SCI
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Flexion Teardrop & Hemorrhagic SCI
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Flexion Teardrop & SCI
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T8/9 Hyperflexion Dislocation
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Hemorrhagic Cord Injury

gross sections

H&E micrograph

T1W

T2W
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Penetrating Injury
Ü s/p stab wound with screwdriver

T1W GRE

GRE

gross x-sections
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CDE Key SCI Features

§ Edema top
§ Heme top
§ Center
§ Heme bottom
§ Edema bottom
§ Edema length (derived)
§ Heme length (derived)
§ Cord transection (y/n)

Acute SCI features

21

BASIC Score

J Neurosurgery Spine 2015;23:495
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Continuous and Categorical CDE 
Features Related to SCI
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CDE Canal/Cord Continuous 
Measures

§ Sagittal canal diameter rostral to injury
§ Sagittal canal diameter at injury
§ Sagittal canal diameter caudal to injury
§ Sagittal Cord diameter rostral to injury
§ Sagittal Cord diameter at injury
§ Sagittal Cord diameter caudal to injury
§ Axial A-P Cord diameter at level of injury
§ Axial Transverse Cord diameter at level of injury
§ Axial A-P Cord diameter rostral to injury
§ Axial Transverse Cord diameter rostral to injury

Canal/Cord Measurements

24
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Ordinal Features Related to Canal/Cord 
Measurements
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Compression Ratios
§ Spondylosis Index (Edwards & LaRocca)

§ Difference between 
developmental sagittal 
diameter & spondylotic sagittal 
diameter.

§ Sometimes expressed as a 
ratio
§ Stenosis / canal

§ Compression ratio (a/b)
§ CTM and MRI evidence that 

symptoms of myelopathy occur 
at a threshold of cord 
compression.
§ Compression ratio < 20%

a

b
S.A. < 60 mm2a / b < 20%
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27

Correlating MR Parameters 
with Neurologic Deficit in SCI
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Relationship of MR Findings to Initial 
Neurologic Deficit

§ Frank hemorrhage associated with complete 
neurologic injuries.
§ Petechial heme visualized in incomplete injuries.

§ Longer lesions associated with complete injuries.
§ Edema alone correlates with incomplete 

injuries.
§ No abnormality on MRI ; high correlation with 

normal examination.
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Mean Edema Length (units) by ASIA Grade

(ANOVA: A>B,C,D & B>D)
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Heme Level versus NLI
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Epicenter Level versus NLI
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Do MRI Findings Have a 
Relationship to Neurologic 

Recovery?
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Correlation Between Edema Length and UE %RR.

R2=.389

Radiology 1996;201:649-655.
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Effect of Spinal Cord Heme on LE 
Motor Recovery at 12 mos.

(t = 5.952, df =37, p < .0001)

Radiology 1996;201:649-655.
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Relationship of Spinal Cord Hemorrhage to Mean 
Discharge FIM Subscales

AJNR. 1999 May;20(5):926-34 
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Improvement in Statistical Power in Predicting Recovery

§ Incorporation of MRI SCI parameters to a clinical 
statistical (multiple stepwise regression) model (using 
MIS, ASIA, NLI) increased statistical power of model

§ UE MIS – Prediction at one year
§ MIS; stat power improved 27%.
§ # useful muscles (> 3); stat power improved 34%.

§ LE MIS – Prediction at one year
§ MIS; stat power improved 16%.

§ +/- heme, lesion length & initial MIS were independent predictors of 
final MIS.

§ # of useful muscles (>3); stat power improved 22%.

Radiology 1996;201:649-655.
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Predicting Neurologic Recovery in Cervical Spinal Cord 
Injury With Postoperative MR Imaging

Boldin et al. Spine 2005;31:554-559.

§ Performed quantitative measure of SCI lesions on MRI 
prospectively in 29 pts. compared to changes in ASIA 
score.

§ Hemorrhagic lesions ~ Complete injury.
§ Odds ratio 2.33, 95% C.I., 1.42-3.82

§ Complete injuries
§ Median hematoma length ~ 10.5 mm.
§ Median edema length ~ 66.5 mm.

§ Incomplete injuries
§ Median hematoma length ~ 4 mm.

§ Heme < 4 mm ~ better prognosis.
§ Small cohort, no control for follow up or time to 

imaging.

38

Acute Cervical Traumatic Spinal Cord Injury:  MR Imaging Findings Correlated 
with Neurologic Outcome – Prospective Study with 100 Consecutive Patients.

