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Abstract
Objective: To explore the diagnostic usefulness of high b-value diffusion magnetic resonance brain imaging (bq-space Q imaging) in multiple
sclerosis (MS). More specifically, we aimed at evaluating the ability of this methodology to identify tissue damage in the so-called normalappearing white matter (NAWM).
Design: In this study we examined the correlation between q-space diffusion imaging and magnetic resonance spectroscopy (MRS)-based
two-dimensional 1H chemical shift imaging. Eight MS patients with different degree of disease severity and seven healthy subjects were
scanned in a 1.5-T magnetic resonance imaging (MRI) scanner. The MRI protocol included diffusion tensor imaging (DTI) (with bmax of
1000 s/mm2), high b-value diffusion-weighted imaging (with bmax of 14,000 s/mm2) and 2D chemical shift imaging. The high b-value data
set was analyzed using the q-space methodology to produce apparent displacement and probability maps.
Results: We found that the q-space diffusion displacement and probability image intensities correlated well with N-acetylaspartate levels
(r = .61 and .54, respectively). Furthermore, NAWM that was abnormal on MRS was also found to be abnormal using q-space diffusion
imaging. In these areas, the q-space displacement values increased from 3.8F0.2 to 4.6F0.6 Am ( P b.02), the q-space probability values
decreased from 7.4F0.3 to 6.8F0.3 ( P b.002), while DTI revealed only a small, but still significant, reduction in fractional anisotropy values
from 0.40F0.02 to 0.37F0.02 ( P b.05).
Conclusion: High b-value diffusion imaging can detect tissue damage in the NAWM of MS patients. Despite the theoretical limitation of this
method, in practice it provides additional information which is clinically relevant for detection of tissue damage not seen in conventional
imaging techniques.
D 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Multiple sclerosis (MS) is a disease of the central nervous
system that involves mainly the white matter (WM) [1,2].
Demyelination is believed to be the main pathological
process in MS, although the exact mechanisms leading to it
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are not well understood [1,2]. Magnetic resonance imaging
(MRI) enables detection of lesions in the WM of MS patients,
often referred to as MS plaques [3–5]. However, postmortem
histological studies have revealed pathological damage in
WM areas that appeared normal in conventional MRI
[normal-appearing white matter (NAWM)]. This damage
consisted of, inter alia astrogliosis, blood– brain barrier
breakdown, reduced myelin density and axonal loss [6].
Indeed, in many cases, the disease load as measured by the
volume and number of these lesions correlates only poorly
with the neurological condition of the patient [4,5].
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The measurement of N-acetylaspartate (NAA) levels
using magnetic resonance spectroscopy (MRS) is considered to be the most sensitive method to detect pathology in
the NAWM of MS patients [7–10]. N-Acetylaspartate is a
sensitive neuronal marker [11,12] that can reflect neuronal
damage prior to changes in T1- and T2-weighted images.
Indeed, it was shown that NAA levels, as detected by MRS,
decrease significantly in lesions and also in the NAWM of
MS patients [8–10]. However, MRS suffers from low
spatial resolution and reproducibility.
High b-value q-space imaging is a recent development of
diffusion MRI that was shown to be sensitive toward
demyelination and WM changes in animal models [13,14].
The q-space method measures the displacement distribution
profile of water molecules in the tissue [13 –16]. This profile
can be quantified by its width (displacement index) or
height (probability index). Using the displacement distribution profile it is possible to distinguish quite accurately
between free and restricted modes of diffusion, at sufficiently long diffusion time and high b value [15]. It has been
suggested that the axonal content (the neurofilaments) and
the myelin layers might restrict water motion although other
factors may contribute as well (e.g., restricted diffusion in
the extracellular space) [13,14,17]. Therefore, it is assumed
that the q-space method emphasizes the contribution of
restricted diffusion components in WM, reflecting axonal
damage with higher sensitivity.
Recently we have shown that high b-value diffusion data
can be used to extract q-space displacement and probability
images of the human brain acquired on a clinical scanner
[18]. Although clinical human scanners cannot meet the
requirements of the q-space theory (i.e., the use of long
gradient pulses), the apparent displacement and probability
maps were found to be diagnostically beneficial. In areas of
MS lesions, a marked increase in the apparent displacement
index and a reduction in the apparent probability index were
found [18]. These changes most probably result from
demyelination and tissue disintegration. Furthermore, significant changes were found both in the apparent displacement and in the probability indices in many areas of NAWM
[18]. The pathophysiological mechanisms that underlie the
high sensitivity of q-space imaging for detection of WM
abnormalities in MS are not understood. Therefore, this
work aimed at exploring the metabolic factors that underlie
abnormal measures at high b value and thus to validate the
findings of the q-space methodology. To this end, we
correlated high b-value q-space imaging with NAA/creatinine (Cr) ratios as extracted from 1H two- dimensional
chemical shift imaging (2D 1H-CSI).

