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Independent spinal cord atrophy measures correlate to motor
and sensory deficits in individuals with spinal cord injury
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Study design: Cross-sectional descriptive analysis of magnetic resonance imaging (MRI) and clinical
outcome.
Objectives: The aim of this study was to present anatomically consistent and independent spinal cord
atrophy measures based on standard MRI material and analyze their specific relations to sensory and
motor outcome in individuals with chronic incomplete spinal cord injury (SCI).
Setting: Danish study on human SCI.
Methods: We included 19 individuals with chronic incomplete SCI and 16 healthy controls.
Participants underwent MRI and a neurological examination including sensory testing for light touch
and pinprick, and muscle strength. Antero–posterior width (APW), left–right width (LRW) and cross-
sectional spinal cord area (SCA) were extracted from MRI at the spinal level of C2. The angular variation
of the spinal cord radius over the full circle was also extracted and compared with the clinical scores.
Results: The motor score was correlated to LRW and the sensory scores were correlated to APW.
The scores correlated also well with decreases in spinal cord radius in oblique angles in coherent and
non-overlapping sectors for the sensory and motor qualities respectively.
Conclusion: APW and LRW can be used to assess sensory and motor function independently. The
finding is corresponding well with the respective locations of the main sensory and motor pathways.
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Introduction

Magnetic resonance imaging (MRI) of the spinal cord has

become a routine tool for evaluation of the site and extent of

spinal cord injury (SCI) but conventional imaging seems to

have little prognostic value and it is not possible to extract

parameters from the images that are well correlated to

specific functional deficits.1,2 More sensitive techniques

could potentially have an important role for guiding and

individualizing the rehabilitation and treatment of indivi-

duals with SCI. Diffusion tensor imaging and magnetization

transfer have been suggested as MRI modalities for detection

of lesions and evaluation of white matter integrity.3,4

However, because of the diversity of lesions and demanding

imaging conditions around the spinal cord, no clear

quantitative correlations between lesion and clinical deficits

have been reported using those techniques.

Another approach is to estimate the reduction in spinal

cord width, area or volume, that is, atrophy, after lesion from

conventional structural MRI. Spinal atrophy has been

observed in groups of individuals with pathologies such as

autosomal dominant leukodystrophy, amyotrophic lateral

sclerosis and hereditary paraplegia.5–7 Good correlation

between spinal cord area (SCA) and a number of global

clinical scores has also been found in several studies of

patients with multiple sclerosis in cross-sectional as well as

longitudinal settings.8

It is not known whether a similar quantitative relation

between spinal cord atrophy and the extent of disability is

found in individuals with SCI. It is similarly not known

whether a more clinically relevant and detailed information

of specific spinal pathways affected by atrophy may be

obtained by measuring decrease in spinal cord width in

different directions. Sensory pathways are dominantly

located in the posterior and anterior parts of the spinal cord
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Denmark.

E-mail: lundell@drcmr.dk

Spinal Cord (2011) 49, 70–75

& 2011 International Spinal Cord Society All rights reserved 1362-4393/11 $32.00

www.nature.com/sc

http://dx.doi.org/10.1038/sc.2010.87
mailto:lundell@drcmr.dk
http://www.nature.com/sc


white matter, whereas motor pathways are dominantly

located more laterally.9,10

Our hypothesis was that atrophy in the antero–posterior

parts would be well correlated to sensory deficits, whereas

atrophy in the left–right parts would be better correlated to

motor deficits (see Figure 1a). Our aim was to introduce

robust, sensitive and specific parameters to evaluate the

functional state of individuals with SCI.

To test our hypothesis we used the method introduced

by Losseff et al.11 to segment the cross-sectional shape

of the spinal cord. We calculated the area and widths

of the spinal cord in the anterior–posterior and left–right

directions in individuals with SCI and correlated it

with preserved sensory function and muscle strength in

the upper and lower extremities. Furthermore, the angular

variation in spinal cord radius was extracted and the

functional correlations to atrophy in oblique directions were

also analyzed.

