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Rationale and Objectives: Although the gold standard in predicting future progression from clinically isolated syndrome (CIS) to clinically
deﬁnite multiple sclerosis (CDMS) consists in the McDonald criteria, efforts are being made to employ various advanced MRI techniques
for predicting clinical progression. This study’s main aim was to evaluate the predictive power of diffusion tensor imaging (DTI) of the brain
and brain volumetry to distinguish between patients having CIS with future progression to CDMS from those without progression during
the following 2 years and to compare those parameters with conventional MRI evaluation.
Materials and Methods: All participants underwent an MRI scan of the brain. DTI and volumetric data were processed and various
parameters were compared between the study groups.
Results: We found signiﬁcant differences between the subgroups of patients differing by future progression to CDMS in most of those DTI
and volumetric parameters measured. Fractional anisotropy of water diffusion proved to be the strongest predictor of clinical conversion
among all parameters evaluated, demonstrating also higher speciﬁcity compared to evaluation of conventional MRI images according to
McDonald criteria.
Conclusion: Conclusion: Our results provide evidence that the evaluation of DTI parameters together with brain volumetry in patients with
early-stage CIS may be useful in predicting conversion to CDMS within the following 2 years of the disease course.
Key Words: Brain volumetry; Clinically isolated syndrome; Diffusion tensor imaging; Magnetic resonance imaging; Multiple sclerosis.
© 2021 The Association of University Radiologists. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
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INTRODUCTION

M

ultiple sclerosis (MS) is a chronic inﬂammatory
disease of the central nervous system arising from
inﬂammatory
inﬁltration
and
causing

Acad Radiol 2022; 29:1493–1501
From the Department of Radiology and Nuclear Medicine, University Hospital

 20 Brno, 62500, Czech Republic (J.S., M.K., A.S.-P.,
Brno, Jihlavska
M.M.,
M.D.); Department of Neurology, University Hospital Brno, Brno, Czech
Republic (M.S., Y.B., J.B.); Department of Biophysics, Masaryk University,
Brno, Czech Republic (M.D.); Department of Psychiatry, University Hospital
Brno, Brno, Czech Republic (M.K.); Behavioural and Social Neuroscience,
CEITEC Masaryk University, Brno, Czech Republic (M.K.); Institute of Biostatistics and Analyses, Masaryk University, Czech Republic (M.K.); Faculty of
Medicine, Masaryk University, Brno, Czech Republic (J.S., M.K., M.S., Y.B.,

J.B., A.S.-P.,
M.M.). Received September 15, 2021; revised November 29,
2021; accepted December 11, 2021. Address correspondence to: M.K. email: kerkovsky.milos@fnbrno.cz
© 2021 The Association of University Radiologists. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
https://doi.org/10.1016/j.acra.2021.12.015

demyelination of axons and their subsequent destruction in
various areas of the central nervous system (1). Clinically isolated syndrome (CIS) is a monophasic clinical episode with
patient-reported symptoms and objective ﬁndings reﬂecting a
focal or multifocal inﬂammatory demyelinating event in the
central nervous system, developing acutely or subacutely and
lasting at least 24 hour. There may be one or multiple affected
areas (2). CIS patients may or may not progress into clinically
deﬁnite multiple sclerosis (CDMS).
The gold standard in predicting future progression from
CIS to multiple sclerosis consists is the McDonald criteria (2),
which combine clinical ﬁndings, laboratory results, and ﬁndings on MRI examinations of the brain and spinal cord. The
MRI criteria evaluate dissemination in space, which means to
assess the number and distribution of hyperintense lesions in
the white matter visible in T2-weighted or ﬂuid attenuated
inversion recovery (FLAIR) images, and dissemination in
time, which means the presence of new lesions or lesions
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enhancing after gadolinium contrast administration. Due to
the evolving capabilities of advanced MRI techniques, an
effort is being made to use them to reﬁne the prediction of
clinical progression in patients with CIS to deﬁnitive multiple
sclerosis. The main aim of this prospective single-centre study
was to evaluate the predictive power of diffusion MRI of the
brain and brain volumetry to distinguish patients with CIS
with future progression to CDMS from those without progression and compare those parameters with evaluation of
conventional MRI.
MATERIALS AND METHODS
The study was approved by the ethics committee of the university hospital, and all subjects signed informed consent
forms in order to participate in the study. Two groups of subjects were included in the prospective study. The ﬁrst group
comprised 72 patients with CIS, who were further divided
into two subgroups: 50 patients without clinical progression
to CDMS and 22 patients with progression during the
observed 2-year period since the initial MRI examination.
The second group consisted of 62 community-recruited
healthy controls. More detailed information about the study
participants is shown in (Tables 1 and 2).