§ 100 patients (79 male; 21 female)
§ Compared admission and follow-up ASIA grade to features of 

canal compromise, cord compression, lesion length, SC heme, 
SC swelling, disc herniation, canal stenosis.

§ Complete injuries associated with greater canal and cord 
compromise, and longer SC lesions than incomplete.

§ Complete SCI’s associated with heme, edema, swelling & 
stenosis.

§ Conclusion: Spinal cord compression, heme and swelling are 
associated with poor prognosis.

Radiology 2007 v243 p820

39

Impact of Admission Imaging Findings on Neurological Outcomes in 
Acute Cervical Traumatic Spinal Cord Injury 

§ 99 consecutive cervical SCI patients.
§ Clinical and radiologic factors in predicting recovery at one year after 

injury. 
§ (AIS) grade, presence of a spinal fracture and central cord syndrome 

were predictive of AIS conversion at 1-year. 
§ Both BASIC and IML were stronger predictors of AIS conversion as 

compared to MCC and MSCC (P=0.0002 and P=0.04). 
§ BASIC score demonstrated the highest overall predictive value for AIS 

conversion at 1-year (AUC 0.94). 
§ Admission intrinsic cord signal findings are predictive markers of neurologic 

recovery after cervical SCI. 
§ BASIC score is the single best acute predictor of the likelihood of AIS 

conversion. 
J Neurotrauma 2018
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Impact of Admission Imaging Findings on Neurological Outcomes in Acute 
Cervical Traumatic Spinal Cord Injury 

J Neurotrauma 2018
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Chronic MRI Changes From SCI

42
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Subacute/Chronic Changes of SCI
§ “Normal” enlargement
§ SPAM – subacute progressive ascending 

myelopathy.
§ PTPM (post-traumatic progressive 

myelopathy).
§ Progression in neuro status after period of 

stability.
§ Morphologic changes associated:
§ Syringomyelia
§ Myelomalacia
§ Cord tethering
§ Atrophy

43

3 Day - Lesion Enlargement

Leypold et al. AJNR 2008
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SPAM - Monitoring Dynamic Changes
Ü C5 level ascending to C3 – day 10

C6 C6C6

30 days post MPS
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Evolution of Spinal Cord Injury
Ü 18 y/o C5 ASIA A

T1WI T2W

Initial

T1WI T2W

2 months post injury
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Atrophy & Myelomalacia
Ü10 mos. after crush injury

T1W T2W
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Chronic Changes following SCI

Atrophy Atrophy & Myelomalacia Syrinx & Myelomalacia

48
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Post Traumatic Syringomyelia

Images courtesy of Steve Falcone, MD
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Chronic Cord Tethering & Cyst
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Chronic Changes From SCI

Stab wound 20 years earlier with 
increasing right hemiparesis
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Challenges Assessing Chronic SCI for 
Clinical Trials

52

53 54
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Spinal Cord Diffusion

55

Spinal Cord Diffusion

§ Linear organization of the spinal 
cord fibers suited for this evaluation.

§ Technically challenging
§ Feasible that diffusion parameters 

correlate with functionality of WM.
§ Biomarker for recovery and 

neuroplasticity.

56

DWI & DTI Spinal Cord Techniques
§ Navigated pulsed-gradient spin-echo
§ Single shot echo planar
§ Interleaved Multi-shot echo planar
§ FSE/TSE propeller DTI
§ SE navigated spiral DTI
§ Line Scan Spin Echo DTI
§ Sense/Parallel Imaging
§ Small FOV Imaging
§ DKI – Diffusion Kurtosis Imaging
§ NODDI (Neurite Orientation Dispersion 

and Density Imaging )

57

DTI in Spinal Cord Injury

§ Changes correlate to function.
§ In experimental SCI:
§ Increase in transverse diffusivity (RD).
§ Decrease in longitudinal diffusivity (AD).
§ Loss of anisotropy around injury (FA)
§ Similar to chronic injuries

§ More accurate biomarker for 
assessing white matter tract function. E1

E2

E3

Schwartz AJNR 2005;26:7-18.
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DWI & SCI

§ 51 y/o male s/p 
fall; C2 fx.

§ Neurologic status: 
C3 Brown-
Sequard.

§ MRI 2 hour after 
injury:
§ C2 fx
§ Vague signal 

changes on T2
§ Focus of 

restricted 
diffusion.

§ No follow-up

T1WI (2 hrs PI) T2WI

DWI b=700 s/mm2
T2WI

1 month

Sagiuchi et al. JCAT 2002;26:654
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DTI & Cervical Spine Trauma
§ DTI performed on 20 cx SCI patients and 8 

volunteers at 1.5T using parallel single-shot EPI in 
6 directions (1000 s/mm2.)

