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A Diffusion Tensor Imaging Group Study of the
Spinal Cord in Multiple Sclerosis Patients With and
Without T2 Spinal Cord Lesions
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Purpose: To examine the T2-normal appearing spinal cord
of patients with multiple sclerosis (MS) using diffusion tensor imaging.

Conclusion: Our results suggest that the spinal cord may
still be affected by MS, even when lesions are not detected
on a conventional MR scan. In addition, we demonstrated
that diffusion tensor tractography is a robust tool to analyze the spinal cord of MS patients.

Materials and Methods: Diffusion tensor images of the
spinal cord were acquired from 21 healthy subjects, 11 MS
patients with spinal cord lesions, and 10 MS patients without spinal cord lesions on the T2-weighted MR images.
Different diffusion measures were evaluated using both a
region of interest (ROI) -based and a diffusion tensor tractography-based segmentation approach.
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Results: It was observed that the FA, the transverse diffusivity ⬜, and the ratio of the longitudinal and transverse
diffusivities (㛳/ ⬜) were signiﬁcantly lower in the spinal
cord of MS patients with spinal cord lesions compared with
the control subjects using both the ROI method (P ⫽ 0.014,
P ⫽ 0.028, and P ⫽ 0.039, respectively) and the tractography-based approach (P ⫽ 0.006, P ⫽ 0.037, and P ⫽ 0.012,
respectively). For both image analysis methods, the FA and
the  㛳/ ⬜ values were signiﬁcantly different between the
control group and the MS patient group without T2 spinal
cord lesions (P ⫽ 0.013).

MULTIPLE SCLEROSIS (MS) is a chronic demyelinating
disease of the central nervous system, which is characterized by both inﬂammatory and neurodegenerative
processes. Nowadays, magnetic resonance (MR) imaging is increasingly used in the diagnosis of MS patients
with spinal cord involvement (1). In addition, MR can
also be useful in patients who do not have clinical spinal cord involvement, because asymptomatic spinal
cord lesions are common in MS and uncommon in other
WM disorders (2). However, the spinal cord lesion information as obtained by a conventional MR examination
does not always correlate well with the clinical disability
of the patient and/or with histological information (3–
5). It has been demonstrated that the white matter (WM)
regions that appear normal on conventional MR images, referred to as normal-appearing WM (NAWM), are
also involved in the MS disease process (6 – 8). In this
context, diffusion tensor imaging (DTI) can provide
complementary diagnostic information regarding the
microstructural WM organization in MS lesions and
NAWM (8,9). This technique is based on the fact that
water molecules have a larger probability to diffuse
along the axonal structures than perpendicular to
them. Recent studies demonstrate the potential of
quantitative DTI parameters, such as the fractional anisotropy (FA), which is a normalized measure of the
degree of anisotropy, and the mean diffusivity (MD),
that is, the averaged diffusion, for detecting WM alterations in patients with MS (10 –14).
Because the spinal cord is frequently involved in MS,
DTI can be regarded as a valuable technique to examine

1
Visionlab (Department of Physics), University of Antwerp, Antwerp,
Belgium.
2
University Hospital Antwerp (Department of Radiology), University of
Antwerp, Antwerp, Belgium.
3
Department of Neurology and Memory Clinic, Middelheim General
Hospital, Antwerp, Belgium.
4
Department of Neurology, National Multiple Sclerosis Centre, Melsbroek, Belgium.
5
Laboratory of Neurochemistry and Behavior, Institute Born-Bunge,
University of Antwerp, Antwerp, Belgium.
6
Department of Management, University of Antwerp, Antwerp, Belgium.
7
CUBRIC (Department of Psychology), Cardiff University, Cardiff,
United Kingdom.
8
Department of Radiology, Image Science Institute, University Medical
Center Utrecht, Utrecht, The Netherlands.
*Address reprint requests to: W.v.H., Vision Lab, Department of Physics, University of Antwerp, Universiteitsplein 1, N 1.18, B-2610 Antwerpen, Belgium. E-mail: wim.vanhecke@ua.ac.be
Received August 25, 2008; Accepted April 13, 2009.
DOI 10.1002/jmri.21817
Published online in Wiley InterScience (www.interscience.wiley.com).

© 2009 Wiley-Liss, Inc.

