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Background

Summary

The aim of the study was to assess the impairment of the selected white matter tracts within
normal appearing white matter (NVAWM) in multiple sclerosis (MS) patients using diffusion tensor
imaging (DTI).

Thirty-six patients (mean age 33.4 yrs) with clinically definite, relapsing-remitting MS and mild
disability (EDSS - Expanded Disability Status Scale 1-3.5) and 16 control subjects (mean age 34.4
yrs) were enrolled in the study. DTI examinations were performed on a 1.5T MR scanner. Fractional
anisotropy (FA) and apparent diffusion coefficient (ADC) values were obtained with a small ROI
method in several white matter tracts within NAWM including: the middle cerebellar peduncles
(MCP), the inferior longitudinal fasciculi (ILF), inferior frontooccipital fasciculi (IFOF), genu (GCC)
and splenium of the corpus callosum (SCC), posterior limbs of the internal capsules (PLIC), superior
longitudinal fasciculi (SLF) and posterior cingula (CG). There were no demyelinative lesions within
the ROIs in any of the patients.

A significant decrease in FA was found in MS patients in both the ILFs and IFOFs (p<0.001) and in
the left MCP and right SLF (p<0.05), compared to the normal subjects. There were no significant
differences in FA values in the remaining evaluated ROIs, between MS patients and the control
group. A significant increase in ADC (p<0.05) was found only in the right PLIC and the right SLF in
MS subjects, compared to the control group.

The FA values could be a noninvasive neuroimaging biomarker for assessing the microstructural
changes within NAWM tracts in MS patients.
Diffusion Tensor Imaging * Magnetic Resonance Imaging * Multiple Sclerosis
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sclerosis (MS) as well as in disease monitoring. However,

Magnetic resonance imaging (MRI) is the imaging tech-
nique of choice in establishing the diagnosis of multiple

histopathological studies have proven that white matter
(WM) of the brain is often damaged in MS, even in areas
that appear normal on standard MRI sequences [1-5].
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Microscopic abnormalities within so-called normal appear-
ing white matter (NAWM), undetectable by convention-
al MR imaging techniques, have drawn much attention
in the recent years, as they allow a better insight in the
background of MS as well as commonly stated divergences
between the radiological findings and clinical manifesta-
tion of the disease.

Diffusion tensor imaging (DTI) is an advanced MR tech-
nique based on the detection of micron scale water mol-
ecules movements in the examined tissues. In addition to
diffusion weighted imaging (DWI) which is already widely
used in clinical practice, DTI allows not only investigation
of the magnitude of water diffusion in the tissues but also
its direction. This is important, especially in highly organ-
ised tissues with the preferred orientation such as central
nervous system (CNS) white matter, where water mole-
cules motion occurs predominantly in one direction, along
the long axis of the fibers. Hypothetically, even minor WM
architecture disruption can interfere with the dominant
direction of movement of water particles, and therefore
may be detected by means of DTI, making it an extremely
sensitive diagnostic tool. DTI measures that are most often
used to quantify diffusion disturbances include fractional
anisotropy (FA) and apparent diffusion coefficient (ADC) or
mean diffusivity (MD). FA reflects the degree of directional-
ity of water molecule motion and varies between 0 (for iso-
tropic diffusion - equal in all directions, for example within
fluid spaces) and 1 (diffusion occurring in only one direc-
tion — complete anisotropic diffusion). MD represents the
average diffusion in a voxel volume.

The aim of this study was to assess the FA and ADC values
of the selected white matter tracts within normal appear-
ing white matter (NAWM) in mildly impaired MS patients
using the DTI technique.

Material and Methods

Population

The study included thirty-six patients (23 women and 13
men, mean age 33.4 yrs, range from 24 to 56 years) with
clinically definite MS according to McDonald's diagnostic
criteria [6] and sixteen control subjects (3 women and 13
men, mean age 34.4 yrs, range from 26 to 43 years) with no
clinical evidence of neurological disease and with normal
conventional brain MR imaging.