§ ADC values sig lower for all pts.
§ Particularly heme lesions & quadriplegic.

§ Volume ratio significantly increased.
§ Trend towards FA reduction.
§ Most FA & RA reduction at injury site.
§ ADC was the most sensitive marker of cord 

injury.
§ Diffusion characteristics are a sensitive 

biomarker for SCI in humans.
Shanmuganathan et al. AJNR 2008 v 29

60
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DTI & Cervical Spine Trauma

Shanmuganathan et al. AJNR 2008 v 29

61

DTI & Spinal Cord Injury

J Neurotrauma 2011

62

DTI in Pediatric SCI
§ Assessed 10 youths with DTI correlated 

to ISNCSCI clinical parameters –
repeated once.

§ Moderate-to-strong reliability 
(ICC=0.75-0.95) for MD, AD, RD at all 
spinal levels.

§ Diffusivity moderate-good relationship 
with 4 ISNCSCI values.

§ DTI had a stronger correlation with 
clinical parameters than MRI alone.

DIAGNOSTICS Diffusion Tensor Imaging in Pediatric Cervical Cord • Mulcahey et al

E798 www.spinejournal.com June 2012

 evaluate the consequence of SCI and classify the severity 
of injury poses considerable barriers to prognostication of 
recovery, rehabilitation, and evaluation of clinical trials. 
An objective assessment that can reliably evaluate the 
consequence of injury to the cord and one that correlates well 
with the ISNCSCI is needed.  3   ,   5   –   8   

 Diffusion tensor imaging (DTI) is a technique for evaluat-
ing the spinal cord.   9   –   11   It quantifi es the diffusion of water 
molecules in each voxel of an image in directions parallel and 
transverse to the plane of neuronal axons. The quantitative 
characteristic of DTI allows the characterization of physical 
properties of tissues. The unique characteristic architecture of 
the spinal cord allows DTI to examine the white matter and 
potentially separate white matter from gray matter and assess 
structural damage of the cord. Previous studies reported the 
success of DTI to characterize different tissues of the spinal 
cord and demonstrated changes in diffusion characteristics 
along injured spinal cords.  9   ,   12   –   14   

 Feldman  et al   11   provided an excellent review of DTI for 
pediatric clinicians, whereas concepts pertinent to under-
standing this study are discussed here. Conventional magnetic 
resonance imaging (MRI) is generated by applying a radio 
frequency pulse and measuring the signal emitted from the 
hydrogen atoms or protons in water molecules. Diffusion-
weighted MRI measures the diffusion of water by applying a 
magnetic gradient that increases the strength of the magnetic 
fi eld evenly in 1 direction.  15   Diffusion of water molecules in 
the white matter is anisotropic, that is, greater in 1 direction 
than in other directions. Principle diffusion direction refers to 

the direction in which water molecules diffuse in the fastest 
rate.  11   In white matter, principle diffusion is parallel to the 
orientation of axonal tracts. Mean diffusivity (MD), radial 
diffusivity (RD), and axial diffusivity (AD) refer to the rate 
of diffusivity; RD and AD are the rate of diffusion perpen-
dicular and parallel to the white matter tract, respectively.  11   A 
high index of anisotropy is indicative of healthy white matter 
structure. Fractional anisotropy (FA) is a ratio from 0 to 1 
that represents the degree to which diffusion is anisotropic.  11   
High FA values indicate that diffusion is greater in 1 direction 
than in other directions, whereas low FA values indicate that 
diffusion is relatively equal in all directions. In the healthy spi-
nal cord, FA values are high, refl ecting the movement of water 
molecules along longitudinal spinal tracts. In contrast, in the 
injured cord, FA values are low due to the breach in the longi-
tudinal tracks, allowing for diffusivity in multiple directions. 
DTI values, specifi cally MD, AD, RD, and FA, may be reliable 
indices of spinal cord integrity, provide objectivity to the neu-
rological assessment, and augment the clinical examination. 

 Despite its potential for evaluating the consequence of 
SCI, DTI in the spinal cord is challenging due to small cord 
volume, low signal-to-noise ratio, and artifacts associated 
with cerebral spinal fl uid pulsation, blood fl ow, respiratory 
movement, and cardiac activity. In children, imaging can be 
even more diffi cult due to the tendency of increased motion 
making it diffi cult to obtain accurate and reproducible DTI 
parameter values.  16   ,   17   

 While studies on diffusion imaging of the spinal cord in 
adults  10   ,   12   ,   18   have been reported, there has been little work on 

  Figure 1.    Regions of interest placed on axial fractional 

anisotropy color maps. Diffusion tensor imaging pa-

rameters obtained at disk and midlevel locations of the 

 cervical spinal cord.  