25

26

WM alterations in the spinal cord of patients with MS.
However, in contrast to the potential of such a DTI
study of the spinal cord, only a limited number of papers are published regarding this topic (15–22). In this
context, it is known that several factors hamper a robust DTI study of the spinal cord, such as restricted
diffusion tensor (DT) image resolution, the small size of
the spinal cord, and artifacts related to cardiac and
respiratory motion, and magnetic ﬁeld inhomogeneities
(23,24). As a result, a relatively large number of voxels
contain a combined signal originating from both the
spinal cord and the cerebrospinal ﬂuid (CSF), which is
also known as a partial volume effect (PVE) (25).
In a preliminary study of three MS patients, Clark et
al demonstrated a signiﬁcant FA decrease and MD increase in MS cord lesions using a region of interest
(ROI) -based approach (15). To increase the robustness
and the reproducibility of the image processing, Valsasina et al and Agosta et al performed a histogram analysis on the central slice of the sagittal images (16,17). In
these studies, a signiﬁcant FA decrease was observed in
the cervical spinal cord of MS patients, compared with
healthy subjects. This histogram analysis approach
was also adopted by Benedetti et al in a DTI study of MS
patients and patients with neuromyelitis optica (18).
Hesseltine et al. reported a signiﬁcant FA decrease in
the NAWM of patients with MS in the lateral, central,
and posterior regions of the spinal cord at the C2–C3
level compared with healthy subjects (19). Their image
processing method was based on the manual placement of circular ROIs on a single axial slice. Ohgiya et al
demonstrated a reduced FA in lesions and NAWM regions of MS patients compared with healthy subjects by
manually placing small, ovoid ROIs at the C2–C3, C3–
C4, and C4 –C5 level (20). Recently, Ciccarelli et al demonstrated that the FA is reduced in MS patients compared with normal controls, using diffusion tensor
tractography (21).
Previous DTI studies of the spinal cord in MS patients
focused on the examination of diffusion measures in
spinal cord lesions or in NAWM near these lesions using
ROIs. We hypothesize that the spinal cord can also be
involved in the disease when no lesions are reported on
the conventional MR scans. In addition, we hypothesize
that a tractography-based spinal cord segmentation
method is more reliable and sensitive to detect diffusion
alterations in the normal appearing spinal cord of MS
patients compared with the generally applied ROI approach (26). The aim of this work was, therefore, to
examine the spinal cord diffusion properties of MS patients without T2 spinal cord lesions using diffusion
tensor tractography. To the best of our knowledge, this
is the ﬁrst quantitative DTI study of the cervical spinal
cord that appears entirely normal on a conventional MR
examination in patients with MS.

