}

oL

ELSEVIER

Neurolmage

www.elsevier.com/locate/ynimg
Neurolmage 36 (2007) 543 —549

Fractal dimension and white matter changes in multiple sclerosis
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The brain white matter (WM) in multiple sclerosis (MS) suffers visible
and non-visible (normal-appearing WM (NAWM)) changes in
conventional magnetic resonance (MR) images. The fractal dimension
(FD) is a quantitative parameter that characterizes the morphometric
variability of a complex object. Our aim was to assess the usefulness of
FD analysis in the measurement of WM abnormalities in conventional
MR images in patients with MS, particularly to detect NAWM
changes. First, we took on a voxel-based morphometry approach
optimized for MS to obtain the segmented brain. Then, the FD of the
whole grey—white matter interface (WM border) and skeletonized WM
was calculated in patients with MS and healthy controls. To assess the
FD of the NAWM, we focused our analysis on single sections without
lesions at the centrum semiovale level. We found that patients with MS
had a significant decrease in the FD of the entire brain WM compared
with healthy controls. Such a decrease of the FD was detected not only
on MR image sections with MS lesions but also on single sections with
NAWM. Taken together, the results showed that FD identifies changes
in the brain of patients with MS, including in NAWM, even at an early
phase of the disease. Thus, FD might become a useful marker of diffuse
damage of the central nervous system in MS.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory and neuro-
degenerative disease of the central nervous system (CNS) (Steinman,
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2001). Several pathological processes affect white matter (WM)
diffusely, including areas without classical demyelinating plaques, the
so-called normal-appearing white matter (NAWM). The underlying
histopathological changes of NAWM are not well known, but some
identified processes are microscopic inflammatory cell infiltration,
microglial activation, blood-vessel sclerosis, Wallerian degeneration of
axons, astrocytic proliferation, and microscopic demyelinated and
remyelinated areas (Allen and McKeown, 1979; Trapp et al., 1998).
NAWM abnormalities become more pronounced with increasing
physical and cognitive disability and may develop for many months or
even years prior to focal-lesion development (Miller et al., 2003).
Thus, the detection of markers corresponding to NAWM abnormal-
ities is clinically relevant because these abnormalities contribute to
tissue damage and to the increase of long-term clinical disability,
regardless of the presence of typical macroscopic MS lesions (Filippi
et al., 1995, 1999; Loevner et al., 1995).

A magnetic resonance (MR) technique sensitive for detecting
and quantifying the subtle neuropathological changes taking place
in the NAWM is the magnetization transfer ratio (MTR). Low
MTR has been associated with the main pathological changes on
clinically isolated syndrome (CIS) and relapsing—remitting MS
(RRMYS) patients (Filippi et al., 1995, 1998; Griffin et al., 2002;
Loevner et al., 1995). In addition, MTR abnormalities detected in
the NAWM have recently been associated with disability in other
forms of MS (Ramio-Torrenta et al., 2006). However, focal lesions
had been described as the predominant pathological feature in CIS
patients instead of diffuse NAWM alterations (Brex et al., 2001).
The lack of MTR sensitivity to the subtle NAWM pathological
changes taking place in these patients and the appearance of
difficulties in the standardization of this technique preclude the
generalization of its use. Another approach for studying NAWM is
magnetic resonance spectroscopy (MRS). Several studies using
MRS in patients with MS have shown a decrease in the N-acetyl
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aspartate peak both in MS plaques as well as in NAWM (Miller
et al., 2003), suggesting that axonal disruption contributes to the
abnormalities in the NAWM.

