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Recent MRI studies in multiple sclerosis have highlighted the
potential importance of spinal cord atrophy (implicating
axonal loss) in the development of disability. However,
the techniques applied in these initial studies have poor
reproducibility which limits their application in the serial
monitoring of patients. The aim of this study was to develop
a highly reproducible and accurate method for the
quantification of atrophy. The technique we describe
demonstrates an intra-observer coefficient of variation (scanrescan) of only 0.8%. When applied to 60 patients with
clinically definite multiple sclerosis there was a strong

correlation between spinal cord area and disability measured
by Kurtzke 's Expanded Disability Status Scale (EDSS) (r =
-0.7, P < 0.001). The correlation was graded providing
evidence for a causal connection. At levels 3 and 8 of the
EDSS we observed a reduction in average cord area of 12 and
35%, respectively. Given its reproducibility, the magnitude of
the change detected and the strong correlation with disability,
this new technique should prove to be a sensitive measure
ofprogressive neurological deterioration and could be readily
incorporated into imaging protocols aimed at monitoring
therapy.

Keywords: multiple sclerosis; MRI; disability; spinal cord atrophy; clinical measurement
Abbreviations: EDSS = expanded disability status scale; SI = signal intensity; SRCC = Spearmann's rank correlation
coefficient

Introduction
While conventional cranial MRI has been shown to be
useful in predicting those with clinically isolated syndromes
suggestive of multiple sclerosis who will go on to develop
definite disease (Morrissey et ai, 1993; Filippi et al., 1994),
its relationship to the development of disability is more
complex and at best limited (Thompson et al., 1990; Kidd
et al., 1993; Filippi et ai, 1994, 1995b). This is likely to be
due in part to the pathological heterogeneity of lesions
which is not differentiated on conventional T2-weighted
MRI. More pathologically specific imaging techniques such
as magnetization transfer imaging (Gass et al., 1994) and
spectroscopy (Arnold et al., 1994; Davie et al., 1996) have
considerable potential, but it remains to be shown if they are
sufficiently practical for inclusion in therapeutic trials as
surrogate markers of neurological impairment.
© Oxford University Press 1996

Much of the disability that develops in multiple sclerosis
is thought to be due to disease of the spinal cord, which is
a common site of involvement (Oppenheimer, 1978). Using
recent technical advances it has been possible to detect cord
lesions readily on MRI (Kidd et al., 1993). These studies have
failed to show a cross-sectional or longitudinal relationship
between disability and cord lesion load but have shown to
varying degrees a relationship between spinal cord atrophy
and disability (Kidd et al, 1993; Filippi et al, 1995a; Losseff
et al, 1995; Kidd et al, 1996). In one study, patients with
multiple sclerosis who had atrophy (defined as 2 SDs less
than controls) at one or more of four spinal levels (C5, T2,
T7 and Til), had significantly higher scores on the EDSS
than those who did not have atrophy (Kidd et al, 1993).
Despite this relationship there was no significant difference
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All patients were questioned and underwent a full
neurological examination and evaluation of the Kurtzke
EDSS score (Kurtzke, 1983) by one observer (N.A.L.).
Following this, MRI of the spinal cord was performed.
Control subjects answered a simple questionnaire regarding
their general health and were excluded if any significant past
or present illness was identified.

MRI protocol
All imaging was carried out on a Signa 1.5 T superconducting
system (General Electric, Milwaukee, Wise, USA) using
phased array coils (Thorpe et al., 1993). A volume acquired
inversion prepared fast spoiled gradient echo acquisition was
performed following an axial pilot at the level of the C7
vertebral body. Sixty-four partitions in the sagittal plane
(x direction) of 1 mm thick equivalents were acquired in a
three-dimensional volume centred on the cervical spine,
with the following parameters: TI = 450 ms, TE = 4.2 ms,
TR = 17.8 ms, flip angle = 20°, 256 phase encodings in the
z direction, one average, field of view 25 cm, for both the
z and y directions, matrix 256X256. The imaging time was
7 min.