METHODS
Subjects
Diffusion tensor measurements of the cervical spinal
cord (C1–C5) were acquired from 21 MS patients (age:
38 ⫾ 9 years; 8 males, 13 females). 21 sex- and age-
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matched healthy subjects were additionally scanned
(age: 40 ⫾ 10 years; 8 males, 13 females). All healthy
subjects had a normal appearing spinal cord on conventional T2-weighted MR images. An informed consent
was signed by all participants.
In 11 of the MS patients, which we will refer to as MS
patient group 1, one or more lesions were detected in
the spinal cord on conventional MR images. In the other
10 MS patients, which will be referred to as MS patient
group 2, no spinal cord lesions were detected on the
conventional MR scan. Twelve patients had relapseremitting MS (6 in MS patient group 1 and 6 in MS
patient group 2), 9 patients had secondary progressive
MS (5 in MS patient group 1 and 4 in MS patient group
2). There was no clinical suspicion of an acute MS
attack in any of the patients at the time of imaging.
MRI Acquisition
Axial diffusion tensor images were obtained on a 1.5
Tesla (T) MR scanner (Siemens, Erlangen, Germany)
using a single-shot SE-EPI sequence with the following
acquisition parameters: TR: 10.4 s; TE: 100 ms; diffusion gradient: 40 mT/m; FOV ⫽ 256 ⫻ 256 mm2 matrix
size: 128 ⫻ 128; number of slices ⫽ 30; image resolution ⫽ 2 ⫻ 2 ⫻ 2 mm3; b ⫽ 700 s/mm2; acquisition
time: 12 min 18 s. Diffusion measurements were performed along 60 directions (⫹ 10 nondiffusion weighted
(b0) images) for a robust estimation of FA, tensor orientation, and MD (27). The diffusion tensors were nonlinearly estimated based on the Levenberg-Marquardt
optimization method (27).
Parallel imaging, integrating a combination of two
elements of the CP (circular polarization) spine coil and
one element of the neck coil, was used to reduce the
effect of distortions on the data (28,29). Although magnetic susceptibility variations may not be signiﬁcant
deep inside the brain, they can constitute a real problem near the spinal cord. To quantify the effect of these
susceptibility variations, magnetic ﬁeld maps were acquired for each subject. The ﬁeld map gives a direct
representation of the static ﬁeld inhomogeneity, allowing the measurement of the spatial misregistration associated with each point of an image. This ﬁeld map was
obtained by computing the phase difference between
two images acquired with different echo times (30,31).
When these distortions exceeded 1 voxel in the tissue of
interest, as calculated from the ﬁeld maps, the data set
was excluded from the analysis. A linear or nonlinear
image registration to correct for motion artifacts and
geometrical distortions was not included in this study,
because the limited image information did not allow a
robust registration. Instead, all data sets were analyzed
visually to check for distortions. As a result, data sets of
2 subjects were excluded from the analysis due to a
signiﬁcant signal dropout.
An example of the diffusion weighted images is provided in Figure 1. A contour that delineates the spinal
cord is drawn on a sagittal slice of the FA map. Exactly
the same contour is also placed on the same sagittal
slice of the nondiffusion weighted image, the ﬁrst DW
image, the mean DW image, and the MD map. Diffusion
tensor estimation, tractography, visualization, and
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Figure 1. A contour that delineates the spinal cord is drawn
in red on a sagittal slice of the
FA map, the nondiffusion
weighted image, the ﬁrst diffusion weighted image, the mean
diffusion weighted image, and
the MD map. The FOV of the
ﬁrst image is 44 ⫻ 62 mm2.
[Color ﬁgure can be viewed in
the online issue, which is available at www.interscience.wiley.
com.]

quantitative analysis, was performed with the diffusion
toolbox “ExploreDTI” (http://www.ExploreDTI.com)
(32).
Diffusion Parameters of Interest
Multiple quantitative diffusion parameters were analyzed in all subjects. FA and MD were calculated and
averaged over all selected voxels for all subjects. In
addition, the longitudinal ( 㛳) and transverse ( ⬜) diffusivities, and the ratio of the longitudinal versus transverse diffusivities ( 㛳/ ⬜) were also computed, because
it has been suggested that this ratio can better differentiate between healthy and diseased subjects (33–36).
Image Analysis
It is generally known that it is difﬁcult to determine
spinal cord diffusion measures, because many voxels at
the edge of the spinal cord contain a signal of both the
spinal cord tissue and CSF. In a ﬁrst image analysis
approach, ROIs were manually placed on each axial
slice, thereby carefully delineating the spinal cord to
avoid the inclusion of PVE contaminated voxels in the
analysis. All ROIs were deﬁned on the axial slices of the
FA maps, color encoded for the diffusion direction, because they provided the best contrast between the spinal cord tissue and the surrounding CSF (see Fig. 2a,b).
In a second image analysis method, also referred to as
the tract-based segmentation approach, diffusion tensor tractography was performed on the spinal cord that
was ﬁrst manually delineated by ROIs (see Fig. 2c) (26).
A standard deterministic streamline-based ﬁber tracking approach was applied with only one seed point per
voxel in which the step size was 1 mm (37). The maximal angle between two consecutive tract directions was
set to 20° and an FA threshold of 0.3 was used during
tractography, as in Van Hecke et al (26), Tsuchiya et al
(38) and Melhem et al (39). Subsequently, all quantitative diffusion parameters of interest are selected on the
tracts. The tractography parameters were deﬁned as in
Van Hecke et al, and a careful visual inspection was
performed to make sure that the whole spinal cord was
covered by ﬁber tracts without any interruptions in all
subjects (26). Diffusion tensor tractography is thus
used to further segment the spinal cord tissue, using
the orientational diffusion information that is present