The inclusion criteria for MS patients were: relapsing-
remitting course of the disease and mild disability, assessed
with the use of Expanded Disability Status Scale (EDSS -
score up to 3.5). The patients were followed up at the
Department of Neurology of our University.

The study followed ethical rules and was approved by the
Wroctaw University Ethics Committee. All participants
gave their informed consent before entering the study.

MR imaging acquisition

The imaging examinations were performed on 1.5T
MRI unit (Signa Hdx, GE Medical Systems) using a

sixteen-channel coil dedicated for head and spine imag-
ing. All patients were submitted to the conventional
MR imaging protocol, including sagittal and coronal T2
FRFSE sequences (5-mm slice thickness, 1-mm gap, TR/
TE 3900/81, field of view 240x240 mm, matrix 384 %224
mm, number of excitations: 2 and 5-mm slice thickness,
1-mm gap, TR/TE 4940/91, field of view 240X180 mm,
matrix 384x256 mm, number of excitations: 2), axial T1
SE (5-mm slice thickness, 1-mm gap, TR/TE 500/8, field of
view 240X 180 mm, matrix 320X 192 mm, number of exci-
tations: 2), T2 FSE (5-mm slice thickness, 1-mm gap, TR/TE
5600/93.5, field of view 240X240 mm, matrix 320x320
mm, number of excitations: 1.5) and FLAIR sequences
(5-mm slice thickness, 1-mm gap, TR/TE 8000/104.8, field
of view 240x240 mm, matrix 288X288 mm, number of
excitations: 1), axial DWI SE/EPI sequence (5-mm slice
thickness, no gap, TR/TE 8000/81.2, field of view 260x208
mm, matrix 128x128 mm, number of excitations: 1) and
gadolinium-enhanced 3D-FSPGR sequence (2-mm slice
thickness, no gap, TR/TE 9.2/4.2, field of view 240x180
mm, matrix 320X 192 mm, number of excitations: 1).

DTI acquisitions were performed using an axial single-shot
spin-echo echo-planar imaging (SE/EPI) sequence along
25 different diffusion-encoding directions. For each direc-
tion, two b-values were used: 0 and 1000s/mm? (4-mm
slice thickness, no gap, TR/TE 8500/100.8, field of view of
260%208 mm, matrix 128X128 mm and number of excita-
tions: 2). The acquisition time of DTI in each participant
was 7.31 min. All patients and controls were fully coopera-
tive, as a result no motion artefacts occurred.

Image post-processing, analysis and statistics

DTI data were transferred to GE Advantage Workstation
4.6 and post-processed using Ready View software, pro-
vided by the manufacturer. Fractional anisotropy (FA) and
apparent diffusion coefficient (ADC) values were obtained
by placing round-shaped ROIs of 51 mm? area in FA and
ADC maps in selected white matter tracts within NAWM
including:

* middle cerebellar peduncles (MCP) (Figure 1);

¢ inferior longitudinal fasciculi (ILF) (Figure 2);

¢ inferior frontooccipital fasciculi (IFOF) (Figure 3);

* genu (GCC) and splenium (SCC) of the corpus callosum
(Figure 4);

posterior limbs of the internal capsules (PLIC) (Figure 5);
superior longitudinal fasciculi (SLF) (Figure 6);

posterior cingula (CG) (Figure 7).

In symmetrical fibre bundles one ROI was placed on each
side, as shown in Figures 1-3 and 5-7. Simultaneously,
plain MR images were evaluated to ensure that there were
no demyelinative lesions within or nearby the ROIs in any
of the patients included in the study. The total number of
14 ROIs were placed in each DTI study, all by the same
observer.

Statistical analysis was performed by employing the
StatisticalO software package. Comparisons between the
patients and control group of ROIs were performed using a
t-test. Any P value lower than 0.05 was considered statisti-
cally significant.
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Figure 1. The regions of interest (ROI)
(B): FA map; (C): ADC map.

Figure 2. The regions of interest (ROI) positioning in the inferior longitudinal fasciculi (ILF). (A): Color-coded directional map weighted with FA;
(B): FA map; (C): ADC map.