Image post-processing
Patients and methods
Sixty patients and thirty controls were recruited from the
out-patient and in-patient departments and from staff members
of the National Hospital for Neurology and Neurosurgery.
All the patients studied had clinically definite multiple
sclerosis according to recognized criteria (Poser et al., 1983).
All the controls were healthy volunteers. All subjects gave
informed written consent to enter the study which had been
approved by the ethical committee of the National Hospital
for Neurology and Neurosurgery.
Of the 60 patients there were 15 in each of four
clinical subgroups: relapsing-remitting, benign, primary
and secondary progressive. These were defined as follows,
(i) Relapsing-remitting: a history of relapses and remissions
without gradual deterioration, but excluding benign cases,
(ii) Benign: relapsing-remitting disease of at least 10 years
duration and with disability on the EDSS of three or less,
(iii) Primary progressive: progressive deterioration from
the outset, without relapses or remissions for a period of
at least 2 years, (iv) Secondary progressive: after an initial
relapsing-remitting course, progressive deterioration for at
least 6 months with, or without, superimposed relapses.
All patients were randomly selected within the four
subgroups and this is reflected in the distribution of EDSS
scores. However, patients in a state of acute relapse were
excluded from the study. Control subjects were selected
to represent a wide range of age, height, weight and an
equal sex distribution.

From the volume data set a series of five contiguous 3 mm
pseudo axial slices were reformatted on the Signa using the
centre of the C2/C3 intervertebral disc as a caudal landmark,
with the slices perpendicular to the spinal cord.

Cross-sectional area measurement
The resulting images are illustrated in Fig. 1 showing two
patients, one with benign and one with progressive multiple
sclerosis. In view of the cord position and the strong signal
intensity (SI) gradient between the cord (bright) and the
surrounding CSF (dark) it was possible to apply a semiautomated measurement of the cord area as follows. The
partial volume effect blurs the appearance of the boundary
between the cord and CSF. If the cord and CSF were
uniform in their composition then a contour drawn in the
image at a SI halfway between the Sis of the cord and CSF
would be at exactly the true position of the boundary. This
is the basis of our method for locating the cord boundary,
thus we must first determine the mean SI of the cord and
CSF. Images were transferred to a Sun Workstation and
uniformity corrected according to a previously described
method (Tofts et al., 1994). Following this, the images were
blinded so the observer (N.A.L.) was unaware of their
identity and then displayed, using the image display program
Dispunc (D. L. Plummer, University College, London, UK).
Windowing was standardized visually for all images against
a single control image which was displayed at the same time.
A region of interest was then drawn carefully around the
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in cord area between less disabled subgroups of patients
(relapsing-remitting and benign) and more disabled (primary
and secondary progressive).
Another study concentrating on the C5 level has shown a
significant difference in cord areas between patients with
benign and secondary progressive multiple sclerosis (Filippi
et al., 1995a). A further longitudinal study of patients with
primary and secondary progressive disease (Kidd et al., 1996)
showed a decrease in mean cord area over 1 year, but no
definite correlation with disease progression. In addition, the
changes seen in individual patients were within the 95%
confidence limits for measurement variation.
The technique used in all these studies involved acquisition
of axial sections of the spinal cord by a two-dimensional
gradient echo sequence with manual outlining to calculate the
cord area. This technique has poor scan-rescan reproducibility
(coefficient of variation 6% in controls). Therefore, its
suitability for the serial monitoring of progressive
neurological impairment is very limited (Losseff et al., 1995)
as such poor reproducibility will obscure the detection of
any change that may occur over a short period. We have
analysed the reasons for this poor reproducibility and based
on these have developed a new technique to measure atrophy
of the spinal cord with anatomical, imaging and postprocessing advantages.
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Fig. 2 Left, region of interest "inner". Right, region of interest "outer".