Materials and methods

Participants

We enrolled 16 healthy volunteers with no known history of

neurological disorders (mean (s.d.) 39 (14) years, gender: 1

female/15 males) and 19 individuals with chronic SCI

(mean (s.d.) 46 (12) years, gender: 1 female/18 males)

including lesions on cervical (n¼15), thoracic (n¼3) and

lumbar (n¼1) spinal cord levels. Only patients with

clinically incomplete lesions and regained or partly regained

locomotion were included in the study corresponding to

ASIA (American Spinal Injury Association) Impairment Scale

D.12 One participant was categorized as ASIA Impairment

Scale A because of the lack of sacral sparring but could walk

and was in all other aspects an ASIA Impairment Scale D. The

etiology of the spinal cord lesion was non-traumatic in 3

(syringomyelia and angioblastorm, transverse myelitis, and

meningites) and traumatic in 16 (traffic related in 6, sports

related in 6 and falls in 4). Time from injury spanned from 1

to 28 years (mean 13 years). We certify that all applicable

institutional and governmental regulations regarding

the ethical use of human volunteers were followed during

the course of this research.

Clinical investigation

The individuals with SCI were neurologically examined in

accordance with the International Standards for Neurologi-

cal Classification of SCI.12 This includes sensory testing of all

segments from C2 to S4–5 on the right and left side for light
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Figure 1 (a) Schematic illustration of some main spinal pathways. Motor tracts are mainly located in the lateral funiculi whereas the sensory
tracts are found in the dorsal funiculus. It is hypothesized that atrophic changes in different directions of the spinal cord is correlated to specific
clinical deficits. (b) A standard clinical T1 weighted magnetization prepared rapid gradient echo (MPRAGE) MRI is used for the analysis, a plane
perpendicular to the spinal cord is defined at the upper level of the C2 process (arrow). (c) Resliced pseudo-axial volume at C2. Spinal cord (SC,
solid) and the cerebrospinal fluid (CSF, dashed) are approximately outlined. The spinal cord boundary intensity is set to the mean of the CSF
and SC regions. (d) SCA, LRW, APW and R(a) are extracted from the mask.
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touch (LT) and pinprick (PP), with scores of 0 (absent

sensibility), 1 (impaired sensibility) and 2 (normal sensi-

bility). A total sensory score was calculated for LT (LTSS) and

PP (PPSS) with maximum values of 112 when all segments

are normal. A motor score was calculated on the basis of

muscle strength testing of five key muscle functions in each

upper and lower extremity respectively on the 0–5 Medical

Research Council scale, that is, a maximum score of

5�5�4¼100.

MRI protocol

The images were acquired on a Siemens Trio 3 tesla system

using a 1 channel birdcage head coil (Siemens, Erlangen,

Germany). A T1 weighted magnetization prepared rapid

gradient echo sequence (TR¼1540ms, TE¼3.93ms, flip

angle 91, sagital image matrix 192�256�256 and isometric

image resolution 1mm3) was used giving a good contrast

between the spinal cord and the cerebrospinal fluid. The

sequence was a part of a standard brain protocol and is used

for general morphological analysis and as structural refer-

ence in functional MRI studies, but the field of view covered

the whole head and the upper cervical cord. To check the

reproducibility of the method, two of the healthy volunteers

were scanned 7 and 12 times respectively at different days

spread over 18 months. Linear rigid body realignment

of the images was performed using SPM5 (http://www.fil.

ion.ucl.ac.uk/spm) to evaluate inter-scan difference in sub-

ject placement.

Image correction

Image items located far from the center of the scanner

during acquisition, such as the cervical spinal cord in our

brain sequence, are prone to geometrical distortions caused

by nonlinearities in the scanner’s gradient fields that may

confound quantitative analysis.13 To remove those image

warping effects, correction was performed off-line using in-

house software implemented in Matlab (The MathWorks,

Inc., Natick, MA, USA) as described earlier.14 The gradient

field map for the gradient system of the MR scanner was used

as provided by the vendor.

Area and width estimates

A mid-sagital slice was chosen for defining anatomical

landmarks (Figure 1b). A plane perpendicular to the spinal

cord was drawn from the superior edge of the C2-process and

formed the mid-plane in an interpolated axial data set with

isometric resolution 0.1mm3 and 21 slices. The increased

resolution was used to account for partial volumes of

cerebrospinal fluid and spinal cord. Two regions of interest

were drawn manually in the mid-plane covering the spinal

cord and the cerebrospinal fluid space (Figure 1c). The mid-

value of the mean intensities in the two regions of interests

was used as boundary threshold to extract a spinal cord mask

as described earlier.11 The area of the mask was used as SCA,

and antero–posterior width (APW) and left–right widths

(LRWs) were extracted (Figure 1d). APWand LRWonly reflect

the width in two orthogonal directions, but atrophy will

affect measures in all directions. To assess the effect of

atrophy in oblique directions, the radius from the cord shape

center of mass to its border, R(a), was measured over the

whole circle with an angular resolution of 61, (Figure 1d).