Images representing morphologically complex objects may be
described and categorized using fractal analysis approaches on the
value of the fractal dimension, with widespread applications in the
field of neuroscience (Fernandez and Jelinek, 2001). Fractal
dimension (FD) is a quantitative measure of morphological
complexity, and it has been stated as a good descriptor of the
complex shape of cerebral structures such as the WM and grey
matter (GM) in humans (Blanton et al., 2001; Free et al., 1996;
Kiselev et al., 2003; Liu et al., 2003; Thompson et al., 1996).
Moreover, brain FD is altered by the presence of diseases such as
psychiatric disorders (Bullmore et al., 1994; Ha et al., 2005),
epilepsy (Cook et al., 1995), and even age-related WM
abnormalities (Kedzia et al., 1997; Takahashi et al., 2004; Zhang
et al., in press). FD analysis provides complementary information
to classical brain atrophy quantification in terms of surface (Ha et
al., 2005; Zhang et al., in press) and internal shape complexity
(Zhang et al., 2006, in press).

The aim of our study was to assess the usefulness of FD as a
measurement of visible and non-visible WM abnormalities in
conventional MR sequences of patients with MS. Indeed, we
sought to develop a simple method for identifying additional
changes of WM abnormalities in MS in order to provide a useful
test for monitoring disease. We found a decrease of the WM FD in
patients with MS compared to healthy controls (HC), even in
sections without the presence of MS plaques.

Materials and methods
Patients

A total of 60 cases and 17 gender- and age-matched healthy
controls (HC) were recruited in the MS centre of the University of
Navarra (Spain). All subjects gave their informed consent
according to the Helsinki Declaration before being included in
the study, which was approved by the local Research Ethics
Committee. Twenty-one patients suffered CIS, 31 RRMS, four
secondary progressive MS (SPMS), and four primary progressive
MS (PPMS) (McDonald et al., 2001). Patients with an active
relapse, or who were taking steroids or who had suffered a clinical
relapse within the previous 2 months were excluded. MS-related

disability was clinically assessed using the Extended Disability
Status Scale (EDSS) (Kurtzke, 1983) and the MS Functional
Composite (MSFC) (Fischer et al., 1999). Demographic, clinical,
and MR image data of the subjects are shown in Table 1.

MR acquisition

In the following month of neurological assessment, an MR
imaging study was performed on a 1.5-T SIEMENS SYMPHONY
scanner (Erlangen, Germany). A T1-weighted MR sequence (TR
2.14 ms, TE 5.04 ms, flip angle 15°; 256 %256 matrix size; 48
contiguous 3-mm axial slices; 25-cm FOV; in-plane resolution of
0.5x0.5) and a 3D proton density/T2-weighted sequence (TR
3700 ms, TE 29 ms, turbo factor 5; 256 x256 matrix size; 48
contiguous 3-mm axial slices; 25-cm FOV; in-plane resolution of
0.5x0.5) were used to acquire high-resolution volumetric images.

Brain segmentation and volume of lesions

A modified version of the optimized voxel-based morphometric
(VBM) protocol (Good et al., 2001) was used by a trained operator
(JS) in order to obtain the segmented WM images from each
subject’s MR, while avoiding the bias introduced by MS-related
lesions (Sepulcre et al., 2006). In brief, a 3D binary MS lesion
mask in native space was created at the voxel level for each patient,
using the MRlIcro software (Chris Rorden, University of Notting-
ham, Great Britain; http://www.sph.sc.edu/comd/rorden/mricro.
html). Two independent observers (JS and JCM) outlined all the
WM lesions on each slice of the MR image scan of each subject,
with excellent inter-rater reliability (intra-class correlation coeffi-
cient=0.892 (»p<0.001)). For the following stages, we used the
SPM2 software (Wellcome Department of Cognitive Neurology,
University College of London, London, UK) running under Matlab
v6.5 (MathWorks Inc., Natick, MA). Our own customized whole
brain T1 template and GM, WM, and cerebrospinal fluid (CSF)
prior probability maps were first generated. This procedure is
introduced in neuroimaging studies in order to avoid scanner- and
population-specific bias (Good et al., 2001). The T1 images were
spatially normalized into the same stereotactic space using the MNI
(Montreal Neurological Institute) template, and re-sliced to 1-mm
isotropic voxels. The normalization was done by first estimating
the optimum 12-parameter affine transformation for matching
images, and then optimizing the normalization using 16 non-linear