in each voxel. The spinal cord was thereby initially
separated from the background noise by drawing an
ROI on every axial slice. Multiple ROIs were used to
make sure the whole cervical spinal cord was included
in the analysis.
The diffusion properties of the MS lesions and the
NAWM in the patients with MS lesions were also evaluated. The MS lesions were identiﬁed on the anatomical
MR images that were acquired at exactly the same cord
levels as the diffusion tensor data sets. The ROIs that
were used to delineate the lesions on the anatomical
MR images were transferred to the DTI data set to obtain the diffusion properties. Analogously, ROIs were
drawn on the conventional MR images to delineate the
NAWM tissue and subsequently transferred to the DTI
data set. As in the work of Filippi et al., spinal cord
tissue was assigned to be normal appearing when no
lesion was found in the adjacent slices (40).
Statistical Analysis Procedures
Statistical tests were performed with the SPSS analysis
package (http://www.spss.com). Male and female data
sets were combined because a t-test showed no difference in any of the diffusion parameters between both
sexes (P ⬎⬎ 0.05, with 16 males versus 26 females).
Moreover, the age distribution in the three subject
groups was not signiﬁcantly different for both sexes (P
⬎⬎ 0.05, with 16 males versus 26 females).
An analysis of covariance (ANCOVA) was used to
compare the cervical cord diffusion properties from the
control subject group with both MS patient groups.
Kolmogorov-Smirnov tests demonstrated that a parametric approach could be applied (P ⬎⬎ 0.05). Potentially confounding factors, such as the subject’s age
and the cross-sectional area of their cervical spinal
cord—measured as the number of selected voxels—
were included in the ANCOVA model. Although the age
and the cross-sectional area were not differently distributed in the different subject groups, both factors
were included in the analysis of covariance. Differences
in diffusion measures between groups could, therefore,
be attributed to an intrinsic difference between the diffusion properties of the subjects groups. In this context,
the cervical spinal cord cross sectional area A was calculated separately for both image analysis approaches
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Figure 2. a: A sagittal slice of the spinal cord. The color is encoded for the diffusion direction, and the intensity is proportional
with the diffusion anisotropy. b: In the ROI-based segmentation method, ROIs are drawn on all axial slices, as demonstrated for
three axial slices. In the tractography-based segmentation method, diffusion measures are derived from the tracts. c: The
tractography result of a healthy subject an MS patient with T2 spinal cord lesions and an MS patient without T2 spinal cord
lesions are visualized. [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

as the number of selected voxels for analysis. In addition, the statistical results were adjusted to correct for
multiple comparisons using Fisher’s least signiﬁcant
difference approach.
The intra-observer reproducibility of the different image analysis methods was tested using the intra-class
correlation coefﬁcient (ICC). To this end, the ROIs were
drawn a second time by the same observer. A measurement is deemed highly reproducible if ICC ⬎ 0.9. In the
case of 0.7 ⬍ ICC ⬍ 0.9, the reproducibility is consid-

ered acceptable. Finally, results with an ICC ⬍ 0.7 are
interpreted as poorly reproducible.
RESULTS
Using the ROI approach, a mean cross sectional surface
A of 80.3 mm2, 70.7 mm2, and 75.4 mm2 was observed
for the control group, the MS patient group with lesions,
and the MS patient group without spinal cord lesions,
respectively (see Table 1; Fig. 3). Although larger cross

Table 1
Diffusion Values Average A, FA, MS, 㛳, ⬜, and 㛳/⬜ are Displayed Using Three Different Spinal Cord Segmentation Approaches in
Control Subjects, MS Patients with Plaques in the Spinal Cord, and MS Patients Without Plaques in the Spinal Cord.
Average (Standard
Deviation)
A
FA
MD ⫻10⫺3 mm2/s
㛳 ⫻10⫺3 mm2/s
⬜ ⫻10⫺3 mm2/s
㛳/⬜

Control subjects

MS patients with plaques in
the spinal cord

MS patients without plaques
in the spinal cord

ROI

TS

ROI

TS

ROI

TS

80.3 (7.3)
0.58 (0.03)
1.09 (0.10)
1.89 (0.17)
0.69 (0.08)
2.76 (0.16)

89.2 (9.2)
0.53 (0.03)
1.21 (0.11)
2.02 (0.19)
0.86 (0.08)
2.38 (0.08)

70.7 (10.0)
0.54 (0.04)
1.23 (0.05)
2.04 (0.24)
0.83 (0.09)
2.47 (0.14)

79.9 (9.3)
0.48 (0.05)
1.31 (0.10)
2.18 (0.23)
0.96 (0.07)
2.21 (0.10)

75.4 (10.2)
0.55 (0.05)
1.18 (0.09)
1.97 (0.21)
0.79 (0.08)
2.51 (0.15)