1

Figure 3. The regions of interest (ROI) positioning in the inferior frontooccipital fasciculi (IFOF). (A): Color-oded dlrectlonal map weighted with FA;

(B): FA map; (C): ADC map.

Results

Table 1 presents the comparison of averaged FA values
measured in selected white matter tracts between patients
and controls. Table 2 shows comparison of averaged ADC
values measured in the same locations (ROIs) between
patients and controls.

As can be seen in Table 1, lower FA values in the MS
patients compared to the control subjects were observed
in all examined white matter tracts except for the left
SLE However significant decrease in FA was found in MS
patients only in both ILFs and IFOFs (P<0.001) and in
the left MCP and right SLF (P<0.05). Significant increase
in ADC (P<0.05) was found only in the right PLIC and the
right SLF in MS subjects, compared to the control group.
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Figure 4. The regions of interest (ROI) positioning in the genu (GCC) and splenium (SCC) of the corpus callosum (A): Color-coded directional map
weighted with FA; (B): FA map; (C): ADC map.

Figure 5. The regions of interest (ROI) positioning in the posterior limbs of the internal capsules (PLIC). (A) Color-coded directional map weighted

with FA; (B): FA map; (C): ADC map.

Figure 6. The regions of interest (ROI) positioning in the superior longitudinal fasciculi (SLF). (A): Colr-cded diretional map weighted with FA;

(B): FA map; (C): ADC map.

There were no significant differences in FA and ADC values
according to age and gender in both patients and controls.

Discussion

Multiple sclerosis is a disease causing multifocal damage
to the central nervous system, involving an inflammatory-
demyelinative process as well as axonal loss. Typical dis-
seminated lesions in the WM can be visualized in standard

MR imaging. However, previous studies of patients with
MS found only a modest correlation between the MRI-
visible changes and symptoms of neurological deficit or
clinical course of the disease [4,7-10]. The reason for this
paradox may be associated with the presence of addi-
tional abnormalities in the so-called normal-appearing
white matter [4,10,11]. Two mechanisms have been pro-
posed as the principal causes of NAWM damage in MS
patients: microscopic demyelinating lesions [12,13] and
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Figure 7. The regions of interest (ROI) positiong in the posterior cingula (CG). (A): Color-coded dirctional map weighted with FA; (B): FA map;
(€): ADC map.

Table 1. Comnparison of averaged FA values measured in selected white matter tracts between patients and controls. Statistically significant
changes (p<0.05) are highlighted in bold.

FA McP ILF IFOF (€0 PLIC SLF (1

'“Iea“ R L R L R L GCC  SCC R L R L R L
values poi1 ROI2 ROI3 ROI4 ROI5 ROI6 ROI7 ROIS ROI9 ROIT0 ROI11 ROIT2 ROI13 ROI14

Patients 0.687 0712 0543 0592 0592 0564 0771 0792 0652 0.680 0591 0.627 0570 0.623

Controls  0.703 0750  0.619 0.634 0.634 0652 0760 0.830 0670 0.685 0.646 0.617 0.600 0.641

pvalue 0388 0.021 0.000 0.046 0.000 0.000 0.194 0.077 0.19% 0.68 0.003 0.654 0.172 0395

FA — fractional antisotropy; MCP — the middle cerebellar peduncles; ILF — the inferior lognitudinal fasciculi; IFOF — inferior frontooccipital fasciculi;
(C— corpus callosum; GCC — genu of the corpus callosum; SCC— splenium of the corpus callosum; PLIC — posterior limbs of the internal capsules;
SLF — superior lognitudinal fasciculi; (G — posterior cingula.

Table 2. Comnparison of averaged ADC values measured in selected white matter tracts between patients and controls. Statistically significant
changes (p<0.05) are highlighted in bold.