Table 1

Demographic, clinical, MR image data of subjects
CIS RRMS SPMS PPMS HC p value
(n=21) (n=31) (n=4) (n=4) (n=17)

Age (years)” 35.67+7.48 35+9.73 45.5+9.95 41.25+£59 36.7£8.99 ns

Sex ratio (M/F) 7/14 9/22 1/3 3/1 7/10 ns

Disease duration (years)b
EDSS score®

MSCEF score®

T2 lesion load (cm®)°

T1 lesion load (cm®)° 4.48 (0.08 to 83.82)
Fractal dimension 1.325+0.017
Fractal dimension skeletonized 1.056+0.026

0.91 (0.16 to 2.67)
1.5 (0 to 4.0)
0.3240.59

7.08 (0.83 to 36)
2.91 (0 to 6.0)
0.04%0.8

1.331+£0.020
1.059+0.024

15.46 (1.2 to 106.41)  51.27 (4.46 to 175.88)
12.37 (1.05 to 96.36)

19.5 (14 to 21) 3.29 (2 to 6.33) - -
525 (5.0 to 7.0) 325 (2.5 to 4.0) - -
~0.9240.7 0.07+0.55 - -
20.02 (3.77 t0 47.27)  27.81 (524 to 111.99) — -
12.95 (1.36 t0 25.04)  14.81 (4.21 to 48.51)  — -
1.315+0.030 1.331£0.018 1.35840.020  <0.05°

1.048+0.019 1.060+0.010 1.073+0.021 <0.05°

CIS: clinical isolated syndrome; RRMS: relapsing remitting multiple sclerosis; SP: secondary progressive multiple sclerosis; PP: primary progressive multiple
sclerosis; HC: healthy controls; EDSS: expanded disability status scale; MSFC: MS functional composite. The data are expressed in mean+standard deviation®
or median (range)® depending on the parametric or non-parametric distribution of the variable. “See Results for details. —: not applicable.
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iterations (Ashburner and Friston, 1999). Following this protocol,
all patients’ scans were weighted by the corresponding MS-lesion
masks in the normalization and segmentation procedures. In every
segmentation and normalization step of this protocol, we applied a
lesion mask function to mask regions containing visible lesions
(Sepulcre et al., 2006). The customized T1 template and GM, WM,
and CSF prior probability maps were used in the segmentation of
the T1 scan of each subject in order to obtain GM, WM, and CSF
images in native space (again using MS-lesion masks to weight the
images and avoid misclassifications of tissue). The optimized
parameters determined earlier were then applied to the original T1
volumes in native space and the resulting optimally normalized T1
images were finally segmented to produce the GM, WM, and CSF
maps in MNI space. Finally, all images were smoothed using a 12-
mm FWHM isotropic Gaussian filter (Good et al., 2001).

For each patient, we measured the total volume of WM-lesion
load on T1 and T2 studies using the MRIcro software. We
calculated the total lesion volume in each patient by multiplying
the total number of lesion voxels by the size of the voxel.

Fractal analysis method

The FD of the entire brain was determined, section by section,
from whole segmented WM in each subject. For the NAWM
analysis, we chose one particular slice at the centrum semiovale
level (single-slice analysis). First, we selected the first segmented
WM axial slice above ventricular space, and later, each selected
slice was classified as affected or unaffected by MS lesions on the
basis of visual observation of two researchers (JS and JCM; 0.883
Kappa coefficient; p<0.001).

We opted for the traditional box-counting method, using HarFA
v5.2 software (http://www.fch.vutbr.cz/lectures/imagesci/), because
it can evaluate the FD of structures without self-similarity (the
brain is not strictly self-similar; Zhang et al., 2006). Briefly, to
estimate FD, we divided the Euclidean space containing the image
into a grid of boxes of size r. The » was then made progressively
smaller and the corresponding number of nonempty boxes () that
covered the object was counted (Fig. 1); the log—log plot of In N
versus the In (1/r) gives a line with a slope that corresponds to FD
(Fig. 2). Details of the method and its applications can be found
elsewhere (Zhang et al., 2006).