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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DTI and Spinal Cord Fiber Tracking in Normal Rat at 9.4T

Courtesy of  Eric D. Schwartz, MD, HUP, UPMC, Shields
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DTI Fiber Tracking in Rat Spinal Cord
Following Hemisection In Vivo at 4.7T

Lesioned Area

Below Lesioned Area

Courtesy of  Eric D. Schwartz, MD, HUP, UPMC, Shields
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DTI and Spinal Cord Fiber Tracking at 9.4T in Lesioned 
Cord

Interruption of tracts 
through lesion section 

in lateral funiculus

Courtesy of  Eric D. Schwartz, MD, HUP, UPMC, Shields
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Diffusion Characteristics of Spinal 
Cord Transplants

Courtesy of  Eric D. Schwartz, MD, UPMC

1 mm rostral to Fb-BDNF 
transplant 1 mm rostral to Fb-UM transplant

Improvement in diffusion characteristics correlates with viability 
of the transplant and improvement in motor function.

lADC/tADC = 3.44 lADC/tADC = 2.63

Control
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DTI Spinal Cord In-Vivo and Ex-Vivo

Courtesy Eric D. Schwartz, MD – UPMC

Ex Vivo Rat (9.4T)

Best

In Vivo Rat (4.7T)

Better

In Vivo Human (1.5T)

Good

Quality

Feasibility
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T2 weighted image Color-coded diffusion tensor image

DTI Normal Rat Spinal Cord 9.4T
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T2 weighted image Ellipsoid diffusion tensor image

DTI Normal Rat Spinal Cord 9.4T
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Do You Need ≥3T to Measure Diffusion in the Human Spinal Cord?

ÜNo, but it helps.
Ü Sequences are 

available on modern 
1.5 scanners.

ÜPost-processing 
software available 
through manufacturers 
or free from many 
developers.

TJUH – Our First Spinal Cord Tractography

71

Obstacles to Advanced Spinal Cord Imaging in 
Humans

Susceptibility 
from 

Surrounding 
Bone

Small Target 
Size

CSF 
pulsation 
artifacts

Respiratory & 
Cardiac 

Pulsation Even the spinal 
cord moves @ 
1 mm during 
cardiac cycle

72
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Cervical Spinal Cord Tractography at 
1.5T

Ducreux AJNR 2006;27:214
Sagittal Axial Coronal

Note: 
decussation 
of fibers in 
coronal view 
(arrow)
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Decussation of CST with DTI

picture (Cui et al., 2011). Another recent study at 3 T confirmed an in-
creased MD and a decreased FA in patients compared to healthy con-
trols. Here the authors assessed the diagnostic utility of DTI indices
and found that in their study the receiver operating characteristic
(ROC) analysis had higher sensitivity and specificity for prediction com-
pared to FA and MD changes (Uda et al., 2013). ADC values have also
been assessed to determine their ability to predict clinical recovery
after decompression surgery in another study and showed promising
results, suggesting that further work is warranted to determine the
best way to include diffusion indices into the evaluation of cervical my-
elopathy (Sato et al., 2012).

Spinal cord injury

Improving our ability to assess tissue viability and detect residual
neuronal function in the spinal cord, in order to identify and distin-
guish morphological and functional changes, is key to advancing our
capacity for clinical prognosis and management of spinal cord injury
patients. A recently published prospective longitudinal study in
chronic SCI investigated the motor system, including cervical spinal
cord, cranial corticospinal tract (CST) and motor cortex, in particular
correlating parameters indicative of axonal loss and myelin integrity
to clinical outcome, providing a comprehensive assessment of progres-
sion using multi-modal MRI (Freund et al., 2013). A cross-sectional
study of traumatic SCI patients using structural and functional MRI re-
vealed associations between cross-sectional spinal cord area, gray and
white matter volume as measured using voxel based morphometry of

the brain, cortical activations following right-sided hand grip as well
as median and tibial nerve stimulation and cortical thickness, and dis-
ability (Freund et al., 2011) confirming observed changes in the motor
cortex and motor pathways following SCI (Wrigley et al., 2009). In
light of the evidence of functional and structural changes of the motor
system in SCI and the sensitivity of spinal cord quantitative measure-
ments to damage (Cohen-Adad et al., 2011; Freund et al., 2011;
Lundell et al., 2011; Petersen et al., 2012), one aim of spinal cord fMRI
is to complement structure-sensitive techniques (e.g. atrophy, DTI,
MT), by characterizing normal spinal circuits in healthy individuals
and to delineate how these circuits become damaged after injury. The
extension of this characterization is to predict progression and monitor
the beneficial or deleterious effects of different treatment options.