cord in the top slice (region of interest 'inner'), followed by
a region of interest around the cord and CSF space (region
of interest 'outer', illustrated in Fig. 2). From these two
regions the mean CSF and cord intensities are calculated.
The mean cord SI is the direct value from the first region of
interest. The mean CSF SI is calculated by knowing the
areas of the two regions of interest and their mean Sis. This
is derived from the formula:

mean CSF intensity =
(mean SI outerXarea outer)-(mean SI innerXarea inner)
(area outer)-(area inner)
The boundary SI is the mean of the cord and CSF Sis. The
top slice is chosen to calculate the boundary SI, as this, in
most cases, has the largest CSF space. This helps to minimize
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Fig. 1 Inversion prepared fast spoiled gradient echo acquisition at C2 in benign {left) and progressive (right) mutiple sclerosis.
Left, female, age 46 years, disease duration 15 years, EDSS = 3, cord area = 85 mm2. Right, female, age 31 years, disease duration 10
years, EDSS = 8, cord area = 55 mm2. Patients are height- and weight-matched.
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inaccuracies that are inevitably present due to placement of
the cord outline, which will affect the values in both regions
of interest. Following this a seed is placed manually anywhere
near the cord/CSF boundary and the computer then constructs
an automated border around the spinal cord at the boundary
SI previously calculated or as close as possible to it. This is
performed for each of the five axial slices whose areas are
then averaged.

Table 1 Intra-observer reproducibility measures

Experienced
Inexperienced

Same image

Scan/ rescan

SD = 0.58 (0-1.9)
C V = 0.73% (0-2.4)
SD = 0.83 (0-2.7)
C V = 1.03% (0-3.4)

SD = 0.63 (0.14-1.9)
C V = 0.79% (0.2-2.5)
S D = 1.29(0.1-5.6)
C V = 1.61% (0.2-7%)

SD = standard deviation of measurement variation (mm2);
CV= coefficient of variation.

Reproducibility

Accuracy
Three cylindrical acrylic resin plastic rods of known
dimensions were fixed in a water bath kept at room
temperature. The rods were of uniform diameter to which
the investigator was blind. These were imaged as above and
five contiguous 3 mm slices were reformatted from the centre
of the phantom. Uniformity correction was applied and,
following this, contrast manipulation was performed to make
the rods and surrounding water look as much like CSF and
cord as possible.
To achieve this, the SI of the two compartments (CSF and
cord) of the control image (from which all windowing is
adjusted) was measured and the two ends of the window
(maximum and minimum) were noted. In arbitrary units,
the mean cord intensity = 21, mean CSF = 3, minimum
window = 0 and maximum window = 40. From these figures
the relative and absolute brightness of the phantom can be
adjusted to appear as identical to the control image as
possible. This is achieved by inverting the signal intensities,
shifting and scaling to give realistic values of CSF/cord
contrast and then adding gaussian noise to give realistic
signal to noise ratios. Following this, measurement is made
as above.

Table 2 Characteristics of patients and controls

Numbers
Mean age (years)
Range (years)
Male: female ratio
Mean height (m)
Range
Mean weight (kg)
Range
Cord area (mm2)
Range

Controls

All patients

30
38
26-57
15:15
1.7
1.4-1.95
65.6
46-86
84.7
67-101

60
41
21-63
26:34
1.68
1.48-2.15
65.7
44-97
74.3
40-91

P < 0.001 for the difference in cord area between controls and
patients.

Student's t test was used to evaluate the difference in cord
areas between subgroups. Reproducibility was expressed as
both the standard deviation of measurement variation (British
Standards Institution, 1979) and the coefficient of variation
(Goodkin et al., 1992).