82.0 (10.1)
0.48 (0.04)
1.24 (0.06)
2.10 (0.22)
0.92 (0.06)
2.23 (0.09)

Abbreviations: A: cross-sectional spinal cord area; FA: fractional anisotropy; MD: mean diffusivity; 㛳: longitudinal diffusivity; ⬜: transverse
diffusivity; ROI: region of interest; TS: tract based segmentation method
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sectional areas of 89.2 mm2, 79.9 mm2, and 82.0 mm2
were found for the different subject groups using the
tractography-based image analysis method (see Table
1; Fig. 3), Pearson correlation tests demonstrated a
signiﬁcant correlation between the cross sectional areas of the ROI- and the tractography-based approach (P
⬍⬍ 0.001; r ⬎ 0.9, results not shown). These results
suggest that a smaller cross sectional area of the spinal
cord can be observed in the MS patient groups compared with the control group. However, this difference
was not found to be statistically signiﬁcant, as can be
observed in Table 2.
The cervical spinal cord diffusion metrics of the different subject groups are presented for the ROI- and the
tractography-based image analysis approaches in Table 1. The distribution of these diffusion measures is
visualized using boxplots in Figure 3, whereby the boxplots of the control group, the MS group with spinal
cord lesions, and the MS group without known spinal
cord lesions are colored in green, red, and orange, respectively. The results of ANCOVA tests, which compare the diffusion measures across the different subject
groups, thereby taking into account the subject age and
the cross-sectional spinal cord area, are displayed in
Table 2. It can be observed that the FA, the transverse
diffusivity  ⬜, and the ratio of the longitudinal and
transverse diffusivities ( 㛳/ ⬜) are signiﬁcantly lower
for the MS patients with spinal cord lesions compared
with the control subjects using the ROI method (P ⫽
0.014, P ⫽ 0.028, and P ⫽ 0.039, respectively) and the
tractography-based approach (P ⫽ 0.006, P ⫽ 0.037,
and P ⫽ 0.012, respectively). Although the visual results of Figure 3 suggest an increased MD in the MS
patient group with spinal cord lesions, no statistically
signiﬁcant difference in MD was found (Table 2).
The FA and the  㛳/ ⬜ values were signiﬁcantly different between the control group and the MS patient
group without spinal cord lesions. These FA differences
are statistically signiﬁcant with a P value of 0.013 for
both image analysis methods (Table 2). For  㛳/ ⬜, a P
value of 0.018 and 0.020 was found for the ROI- and the
tractography-based method, respectively. The diffusion
values of the MS patients without spinal cord lesions
were not observed to be different from the diffusion
measures of the MS patients with spinal cord lesions
(see Fig. 1, statistical results not shown). In addition to
the study of the NAWM of MS patients without spinal
cord lesions, the NAWM diffusion measures of MS patients with spinal cord lesions are examined. To this
end, the lesions and the NAWM were separated manually by ROIs. As can be observed in Table 4, all diffusion
measures are signiﬁcantly different in the spinal cord
plaques compared with the measures of the control
subjects.
No statistical difference was observed between the
cervical spinal cord diffusion measures of patients with
and patients without spinal cord lesions using both
postprocessing methods (P ⬎⬎ 0.05). In addition, no
diffusion differences were found between the NAWM of
the patients with and without spinal cord lesions.
Finally, the reproducibility of image processing methods is examined using the intra-class correlation coefﬁcient. As can be observed in Table 3, the ICC is very
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high for the tractography-based method. Because the
ROI approach is more user dependent due to the manual delineation of the ROIs, lower ICC values were observed (see Table 3). Although these ICC values (0.66 –
0.85) represent an acceptable reproducibility, the
observer-dependency affects the statistical results of
the ROI analysis (see Table 2).
DISCUSSION
Conventional MR is used in daily clinical routine to
detect spinal cord lesions in patients with MS. However,
it has been demonstrated that ﬁndings on conventional
MR scans do not always correlate well with the clinical
status of the MS patients (41,42). In addition, previous
studies did not ﬁnd a correlation between the clinical
disability of MS patients and the number and extent of
the spinal cord lesions that were detected on MR (43–
46). Because DTI provides information about the microstructural WM organization, the resulting diffusion
metrics are potentially more sensitive to detect spinal
cord involvement in MS patients than conventional MR
is.
In this work, the spinal cord of MS patients without
any lesions on the conventional MR scans is studied
with DTI. To the best of our knowledge, all DTI studies
of the spinal cord in MS patients evaluated the diffusion
metrics in spinal cord lesions or in NAWM in the proximity of lesions. Our results suggest that the FA and the
ratio of the longitudinal and transverse eigenvalues are
signiﬁcantly reduced in the spinal cord of MS patients
without lesions (see Fig. 3; Tables 1, 2). These results
were conﬁrmed by the analysis of the NAWM in the
spinal cord with lesions (see Table 4). In concordance
with the literature, the FA was found to be signiﬁcantly
reduced in the MS patients with spinal cord lesions
compared with the FA of the age- and sex-matched
control subjects (15–22). In addition, a signiﬁcant increase of the transverse eigenvalues and decrease of the
ratio of the longitudinal and transverse eigenvalues was
observed in the spinal cord of these MS patients compared with the control subjects. Within the spinal cord
lesions, the FA and the ratio of the longitudinal and
transverse eigenvalues were decreased and the MD, the
longitudinal, and transverse eigenvalues were increased, compared with the diffusion measures of the
healthy spinal cord tissue of the control subjects.
In agreement with the literature, our results suggest
that the FA and the ratio of the longitudinal and transverse diffusivities are the most sensitive diffusion measures to detect microstructural alterations that are induced by the MS disease process. These differences
were observed in the NAWM and the lesions of MS
patients with T2 spinal cord lesions and in the NAWM of
MS patients without T2 spinal cord lesions (see Tables
2, 4). Additionally, an increased MD, longitudinal diffusivity, and transverse diffusivity was observed within
the spinal cord lesions. A recent postmortem study,
which correlated diffusion measures with the myelin
content and the axonal count, suggested that an FA
decrease and a MD increase is primary correlated with
loss of myelin (47). Recent studies using animal models
further demonstrated that a loss of axons is repre-