Each segmented WM image (Fig. 1A) was processed in two
ways and, thus, two values of FD were calculated, depending on
the processing approach: (i) the FD from original images that were
loaded onto HarFA v5.2, and here binary converted after
performing a full-range thresholding to exclude just the black
background (intensity selection from 1 to 255) (Fig. 1B); (ii) the
FD of these previously processed binary images but after applying
a skeletonization algorithm using ImageJ software (http://rsb.info.
nih.gov/ij/) (Fig. 1C), since the WM shape is also well represented
by its skeleton (Zhang et al., 2006). Whereas the FD of the first set
of images enabled us to characterize the complexity of the WM
border (Figs. 1D, F), the FD established from the skeletons
represented the complexity of the WM structure (Figs. 1E, G).
Taking into account that the brain images studied here were not
pure fractals, an appropriate range of box sizes must be selected.
So, if the size of the overlaid boxes is too small, a mosaic
composed of white-and-black pixels (not the complex object) will
be obtained; but, if the box size is too large, the object to be
analyzed disappears in the white background. An inappropriate
range of box sizes is detected as a disturbance of linearity in the

linear regression analysis carried out to derive the FD, which
requires the linear part of the function (Fig. 2). Using the slope
analysis procedure implemented in HarFA v5.2, we obtained as
appropriate box sizes for all full thresholding images, from 3 to 20
pixels (to apply both at the general and at the centrum semiovale
level analyses), and for skeletonized images, from 3 to 12 pixels in
the general analysis and from 3 to 15 pixels when the specific
centrum semiovale level analysis was carried out. Details of the
method, including single slope analysis, and its applications to
obtain the FD of white matter MR images can be found elsewhere
(Zhang et al., 2006).

Statistical analysis

We used the Shapiro—Wilk test to determine the normal
distribution of our variables. The Kruskal-Wallis and Mann—
Whitney U tests were implemented to compare the FD values
between subjects groups. Pearson’s or Spearman’s correlation tests
were applied to assess univariate correlation depending on
parametric or non-parametric distribution of the variables. The
level of significance for the results was set at p<0.05. These
analyses were carried out using the statistical package SPSS v13.0
(SPSS Inc., Chicago, Illinois).

Results

We compared the FD of the WM border between HC and MS
patients. We found that patients with MS had a decrease of the FD
of the WM border compared to HC (p<0.001; Fig. 3A). In
addition, we attained the same decrease in the FD of the WM
border for all subtypes of MS (p<0.05 in all cases; Fig. 3B). To
evaluate the influence of the presence of macroscopic MS lesions
and the NAWM abnormalities on the FD calculation, we quantified
the FD in patients with and without visible MS lesions at the
supraventricular section of the centrum semiovale (single-slice
analysis). Again, we found a decrease in the FD of the WM border
in patients with and without lesions (NAWM) compared to HC
(»<0.05 in both cases, Fig. 3C).

Currently, it is unknown to what extent the NAWM is already
damaged early in the course of the disease such as in CIS patients
or whether this damage evolves over time, contributing to clinical
disability worsening. Thus, to assess the state of NAWM at the
early phase of MS, we compared the FD between CIS patients and
HC, both in sections with and without MS lesions. CIS patients had
decreased FD in slices with or without lesions (NAWM) in the
single-slice analysis (p<0.05 in both cases; Fig. 3D).

Since the FD analysis of the skeletonized binary volume data
provides additional information of the internal structure of the
WM, this parameter was assessed in our population. We found a
decrease in the skeletonized FD between patients with MS and HC
(»=0.009; Fig. 4A). We also got a decrease in the skeletonized FD
when comparing HC and disease subtypes, except for PPMS
patients (»<0.05 in all cases; Fig. 4B). In the NAWM sub-analysis
(single-slice analysis), only patients with plaques in the studied
section had a significant decrease in skeletonized FD compared to
HC (p<0.05 in all cases; Figs. 4C and D).