Results
Reproducibility
The mean cord area of the 15 subjects was 85 mm2 with a
range of 45-101mm2. The intra-observer standard deviation
of measurement variation and coefficients of variation for
the same scan and scan-rescan analysis are presented in
Table 1. With an experienced observer the coefficient of
variation for scan-rescan was 0.79%, standard deviation
of measurement variation = 0.63 mm2. Hence changes as
little as 1.2 mm2 (1.96 SDs) in cord area would be beyond
the 95% confidence limits for a change that may have
occurred simply because of measurement variation. There
was no significant correlation between cord size and the
individual coefficients of variation. The inter-observer
variability was also low with coefficients of variation for the
same image and scan-rescan analysis of 0.83 and 1.7%,
respectively.

Statistics

Accuracy

Correlations between cord area and the EDSS were calculated
using Spearmann's Rank Correlation Coefficient (SRCC) and

The known cross-sectional areas of the three acrylic resin
plastic rods were 131.7 mm2, 77 mm2 and 49.6 mm2
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Reproducibility was assessed for both the post-acquisition
measurement technique (i.e. calculating the cord area twice
on the same image) and for scan-rescan (i.e. imaging the
subject twice and then calculating the cord area from separate
acquisitions), which is the realistic situation of a serial study.
A series of 15 subjects (patients and controls) were selected
to represent a range of spinal cord size. Each subject was
scanned, removed from the magnet, repositioned and then
rescanned. The images were then post-processed. The
boundary SI calculations and area measurements were then
made by two investigators, one experienced with the
technique (having used it regularly and processed data from
all the patients) and one not (no previous experience of the
technique but a brief instruction on five different data sets
beforehand).
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Table 3 Individual patient subgroups
Primary progressive

Secondary progressive

Relapsing-remitting

Benign

Number
Mean age (years)
Range (years)
Mean disease duration (years)
Range (years)
Median EDSS
Range
Mean cord area at C2 (mm2)
Range (mm-)

15
48.8
38-63
10.4
2.5-24
4
2-7.5
73.1
48.3-88.8

15
43.7
31-57
15.9
4-30
7
4.5-8.5
61.2
44.8-72.2

15
31
21-50
4.1
1-10
2.5
1-6
85.6
74.1-95

15
42.7
30-58
14

P = from controls

<0.05

<0.001

n.s.

<0.05

10-20
?

1-3
78.2
60.8-92.3

n.s. = not significant.
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Fig. 3 Scatter chart of EDSS and C2 cord area in all patients (r = -0.7).

(mechanical measurement with a maximum uncertainty of
1%). Our imaging measurements were larger by 4.5%,
4.3% and 10.8%, respectively (measured values 137.7 mm2,
80.4 mm2 and 55 mm2).

Controls
There were 30 controls whose characteristics are detailed in
Table 2. There a was striking variation in cord size and no
one factor was predictive. No significant correlation was seen
between cord area and height, weight, body mass index or
age. There were weak trends for increasing height and
weight to correlate with increasing cord area [r = 0.36
and 0.28, respectively (SRCC)]. There was no relationship
between age and cord area [r = -0.12 (SRCC)]. Female
subjects had a smaller mean cord area than males (82.05
and 87.24 mm2, respectively) but this difference was not
significant (P = 0.11).

Patients
There were 60 patients whose characteristics are detailed in
Tables 2 and 3. There was an extremely strong correlation
between EDSS and cord area (see Fig. 3) [r = -0.7,
P < 0.001 (SRCC)]. Significant correlations were also found
when patients with high levels of disability were excluded
[for the group EDSS 0-6, n = 40, r =-0.6, P< 0.001
(SRCC) and for the group EDSS 0-3, n = 33, r = -0.4,
P < 0.005 (SRCC)]. At EDSS 3 the mean reduction in cord
area compared with controls was 12% (n = 10), at EDSS 6
(n = 7) it was 21% and at EDSS 8 it was 35% (n = 3).
Significant correlation was also found between the
functional system subscores of the EDSS, the EDSS itself
and cord area, reflecting the tendency in most patients for
subscores to increase as the disease progresses. The most
significant correlations were between the functional system
amidal and sphincter scores and cord area (r = -0.6 and
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-0.66, respectively; P < 0.001, SRCC). Disease duration also
correlated with cord area [r = -0.52, P < 0.001 (SRCC)].
There were significant differences in cord area between
the whole patient group and controls (P < 0.001) and the
individual subgroups of benign, primary progressive,
secondary progressive when compared with controls
(P < 0.05, < 0.05 and < 0.001, respectively).
There was no difference between controls and the early
relapsing-remitting group most of whom had little disability.
All patient groups were significantly different from each
other (P < 0.05 to < 0.01) with the exception of benign
versus primary progressive. Within the patient group the
largest difference was seen between the early relapsingremitting group and the secondary progressive group with
mean cord areas of 85.63 mm2 and 61.2 mm2, respectively
(P < 0.01).