Figure 3.
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Table 2
Statistical Results (p-Values) of the Comparision of the Diffusion
Measures Between the Control Group and Both the MS Patient
Groups

a

A
FAb
MDb
㛳b
⬜b
㛳/⬜b

Control subjects vs MS
patients with plaques in
the spinal cord

Control subjects vs MS
patients without plaques
in the spinal cord

ROIc

ROId

TS

ROIc

ROId

TS

0.283
0.014
0.063
0.192
0.028
0.039

0.114
0.119
0.235
0.385
0.209
0.139

0.174
0.006
0.138
0.350
0.037
0.012

0.090
0.013
0.353
0.607
0.258
0.018

0.078
0.058
0.461
0.681
0.371
0.111

0.168
0.013
0.584
0.930
0.155
0.020

a

ANOVA analysis, corrected for multiple comparisons using Fisher’s
least signiﬁcant difference method
b
ANCOVA analysis, corrected for the cross sectional area of the
spinal cord and for age, including a multiple comparisons correction
based on Fisher’s least signiﬁcant difference method
c
Results of the ﬁrst ROI delineation analysis
d
Results of the second ROI delineation analysis by the same observer as the ﬁrst ROI analysis
Abbreviations: A: cross-sectional spinal cord area; FA: fractional
anisotropy; MD: mean diffusivity; 㛳: longitudinal diffusivity; ⬜: transverse diffusivity; ROI: region of interest; TS: tract based segmentation method
Note: The statistically signiﬁcant values are bold.

sented by a decreased longitudinal diffusivity and a
normal transverse diffusivity, whereas myelin breakdown is represented by an increased transverse diffusivity and a normal longitudinal diffusivity (33–36). Another postmortem study demonstrated a strong
correlation of the axonal density and loss of myelin with
the diffusion anisotropy and a weaker correlation with
the MD (48). As also proposed by Agosta et al, astrocytic
proliferation, cell debris, ﬁbrillary gliosis, and inﬂammatory inﬁltrates can result in a normalization of the
MD values and can, therefore, prevent the MD differences to be statistically signiﬁcant, as observed in our
study (17,22,49). Some studies report differences in the
diffusion measures between relapse-remitting, primary-progressive and secondary-progressive MS patients
(16,22). In our study, the diffusion properties were not
found to be statistically different between the subjects
with relapse-remitting MS and secondary-progressive
MS, which might be explained by the low statistical
power due to the limited number of patients in our
study.
We did not observe a statistical difference between
the different cervical spinal cord diffusion measures of
MS patients with and without spinal cord lesions, using
the ROI as well as the tractography segmentation

Figure 3. Boxplots are shown for the cross-sectional spinal
cord area A, the fractional anisotropy, the mean diffusivity, the
longitudinal and the transverse diffusivities, and for the ratio
of the longitudinal and transverse eigenvalues. Results of both
segmentation methods are displayed for the control subjects,
the MS patients with T2 spinal cord lesions (MS patient group
1), and the MS patients without T2 spinal cord lesions (MS
patient group 2).

