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The aim of this study was to evaluate diffusion tensor imaging (DTI) indices in the corpus callosum and pyramidal tract in normal-
appearing white matter (NAWM) and the caudate nucleus and thalamus in deep grey matter (NADGM) in all MS subtypes and
clinically isolated syndrome (CIS). Furthermore, it was determined whether these metrics are associated with clinical measures
and the serum levels of candidate immune biomarkers. Apparent diffusion coefficients (ADC) values were significantly higher
than in controls in all six studied NAWM regions in SPMS, 4/6 regions in RRMS and PPMS and 2/6 regions in CIS. In contrast,
decreased fractional anisotropy (FA) values in comparison to controls were detected in 2/6 NAWM regions in SPMS and 1/6 in
RRMS and PPMS. In RRMS, the level of neurological disability correlated with thalamic FA values (𝑟 = 0.479, 𝑃 = 0.004). In
chronic progressive subtypes and CIS, ADC values of NAWM and NADGM were associated with the levels of MIF, sFas, and
sTNF-𝛼. Our data indicate that DTI may be useful in detecting pathological changes in NAWM and NADGM in MS patients and
that these changes are related to neurological disability.

1. Introduction

Multiple sclerosis (MS) is the most common autoimmune
disease of the central nervous system (CNS), and it is char-
acterised by inflammation, demyelination and degenerative
changes [1].The identification of surrogatemarkers reflecting
pathophysiological events in the CNS and correlating with
clinical outcomes is highly needed for refining diagnostics
and developing therapeutic approaches in patients with MS
[2, 3]. Magnetic resonance imaging (MRI) is the most
valuable paraclinical tool for monitoring the disease process
in vivo, but the correlations between clinical and conventional
imaging measures detected thus far have been generally
suboptimal [4]. This phenomenon is most likely explained
by the limitations of expanded disability status scale (EDSS)

scoring and the ability of conventionalMRI to reflect changes
in the CNS consistent with different manifestations of MS
[4, 5].

Recent neuropathological studies in MS have shown
widespread tissue damage in both normal-appearing white
matter (NAWM) and grey matter (NAGM) tissues [6] that
are not detected by conventional MRI [7]. Nonconventional
MRI approaches such as diffusion tensor imaging (DTI)
allow for further examination of brain tissues in vivo. DTI
utilises the orientation-dependent diffusion property of water
molecules within the CNS and provides unique information
on the pathological processes that reflect the microstructural
damage in brain [8]. Tissue changes studied with DTI
are measured by fractional anisotropy (FA) and apparent
diffusion coefficient (ADC). Most of the studies on NAWM
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in MS have reported increased ADC and reduced FA when
compared to corresponding white matter regions in healthy
subjects [9–11]. It is believed that changes in these measures
reflect axonal damage anddemyelination aswell as inflamma-
tory processes [12], although the evidence of corresponding
pathological alterations is less clear than that in conventional
MRI. Recent studies on NAGM emphasize that its damage
occurs from the earliest stages of the disease process andmay
be a major determinant of long-term outcomes in MS [13–
15]. However, attempts to correlate DTI indices with clinical
measures have provided conflicting results [16–23].

The identification of biomarkers that could indicate
pathophysiological processes or responses to a therapeutic
intervention in individual MS patients would facilitate both
diagnostic approaches and selection of treatments. So far,
several candidate biomarkers have been identified in blood
and cerebrospinal fluid (CSF) ofMS patients [24, 25]. Among
these biomarkers, several molecules, including cytokines,
chemokines, adhesion molecules, antibodies, and apoptotic
proteins, have been studied by us and others, and some have
been associated with disease activity, neurological disability,
or therapeutic responses [25–29]. However, the correlations
between thesemolecules and conventionalMRI findings have
been relatively weak [30, 31]. In this study, our aim was to
assess whether DTI indices inNAWMand normal-appearing
deep grey matter (NADGM) are associated with different
subtypes of MS and CIS and to address their association
with clinical measures and the levels of candidate immune
biomarkers in sera.