2. Methods
2.1. Subjects
Magnetic resonance imaging scans were acquired from
eight MS patients (see Table 1) and seven normal healthy

Table 1
Patient list
Patient
no.

Age
(years)

Sex

Disease
duration
(years)

Disease
type

EDSS

1
2
3
4
5
6
7
8

43
33
21
28
75
48
40
46

F
M
F
F
F
M
M
F

12
4
2
12
32
19
2
13

RR
SP
RR
SP
SP
RR
RR
RR

2.0
6.0
0.0
4.5
6.0
2.5
3.5
3.0

RR, relapsing remitting; SP, secondary progressive.

subjects with no history of neurological disease who served
as a control group. The groups were matched for age and
gender. The average ages in the MS and control groups
were 41F16 and 35F17 years, respectively (nonsignificant
difference). The local IRB committee approved the MRI
protocol and informed consent was obtained from all
participants.
2.2. Magnetic resonance imaging protocol
Magnetic resonance imaging was performed on a 1.5-T
GE Signa horizon echo speed LX MRI scanner (GE,
Milwaukee, WI, USA). In all MRI scans the field of view
(FOV) was 24 cm, slice thickness was 4.5 mm with 1-mm
gaps between slices. The MRI protocol included, in addition
to some conventional clinical MR images (T2-weighted
MRI, FLAIR and T1-weighted spoiled gradient echo), the
high b value (q-space imaging), diffusion tensor imaging
(DTI) and chemical shift imaging (CSI) series.
The q-space diffusion data set was acquired using a spinecho diffusion-weighted echo-planar imaging (DW-EPI)
sequence (without cardiac gating) with the following
parameters: TR/TE =1500/167 ms, D/d = 71/65 ms (where
D is the diffusion time and d is the diffusion gradient
length), matrix dimension of 128128 (reconstructed to
256256) and number of averages = 4. The diffusion
gradients were applied in six directions [xy, xz, yz, ( x)y,
( x)z and y( z)]. The magnitude of the gradients was
incremented linearly from 0 to 2.2 G/cm (in 16 steps) to
reach a maximal b value of 14,000 s/mm2 and a maximal
q value of 850 cm 1. The q-space data set included 96
images per slice (16 diffusion images6 diffusion gradient
directions), the number of slices was 5 (two at the ventricles
and three below it) with total acquisition time of 12 min.
The DTI data set was also acquired using a spin-echo
DW-EPI sequence (without cardiac gating) with the following parameters: TR/TE = 6000/90 ms, D/d = 31/25 ms,
g max of 2.2 G/cm (where g max is the maximal value of the
diffusion gradient pulse), matrix dimension of 128128
(interpolated to 256256), with four averages and 24 slices
(five of them being aligned in the same position as the
q-space imaging slices). The diffusion images were acquired
along the aforementioned diffusion gradient directions with
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a maximal b value of 1000 s/mm . The DTI data set
consisted of seven images (six diffusion images and one
with no applied diffusion gradients). The total acquisition
time for the DTI data set was 3 min. The 2D 1H-CSI data set
was acquired using a PRESS sequence with the following
parameters: TR/TE =1600/135 ms, matrix dimension of
1616, FOV of 20 cm, slice thickness of 12 mm (giving
voxel size of ~111112 mm3) and two averages. The total
acquisition time for the CSI was 14 min. The total
experimental time for the whole MRI protocol was no
longer than 60 min.
2.3. Image and statistical analysis
The q-space analysis of the high b-value DWI data was
performed on a pixel-by-pixel basis as previously described
[18]. Fractional anisotropy (FA) images were obtained from
the DTI data set according to the procedure described by
Basser and Pierpaoli [19]. The NAA/Cr ratio was calculated
from peak heights for each pixel in the 2D 1H-CSI data set.
The line-width of the two peaks was similar and reached
approximately 10 Hz. Correlations between NAA/Cr ratios
and displacement values were calculated by comparing the
mean value of the displacement images in a region of
interest (ROI) that corresponded with the CSI voxels. The
data set consisted only of pixel that had pure WM without
effect of partial volume. To that end the CSI voxel grid was
coregistered with FLAIR and T1-weighted spoiled gradient
echo images. This way we could omit CSI voxels that had
contribution from the cerebrospinal fluid (CSF) of gray
matter. Also, we could discriminate between CSI voxels that
are in areas of NAWM or in areas of lesions. The CSI data