Table 3
Reproducibility Intra-Class Correlation Coefﬁcients (ICC) Measure
the Intra-Rater Reproducibility of the Different Diffusion Measures
ICC
FA
MD ⫻10⫺3 mm2/s
㛳 ⫻10⫺3 mm2/s
⬜ ⫻10⫺3 mm2/s
㛳/⬜

ROI

TS

0.79
0.79
0.85
0.83
0.66

0.96
0.97
0.97
0.98
0.96

Abbreviations: FA: fractional anisotropy; MD: mean diffusivity; 㛳:
longitudinal diffusivity; ⬜: transverse diffusivity; ROI: region of interest; TS: tract based segmentation method

method. This suggests that the microstructural damage
in the spinal cord of MS patients is not signiﬁcantly
different in patients with lesions compared with patients without lesions. Here, we want to stress that our
results should be interpreted cautiously, given that our
study may have been limited by the relatively small
number of subjects.
The magnitude of the quantitative diffusion measures
that were found in this study (see Table 1), are within
the range of the previously reported values (see Table
5). Notice that a large variability exists in the FA and
MD measures across different studies (15–21). This is
probably due to disease heterogeneity in the different
groups (different age range, disease state, and so on),
the use of different image acquisition and analysis
methods, and the relatively low reproducibility of some
of these methods. All previous DTI studies of the spinal
cord of MS patients reported a statistically signiﬁcant
FA difference between the control group and the MS
patient group, whereas MD was only found to be different in some studies. In addition to the group and disease heterogeneity and the use of various image analysis methods, the application of different statistical
methods and post hoc tests, and the incorporation of
various cofactors in the statistics can explain the differences in the reported P values. Different cofactors,
such as the age of the subjects and the cross-sectional
area of the spinal cord were incorporated in the statis-

Table 4
Control Diffusion Measures vs. Plaques and NAWM

FA
MD ⫻10⫺3 mm2/s
㛳 ⫻10⫺3 mm2/s
⬜ ⫻10⫺3 mm2/s
㛳/⬜

Control
vs
plaques

Control
vs
NAWM

0.001
0.017
0.035
0.005
0.011

0.012
0.175
0.761
0.071
0.035

Diffusion measures in the plaques of the MS patients are compared
with diffusion measures of the control subjects (p-values in left
column). In addition, the diffusion metrics of the control subjects are
compared with these of the NAWM in the MS patients with spinal
cord lesions (p-values in right column). ROIs were used for this
analysis.
Abbreviations: FA: fractional anisotropy; MD: mean diffusivity; 㛳:
longitudinal diffusivity; ⬜: transverse diffusivity; NAWM: normal appearing white matter
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Table 5
Comparison with Literature: Comparison of FA and MD Values
Across Different DTI Studies of the Spinal Cord in MS Patients
control subjects
Reference
Current study
Current study
Valsasina et al. 2005
Agosta et al. 2005
Benedetti et al. 2006
Hesseltine et al. 2006
Ohgiya et al. 2007
Cicarelli et al. 2005