2. Patients and Methods

2.1. Study Population. We studied a total of 110 patients (75
females and 35 males), including patients with relapsing
remitting MS (RRMS, 𝑛 = 36), secondary progressive MS
(SPMS, 𝑛 = 19), primary progressive MS (PPMS, 𝑛 = 21),
clinically isolated syndrome (CIS, 𝑛 = 24), and 10 healthy
controls. All patients were followed up at the MS outpa-
tient department at Tampere University Hospital and were
recruited consecutively to this study.The study was approved
by the Ethics Committee of Tampere University Hospital. All
patients gave their informed consent. The diagnosis of MS
was based on the revised McDonald criteria and CIS patients
were defined as patients who had their first clinical episode
suggestive of MS [32]. All RRMS and SPMS patients were
in remission. We excluded the patients who were pregnant
or suffering from any other clinically significant disease or
treated with immunosuppressive drugs at least eight weeks
before entering the study. Patients underwent neurological
and MRI examinations as well as blood sampling on the
same day. The determination of neurological disability was
based on the EDSS score [33], and the disease activity was
based on the number of relapses in the two years before study
entry. All the clinical characteristics and immunomodulatory
treatments are summarised in Table 1.

2.2.MR Image Acquisition. MR imagingwas acquired using a
1.5-Tesla MR scanner (Siemens Avanto, Erlangen, Germany).
All of the subjects were examined using the same MRI

protocol, which consisted of a sagittal T1-weighted three-
dimensional (3D) inversion recovery (IR)prepared gradiente-
cho imaging, an axial T2-weighted turbo spin-echo imaging,
a conventional axial and a high resolution sagittal fluid
attenuation inversion recovery (FLAIR) imaging, an axial
T2∗-weighted imaging, and an axial susceptibility-weighted
imaging (SWI). The DTI data were collected by a single-
shot spin-echo-based echo-planar diffusion-weighted imag-
ing (EPI) sequence with the following parameters: repetition
time (TR) 3500milliseconds (ms), echo time (TE) 96ms,
slice thickness 5mm, interslice gap 1.5mm, field of view
(FOV) 230mm, matrix 128 × 128 (in-plane resolution = 1.8 ×
1.8mm2), 𝑏 values 0 and 1000 s/mm2, number of excitations
3, and with 12 diffusion gradient orientations. The total
scanning time was approximately 30 minutes.

For the volumetric analysis of T2-weighted plaques we
used FLAIR sequence. The parameters used in this sequence
are TR = 8500ms; TE = 100ms; TI = 2500ms; slice thickness
= 5.0mm; in-plane resolution = 0.45 ∗ 0.45mm.

2.3. MR Imaging Postprocessing and Analysis

2.3.1. DTI Analysis. The DTI analysis was performed as
previously described [34] by an experienced radiologist (PD)
together with a physicist (UH) who was blinded to the
clinical details of the study subjects. The analysis was per-
formed using the commercial software Neuro 3D (Siemens
Healthcare, Malvern, PA, USA) on an offline workstation.
In every individual, circular regions of interest (ROIs) of
approximately 6 to 106mm2 (depending on the anatomical
regions) were manually placed simultaneously in exactly the
same location on 𝐵

0
images, ADC and FA maps. The ROIs

were placed bilaterally (except for the corpus callosum) at
the following anatomical locations: the posterior limb of
the internal capsule, the centrum semiovale anterior, the
posterior corona radiata anterior and posterior, the splenium
and the genu of the corpus callosum, the thalamus, and the
caudate nucleus (Figure 1). The ROIs were centred in the
structure of interest in the most homogenous area, avoiding
border areas to avoid the partial volume effects.The size of the
ROI was reduced if a lesion was identified in the predefined
ROI. ROIs of the same size were drawn in images of the
healthy control subjects at the same anatomic locations as
those of the patients.

2.3.2. Volumetric Analysis. Volumetric segmentation of pla-
ques in the brain was performed using semiautomatic soft-
ware Anatomatic operating in a PC/Windows 95 environ-
ment and the images were analysed blindly.