All patients underwent a clinical neurological examination
including evaluation of expanded disability status scale
(EDSS), laboratory testing of blood and cerebrospinal ﬂuid,
and such electrophysiological or other testing as designed to
exclude other causes of particular episodes. CIS was diagnosed on the basis of typical clinical ﬁndings, such as sensitivity or motor disorders, vertigo, optic neuritis, etc. The
progression to CDMS was deﬁned in accordance with the
Poser criteria indicating a further clinical demyelinating disease attack (3). The patients were clinically monitored at 3month intervals to register any further clinical attacks. The 2
patient subgroups were subsequently classiﬁed according to
progression to CDMS emerging during a 2-year period of
clinical follow-up after their initial MRI scan. Treatment
with ﬁrst-line disease-modifying drugs (interferon beta or glatiramer acetate) was initiated during the follow-up period in
24 of the non-progressed patients and in 16 of the progressed
patients (Table 2). The exclusion criteria for healthy controls,
as veriﬁed by a questionnaire, included any history of symptoms suggestive of MS. Also excluded were subjects with history or suspicion of meningoencephalitis, stroke, transitory
ischemic attacks, epilepsy, and systemic inﬂammatory diseases, as well as subjects with known blood relatives suffering
from MS and subjects with signiﬁcant load of incidentally

TABLE 1. Characteristics of Patient and Control Groups

Sex
Age (ys)
MRI device

Women
Men
Mean § SD
Median (minmax)
MR1
MR2

Healthy Volunteers (n = 62)

Patients (n = 72)

p

45 (72.6%)
17 (27.4%)
33.3 § 7.4
32.5 (19.951.3)
47 (75.8%)
15 (24.2%)

48 (66.7%)
24 (33.3%)
34.1 § 8.4
33.1 (19.961.3)
64 (88.9%)
8 (11.1%)

0.573
0.779
0.065

Demographic characteristics of study participants and number of examinations performed on two different MRI devices (MR1 and MR2). Statistical signiﬁcance of differences between groups is given by p-values calculated using Fisher’s exact test or MannWhitney U test, as
applicable.

TABLE 2. Characteristics of Patients Subgroups

Sex
Age (ys)
Treatment
EDSS
MRI device

Women
Men
Mean § SD
Median (minmax)
Yes
No
Mean § SD
Median (minmax)
MR1
MR2

Patients without progression (n = 50)

Patients with progression (n = 22)

p

32 (64.0%)
18 (36.0%)
33.7 § 7.8
32.9 (21.350.8)
24 (48.0%)
26 (52.0%)
1,7 § 1,2
2 (0-5)
48 (96%)
2 (4%)

16 (72.7%)
6 (27.3%)
34.9 § 9.9
34.4 (19.961.3)
16 (72.7%)
6 (27.3%)
2,2 § 0,8
2 (1-3,5)
16 (72.7%)
6 (27.3%)