Concerning lesion load, we found a correlation between WM
skeletonized FD and lesion volume, both on T1 (r=-0.324,
p=0.028) and T2 (r=—0.320, p=0.013). The presence of NAWM
has been claimed to explain the clinical-radiological paradox in
MS. For this reason, we were also interested to know whether the
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Fig. 1. Box-counting method used to obtain the fractal dimension of MR images (data from one control subject) using HarFA software (http://www.fch.vutbr.cz/
lectures/imagesci/). (A) White matter image at the centrum semiovale level obtained after segmentation with SPM2. (B) Binary converted image from (A) after
performing a full-range thresholding to exclude the black background (intensity selection from 1 to 255). (C) Skeletonized image obtained from (B) after
applying a skeletonization algorithm. (D-G) A grid with different number of boxes (V) covered each image depending on the box size (r): (D) White matter
border, r=5 pixels, N=315 (red boxes). (E) Skeleton, »=5 pixels, N=323 (red boxes). (F) White matter border, =10 pixels, N=133 (red boxes). (G) Skeleton,

r=10 pixels, N=153 (red boxes).

changes in the FD would be associated with the degree of
disability. Nevertheless, we found no associations between EDSS
or MSFC scores and FD values.

Discussion

One prominent finding of this study was that WM FD is
decreased in patients with MS, both at the grey—white matter
boundary (WM border) and at the internal structure of the WM
(WM skeleton) of the entire brain. Such decrease in the FD was
an early event in the disease and was influenced not only by the
presence of MS plaques but also by changes in the NAWM.
Indeed, the implementation of a simple approach, such as
determining the FD on a single slice of WM segmented from a
conventional MR image, is informative for identifying WM

abnormalities, including the subtle changes in NAWM that occur
in MS. Thus, FD allows us to detect some fundamental
differences in brain architecture, providing a global measurement
of morphological changes induced by neurological diseases such
as MS.

Several pathological events might contribute to the decrease of
the FD. Although from a mathematical point of view it has not
been demonstrated whether the direction of the FD change in 3D
structures indicates an increase or a decrease in the complexity of
the object, it has been suggested that a decrease in FD would point
out to a lower morphological complexity (e.g. a more amorphous
structure). In relation to the magnitude of the differences, it must
be noticed that small changes in the FD value correspond to big
differences in the shape of the object, because of the logarithmic
calculation of the FD. Since the three-dimensional structure of the
WM pathways is highly organized, we hypothesize that axonal
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Fig. 2. Plot of In N (number of boxes containing the object) versus In (1/r)
(size in pixel of the box) gives a line with a slope that corresponds to FD
(control subject). Taking into account the non-linear part of data (arrow),
linear regression analyses were carried out, where the solid line corresponds
to the chosen box sizes (from 3 to 20, in this case), and the dashed line
corresponds to the whole box size data.

loss could be the main contributor to the decrease of FD.
Moreover, increased water content, a decreased myelin content
and other inflammatory events can also participate in the
generation of a more amorphous tissue contributing to the
decrease of FD. In addition, the decrease of FD at the WM
border can be due to both juxtacortical WM lesions and grey
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matter abnormalities that are not seen on conventional MR image
studies. Nonetheless, only comparative studies between MR image
FD analysis and anatomical FD analysis using postmortem tissue
from MS patients can clarify the morphological basis of FD
decrease in MS brains.

The pathological changes in NAWM of MS are still not well
understood; however, several processes are known to contribute
to the abnormalities. One such process is Wallerian degeneration
from transected axons in distant MS lesions (Evangelou et al.,
2000; Miller et al., 2003; Bjartmar et al., 2001; Trapp et al.,
1998). Another mechanism is the presence of microscopic lesions,
including perivascular inflammatory lesions and areas of
demyelination that are not visible on conventional MR images
(Allen et al., 2001; De Groot et al., 2001), shadow plaques
(Lassmann, 2005), activated microglia, edema, or myelin loss
(Allen and McKeown, 1979; Trapp et al., 1998). In summary,
because the WM is a highly structured tissue, most of the
pathological processes described above can disturb its architecture
and bring on areas of amorphous tissue, which will have a heavy
impact on several measures of brain topology, such as MTR
(Filippi et al., 1995), diffusion-tensor imaging (Ciccarelli et al.,
2003; Filippi and Inglese, 2001), or FD, as in the present study.
However, given the varied physical basis of each technique, it is
likely that all of them measure different features with different
morphological substrates.