2.4. Immunological Assay. The levels of cytokines, chemok-
ines, and apoptotic molecules could be determined in 71
patients with MS (33RRMS, 18 SPMS, 20 PPMS), 15 subjects
with CIS, and 21 controls in which blood sample was
available. Sera were separated from blood and analysed for
14 different molecules: interleukin (IL)-2, IL-6, IL-10, IL-
12p70, interferon (IFN)-𝛾 macrophage migration inhibitory
factor (MIF), tumor necrosis factor (TNF)-𝛼, TNF-related
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Table 1: Clinical characteristics of patients with different subtypes of multiple sclerosis, clinically isolated syndrome, and controls.

Clinical characteristic Patients with MS and CIS (𝑛 = 100)
RRMS
𝑛 = 36

SPMS
𝑛 = 19

PPMS
𝑛 = 21

CIS
𝑛 = 24

HC
𝑛 = 10

Sex (M/F)a 11/25 7/12 9/12 3/21 4/6

Age (years)b 36.6 ± 8.4

(18–53)
49.5 ± 8.2

B,C

(35–61)
57.0 ± 9.2

A,B,C,D

(38–73)
34.3 ± 9.5

(20–52)
39.8 ± 12.9

(26–61)A

Duration of disease
(years)b

3.9 ± 3.9

(0.0–12.3)
11.3 ± 9.3

C

(0.2–31.2)
11.9 ± 8.4

C

(0.2–26.2) NA NA

EDSSb 1.7 ± 1.6
B

(0–6)
4.7 ± 1.7

B,C

(2–7)
4.8 ± 2.0

B,C

(1–8)
0.0 ± 0.2

(0–1) NA

Number of relapses/
2 yearsb,c

1.6 ± 1.4

(0–5)
0.2 ± 0.5

(0–2) NA 0.8 ± 0.6

(0–2) NA

Treatment
(NT/IFN/GA)a 13/20/3 18/1/0 21/0/0 24/0/0 NA

MS: multiple sclerosis; CIS: clinically isolated syndrome; RRMS: relapsing-remitting MS; SPMS: secondary progressive MS; PPMS: primary progressive MS;
HC: healthy controls; EDSS: expanded disability status scale; NT: no treatment; IFN: interferon-𝛽; GA: glatiramer acetate.
aNumber of patients.
bMean ± SD (range).
cNumber of relapses in the two years before study entry.
Analyses were performed for all four subtypes versus control, as well as between the subtypes. The results from the Mann-Whitney 𝑈 test are indicated as the
Bonferroni-corrected 𝑃-values (𝑃 < 0.05).
Acompared to controls.
Bcompared to CIS.
Ccompared to RRMS.
Dcompared to SPMS.

apoptosis inducing ligand (TRAIL), sFas and Fas ligand
(sFasL), and chemokines CXCL10, CCL2, CCL3, and CCL4
as previously described [26].The levels of the molecules were
determined by Luminex (Bio-Plex suspension array system,
Bio-Rad laboratories, CA, USA). The levels of TRAIL were
determined by ELISA.

2.5. Statistical Analysis. Assessments of clinical, DTI, and im-
munological data were analysed with PASW Statistics for
Windows version 18.0 (SPSS Inc., Chicago, IL, USA). Average
DTI values were calculated from the right and left sides
to obtain a single value for each region. The differences
in DTI indices between and within groups were assessed
using the univariate analysis of variance with age as covariate
followed by a post hoc multiple pairwise comparisons with
Bonferroni’s correction. Comparisons were considered to be
statistically significant, if the 𝑃 value was smaller than 0.005
(𝑛 = 10; 5 groups) or 0.0006 (𝑛 = 80; 5 groups and
8 brain regions) after Bonferroni’s correction. Relationship
between the DTI indices and clinical parameter (EDSS, num-
ber of relapses, disease duration, age) and immunological
moleculesMIF, sTNF-𝛼, and sFas was studied with Spearman
correlation coefficient. 𝑃 values of correlation analyses were
not corrected for multiple comparisons. In the correlation
analyses, if 𝑃 values smaller than 0.01 were considered to be
statistically significant.