0.591
0.774
0.072
0,063
0.008

Demographic characteristics of patients classiﬁed according to their later clinical progression within 2 years of observation. Numbers of
examinations performed on two different MRI devices (MR1 and MR2) are also shown as well as numbers of treated patients within both subgroups. Expanded disability status scale (EDSS) at the ﬁrst MR examination. Statistical signiﬁcance of differences between groups is given by
p-values calculated using Fisher’s exact test or MannWhitney U test, as applicable.
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found T2 hyperintensities fulﬁlling the dissemination in space
(DIS) criteria according to the 2017 McDonald criteria.
All participants underwent an MRI scan of the brain using
one of two 1.5T MR devices (an older Philips Achieva device
or a newer Philips Ingenia device) using a 16-channel head
and neck coil. Detailed proportions of examinations performed on each scanner among all study groups are shown in
(Tables 1 and 2). Patient examinations were performed
within the ﬁrst couple of months after the ﬁrst recorded clinical attack (median [minimummaximum] 2 [0 8] months).
In patients treated with corticosteroids, the examinations
were performed after an interval of at least 3 weeks from the
last such dose. The protocol comprised sequences for structural imaging and subsequent volumetric analyses (T2,
FLAIR 3D, and T1 3D) and diffusion tensor imaging (DTI)
sequence. Details about the imaging protocol are shown in
(Table 3). DTI was acquired with b factor 0 and 1000s/mm2
using 32 directions of the magnetic gradient. Two experienced radiologists (MK and JS) evaluated by consensus the
images for the presence of T2/FLAIR hyperintense lesions
and classiﬁed the ﬁndings in terms of the DIS in accordance
with the 2017 McDonald criteria. Final decisions in doubtful
cases were made by group consensus while including the
other co-authors (AS and MM).
DTI data processing was done using FMRIB’s Software
Library (FSL) (4), starting with brain extraction, eddy current,
and movement correction and calculation of maps of the scalar diffusion parameters (fractional anisotropy [FA], mean diffusivity [MD], axial diffusivity [AD], and radial diffusivity
[RD]). The data were subsequently analyzed by voxel-wise
tract-based spatial statistics (TBSS) (13) and its statistical module (Randomize) to compare the diffusion parameters
between the study groups with multiple comparisons correction and subjects’ age, sex, and MR device set as covariates.
Mean values of the aforementioned scalar parameters were
extracted from the sum of white matter voxels differing signiﬁcantly (p < 0.05) between those groups being compared,
and those values were then entered into further statistical
analyses.
The total brain volume and volumes of white matter
(WM) and grey matter (GM), normalized for subject head
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size, were estimated with SienaX (6), which is part of FSL
(7), using T1-weighted 3D images. Normalization was done
by SienaX scaling factor. Pre-processing included also automatic lesion segmentation and lesion ﬁlling procedure using
the lesion growth algorithm (5,8) as implemented in the LST
toolbox version 3.0.0 (www.statistical-modelling.de/lst.html)
for statistical parametric mapping.
For overall evaluation of brain abnormalities in patients
with CIS, all DTI and volumetric parameters were compared
between the whole group of patients and healthy controls.
To evaluate the predictive value of those parameters, we
mutually compared the data of individual subgroups of
patients deﬁned according to progression to CDMS using
MannWhitney U test. The subjects’ age was described as
mean with SD and/or median with minimummaximum
values and was compared between the groups using MannWhitney U test. The subjects’ categorical characteristics
(such as sex, treatment, or scanner type) were tested between
groups using Fisher’s exact test. Effects of potential confounding factors (age and sex of the subjects and MRI scanner type)
were eliminated from the data prior to statistical testing using
linear regression in order to avoid biased results. Similarly,
these parameters were set as covariates for voxel-based analysis of diffusion parameters using Randomize. Furthermore, a
receiver operating characteristic (ROC) analysis was conducted in order to evaluate the sensitivity and speciﬁcity of
signiﬁcantly differing diffusion and volumetric parameters
between the patient subgroups.
To evaluate the possible inﬂuence of the two different MRI
scanners on the power of DTI and volumetric parameters to
predict clinical progression, we included also separate analysis
of those modalities evaluating only the group of 64 patients
(41 women, 23 men, mean age 34.7 years), who were examined solely on the MR1 device (more details about the group
are shown in Table 2S in the supplementary material).
In addition, sensitivity and speciﬁcity of McDonald DIS
criteria were calculated on the basis of predicted progression
to CDMS. The signiﬁcance level for all statistical tests was set
at p < 0.05. Statistical analyses were performed using IBM
SPSS Statistics 25, R 3.4.1, and Statistica 12 (StatSoft).
RESULTS