705

were used to classify the ROI groups according to the
following division:
Group 1

CSI voxels in WM areas of healthy subjects
(NAA/Cr values N 1.9).
Group 2 CSI voxels in NAWM areas of MS patients
with normal NAA/Cr values (N 1.9).
Group 3 CSI voxels in NAWM areas of MS patients
with abnormal NAA/Cr values (b 1.9).
Group 4 CSI voxels in areas of MS plaques (as
determined by the FLAIR images).
Mean values of each of the parameters (displacement,
probability and FA) were calculated for each group for each
patient and than averaged over the whole patient group. The
Mann–Whitney U test was used to compare q-space
displacement, q-space probability and FA values of
Group 1 (healthy controls) to each of the three MS groups
(see above). Repeated-measures analysis of variance was
used to compare the three MS groups. Post hoc comparisons
between MS subgroup combinations (Group 2 with Group 3,
Group 2 with Group 4, and Group 3 with Group 4) were
done using the Scheffe test.
3. Results
Fig. 1 shows FLAIR, FA, q-space displacement and
probability images for a healthy volunteer and two MS
patients. The FLAIR images of the MS patients show
several hyperintense areas that were denoted as MS lesions
(Fig. 1E and I). The FA images show significant reduction
in the image intensity in the areas of MS lesions (see arrows

Fig. 1. MRI data of a healthy subject and two MS patients including FLAIR (left column), FA (second column), q-space displacement images (third column)
and q-space probability images (fourth column). The healthy subject (images A–D) had no history of neurological disorders. The first MS patient (images E–H)
had extended disability severity score (EDSS) of 3.5 (Patient 7 in Table 1) while the second patient (images I–L) had an EDSS of 6.0 (Patient 2 in Table 1).
Arrows indicate areas of abnormal image intensity in MS lesions (FA images F and J) and in NAWM (displacement imaging G and K).
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Fig. 2. Histograms of the FA images (A) and q-space displacement (B) images averaged over all subjects and patients scanned in this study. Circles represent
data of the control group (n = 7) and the squares represent data of the MS group (n = 8).

in Fig. 1F and J). The q-space displacement images show
marked reduction in the displacement values in areas
of hyperintensity in the FLAIR images (MS lesions)
(Fig. 1G and K). In the same areas, the q-space probability
images (Fig. 1H and L) show significant reduction in the
probability values. In addition, it is possible to detect
abnormal intensity in the displacement and probability
images in large areas of the NAWM (see arrows in
Fig. 1G and K) as compared to healthy subjects (see
red-yellow areas in Fig. 1C). However, it is very difficult to
detect these changes in the FA images (Fig. 1F and J). Fig. 2
shows histograms of the FA values and q-space displacement values averaged separately for controls and patients
(Fig. 2A and B, respectively). Histograms were generated
from the whole acquired brain volume. The histograms of
the FA values, obtained from conventional DTI, show only
minor differences between the MS and control groups