3. Results

3.1. Clinical Data. The clinical characteristics including dis-
ease duration, its prestudy activity, EDSS scores, and therapies

of patients are summarised in Table 1.TheRRMSpatients had
shorter disease duration and lower EDSS scores than patients
with SPMS or PPMS. Two years before enrolment, seven of
the 36 RRMS patients were relapse-free, 12 other patients had
one relapse, and the remaining 17 subjects had 2 to 5 relapses.
Twenty-one of 76 MS patients were treated with interferon-
beta (IFN-𝛽) and three other patients with glatiramer acetate.
In the CIS group, the EDSS score was 0 except for three
subjects with a score of 1.

3.2. Volumes of T1 and FLAIR Lesions. Thevolumes of FLAIR
lesions were determined in the 73 patients with MS and 22
subjects with CIS. It appeared that in SPMS the volumes of
FLAIR lesions were increased when compared to RRMS and
CIS (RRMS: 8.0 ± 9.7; SPMS: 12.6 ± 9.3; PPMS: 9.0 ± 11.4; CIS:
2.1 ± 3.1 cm3; mean ± SD).

3.3. DTI Indices in Different Subtypes of MS and CIS. ADC
and FA values of eight different anatomical brain regions
were analysed from patients with different subtypes of MS,
CIS, and healthy controls (Figure 2). Compared to con-
trols, increased ADC values were detected in 6/8 regions
in SPMS (internal capsule, corona radiata anterior and
posterior, centrum semiovale, and splenium and genu of
the corpus callosum), 4/8 regions in both RRMS or PPMS
(internal capsule, corona radiata anterior and posterior, and
centrum semiovale), and 2/8 regions (internal capsule and
centrum semiovale) in CIS (Figure 2(a)). The corresponding
comparison between FA indices showed significantly lower
FA values in 2/8 regions (genu and splenium of corpus
callosum) in SPMS, 1/8 regions in both RRMS and PPMS
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(a) (b)

(c) (d)

Figure 1: Region-of-interest (ROI) placement on axial FA colour maps.The posterior limb of the internal capsule (1, 2), the splenium (3), and
the genu (4) of the corpus callosum (a); the posterior corona radiata anterior (1, 2) and posterior (3, 4) (b); the centrum semiovale anterior (c);
and the caudate nucleus (1, 2) and the thalamus (3, 4) (d). Colours indicate the directions of fibre tracts (red, transverse; blue, craniocaudal;
green, anterior-posterior). The circular ROIs were transferred from the corresponding 𝐵

0
image, and their sizes have been adjusted to avoid

any visible lesions. The size of the ROIs ranged from 2 to 33 pixels (6–106.5mm2; pixel size 1.8 ∗ 1.8mm2) depending on the size of the brain
structure. This figure is a representative analysis from an SPMS patient.

(genu of corpus callosum), and 1/8 regions (caudate nucleus)
in CIS (Figure 2(b)).

Comparison between patients with differentMS subtypes
and CIS revealed higher ADC values in 3/8 regions (corona
radiata anterior and posterior and genu of corpus callosum)
in SPMS and in 1/8 regions (corona radiata anterior) in
PPMS, but no differences were found between RRMS and
CIS (𝑃 > 0.005, Figure 2(a)). Further comparisons between
MS subtypes showed increased ADC values in 1/8 regions
(corona radiata anterior) in SPMS compared to RRMS, but
no differences were seen between RRMS or SPMS and PPMS
(𝑃 > 0.005). Corresponding comparisons between FA values
showed significantly lower FA values in 3/8 regions (splenium
and genu of corpus callosum and caudate nucleus) of the
SPMS group when compared to CIS, but no differences were

found between CIS and RRMS or PPMS. (Figure 2(b)). Com-
parison between MS subtypes showed significantly lower FA
values in one region (genu of the corpus callosum) in SPMS.
No differences were found in FA between RRMS and PPMS.