The mean measures of all 21 axial slices was used for the

statistics to avoid random effects in single slices from nerve

roots, noise, and so on. The same observer performed all

manual steps blinded to the identity of the individual

participants.

Statistics

Student’s t-test was used to evaluate difference in the spinal

cord measures between groups. Pearson’s linear correlation

coefficient, r, was used to test the correlation between the

atrophy measures and the functional measures from the

clinical investigation.

Results

Reproducibility and shape extraction

SCA was estimated in two healthy individuals scanned at

multiple times before and after gradient nonlinearity

correction. Realignment of the data sets showed inter-scan

rotations and translations spanning 13.31 and 31mm for the

same individual representative to the variation in subject

positioning in a clinical workflow. As a consequence of the

gradient nonlinearity correction, the coefficient of variance

was reduced from 8.05 to 1.01% for the SCA, 4.33 to 0.95%

for the LRW and 4.03 to 0.93% for the APW. The area of

interest was visualized in all data sets. Central edemas were

visible in two individuals and the edema was included in the

shape. Those individuals did not affect the overall statistics

and the data were included in the analysis for the interest of

a broad applicability of the technique.

Spinal cord injured vs control

The SCI group showed a significant decrease in SCA

compared with the control group. Furthermore, significant

decreases were also observed in both APW and LRW, with

decreases in APW being more pronounced, (Table 1). One

individual with SCI did not participate in all clinical tests

and was excluded in the functional correlations. Several

deficit-specific relations were found (Table 2). SCA and APW

correlated to the two sensory scores LTSS and PPSS (Figure 2).

The sensory scores were more strongly correlated to APW

than to SCA (APW-PPSS r¼0.75 (P¼0.0003) vs SCA-PPSS

r¼0.72 (P¼0.0008)) and APW was more strongly correlated

to PPSS than LTSS (APW-PPSS r¼0.75 (P¼0.0003) vs APW-

LTSS r¼0.66 (P¼0.002)). None of the sensory scores

correlated to changes in LRW. The motor score correlated

both to SCA and LRW, but not to APW. No correlations with

patient age, time from lesion, weight or height were

observed, but a weak correlation to lesion level was found

(Table 2).

Angular relations

A polar plot showing the correlation coefficient between R(a)
and LTSS, PPSS and the motor score is presented in Figure 3.

Correlation coefficients are only shown for angles with a
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strong significance (Po0.01). The sensory scores correlated

to radii in two broad sectors in the anterior and posterior

parts. The motor score correlated to radii in more narrow

sectors in the lateral parts with a slight ventral displacement.

Both motor and sensory correlations were stronger on the

right side.

Discussion

In our sample of spinal cord injured individuals, atrophy in

APW and LRW, derived from standard clinical T1 weighted

head MRI, were independently correlated to sensory and

motor scores.

Table 1 Group differences between patients with spinal cord injury and controls

Patients mean (s.d.), range Control mean (s.d.), range P-value

SCA (mm2) 67.3 (11.7), 50.4–90.5 88.1 (5.60), 77.9–98.7 o0.001
APW (mm) 7.63 (0.76), 6.34–8.94 8.95 (0.40), 8.28–9.68 o0.001
LRW (mm) 12.3 (1.30), 10.1–14.9 13.1 (0.75), 12.1–15.1 0.044

Abbreviations: APW, antero–posterior width; LRW, left–right width; SCA, spinal cord area.

Table 2 The linear relation between spinal cord dimension and functional parameters

LTSS PPSS Motor score Lesion level

SCA r¼0.65 (P¼0.003) r¼0.72 (P¼0.0008) r¼0.53 (P¼0.02) r¼0.53 (P¼0.02)
APW r¼0.66 (P¼0.002) r¼0.75 (P¼0.0003) r¼0.30 (P¼0.2) r¼0.50 (P¼0.03)
LRW r¼0.07 (P¼0.8) r¼0.03 (P¼0.8) r¼0.59 (P¼0.01) r¼0.009 (P¼0.7)

Abbreviations: APW, antero–posterior width; LRW, left–right width; LTSS, light touch sensory score; PPSS, pinprick sensory score; SCA, spinal cord area.