Injury to the human spinal cord, regardless of the mechanism, re-
sults in a complex cascade of events at the cellular level that may or
may not have an effect on the neurovascular coupling mechanisms
that underlie the signal changes detected with spinal fMRI. It is im-
portant therefore, to bridge the research gap between our detailed
understanding of the pathophysiology of SCI and the biophysical
mechanisms of the signal changes that are exploited for spinal cord
fMRI. Primary injury refers to a destructive force that directly leads
to neural structure damage, as for example the sheer force, which
tears an axon, or a direct compressive force occluding a blood vessel
that results in ischemia. The primary destructive events initiate a series
of cellular mechanisms that result in ongoing damage to the neural
structures, termed secondary injury (Tator and Fehlings, 1991). The
pathological processes that occur at the cellular level include ischemia,

Fig. 1. Selective reconstruction of the corticospinal tracts with crossing in the medulla oblongata in a healthy subject. a) Coronal view of the non-diffusion weighted scan with the
CSTs in red. b) axial view of the spinal cord FA, color coded with the direction of the principal eigenvector of the diffusion tensor, with the right and left CSTs in red and blue, coming
out of the axial section and showing their crossing point.

Fig. 2. (a–d) Sagittal T2, axial T2, DWI and 3D reconstruction of the spinal cord fibres in cervical spondylomyelopathy. Although one observes faint signal changes on sagittal T2 (a),
3D fiber tractography reconstruction (d) shows diffuse nerve fiber destruction, eventually explaining the clinical status of a patient.

4 C.A. Wheeler-Kingshott et al. / NeuroImage xxx (2013) xxx–xxx

Please cite this article as: Wheeler-Kingshott, C.A., et al., The current state-of-the-art of spinal cord imaging: Applications, NeuroImage (2013),
http://dx.doi.org/10.1016/j.neuroimage.2013.07.014

Neuroimage 2013
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Proximity to Injury

A
D

C

Theoretical Representation of Relationship 
of DTI Values & Proximity to Injury
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ADC

Diffusion “Envelope” Around Anatomic 
Injury in SCI

76

Relationship of tADC to Proximity of 
Injury Site

Schwartz et al. Exp Neurol 2003;82(1)49-63.
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Result: Patient Example – C3 AIS A

T2 STIR

C4
Edema/heme

normal

TJUH
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§ Funded in part by DoD Grant Proposal No. SC090288, Award No. 
W81XWH-10-1-0935, HRPO Log No. A-16324
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DTI Parameters in Severe vs Mild/Moderate SCI (LE MIS < or > 30)
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DTI in Good vs. Poor Recovery at 6 mos. (RR< or >0.5)
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FA values 
adjacent to 
the lesion, 
but not at 
the lesion 
itself, are 
able to 
discern 
mild from 
moderate/s
evere 
injury
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Summary – DTI & Recovery

§ FA, ADC, and RD values obtained at the time 
of injury may be useful in discriminating 
recovery rates from acute spinal cord injury.

§ DTI indices measured immediately cranial to 
the actual lesion epicenter exhibit strong 
correlations in predicting neurologic recovery 
than indices measured at the lesion center. 
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Current Limitations of DTI in Clinical Trials

§ Spinal instrumentation can limit repeat evaluation 
of the spinal cord.

§ Normalization of DTI values is problematic across 
instruments and sites.

§ Even low ferromagnetic property hardware can 
create distortion with DTI parameters.

§ Many other methods and parameters – e.g. 
myelin water fraction, MRS that are not readily 
available.
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Spinal fMRI During UE Movement

Isometric Contractions

Courtesy S. Madi, PhD.
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fMRI Signal Generated by Biceps Contraction

89

90

Summary
§ MRI is the only non-invasive method to 

evaluate the spinal cord architecture.
§ Harbors prognostic information.
§ Has value in chronic injury states.

§ Signal changes in spinal cord have clinical 
and prognostic value.

§ DTI spinal cord is becoming more 
mainstream; may harbor additional clinical 
information – surrogate for neuro exam.
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Thank You!
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