TABLE 3. Parameters of Magnetic Resonance Imaging
Protocol
Sequence

Orientation

TR (ms)

TE (ms)

Acquisition Voxel
Size (mm)

T2 TSE
FLAIR 3D
T1 3D FFE
DTI

transverse
sagittal
transverse
transverse

4851
8000
25
21000

110
275
4.1
62

0.9 £ 1.12 £ 5
1.2 £ 1.2 £ 1.4
0.9 £ 0.9 £ 1.6
2£2£2

Parameters of magnetic resonance imaging protocol. TSE, turbo
spin echo; TR, repetition time; TE, echo time; FLAIR, ﬂuid attenuation inversion recovery; FFE, fast ﬁeld echo; DTI, diffusion tensor
imaging.

There were no statistically signiﬁcant differences in the age or
sex of the subjects between patients and controls or between
the patient subgroups. Employment of the two MRI scanners
yielded signiﬁcantly different outcomes between the two
patient subgroups (Tables 1 and 2). The differences in number of treated patients were not statistically signiﬁcant
between the subgroups deﬁned by progression to CDMS
(Table 2). The median (minmax) interval between the
MRI scan and clinical progression to CDMS in the subgroup
of 22 CIS patients who developed CDMS was 11.5 (0 19)
months.
TBSS analysis of the diffusion data identiﬁed extensive
areas within the brain WM differing signiﬁcantly in FA, MD,
1495
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Figure 1. Graphic representation of the results of tract-based spatial statistics (TBSS) analyses. The selected brain images show redyellow
areas where signiﬁcant differences were found between subgroups of CIS patients with and without progression to CDMS in the parameters
of fractional anisotropy (FA), mean diffusivity (MD), and radial diffusivity (RA). The skeleton of white matter tracts used in data processing is
marked in green.(Color version of ﬁgure is available online).

and RD between the subgroups of CIS patients as deﬁned by
their later progression to CDMS (Fig 1). Several areas within
the brain also differed signiﬁcantly in FA, MD, and AD values
when all patients were compared with controls. The differences in FA and MD were apparently more widespread across
the brain tissues in patients with progression compared to the
progression-free subgroup than in all patients compared to
healthy controls (Fig 2). The number of voxels (percentage of
all signiﬁcant voxels) with signiﬁcantly different FA and MD
values overlapping between the two TBSS analyses came to
9872 (19.63%) and 5202 (9.59%) voxels, respectively. The
median values of the diffusion parameters extracted from the
signiﬁcant voxels (based on TBSS analyses) differed signiﬁcantly between the groups also according to MannWhitney
U test (Table 4). ROC analysis of the diffusion parameters in
terms of predicting progression from CIS to CDMS revealed
FA as the strongest predictor (sensitivity 77.3%, speciﬁcity
90%) against MD (sensitivity 63.6%, speciﬁcity 78%) and RD
(sensitivity 63.6%, speciﬁcity 86%) (Table 5, Fig 3).
The analyses of the DTI data of the group of 64 patients
excluding those examined on the MR2 device revealed similar results in terms of prediction of the clinical conversion
(FA: sensitivity 68.8% and speciﬁcity 93.7%, MD: sensitivity
68.8% and speciﬁcity 87.5%, RD: sensitivity 68.8% and speciﬁcity 85.4%). More detailed results are shown in tables 4S and
5S in the supplementary material.
By conventional evaluation of T2-w and FLAIR images,
we identiﬁed 18 (81.8%) subjects among the progressed
1496

