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Purpose. The aim of the study was to investigate changes in iron distribution in the brain of patients with mul-
tiple sclerosis (MS) using magnetic resonance imaging (MRI) technique — quantitative susceptibility mapping
(QSM) - in comparison with clinical data.

Materials and methods. Three groups of patients were included in this prospective study: 47 patients with
relapsing-remitting MS (RRMS), 20 patients with secondary progressive MS (SPMS) and 39 healthy controls. For
all patients we collected clinical data, including history of present iliness (H&P) and disability degree, and per-
formed brain MRI followed by QSM maps obtaining and assessing relative magnetic susceptibility in subcortical
structures.

Results. We found an increase in magnetic susceptibility in the heads of the caudate nuclei and in putamen in
patients with SPMS as compared to RRMS. At the same time, a decrease in magnetic susceptibility in the thalamic
pulvinar was detected in patients with MS in the long term, but a sharp hyperintensity in conjunction with decreas-
ing volume was observed in some patients.

Conclusion. Increased magnetic susceptibility on the QSM in subcortical structures of the brain, reflecting iron
content, is more typical for patients with SPMS, which may indicate the prognostic value of these changes.
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Introduction still not fully understood, and the existing treatment

Multiple sclerosis (MS) isacommoninflammatory
and degenerative demyelinating disease of the
central nervous system (CNS), affecting mostly
people of reproductive age. There are more than 2
million people worldwide suffering from this
pathology, which is the fourth most common of all
neurological diseases in the world [1, 2]. Despite
this fact, the exact pathogenesis of the disease is
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is primarily aimed at the immunological,
inflammation-mediated component of the disease
[3-6]. In turn, the neurodegenerative component
plays an equally important role in the development
of the disease. However, it is particularly
characteristic of progressive forms of MS, it begins
in the early stages of the disease, gradually
escalating over time [7-9].
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Magnetic resonance imaging (MRI) is a “gold
standard” for MS diagnosis. It assesses dissemination
of the process in space and over time [10-11].
However, progressive forms of MS don't usually result
in the appearance of new foci in the brain and spinal
cord on MRI, while the patient's symptoms steadily
increase [12]. At the same time, there are no clear
criteria for the conversion of relapsing-remitting MS
(RRS) into secondary-progressive MS (SPMS), and
the mechanisms by which disease progression occurs
remain unexplored [13-14]. Confirmation of
progression is established clinically based on the
persistent increase in neurological deficits or a score
on the Expanded Disability Status Scale (EDSS) only
after 6 months from the appearance of neurological
deficits [15-16].

Assessment of the disease progression on MRI
also requires long-term dynamic monitoring. Thus, itis
now known that the neurodegenerative process in MS
isaccompanied by the development of brain substance
atrophy (both cortical and global), which is difficult to
measure in the early stages. Standard MRI sequences
assess it indirectly in the form of expansion of the
liquor spaces, which cannot be seen in a short dynamic
observation [17]. Morphometric MRI also allows
assessment of atrophic changes retrospectively when
they have occurred [18-19].

Consequently, the search for possible biomarkers
(including neuroimaging markers) that can detect
the transfer of RRMS to SPMS and evaluate the
neurodegenerative component of the disease can
play an important role in the early diagnosis of
progressive forms of MS and possibly identify a new
target for the therapy [20].

Iron can potentially be such predictor, as its
abnormal metabolism and accumulation in certain
areas of the brain, accompanies the development of
many neurodegenerative diseases. However, it is
important to remember that this process is also,
although at a lower degree, typical for the aging
process of the brain [21-25]. In addition, it has been
found that a large amount of it is contained in microglia
cells, which are involved in the pathogenesis of MS, as
well as in oligodendrocytes, the destruction of which can
also release it [26—-29]. However, quantification of iron is
not possible using both standard MRI sequences and
susceptibility-weighted images (SWI). A modern MRI
technique, quantitative susceptibility mapping (QSM),
can be used for this purpose. QSM allows quantitative
assessment of the magnetic susceptibility of chemical
compounds in the human body, including iron, calcium,
and hemoglobin breakdown products [30-32].

Over the last years, scientific interest in the
patterns of iron accumulation in MS remains high,
and studies are being actively carried out on this

topic [33-35]. Our aim in this work was to study iron
accumulation in the brain substance of MS patients
using QSM, as well as to explore the relationship of
iron content with the clinical presentation and the
disease type.