(Fig. 2A). It seems that there is a small increase in the
number of pixels with low anisotropy (FA values of
0.2–0.3) and a small decrease in the number of pixels with
high anisotropy (FA values of 0.6 and higher). However,
the histograms of the q-space displacement values of the
two groups show much larger differences (Fig. 2B). The
displacement value histogram for the control group shows
three peaks that correspond to WM (displacement range,
1–4 Am), gray matter (5 – 9 Am) and CSF (10 –14 Am). The
WM peak is significantly reduced in the displacement
histograms of the MS group as compared with the control
group ( P b.001). On the other hand, the peak in the range
between 10 and 14 Am (which was attributed to CSF in the
control group) seems to be larger for the MS group as
compared with the control group (Fig. 2B) ( P b.03).
Fig. 3 shows the classification into ROI groups according
to the 2D 1H-CSI data. Fig. 3A portraits the FLAIR image

Fig. 3. Classification of ROI based on CSI data. (A) FLAIR image of a healthy subject on which the CSI gridlines are superimposed. The transparent white
squares represent areas of WM that were referred to as Group 1. (B) MR spectra taken from three ROIs of Group 1 showing normal distribution of NAA/Cr
ratios. (C) FLAIR image of an MS patient (Patient 2 in Table 1) on which the CSI gridlines are superimposed. The red squares represent areas of NAWM that
have normal NAA/Cr ratio (Group 2). The blue squares represent areas of NAWM that have abnormal NAA/Cr ratio (Group 3). The 19 green squares represent
areas of WM that contain MS lesions (as detected by FLAIR); these areas were considered as Group 4. (D) MR spectra taken from three ROIs shown in C that
represent ROI of Group 4 (top spectrum), Group 3 (middle spectrum) and Group 2 (bottom spectrum).

Y. Assaf et al. / Magnetic Resonance Imaging 23 (2005) 703 – 710

707

Fig. 4. (A) Correlation between q-space displacement values and NAA/Cr ratio (r = .61, P b.001). (B) Correlation between q-space probability values and
NAA/Cr ratio (r = .53, P b.001). (C) Correlation between FA values and NAA/Cr ratio (r = .43, P b.003). Each point represents data collected from a CSI voxel.
The data shown in this figure were collected from all subjects. The dotted lines represent the NAA/Cr value of 1.9, in which above it areas were treated as
normal and below it as abnormal WM.

of a control subject on which the grid lines of the CSI were
superimposed. The orange squares in this image represent
ROIs in the WM that were classified as normal WM
(Group 1). Fig. 3B shows three spectra taken from three CSI
voxels of this healthy subject. Fig. 3C shows a FLAIR
image of an MS patient on which the grid lines of the CSI
were superimposed. The green squares represent ROIs in
areas of MS lesions (Group 2). The blue squares represent
ROIs in areas of NAWM that have an abnormal NAA/Cr
ratio (lower than 1.8) (Group 3). The red squares represent
ROIs in areas of NAWM that were found to have normal
NAA/Cr values (Group 4).
Fig. 4 shows scatterplots of correlation analyses between
the NAA/Cr values and the corresponding q-space displacement, probability and FA values (Fig. 4A– C, respectively).
The correlation between NAA/Cr values and the q-space
displacement values (Fig. 4A) and probability values
(Fig. 4B) for all ROI groups as described in Fig. 3 is
significant (r = .61, P b.001 and r = .53, P b.001, respectively). Fig. 4C demonstrates the correlation between
NAA/Cr values and the FA values. This correlation was
found to be less significant (r =.43, P b.003) than the

correlation with the displacement values. Fig. 5 shows the
q-space displacement, probability and FA values of the
different ROI groups as defined in Fig. 3. Fig. 5A shows a
box graph for the mean displacement values of the different
groups. The mean displacement value of Group 1 (WM of
healthy subjects) was 3.9F0.2 Am. The mean displacement
value for Group 2 (normal NAA/Cr values in MS patients)
was found to be similar to that of Group 1 (3.7F0.2 Am).
The mean displacement value for Group 3 (abnormal NAA/
Cr values in MS patients) was 4.6F0.6 Am (a 24% increase
compared to Group 2). This value is statistically different
from both the values of Groups 1 and 2 ( P b.02 in both
cases). The mean displacement value in MS lesions (Group
4) was found to be 6.9F0.6 (an 86% increase compared to
Group 2) and statistically different from the values of all
other groups ( P b.001 for all groups). Fig. 5B shows a box
graph for the q-space probability values of the different
groups. The mean probability value of Group 2 was
7.4F0.3 in arbitrary units (a.u.) similar to that of Group 1
(7.5F0.4 a.u.). The mean probability of Group 3 was
6.8F0.3, which is statistically different from both Groups 1
and 2 ( P b.002). The mean probability of Group 4 was