patients who met DIS criteria, while in the group of nonprogressed patients DIS criteria were met in 26 (52%) subjects. Thus, the sensitivity of DIS in terms of predicting clinical progression was 81.8% and the speciﬁcity 48%.
All measured volumetric parameters (whole brain, WM,
and GM) differed signiﬁcantly between patients and controls,
revealing generally lower volumes in patients (Table 6). Similarly, the volume of brain WM and whole brain volume were
signiﬁcantly reduced in patients with progression compared
to non-progressed patients, but the volume of GM did not
differ signiﬁcantly between these subgroups (Table 6). In the
subsequent ROC analysis, the volume of WM was able to
predict the conversion of CIS to CDMS with sensitivity
90.9% and speciﬁcity 58.0% (Table 5). Very similar results
were obtained when only the 64 patients examined on MR1
were included in the analysis of the WM volume parameter
to differentiate between CIS and CDMS subgroups (revealing sensitivity 87.5% and speciﬁcity 56.2%). More detailed
results are shown in tables 5S and 6S in the supplementary
material.
DISCUSSION
This study’s aim was to explore the potential of diffusion
scalar parameters and brain volumetry analysis to predict
the clinical conversion to CDMS in patients with earlystage CIS. From a clinical point of view, identifying
patients with CIS having high-risk of conversion to
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Figure 2. Graphic presentation of differences in distribution of diffusivity changes between the two tract-based spatial statistics (TBSS) analyses comparing patients and heathy controls and both subgroups of patients. Distribution of voxels with signiﬁcantly different fractional
anisotropy (FA) (ac) and mean diffusivity (MD) (df) values between the groups compared in axial (a, d), coronal (b, e), and sagittal (c, f) projection. Blue colour represents voxels with signiﬁcant differences between all patients and healthy controls. Green colour represents voxels
with signiﬁcant differences between the subgroups of patients deﬁned by their later clinical progression, and red colour marks the signiﬁcant
voxels common for both analyses.(Color version of ﬁgure is available online).

CDMS is a matter of great importance. In recent years, a
number of other groups of researchers have endeavoured
to introduce methods for predicting the progression of CIS
to CDMS based on clinical, electrophysiological, laboratory, or imaging ﬁndings (9,10).
If we focus on those studies using diagnostic imaging
methods, efforts are being made either to ﬁnd new possibilities for evaluating and quantifying ﬁndings on conventional

MRI sequences or to ﬁnd new advanced methods of MRI
and possibly introduce them into routine clinical practice. An
example of a study employing advanced techniques of structural MRI data analysis is that of Bendfeldt et al. (11), which
evaluates combination of clinical and demographic data with
evaluation of image-based lesion-speciﬁc geometry and brain
volume. The highest prediction accuracy of 70.4% was
achieved by a combination of lesion-speciﬁc geometric

TABLE 4. Diffusion Tensor Imaging Parameters in Patients and Healthy Controls
Parameter Patients
Median (MM)
FA
MD [106]
AD [106]
RD [106]

Controls
Median (MM)

p Voxelsy

0.532 (0.3980.574) 0.545 (0.4720.59) <0.001 19303
730 (562800)
736 (699773)
<0.001 15271
1168 (8811235)
1175 (11171234) <0.001 49301
-

Patients with Progression Patients without
Median (MM)
Progression
Median(MM)
0.394 (0.3430.429)
835 (702969)
659 (587780)