Material and Methods

Patients

This prospective randomized study was approved
by the local Research Center of Neurology ethics
committee.

Forty-seven patients with RRMS (including
35 women) between 18 and 57 years old (34 [27;41])
and 20 patients with SPMS (including 15 women)
between 24 and 66 years old (49 [39;55]) from
Moscow multiple sclerosis departments were included
in the study. Exclusion criteria, in addition to
claustrophobia and metal implants in the body
(including a pacemaker), were pregnancy, comorbid
brain pathology on MRI, and pulse therapy within one
month before the study. The control group consisted
of 39 healthy volunteers (including 27 women) aged
23 to 58 years without brain pathology on MRI,
comparable in sex and age to RRMS patients
(83 [27;46]) without CNS complaints.

All patients were informed about the upcoming
study and signed an informed voluntary consent for
the study in advance.

Clinical evaluation

The following clinical data were preliminarily
collected for all patients: age, disease duration, onset
symptoms, and age at onset (Table). In addition, the
neurologist determined an EDSS score.

MRI protocol

All images were acquired using a 3 Tesla Siemens
Magnetom Prisma scanner with a 64-channel head
coil.

The MRI protocol included T2-weighted turbo
spin-echo pulse sequence, 3D T2 FLAIR (fluid
attenuation inversion recovery), and an additional 3D
T2* GRE sequence (for QSM acquisition).

Standard T2-weighted images were obtained
using the following parameters: TR/TE = 6000/99 ms,
turbo factor (TF) 17, ETL 13, slice thickness 4 mm, flip
angle 150°, voxel size 0.3 x 0.3 x 4.0 mm, bandwidth
220 Hz/pixel, acquisition time (TA) 1 min 26 s.

A 3D T2FLAIR sequence was obtained using the
following parameters: TR/TE/TI=7000/390/2200 ms,
TF 278, slice thickness 0.6 mm, voxel size 0.5 x 0.5
x 0.6 mm, bandwidth 751 Hz/pixel, TA 7 min 58 s.

A 3D T2* GRE sequence with multiple echo signals
(multi-TE) was used to obtain initial phase and
magnitude images for further QSM acquisition: first
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Table. Demographic and clinical characteristics of patients in all groups and quantitative values of magnetic susceptibility in
brain structures

Group
RRMS SPMS Control
(n=47) (n=20) (n=39)
Sex Male, % 12 (25.5%) 5 (25%) 12 (30.8%)
Female, % 35 (74.5%) 15 (75%) 27 (69.2%)
Age, years Median [Q1; Q3] 34.0[27.0;40.0] | 48.5[39.0;57.0]* 30.5[27.0; 45.5]
Disease duration, years Median [Q1; Q3] 8.0[5.0; 12.0] 15.0[10.0; 20.0]* -
EDSS score Median [Q1; Q3] 1.5[1.0; 2.0] 5.5[4.5;6.0]* 0.0[0.0; 0.0]
Heads of caudate nuclei Mean = SD 66.0+17.0 68.0 £30.0 59.0+£13.0
(ppb, mean)
Putamen (ppb, mean)** Mean + SD 43.8+215 51.9+30.8* 36.2+15.2
Globus pallidus (ppb, mean) Mean + SD 145.8 + 32.8 150.9 £73.3 136.0 £ 27.2
Pulvinar (ppb, mean) Mean + SD 35.0+£28.5 17.1£31.0* 38.1+24.2
Dentate nuclei (ppb, mean)** Mean + SD 119.9+£39.2 120.3+78.5 95.2+40.2
Red nuclei (ppb, mean)** Mean + SD 114.8+£39.5 121.1+x42.4 107.5+31.3
NAWM1 (ppb, mean) Mean = SD -206+7.4 —-22.2+43 -20.3+8.0
NAWM?2 (ppb, mean) Mean + SD -26.1+8.6 —-285+7.0 —-255+8.3
Motor cortex (ppb, mean)** Mean + SD 24.8+12.5 29.1+14.4 23.0£12.9

Note: * p-value < 0.05; ** Age-adjusted values; NAWM1 — normal-appearing white matter in frontal lobes; NAWM2 - normal-
appearing white matter in parietal lobes.

Fig. 1. Regions of interest (ROIs) on the QSM map in which magnetic susceptibility was measured (top to bottom). a — head
of caudate nucleus and putamen; b — globus pallidus and thalamic pulvinar; ¢ — normal-appearing white matter of frontal and
parietal lobes; d — motor cortex, red nucleus, dentate nucleus.
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TE 6.1 ms, TE interval 4.02 ms, number of echoes 10,
TR time 47 ms, slice thickness 1 mm without slice gap,
flip angle 15°, voxel size 0.5 x 0.5 x 1.0 mm, TA 4 min
38s.