3.4. Association between DTI Indices, Clinical Parameters, and
ImmuneMolecules. TheADCandFAvalues of the eight brain
regions were further correlated with clinical parameters,
including prestudy disease activity, EDSS scores, disease
duration, age, and candidate immune biomarkers (Table 2
and Figure 3). According to clinicoradiological correlation
analyses, the EDSS score of RRMS group correlated with its
FA values of the thalamus (𝑟 = 0.479, 𝑃 = 0.004, Figure 3(a)).
The disease duration of RRMS group correlated with ADC
value of caudate nucleus (𝑟 = −0.427,𝑃 = 0.009, Figure 3(b)),
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Figure 2: ADC and FA values in different brain regions of multiple sclerosis (MS) subtypes, clinically isolated syndrome (CIS), and healthy
controls (HC). The length of the box represents the interquartile range, which includes the middle 50% of the values. The line through the
middle of each box represents the median. The error bars show the minimum and maximum values (range). RRMS, relapsing remitting MS;
SPMS, secondary progressive MS; PPMS, primary progressive MS; ADC, apparent diffusion coefficient; FA, fractional anisotropy. Reported
𝑃 values were calculated using the univariate analysis of variance with age as covariate followed by post hoc multiple pairwise comparisons
with Bonferroni correction. ∗∗𝑃 < 0.0006 (𝑛 = 80), ∗𝑃 < 0.005 (𝑛 = 10) when compared to HC. ##

𝑃 < 0.0006 (𝑛 = 80), #
𝑃 < 0.005 (𝑛 = 10)

when compared to CIS. ¤
𝑃 < 0.005 (𝑛 = 80) in comparison to RRMS. 0𝑃 < 0.005 (𝑛 = 80) in comparison to PPMS.



6 Multiple Sclerosis International

ED
SS

6.0

5.0

4.0

3.0

2.0

1.0

0.0

0.20 0.25 0.30 0.35 0.40 0.45

Thalamus, FA

RRMS: r = 0.479, P = 0.004

(a)

Ca
ud

at
e n

uc
le

us
, A

D
C

Disease duration (months)

0.85

0.80

0.75

0.70

0.65

0.60

0.55

0 20 40 60 80 100 120 140

RRMS: r = −0.427, P = 0.009

(b)

SPMS: r = 0.614, P = 0.007
600

500

400

300

200

100

0

0.65 0.70 0.75 0.80 0.85

Corona radiata posterior, ADC

M
IF

 (p
g/

m
L)

(c)

PPMS: r = 0.616, P = 0.003

Thalamus, ADC

15.0

12.5

10.0

7.5

5.0

2.5

0.65 0.70 0.75 0.80 0.85 0.90

TN
F-
𝛼

(p
g/

m
L)

(d)

CIS: r = 0.650, P = 0.009

Internal capsule, ADC

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0

0.66 0.68 0.70 0.72 0.74

Fa
s (

pg
/m

L)

(e)

Figure 3: Correlations between DTI indices and clinical and immunological parameters in MS and CIS. Statistically significant correlations
were found between the EDSS score and FA values for the thalamus in RRMS (a), disease duration and ADC values for the caudate nucleus
in RRMS (b), the levels of MIF and the ADC values for the corona radiata posterior in SPMS (c), the levels of TNF-𝛼 and the ADC values for
the thalamus in PPMS (d), and the levels of Fas and the ADC values for the internal capsule in CIS (e).

but no associations were found between the prestudy activity,
age, and DTI indices in any of the groups.

The data on candidate immune biomarkers used in
the correlation analyses of this study have been previously
reported by our group (see Supplementary Table 1 in Supple-
mentaryMaterial available online at http://dx.doi.org/10.1155/
2013/265259). In this study, we focused on those molecules

(sFas, sTNF-𝛼, and MIF) that appeared to be significant in
our previous studies [26, 35] and were therefore considered
as candidate biomarkers.The significant correlations between
theDTI indices and biomarkers were restricted to the chronic
progressive groups and CIS (Figures 3(c)–3(e)). In SPMS, the
ADC values of the corona radiata posterior correlated with
the levels of MIF (𝑟 = 0.614, 𝑃 = 0.007, Figure 3(c)), while

http://dx.doi.org/10.1155/2013/265259
http://dx.doi.org/10.1155/2013/265259
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Table 2: Clinicoradiological correlations between DTI indices and
clinical findings in RRMS patients (𝑛 = 35).