0.426 (0.3910.455)
811 (647864)
624 (515683)

p Voxelsz

<0.001 50278
<0.001 54227
<0.001 75755

FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; MM, minimummaximum. p-values representing
statistical signiﬁcance of differences between patients and controls (py) and between the patient subgroups (pz) were calculated using MannWhitney U test with correction for age, sex,and scanner. Number of voxels identiﬁed as signiﬁcantly (p<0.05) different between patients
and controls and between both subgroups of patients as revealed by tract-based spatial statistics (TBSS) (voxelsyand voxelszrespectively).
ROIs used for the two analyses (y and z) only partly overlap;therefore, the values entering those analyses are not fully comparable.
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TABLE 5. Receiver Operating Characteristic (ROC) Analysis of Signiﬁcant Diffusion Tensor Imaging and Volumetric Parameters
Parameter

ROC area (CI)

p

Cut-Off

Sensitivity

Speciﬁcity

FA
MD
RD
White matter
Whole brain

0.890 (0.8060.974)
0.707 (0.5620.852)
0.750 (0.6150.885)
0.753 (0.643  0.863)
0.628 (0.488  0.768)

<0.001
<0.005
<0.001
<0.001
0.085

0.408698
0.000826
0.000645
725609.4
1480222.8

77.3
63.6
63.6
90.9
50.0

90.0
78.0
86.0
58.0
70.0

FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity.

(image-based) and demographic and/or clinical features (11).
Similarly, Wotschell et al. (12) report the potential of
machine-learning algorithms for predicting conversion to
CDMS by analysis of conventional proton density and T2weighted images, revealing sensitivity of 77% and speciﬁcity
of 66% during 1 year of observation.
We have chosen TBSS, a module of FSL, for the analysis of
DTI data. This tool represents a widely accepted approach to
diffusion data analysis using nonlinear registration of FA
maps, reconstruction of main WM tracts, and projection of
FA values of individual subjects onto this skeleton (13). This
fully automatic method is virtually operator independent and
also time efﬁcient, which are the major beneﬁts over manual
techniques based upon region-of-interest that may be prone
to subjective error and may provide poorer reproducibility
compared to TBSS (14).
Our results generally correspond with previous ﬁndings of
changes in DTI parameters of brain WM in patients with
multiple sclerosis (15) or CIS (16) in comparison to healthy
controls. In the normal, healthy population, brain WM,
unlike the GM, has a comparatively high FA value and low

Figure 3. Receiver operating characteristic (ROC) curve of the fractional anisotropy (FA) parameter as a predictor of progression to
clinically deﬁnite multiple sclerosis in patients with clinically isolated
syndrome.
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MD values (17). As the brain ages, gradual physiological
degeneration has been observed, and thus there is gradual
decrease in FA and increase in MD in the WM (18). Similarly, in our study, mean values of MD were higher and values of FA lower in patients with progression compared to
those without progression, which, from the perspective of
diffusion properties of the brain WM, may resemble an accelerated process of aging. In contrast, we observed moderately
lower MD values in some WM areas (mostly parietal and
frontal lobe WM, Fig 2df) within the group of all patients
compared to the control group. It is necessary to realize that
the reported values of scalar parameters are not fully comparable between the two analyses, because they were measured
within different areas of WM as given by TBSS analysis.
Physiological structural heterogeneity probably plays some
role here. Furthermore, according to previous studies, early
demyelinating changes may demonstrate some degree of
restricted diffusion (19) in contrast to chronic changes in
CDMS patients, within whom higher MD values were found
(20). Inasmuch as the MRI examinations were performed
quite early after the initial clinical attack (approximately 42%
of patients examined within the ﬁrst month, median 2
months), we may speculate that lower MD values in the
whole group of early-stage CIS patients compared to controls
may generally be related to early demyelination, but comparatively higher MD values in selected patients with further
clinical progression compared to non-progressed patients
may be due to underlying (possibly subclinical) chronic ultrastructural abnormalities that are associated with risk of future
clinical progression.
The differences in FA and MD were generally more widespread across the brain (eg, cerebellum) when the subgroups
of patients deﬁned by later progression to CDMS were mutually compared than in the case of comparing patients to
healthy controls (Fig 2). Moreover, patients differed from the
control group in AD, and, conversely, we proved signiﬁcant
differences in RD in patients with progression compared to
those without progression. Those two parameters may be
attributed to different ultrastructural abnormalities of WM,
where RD is recognized as a marker of demyelination while
changes in AD may more likely reﬂect axonal disintegration
(21). From the perspective of diffusion properties, therefore,
the changes in patients with later clinical progression appear
moderately speciﬁc and show different characteristics compared to general abnormalities in CIS patients found in comparison to healthy subjects.
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TABLE 6. Volumetric Parameters in Patients and Healthy Controls
Volume