Postprocessing and analysis

To obtain QSM, we used MEDI Toolbox, a program
based onthe MatLab with MEDI algorithm (Morphology
Enabled Dipole Inversion) [36—37].

Using ROl analysis, we measured magnetic
susceptibility (in ppb) on QSM of the following loca-
tions: heads of caudate nuclei, putamen, globus
pallidus and thalamic pulvinar, red nuclei, dentate
nuclei, precentral gyrus (motor cortex), and normal-
appearing white matter (NAWM) of frontal (NAWM1)
and parietal (NAWMZ2) lobes (Fig. 1). The thalamus
was examined in pulvinar, as this structure is the most
visually homogeneous part of it, which allows a more
reliable quantitative assessment.

Statistical analysis

Statistical analysis was performed using StatTech
v. 2.6.7 (developer - Stattech Ltd.), as well as using
SPSS 23.0 software package (developer — IBM).

The median and quartiles, as well as the mean and
standard deviation (with a normal distribution) were
used to describe quantitative variables. Quantitative
variables were assessed for normality using the
Shapiro-Wilk criterion (for less than 50 patients) or
the Kolmogorov-Smirnov criterion (for more than
50 patients).

Frequency and proportion (as a percentage) were
used to describe the categorical variable.

Since the sample size exceeded 100 participants,
we compared the groups by quantitative variables
using a parametric method, using analysis of variance
(ANOVA). For posterior (post hoc) pairwise compa-
risons of groups, Bonferroni or Dunnett methods
were used to adjust for multiple comparisons.

Categorical variables were compared by Pearson's
x? test or Fisher's exact test.

In all cases, two-sided versions of statistical criteria
were used.

The direction and closeness of the correlation
between the two quantitative variables were assessed
using the Spearman rank correlation coefficient (for
a distribution other than normal).

For comparisons between three groups the null
hypothesis was rejected at the significance level

p < 0.05, for pairwise comparisons — at the adjusted
significance level p,4 < 0.05.

Results

It was found that the magnetic susceptibility in
putamen, dentate nuclei, and red nuclei, as well as in
the motor cortex significantly correlated with age: that
is, the older the patient, the higher the iron content in
these structures. In this regard, a normalization factor
was introduced when comparing the parameters of
the groups due to differences in the average age of
the patients (Table, marked with “**”). Despite this,
there was a statistically significant (p =0.018) increase
in the magnetic susceptibility in putamen and its
decrease in pulvinar in patients with SPMS compared
to RRMS and the controls by an average of 20 units
(Fig. 2a). However, there was no correlation between
these changes and the duration of the disease
(Fig. 2b). Moreover, despite the general trend, the
correlation of these changes with the EDSS disability
score was statistically insignificant, p = 0.09 (Fig. 2c).

In addition, all groups of patients showed
differences in visualization of pulvinar on QSM, caused
by magnetic susceptibility and visible volume of this
structure. These differences were divided into three
patterns (Fig. 3): “normal” pattern (Fig. 3a) as a well-
visible pulvinar with a slightly hyperintense MR signal
on QSM compared to the rest of thalamus,
“hyperintense” pattern as a highly hyperintense MR
signal in the pulvinar region with an apparent decrease
in its volume (Fig. 3b) and a “hypointense” pattern
showing decreased magnetic susceptibility in pulvinar
and the absence of its clear visualization (Fig. 3c).

Normal pattern occurred in most healthy controls
(>90%), except three patients of older age
(approximately 50 years old). In turn, in the RRMS
group, a normal pattern was detected in 81% of
subjects, and in the SPMS group — only in 38%. At the
same time, 33% of patients with SPMS and only 6% of
patients with RRMS had a hypointense pattern, while
another 13% of RRMS and 29% of SPMS patients,
in contrast, had a hyperintense pattern (Fig. 4a).

These patterns did not depend on the disease
duration, but demonstrated significant correlation
with the EDSS score (Fig. 4b,c).