In our study, we found that FD was decreased in patients with
MS, even in the early phases of the disease. Such result suggests
that MS is a disseminated disease of the CNS even in the early
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Fig. 3. Fractal dimension comparison of the grey—white matter interface (white matter border) corresponding to the full-range thresholded images from controls
and patients. (A) Patients with MS have smaller FD of the entire brain than HC. (B) Comparison of the FD analysis between disease subtype and HC. (C)
Comparison of the FD between patients without presence of lesions on the MR image at the single-slice level of the analysis (centrum semiovale) NAWM
group), patients with presence of lesions on the MR image at such level (WM lesions group), and HC (single-slice analysis). (D) Comparison of the FD between
CIS patients without the presence of lesions on the MR image at the single-slice level of the analysis (CIS NAWM group), CIS patients with presence of lesions

on the MR image at such level (CIS WM lesions group), and HC.
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Fig. 4. Fractal dimension comparison of the skeletonized white matter corresponding to the full-range thresholded images from controls and patients. (A) Patients
with MS have smaller FD of the entire brain than HC. (B) Comparison of the FD analysis between disease subtype and HC. (C) Comparison of the FD between
patients without presence of lesions on the MR image at the single-slice level (NAWM group), patients with presence of lesions on the MR image at such level
(WM lesions group) and HC. (D) Comparison of the FD between CIS patients without the presence of lesions on the MR image at the single-slice level (CIS
NAWM group), CIS patients with presence of lesions on the MR image at such level (CIS WM lesions group), and HC.

course, and that such abnormalities persist overtime. However, the
small sample size of patients with progressive forms of the disease
prevents us from fully characterizing FD changes in patients with
long-term MS. Although we found no association between FD and
MS disability scales, this can be explained by several factors. First,
most of the physical disability could derive from the presence of
spinal cord lesions that have not been analyzed in our study.
Second, FD can identify structural abnormalities with little
functional implications; for example, the presence of edema can
reduce FD but has little impact on nerve conduction. In addition,
the functional reserve of the brain can fully compensate small
decreases of axonal density in a given pathway, thereby reducing
the ability to correlate morphological to functional changes. Third,
FD is a global measure of brain structure, and as happens with
other global MR metrics, it does not take into account whether the
lesions affect clinically silent regions or pathways that have a
critical role in the generation of physical disability. Finally, because
differences in FD among disease subtypes were small, FD could
lack power to identify changes associated with disability.

New simple and easy-to-standardize techniques are required to
monitor the state of NAWM. At present, the generalized use of
MTR is limited because it is difficult to standardize across multiple
clinical sites; MRS has a low signal-to-noise ratio and a modest
reproducibility; and MR diffusion tensor imaging is limited in
areas of crossed or bent tracts (Miller et al., 2003). These
shortcomings preclude the generalization of these techniques for
the measurement of widespread brain damage in MS. FD analysis
can yield a sensitive measure of brain-tissue abnormalities and also

evaluate their functional or clinical impact (Takahashi et al., 2004).
Certainly, even small differences in FD values have a strong impact
on the structure of a given object or tissue. Thus, the measurement
of WM FD in MS patients could be a useful approach to assess the
structural changes of WM.

Our study did not address a comparison between FD and MTR
or MRS, which might have captured fresh insights in the analysis
of NAWM. So, further studies are needed both to determine to
what extent these results hold true for other techniques in MS
patients and to identify the biological usefulness of the fractal
analysis.
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