FA McP ILF IFOF (€6 PLIC SLF ((¢
mean

P U L R L R L GC s R L R L R L

-2
1[1:<n11?52] ROIT ROI2 ROI3 ROI4 ROI5 ROI6 ROI7 ROI8 ROI9 ROI10 ROI11 ROI12 ROI13 ROI14

Patients 0.686 0.874 0.879 0799 0.881 0827 0845 0789 0730 0715 0740 0.698 0.753  0.750

Controls  0.690  0.688 0.840 0790 0.859 0818 0.821 0761 0.693 0717 0.6% 068 0739 0.734

pvalue 0772 0298 0.126 0.688 0453 0.692 0203 0225 0.001 0840 0.002 0335 0364 0.204

ADC — apparent diffusion coefficient; MCP — the middle cerebellar peduncles; ILF — the inferior lognitudinal fasciculi; IFOF — inferior frontooccipital
fasciculi; CC— corpus callosum; GCC— genu of the corpus callosum; SCC — splenium of the corpus callosum; PLIC — posterior limbs of the internal
capsules; SLF — superior lognitudinal fasciculi; (G — posterior cingula.

neurodegeneration of axons and neurons [4,5,12,13]. Early was reported [4,5]. It is interesting to note that microglial
demyelinating process may result in axonal degenera- activation was also observed in subcortical NAWM in the
tion due to the lack of trophic support from oligodendro- neighborhood of demyelinating cortical lesions [4]. The
glia and myelin [1]. Acute inflammatory damage within clinical significance of NAWM abnormalities is still the
WM plaques leads to axonal transection and secondary subject of debate, yet there are strong indications that they
Wallerian-like degeneration in the fibers emerging from show relationships with physical disability and cognitive
plaques [13-17]. According to different studies, this pro- dysfunction in multiple sclerosis patients [19].

cess is most prominent in the peri-plaque NAWM [1,4,18].

In the NAWM distant from plaques, pronounced micro- Several previous studies employing the DTI method have
glial activation without axonal pathology or myelin loss shown the involvement of NAWM in MS patients [20-29].
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Most researchers investigated NAWM damage accord-
ing to plaque location, finding reduced FA and sometimes
increased ADC values in peri-plaque NAWM and, to vary-
ing degrees, in NAWM remote from plaques.

In the presented study, we investigated the integrity of the
selected white matter tracts within non-lesional WM in
patients with MS using the DTI technique. We found lower
FA values in MS patients compared to the control subjects
in almost all examined fiber bundles. However, a signifi-
cant decrease in FA was detected in MS patients only in
both ILFs and IFOFs (P<0.001) and in the left MCP and
right SLF (P<0.05). Significant increase in ADC (P<0.05)
was found only in the right PLIC and the right SLF in MS
subjects, compared to the control group.

In previous studies diffusion differences between con-
trol subjects and MS patients were detected in the cor-
pus callosum [19,30-32], corticospinal or pyramidal
tracts [19,30,31], inferior longitudinal fasciculus [19,31],
fornix [33], cingulum [33], superior longitudinal fascicu-
lus [33] and uncinate fasciculus [33]. These studies dif-
fered in terms of DTI data post-processing and analysis
methods as well as in sampling of MS patients’ groups.
In a recent study, using an optimized voxel based analy-
sis (VBA) approach, Van Hecke et al. [34] found a signifi-
cant decrease in FA values in moderately impaired MS
patients (EDSS 4-7), in the inferior longitudinal fascicu-
lus, capsula externa, and forceps major of the corpus cal-
losum. Researchers did not observe significant differences
in FA between the control group and mildly affected MS
patients (EDSS 1-3). In opposition we found a significant
decrease in FA value in mildly impaired (EDSS 1-3.5) MS
patients in some of the investigated WM tracts, particu-
larly the inferior longitudinal fasciculi (ILF) and inferior
fronto-occipital fasciculi (IFOF). ILF is a direct pathway
between the occipital cortex and temporal lobe, whereas
the IFOF is a fiber bundle connecting the occipital cortex
to the frontal brain. These two tracts spatially overlap
along a part of their pathways and probably share a simi-
lar function. According to Chanraud et al., ILF is function-
ally correlated with thought disorders, visual emotion and
cognitive impairments [35]. Interestingly, Dineen et al., in a
study investigating the correlations between FA values and
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understanding the MS pathology underlying subtle clinical
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