Patients
Median (MM)

Controls
Median (MM)

py (value) Patients with Progression Patients without Progression pz (value)
Median (MM)
Median (MM)

787 (674.2900.6) 812.5 (686.1939.3) <0.001
GM [cm3]
WM [cm3] 717.5 (644.5799.8) 731.4 (624.3810.6) <0.05
WB [cm3] 1511.9 (13481627) 1537.6 (13791722) <0.001

780 (705.4897.6)
694.2 (644.5749.2)
1491.3 (13651623)

787 (674.2900.6)
735 (655.4799.8)
1515.1 (13481627)

0.932
<0.001
<0.05

GM, grey matte; WM, white matter; WB, whole brain; MM, minimummaximum; p-values representing statistical signiﬁcance of differences
between patients and controls (py) and between patient subgroups (pz) were calculated using MannWhitney U test with correction for age,
sex,and scanner.

The FA scalar parameter quantifying anisotropy of diffusion within brain tissue may be perceived as a general marker
of nerve ﬁbre integrity disruption (22). In our study, FA of
brain WM appeared as the strongest predictor of conversion
to CDMS, with sensitivity of 77.3% and speciﬁcity of 90%.
There is not much data in the literature about the potential of
MRI diffusion techniques for predicting CIS to CDMS conversion. One previous study from Gallo et al. (23) found signiﬁcant DTI abnormalities within normal appearing white
matter (NAWM) in the brains of patients with CIS, but it did
not ﬁnd signiﬁcant differences between a subgroup of patients
with CIS initially fulﬁlling McDonald criteria for dissemination in space with later progression to CDMS and a subgroup
without progression. Conversely, Kugler et al. (24), in their
study (and similarly to our study), proved alterations of FA in
cerebellar tissues as a predictor of conversion to CDMS.
Moreover, histogram analysis of cervical cord’s diffusion
parameters also has been used in a recent study to predict CIS
to CDMS progression with sensitivity and speciﬁcity of FA
kurtosis of both WM and NAWM of 93% and 72%, respectively (25). Conventional evaluation of structural MRI data
according to McDonald DIS criteria revealed sensitivity of
81.8% in terms of prediction to CDMS. That was comparable
to the predictive power of FA, but the speciﬁcity of the conventional criteria and evaluation was substantially lower, at
48%. From this perspective, it may appear that the analysis of
diffusion data is more accurate than is conventional MRI.
Several studies have been published conﬁrming brain volume reduction in patients with CDMS. Moreover, the rate
of volume reduction correlates with progression of the disease’s clinical symptoms (26). Some studies have also evaluated cerebral atrophy in CIS patients (27) or even considered
using brain volume measurements as a predictor of progression from CIS to CDMS while taking into consideration separately GM and WM volumes (26). One of the studies of a
nature similar to that of ours is the study of Dalton et al. (28).
In this work, the only statistically signiﬁcant predictor of clinical progression was reduction in the volume of GM. The
volume of WM was not signiﬁcantly different in the two
investigated groups. These ﬁndings contradict the results of
our study, which evidence statistically signiﬁcant reduction of
whole brain volume and of WM to be most pronounced in
patients with progression to CDMS within the next 2 years.
The reason for these discrepancies may relate to a smaller