Significant relations are highlighted.
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Figure 2 Relations between (a) LRW and motor score, (b) LRW and PPSS (gray dots, solid line) and LTSS (black circles, dashed line), (c) APW
and motor score and (d) APW and PPSS (gray dots, solid line) and LTSS (black circles, dashed line).
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Our method for extracting the axial shape of the spinal

cord differs slightly from the original method of Losseff

et al.11 The C2 vertebral process was used as caudal landmark

instead of the C2/C3 intravertebral disc. This was conducted,

first to obtain better signal from the head coil, second, to

improve the LRW measurement by avoiding contribution

from nerve roots and third to get closer to the level in which

the spinal canal is the largest giving better prerequisites for

the segmentation with lower cerebrospinal fluid flow speeds,

less cord motion and better separation between the spinal

cord and the canal. Gradient nonlinearity correction was

found crucial for reducing the effect of subject positioning

and vendor-specific gradient design geometry. Geometrical

distortions were effectively reduced on multiple images

acquired over 18 months on the same two subjects. The

improvement in parameter reproducibility also included

our additional width measures LRW and APW. By using

a sequence with a high isotropic resolution a better estimate

in right–left direction will be obtained, compared with

earlier implementations of the method using sagital images

with large slice thickness.

It was hypothesized that the location of sensory and motor

pathways would determine axis-specific atrophy of the

spinal cord. The motor score, evaluated as the ability to

voluntarily activate different muscle groups, is mainly

determined by the integrity of the corticospinal tract. The

observation that the motor score was well correlated to LRW

is well in line with the main location of this tract in the

lateral funiculi. The sensory scores are based on conscious

perceptions of touch, which are mediated mainly by the

dorsal column and this is also in line with the correlation

between the sensory score and APW.

The polar plots of the correlation coefficients for the

clinical scores and the radius in individual directions show

little overlap between significant atrophy components of

sensory and motor qualities, supporting the complementary

descriptive values of LRW and APW (Figure 3). The stronger

correlations on the right side may be explained by asym-

metry in the patient group. PPSS was lowest on the right side

in nine patients, on the left side in six patients and the same

in four patients. The motor score was lowest on the right side

in 10 patients, on the left side in 4 patients and the same in 5

patients. Asymptomatic asymmetric spinal cord shape is

common and the right half is larger than the left side in

three quarters of the asymmetric cords. This observation is

independent of handedness and is mainly attributed to

a larger portion of the corticospinal tract descending on the

right side.9 This difference in tract redundancy on the left

and right side may also explain asymmetry in the angular

relations.

Only a weak relation was found between lesion level and

atrophy. This is likely explained by local effects progressing

from the lesion, such as Wallerian degeneration, but global

axonal loss because of deactivation of larger subsystems,

mirrored in the decreases in clinical scores in our case, show

larger significance. To fully understand this interaction, area

measurements conducted at several segments would be

necessary. This was not possible in our study because a full

scan of the spinal cord was not performed. However, it is of

interest for the purpose of clinical applicability of the

technique that measurements at one specific high cervical

level may provide clinically useful information regarding

lesions throughout the cervical and thoracic spinal cord.

This has also the advantage that the measurements at such a

high level in most cases will not be confounded by edema or

image artifacts caused by possible implants around the site of

the lesion.

The fact that it was possible to use standard clinical head

MRI means that it may be possible to include the measures as

part of routine clinical evaluations within the tight time

frames of radiological exams or to retrospectively analyze

existing data. Obviously, more data are needed to evaluate

the full clinical value of those measures. Particularly, the

longitudinal morphological development must be studied in

the sub-acute stage and this data may provide useful

diagnostic or prognostic value as shown for the SCA in

multiple sclerosis.15 Medical and surgical procedures to

promote axonal regrowth are also subject to considerable

research.16 To fully implement those treatments for clinical

use on individuals with SCI, non-invasive quantitative

markers of regional tract integrity are needed.

Conclusively, we have shown that it is possible to

obtain specific correlations between different clinical deficits

and independent geometrical components of spinal

cord atrophy after SCI detected with a semi-automatic

technique using standard structural T1 weighted head

MRI. These measures may be of great importance for

evaluation of spinal cord integrity as part of routine

MR scanning after SCI. The broad usability of SCA in

earlier studies suggest that LRW and APW may provide

functional-specific atrophy for other neurological disorders

affecting the spinal cord and thereby assist treatment and

rehabilitation.
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Figure 3 The directional correlations between spinal cord radius
and the motor score (solid), PPSS (dark gray) and LTSS (bright gray).
Correlations are plotted for directions with high significance
(Po0.01). The radial axis shows the correlation coefficient and the
spinal cord drawing illustrates the main directions in the plot.
A, anterior; L, left; P, posterior; R, right.
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