Fig. 5. Box graphs of the displacement values (A), probability values (B) and FA values (C) for each of the four groups described in Fig. 3. The x symbols
above and below the box represent maximum and minimum values. Mean values for each group within each patient were first calculated and these values were
used to calculate the mean and S.D. (error bars) over the whole patient group. The dot inside each box represents the mean value and the bar inside each box
represent the median value.
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5.6F0.6, statistically different from all other groups
( P b.001). Fig. 5C shows a box graph for the FA values
for the different ROI groups. The mean FA value of Group 1
(WM of healthy subjects) was 0.40F0.03. The mean FA
value for Group 2 (normal NAA/Cr values in MS patients)
was similar to that of Group 1 (0.40F0.02). The mean FA
value for Group 3 (abnormal NAA/Cr values in MS
patients) was 0.37F0.02 (7.5% decrease compared to Group
2). This FA value is not statistically different from Groups 1
and 2. The mean FA value in MS lesions (Group 4) was
0.31F0.05 (a 22.5% decrease from Group 2) and statistically different from all groups ( P b.001 for all groups).
4. Discussion
Magnetic resonance imaging is an important imaging
modality for the diagnosis and follow-up of MS. Therefore,
most of the pharmacological effects of therapeutic interventions in MS are evaluated using MRI. In the majority of
the MRI studies, the disease load in the brain is estimated by
the volume and number of MS lesions detected by T2 or
FLAIR images despite the accepted view that tissue damage
in MS exceeds the areas of MS lesions observed in
conventional MRI studies using T2 and FLAIR. Although
MRS can detect abnormal metabolite concentration in
areas of NAWM, usually as reduced NAA/Cr ratio, the
clinical use of this method is limited mainly due to low
spatial resolution.
4.1. Diffusion tensor imaging in MS
Among the advanced WM-specific imaging techniques,
DTI seems to provide the best gray matter/WM contrast.
Diffusion tensor imaging enables differentiation between
gray matter and WM based on the different diffusion
properties of those tissues [19,20]. In gray matter, the
diffusion of water molecules is mostly isotropic, that is,
similar in any measured direction. By contrast, in the WM
the diffusion is anisotropic due to hindered and restricted
diffusion perpendicular to the long axis of the neuronal
fibers [19,20]. Since DTI is more sensitive to WM than
other imaging techniques, it was assumed that the FA index,
extracted from DTI, would show subtle damage in the
NAWM of MS patients. In fact, there was a small reduction
in the FA in NAWM areas as compared to healthy
volunteers [18,21–23]. This point is emphasized in the FA
histogram demonstrated in Fig. 2A, which shows a very
small reduction in the FA values of MS patients, observed
mainly in the high anisotropy range (0.5– 0.8). The relation
between the FA of the water signal in WM and myelin
content (believed to be damaged in MS) is questionable, and
several studies point to the fact that diffusion anisotropy
(measured at low b values) may be observed even in the
absence of myelin [24,25]. Diffusion tensor imaging is
believed to measure mainly the diffusion anisotropy of
water molecules in the extracellular space [26]. Indeed, the
diffusion in extracellular space between aligned neuronal