Discussion

Technical factors
The high reproducibility of the newly developed technique
relates to anatomical, imaging and measurement factors. A
previous serial study (Losseff et al., 1995) evaluating change
in cord atrophy using a manual outlining technique following
acquisition by two-dimensional proton density weighted
gradient echo of single axial slices at four vertebral levels
(C5, T2, T7 and Tl 1) showed poor reproducibility. This poor
reproducibility was not apparent from repeated measures on
the same image (the coefficient of variation was 2%) but the
magnitude of the problem became apparent once scan-rescan
reproducibility was calculated (increasing the coefficient to
6%). This illustrates the considerable importance of assessing
scan-rescan reproducibility for techniques that will be used
to monitor change over time.
The poor reproducibility of the earlier method had several
explanations. Imaging areas of the cord with marked local
anatomical variability and therefore cross-sectional area

Another important advantage of the new technique is the
use of the volume acquired inversion prepared sequence.
It achieves with the parameters described, excellent CSF
suppression which enhances cord-CSF contrast and
homogeneity of the cord and CSF compartments. It also
allows post-acquisition reformatting of any slice prescription
ensuring precise repositioning.
Finally we have used a semi-automated measurement
technique to delineate the cord boundary which removes
some of the imprecision that manual outlining and automated
contouring have in delineating boundaries. In calculating the
CSF image intensity by the method of one region (inner)
within another (outer), errors of placement of the border that
delineates the cord area and image intensity are counteracted:
an overgenerous 'inner' cord boundary will lower the
calculated cord SI but raise the calculated CSF SI and in
contrast a small 'inner' cord boundary will increase the
calculated cord SI and lower the calculated CSF SI. Thus,
within a certain range, the technique produces a natural
regression to the mean.
Our phantom experiments show that for normal size cords
we probably overmeasure by -4.5%. However the result
from the smallest phantom shows overmeasurement by 10%.
It is not surprising that overmeasurement increases as the
structure gets smaller and this has been our visual impression
of the in vivo situation. The greatest contribution to this
inaccuracy is likely to be partial volume effects. As a structure
gets smaller, the relative amount-of partial volume that would
be included in the first 'inner' region of interest increases,
reducing the calculated mean SI of the cord and therefore
lowering the calculated SI at which the border lies with
consequent enlargement of the area. However, even with this
bias, which works against the detection of smaller structures,
we have shown a 35% reduction in the mean cord area of
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This study shows a strong graded correlation between a
clinical measure of neurological impairment/disability (the
EDSS) and spinal cord atrophy. This relationship is present
across all levels of disability suggesting a causal relationship.
More importantly the magnitude of change observed in the
patients and the reproducibility of the measurement suggest
that this technique (to measure spinal cord atrophy) may
prove more sensitive in monitoring progressive neurological
impairment/disability than other currently used imaging
parameters. It may also provide a more sensitive index of
meaningful change than the EDSS, especially in view of the
poor test-retest reproducibility of this disability scale (Francis
et al., 1991). There are several reasons why this study has
shown a stronger correlation with disability as measured by
the EDSS than previous imaging studies. These reasons
relate to the measurement technique, the specific area being
measured and the nature of atrophy.