MS patients

⫺3

FA
0.58
0.53
0.43
0.42
0.42
0.60
0.74
0.47

MD ⫻10
mm2/s
1.09
1.21
1.22
1.20
1.22
0.82
0.64
0.71

FA

MD ⫻10⫺3
mm2/s

0.55
0.48
0.36
0.38
0.37
0.52
0.56
0.42

1.21
1.28
1.28
1.28
1.32
0.88
0.72
0.73

Abbreviations: FA: fractional anisotropy; MD: mean diffusivity

tics because it is known that these factors can affect
diffusion values of the spinal cord (26).
Because many spinal cord voxels are affected by different degrees of partial volume averaging with CSF it is
not straightforward to reliably select the relevant spinal
cord voxels of interest in the different subjects. Some
studies evaluate histogram information originating
from the central part of the spinal cord (16 –18). In this
approach, a lot of valuable information is discarded. In
addition, the sensitivity to ﬁnd differences between control subjects and MS patients can be reduced, because
Hesseltine et al demonstrated that only minor differences were found in the central part of the spinal cord,
which mainly consist of grey matter (19). Most of the
studies use an ROI-based approach to obtain diffusion
data. However, it has been demonstrated that the reproducibility of this method can be very low (26). Although the ICC values that were found in this study
were acceptable (see Table 3), the statistical results and
conclusions differed signiﬁcantly when the ROIs were
drawn a second time by the same observer (see Table 2).
In this context, there is a need for a standardized approach for analyzing spinal cord DTI data, which, in our
opinion, is provided by diffusion tensor tractographybased segmentation. In contrast to studies that incorporated diffusion tensor tractography results of the spinal cord to provide qualitative information regarding
the ﬁber architecture, tractography was applied in this
study to provide quantitative diffusion information regarding the WM damage induced in the spinal cord of
patients with MS (38,50 –54). Compared with the ROI
method, an observer dependency is replaced by a parameter dependency of the tractography algorithm, resulting in a more reproducible and standardized measurement of the diffusion characteristics (see Table 3).
Because the application of tractography in the spinal
cord might be limited over large distances, we opted for
drawing ROIs on every axial slice.
A standard acquisition scheme was used, which is
available on most scanners in a clinical setting, without
the need of speciﬁc hardware. In addition, isotropic
voxels were acquired to reduce the PVE of spinal cord
tissue with the surrounding CSF in the slice direction.
However, due to the limited in-plane resolution, it was
hard to separate WM and GM. In addition, other reported modiﬁcations of the DTI acquisition scheme

might improve image quality and, therefore, the reliability of the subsequent analysis. For example, studies
have focused on the optimization of the DTI acquisition
with respect to bulk motion and pulsatile ﬂow artifacts
from the surrounding CSF (55–59). Other studies used
cardiac gating and interleaved echo-planar diffusion
imaging to reduce motion artifacts and scan time, respectively (60,61). Line scan imaging is a fast technique
that relies on the acquisition of columns (57,62). The
advantage of our work is that it uses a standard, widely
available acquisition scheme with isotropic voxels. 60
diffusion directions were used to increase the SNR and
the reliability of our estimated diffusion measures to
perform tractography reliably (27). Another limitation of
our study is that no correlation was made of the diffusion metrics with clinical symptoms, as measured for
example by the Expanded Disability Status Scale (EDSS)
(63). However, the primary aim of our study was to demonstrate the feasibility and potential of the tractographybased segmentation approach to evaluate the spinal cord
damage of MS patients and to investigate the diffusion
measures of MS patients without T2 spinal cord lesions.
The correlation of the diffusion metrics with the clinical
status of the patients is already thoroughly reported in
earlier studies (16 –18,21). We also acknowledge the fact
that some distortions might still be present in our data
sets. We tried to correct for geometrical and motion distortions using a nonlinear image registration. However,
such an automated correction did not lead to improved
results (as determined by the residuals from the diffusion
tensor ﬁt), due to the relatively low amount of image information. In addition, no cardiac gating was used during
the image acquisition.
We believe that our results demonstrate that diffusion tensor tractography has the potential to be used a
standardized segmentation tool of spinal cord DT images for the interpretation of NAWM results in MS patients. We also acknowledge that our ﬁndings are by no
means conclusive and that our results should be interpreted cautiously, given that our study may have been
limited by the relatively small number of subjects.
In conclusion, diffusion measures of the normal appearing white matter were evaluated in MS patients
without spinal cord lesions. A reduced FA and ratio of
the longitudinal and the transverse eigenvalues was
observed in the spinal cord of MS patients without any
detected spinal cord lesion on a conventional MR scan.
These results, therefore, suggest that the spinal cord is
not preserved in MS when lesions are only detected in
the brain. Furthermore, this conﬁrms previous ﬁndings, which demonstrated that DTI is more sensitive
compared with conventional MR imaging in assessing
the tissue damage in MS patients. In addition, we demonstrated that diffusion tensor tractography is a robust
tool to analyze the spinal cord of MS patients and that
the use of tractography is more reproducible and reliable compared with an ROI analysis to evaluate the
diffusion measures of the spinal cord.
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