sample of patients in the case of the ﬁrst study and especially
differences in methodology, as the cited older study uses not
a T1 3D sequence for segmentation but only a 2D T2
sequence. In such case, a poorer WM / GM contrast can be
expected and the resulting weaker spatial resolution may provide less precise volumetric data. We believe that our results
are logical, given that demyelination generally affects WM
more than GM (29) and WM atrophy correlates with the
clinical state of the patients (30). WM volume demonstrated
comparatively low speciﬁcity (58.0%) with respect to predicting clinical conversion in patients with CIS, but the sensitivity
was comparatively higher (90.9%) and the discrimination
power of volumetry was generally weaker compared to those
of DTI parameters.
This study had several limitations. Some may consider as a
limitation the use of a 1.5T MRI device that provides images
with generally lower signal-to-noise ratio compared to 3T
systems. On the other hand, this shortcoming is partially offset by the fact that a lower magnetic ﬁeld, by its physical
nature, produces smaller numbers of susceptibility artefacts
compared to machines with higher induction that may
become important especially in anatomical areas near the
skull base. Furthermore, one of the recent multicentre studies
has shown that most of the diffusion MRI-derived parameters
are robust even across 1.5T and 3T scanners (31).
Another limitation is the use of two different MRI devices,
as the hardware had been replaced during the study.
Although both scanners were 1.5T devices from the same
manufacturer and the examinations on the newer MRI
device were performed using exactly the same acquisition
parameter settings, the inﬂuence of different MRI hardware,
especially on the diffusion scalar parameters, may be signiﬁcant (32). Because the proportions of examinations performed on the two MRI devices were not equal among the
study groups, the MRI device was included as a covariate
into all statistical analyses to correct for possible inﬂuence of
this factor; such approach has already been reported in the literature (33). Moreover, to further validate the results, we
provide also the key analysis comparing progressed and nonprogressed patients restricted merely to the group of 64
patients examined on a single MRI device. Inasmuch as these
data do not differ substantially from the whole-group analysis,
we believe that the inﬂuence of the different MRI hardware
is not crucial. In any case, the reproducibility among different
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MRI devices with different ﬁeld strengths should be studied
in relation to this topic before the techniques investigated
here can be used in routine diagnostics.
Another limitation is the relatively small size of the study
group due to recruitment of patients from only one multiple
sclerosis centre. Although the number of patients is sufﬁcient
to provide statistically signiﬁcant results, it would be appropriate to verify the results on a larger number of patients. In
addition, the 2-year follow-up period is a relatively short
time frame within which to evaluate the potential for CDMS
conversion. The time to conversion to CDMS in CIS patients
reported in the literature is somewhat variable. In a large
study with more than 1,000 patients, for example, the median
time to conversion was 1,096 days (34). Another study investigating a smaller group of patients indicated mean time to
conversion of 11 months (9). With this in mind, a 2-year
monitoring period was considered acceptable, especially
given that relapsing activity during the initial 1 2 years of
the disease’s course in patients with MS is of crucial prognostic importance in anticipating the severity level of future
damage (35). It is important to note, however, that the conversion rate in CIS patients in the next 20 years reported in
long-term studies reaches up to 50% 60% (36,37). Considering the lower conversion rate established in our study
(30.6%), we may expect that some of the patients who
remained clinically stable for 2 years may develop further
clinical attack in future. Thus, the predictive power and longitudinal evolution of DTI and volumetric parameters need
to be further investigated by long-term studies.
A certain bias may also have arisen from the effects of treatments initiated during the follow-up period in patients
belonging to both subgroups. Although the numbers of
treated patients were not signiﬁcantly different between the
patient subgroups as deﬁned by their progression to CDMS,
this fact could to some extent inﬂuence the measured diffusion parameters. Nevertheless, any intentional observation of
this disease’s natural progression, while a theoretically optimal
methodology, would be wholly unacceptable from an ethical
standpoint.

CONCLUSION
This study provides evidence that the evaluation of DTI
parameters together with brain volumetry in patients with
early-stage CIS may be useful in predicting CIS conversion
to CDMS within the following 2 years of the disease.
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