measurement demands precise repositioning. This problem
is most marked at the C5 level due to the cervical enlargement
(Barson and Sands, 1977) and expansion of the cord
associated with root outlets. At C5 in particular the CSF
space is small leading to turbulent flow and CSF signal void.
As in the thoracic region, the cord commonly abuts the bony
canal and both these factors obscure the cord boundaries and
lower the image contrast between the CSF and the spinal
cord. Most images acquired at these levels by gradient echo
could only be measured by a manual outlining technique and
lack sufficient contrast for automated or threshold calculated
contouring to work properly, which further decreases
reproducibility. The C2 level offers several anatomical
advantages. First the CSF space is wide and it is easy to
position the patient (usually neck straight rather than in
flexion or extension) so that the cord lies in the middle of
the CSF pool. Thus cord/CSF contrast is maximized.
Secondly, there is little variability in cross-sectional area of
the cord over this segment. Hence slight repositioning errors
have a minimal effect on scan-rescan reproducibility. Thirdly,
unlike C5, it is an uncommon site for disc protrusion (Thorpe
et al., 1993).

Spinal cord atrophy in multiple sclerosis
patients with disability graded as EDSS 8 from controls. If
this inaccuracy could be adjusted in some way (which should
be possible with further phantom work) our measure of tissue
destruction may become even more sensitive.

The spinal cord and disability

What does atrophy signify?
The contribution of demyelination to atrophy is uncertain
as reactive gliosis may, at least to some extent, fill the
space previously occupied by myelin. However, Prineas
(Prineas and Connell, 1978) has observed a reduction in
axonal diameter associated with demyelination. Axonal loss
is, of course, a potent cause of atrophy of the cord as studies
of trauma show (Guttman, 1973). It is seen in many lesions
in multiple sclerosis and may be extreme (Charcot, 1868;
Bielschowsky, 1903; Dawson, 1916; Greenfield and King,
1936; Adams and Kubik, 1952; Ozawa etal., 1994). Biopsies
show it may occur acutely (Ozawa et al., 1994) and it may
be detected ophthalmoscopically as slits in the retinal nerve
fibre layer early in the course of multiple sclerosis (Frisen
and Hoyt, 1974) and even after a single episode of optic
neuritis (W. I. McDonald, personal communication). There
is indirect in vivo MRI evidence of axonal loss in chronic
lesions derived from transverse magnetization decay curve
analysis (Barnes et al., 1991) and proton spectroscopy (Arnold
et al., 1992; Davie et al., 1996). It is therefore likely that
axonal loss makes a significant contribution to the atrophy
we have observed, particularly when it is severe.
Two important issues remain to be addressed. One is the
question of when detectable degrees of atrophy start to occur.
In this study, we did not demonstrate a significant difference
between the cohort of patients with early relapsing-remitting
multiple sclerosis and controls. This cohort was characterized
by a short disease duration (mean 4.2 years) and it is
noteworthy that the benign group with a similar level of
disability, but a much longer disease duration had a significant
decrease in cord area. This suggests that atrophy may also
be a feature of disease duration per se. To ascertain whether
this measure will be of predictive value in early multiple

sclerosis for future disability will require serial evaluation.
Secondly, while there is a striking correlation between spinal
cord atrophy and disability, we observed marked scatter at
most levels of the EDSS. Whilst this may, in part, be due to
natural biological variability, there remain some patients with
marked disability (e.g. due to ataxia or involvement of the
internal capsule) who do not have obvious spinal cord
atrophy. It may be of considerable interest to study these
patients with other regional area or volume measurements.
This results of this study demonstrate that spinal cord
atrophy can now be measured with high serial reproducibility
and that it is a clinically relevant entity. The consistent and
marked changes in the spinal cord associated with disability
underline the clinical relevance of measuring tissue
destruction. This new technique could be easily incorporated
into imaging protocols aimed at monitoring the effectiveness
of putative therapies on pathological and clinical progression,
not only in multiple sclerosis, but of other conditions
characterized by progressive cord atrophy. A serial study is
now needed to assess longitudinal change over time.
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