fibers is most probably anisotropic enough to produce good
gray matter to WM contrast. However, it might not be
sensitive enough for detection of myelin disruption or
intra-axonal damage when less extensive as in the NAWM
of MS patients. However, in MS lesions, where the
structural damage is more pronounced, the FA index shows
greater differences.
4.2. High b-value q-space imaging in MS
In contrast to low b-value DTI, the signal intensity in
high b-value DWI was found to depend on restricted
diffusion [13,17]. It was suggested that one of the main
components of restricted water motion in neuronal tissue
is that of intra-axonal water when the diffusion is
measured perpendicular to the fibers. The q-space analysis
was suggested as a tool for quantification of restricted
diffusion in neuronal tissue emphasizing the contribution
of this component [13,17]. Although the q-space methodology was theoretically developed for experimental conditions that cannot be met in clinical scanners, it was
found that performing these experiments under experimental bclinicalQ conditions is diagnostically beneficial
[18]. Indeed, the extracted q-space parameters (displacement and probability) should be better termed apparent
displacement and apparent probability. Nevertheless, the
low gradient amplitude produced by human scanners
requires the use of long gradient pulse durations (d), long
diffusion time periods (D) and hence long echo time in
order to achieve high b values sufficient for characterization of the slow diffusion component. However, by using
these unfavorable experimental conditions, the restricted
component is overemphasized and its relative contribution
is artificially exaggerated [18]. Therefore, any damage to
the axonal milieu may lead to reduction in the restricted
diffusion that can be probed with relatively high sensitivity using the q-space method.
The histogram in Fig. 2B shows the ability of the q-space
method to discriminate between the different diffusing
components in the brain (WM, gray matter and CSF) based
on their mean displacement during the diffusion time as
measured at high b values. Water molecules are restricted
when measured perpendicular to the axons; thus, the
displacement there is much less than in gray matter and
CSF, producing a separate peak for WM in the displacement
histograms (Fig. 2B). This peak is significantly reduced in
the MS images as compared with the control group. This
may be a result of a decrease in the restricted diffusion in
some areas of the WM in MS. Indeed, the q-space images
reveal large abnormal areas, exceeding the regions of the
apparent MS lesions, suggesting a more diffuse nature of the
disease (Fig. 1).
4.3. Correlation with CSI findings
The q-space method reveals tissue abnormalities that
exceed the area of obvious MS lesions, reflecting the high
sensitivity of this method. Although this sensitivity can be
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related to changes in the extent of restricted diffusion of
water molecules, this can only be verified by histology.
Studies on animal models showed good correlation
between histological findings and q-space imaging measurements [14,27]. One in vivo parameter that can be
used for validation of q-space imaging findings is NAA
levels as detected by MRS. The NAA/Cr ratios were
shown to be a sensitive parameter for detection of abnormal WM tissue in the NAWM of MS patients [8–10].
The major observation of MRS studies in MS is reduced
NAA levels in wide areas of the NAWM suggestive of
axonal loss [8–10]. Therefore, correlating between spectroscopic findings and q-space imaging may provide the
needed validation of the q-space method in MS. Indeed, a
good correlation was found between the two indices
(NAA/Cr ratio and q-space displacement or probability)
(r =.61 and .53; Fig. 4A and B).
In this study we used NAA/Cr values to classify ROIs in
MS into groups (healthy NAWM and abnormal NAWM; see
Fig. 3). Region of interest analysis of q-space displacement
and FA images was performed using this classification.
Displacement and probability values in abnormal NAWM
were found to be statistically different from those of
bhealthy Q NAWM in MS patients (Fig. 5A and B). However,
the FA values of these two groups (Groups 2 and 3) were
not statistically different (Fig. 5C). These results reflect the
greater sensitivity of q-space imaging as compared with FA
toward tissue damage in the WM, which is undetected by
routine MR imaging. In MS lesions, q-space imaging
reports of 86% increase in the displacement values (with
13% relative S.D.) compared with only 23% decrease in FA
(with 16% relative S.D.). The high sensitivity is even more
impressive in the areas of the NAWM where only subtle
WM damage occurs. In these areas there was an increase of
23% in the displacement value (with relative S.D. of 14%)
compared with only 7.5% decrease in the FA (with a
relative S.D. of 13%). The ability of q-space imaging to
demonstrate on differences in displacement values, 1.5 times
higher than the S.D., by using this methodology, suggests
that it may be possible to detect WM damage in the
NAWM for a single patient. It seems that the q-space
diffusion MRI may have an impact on the management of
MS patients as it measures larger areas of tissue damage
that may reflect the real pathological condition of the brain
tissue. This may help in better evaluation of the therapeutic
performance of new and known drugs for treatment of MS
and other WM disorders.
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