EDSS Relapsesa Age DD
Internal capsule

ADC −0.094 −0.149 −0.078 −0.072
FA 0.310 −0.128 −0.143 0.200

Corona radiata, posterior
ADC 0.099 0.002 0.083 0.080
FA 0.349 −0.032 0.151 0.381

Corona radiata, anterior
ADC 0.200 −0.177 0.036 0.055
FA 0.359 −0.071 −0.062 0.307

Centrum semiovale
ADC 0.027 −0.021 0.155 0.149
FA 0.122 0.096 −0.057 0.162

Corpus callosum, genu
ADC 0.061 −0.277 0.133 −0.002
FA −0.224 0.153 −0.221 0.002

Corpus callosum, splenium
ADC 0.028 0.277 −0.368 0.051
FA −0.115 −0.017 0.175 0.073

Thalamus
ADC −0.339 −0.110 −0.323 −0.332
FA 0.479∗∗ −0.304 0.384 0.292

Caudate nucleus
ADC −0.182 −0.146 −0.132 −0.427∗∗

FA 0.390 0.058 0.264 0.139
EDSS: expanded disability status scale; DD: disease duration; ADC: apparent
diffusion coefficient; FA: fractional anisotropy.
Significant 𝑃 values: ∗∗𝑃 < 0.001.
aNumber of relapses in the two years before study entry.

in PPMS, the ADC values of the thalamus correlated with
sTNF-𝛼 (𝑟 = 0.616, 𝑃 = 0.003, Figure 3(d)). In CIS, the ADC
values of internal capsule correlated with the levels of sFas
(𝑟 = 0.650, 𝑃 = 0.009, Figure 3(e)).

4. Discussion

DTI is a promising technique for detecting demyelination and
axonal loss in MS lesions and revealing diffuse microscopic
changes in NAWM and NAGM. Until now, most of the
previous DTI studies have been focused on particular MS
subtypes [17, 23, 36, 37] or combined MS groups [10, 20],
while only a few studies have included all MS subtypes
and CIS [11, 38, 39]. Therefore, DTI studies covering the
whole clinical spectrum of MS and CIS are required for
evaluating the applicability of this methodology in clinical
practice. In the present study, our purpose was to examine
whether the DTI indices in the pyramidal tract and corpus
callosum of NAWM and the caudate nucleus and thalamus
of NADGM are associated with different subtypes of MS and
CIS. Furthermore, we examined whether these measures are
associated with neurological dysfunction and disease activity.

We also studied the association between DTI indices and
candidate immune biomarkers in sera.

According to this study, increased ADC values in NAWM
regions are already present at the CIS stage, and these changes
becomemost prevalent in SPMS. In the previous studies, DTI
abnormalities have been detected in all MS subtypes and CIS,
although the degree of damage differs between the subtypes
[10, 11, 38–44]. In line with our data, Preziosa et al. showed
increased ADC values in all studied NAWM regions begin-
ning in theCIS stage, while themost pronouncedmicrostruc-
tural damage was detected in SPMS [39]. FA abnormality
was detected only in the corpus callosum regions, and it was
most apparent in the SPMS phase. Similar results have been
reported also by other investigators [11, 38, 43]. Cercignani
et al. have detected lower FA and higher ADC values in
the corpus callosum of patients with SPMS compared to
patients with RRMS and PPMS [11]. Another study showed
increased ADC values in the genu of the corpus callosum
in SPMS when compared to controls and RRMS, but the
FA values showed no significant differences [38]. Hannoun
et al. measured DTI indices in the centrum semiovale and
found both decreased FA values and increased ADC values
in SPMS when compared to RRMS [43]. Thus, the data
generated by us and others suggest that the greater increase
in diffusivity is consistent with the more advanced phases
of the disease, in which degenerative changes prevail over
inflammation. Neuropathological studies have also shown
that white matter is more severely affected in SPMS than
in RRMS and PPMS [45]. In these studies, new and active
white matter lesions are mainly detected in patients with
RRMS, while diffuse inflammatory damage in NAWM and
NAGM together with cortical demyelination is the hallmarks
of chronic progressive subtypes [6]. Based on our data, it
is noteworthy that diffusivity changes are present also in
PPMS, but the damage in this subtype appears to be less
severe than in SPMS. In respect to methodology, the data
from our work and others’ suggest that ADC indices are
more sensitive than FAmeasures in detectingmicrostructural
changes in the NAWM in MS. The present study applied
an ROI-based approach, while other studies have also used
histogram analyses detecting whole-brain damage [9, 40]
and voxel-wise analysis detecting regional abnormalities [10,
39, 42, 46] in parallel. We consider that DTI may be useful
in detecting pathological processes in MS and might prove
valuable in clinical practice.

In RRMS, a strong association was detected between the
FA values of thalamus and neurological disability expressed
by EDSS score. This is in line with earlier studies reporting
a positive correlation between the FA and ADC values of
the thalamus and caudate nucleus and neurological disability
in RRMS [47] and SPMS [47, 48]. These studies have
additionally reported higher ADC and FA values in the
caudate nucleus and thalamus in these subtypes compared
to healthy controls, although in the present study, such
differences between the subtypes and controls could not be
found. It is suggested that increased FA in grey matter might
indicate microglial activation or other inflammatory events
[49].Moreover, the conventionalMRI studies have shown the
presence of atrophy of the caudate nucleus and thalamus even
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in the earliest stages of the disease [13, 50]. Such thalamic
damage in MS patients has been associated with physical
disability and cognitive impairment [51, 52]. Thus, based
on these data, the DTI indices of NADGM may be useful
indicators of disability accumulation in early MS.

Correlation between DTI findings and immunological
molecules is a new approach for identifying biomarkers that
could be useful both in refining the diagnostics and in
selecting and optimising the appropriate MS therapy. Thus
far, the correlations between candidate immune markers and
lesion volumes quantified by conventionalMRI have been rel-
atively weak [30, 31]. Neuropathological studies have shown
that mild inflammation, along with microglial activation,
gliosis, diffuse axonal injury, and nerve fibres degeneration,
is present also in NAWM and NAGM [53]. Therefore, our
aim was to explore whether the proinflammatory molecules
MIF, sFas, and TNF-𝛼, earlier considered [26, 35] to be
important in MS, would be associated with the diffusion
and anisotropic changes in NAWM and NADGM. It is
generally considered that immunological markers in blood
at least partially reflect the inflammatory activity within the
blood-brain-barrier compartment [54]. CSF would be better
for these purposes, but there are well-known limitations
to its availability, and blood is therefore a good alternative
for identifying biomarkers [55]. Recently, new and rapidly
emerging technologies allowing large-scale identification of
potential biomarkers have been developed, and they will
provide new opportunities for biomarker discovery [56].

In our previous study, we showed that increased MIF
levels are associated with clinical disease activity in RRMS
[26, 35], while increased levels of sTNF-𝛼 and sFas in sera
in PPMS indicate the presence of inflammatory activity in
this subtype [26]. MIF is released from its cytoplasmic stores
during immune activation, and it promotes the migration
of inflammatory cells into the CNS [57]. sTNF-𝛼 mediates
apoptosis of oligodendrocytes and promotes inflammation
[58], while sFas is shown to inhibit Fas-mediated apoptosis
[59]. In this study, the levels of blood inflammatorymolecules
obtained from 86 out of 100 patients were correlated with
DTI indices. In patients with chronic progressive subtypes
and CIS in the present study, these molecules correlated
with diffusivity changes in the corona radiata posterior and
internal capsule of NAWM and the thalamus of NADGM
(Figures 3(c)–3(e)). Thus, these observations and previous
studies suggest that these molecules, which reflect inflam-
matory disease activity, are associated with development of
microstructural changes in MS.

5. Conclusions

The present study showed that the most abnormal DTI
indices were present in SPMS, although changes were seen
throughout the spectrum of MS disease and CIS. The associ-
ation between disability and the thalamic FA indices suggests
thatDTImight be a useful indicator of neurological disability.
However, determining the utility of this methodology will
require longitudinal studies. The association between the
DTI indices in both NADGM and NAWM and the levels

of MIF, sFas, and sTNF-𝛼 suggests the involvement of these
molecules in promoting such microstructural changes in the
CNS.
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