Differences in magnetic susceptibility in the
remaining subcortical structures, as well as in NAWM
and in the motor cortex, were statistically insignificant
(Table).
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Fig. 2. Dependence of magnetic susceptibility in putamen (left plots) and in the thalamic pulvinar (right plots)
on group (a), disease duration (b) and EDSS scale (c¢). Colors match groups: red — RRMS (a, left row), green —

SPMS (a, middle row), blue — control (a, right row).
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Fig. 3. Magnetic susceptibility patterns in the pulvinar (arrows) on QSM maps in three patients of the same age: a - normal
pattern in a healthy control; b — hyperintense signal in a patient with RMS; ¢ - iso/hypointense signal in a patient with SPMS.
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Fig. 4. Dependence of the magnetic
susceptibility pattern in pulvinar on the
group (a), on the disease duration (b),
and on the EDSS score (¢). Colors
match patterns: red — normal pattern,
green - hyperintense pattern, blue -
hypointense pattern.
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Discussion

According to the literature, the thalamus, as well as
the lenticular nuclei, is one of the first structures
affected by atrophic changes in MS [19, 38, 39]. It
agrees with the changes we have identified in putamen
and pulvinar region. Some authors associate thalamic
atrophy with the duration of the disease [40]. At the
same time, another study showed that disease
duration had no effect on the brain volume loss, which
agrees with the lack of correlation of these parameters
in our study [7].

The absence of significant changes in other
structures does not prove the absence of involvement
of these structures in the pathological process.
Alterations occur, although, possibly, a bit later — a
larger sample of patients is required to estimate these
changes. In our study, the number of patients with
SPMS was two times lower than in the other groups,
so it can affect the significance of the results.

Taking into consideration the revealed differences
between the disease types and a weak connection
between pulvinar pattern and the degree of disability
(Fig. 4c), we can suggest at least two mechanisms
responsible for the detected changes formation.

At first, we can assume a nonlinear change in iron
content in the thalamus with the progression of the
disease. Probably, the initially triggered degenerative
process leads to activation of iron-loaded
macrophages and microglia cells and, consequently,
to accumulation of iron in this area [41]. In turn, free
iron itself can take part in reactions resulting in the
formation of toxic free radicals, causing oxidative
stress and mitochondrial damage, only exacerbating
the situation [22]. As a result, atrophy of this area
occurs, and iron ions are gradually being eliminated.

A second more likely hypothesis is based on the
results of the study, according to which an increase in
magnetic susceptibility is not necessarily an evidence
of iron inflow into the affected area of the brain. It can
also be explained by atrophic changes, in which a
decrease in brain structure volume due to the loss of
neurons leads to a local increase in the concentration
of iron, which was previously distributed equally over a
larger area [33]. In this case, the increase in magnetic
susceptibility, which we detected in pulvinar in some
patients, may notbe the cause, butonlyaconsequence
of an atrophy, which is currently taking place, but still
cannot be identified with existing techniques.

Conclusion

In summary, quantitative susceptibility mapping
revealed MRI patterns in subcortical structures that
were more typical for secondary-progressive multiple
sclerosis than for relapsing-remitting MS. The revealed
changes may indicate the potential possibility of iron
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assessment in these structures to determine the
probable progression of the disease. Obviously,
further studies on a larger sample of patients are
needed to determine the significance of these
findings, while simplification of the postprocessing
procedure would allow the QSM technique to be
integrated into routine clinical practice.
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KonunyectBeHHaqa oueHKa MarHUTHOMN
Bocnpunmuneoctu (QSM) B noaAKOPKOBbIX
CTPYKTYpax roJIoOBHOro Mo3ra Kak mapkep
HeupogereHepauum npu peMmTTUpPYyIoLem

W BTOPUYHO-NPOrpeccupyiow,emMm paccessHHomM
cKnepose

©Matpocosa M.C.'*, Bpioxos B.B.', NMonoga E.B.23,
Benbckasa I.H.', Kpotenkosa M.B.!

T ®IrBHY “HayuHeblii ueHTp HeBponorun”; 125367Mocksa, Bonokonamckoe wwocce, 4. 80, cTp. 1, Poccuiickas denepaums

2 ®rAQY BO “Poccuiickuii HaLMoHanbHbIA CCNenoBaTenbCKUin MeauumMHekuii yuusepeuteT uM. H.M. Muporoesa” MyuH3ppasa
Poccuu; 117997 Mocksa, yn. OcTpoButaHoBa, a. 1, Poccuiickasa ®enepaums

3TBY3 ropona Mockaebl “fopoackas knmHuyeckas 6onbHuua Ne 24 13 ropoga Mocksbl” (FBY3 “I'KB Ne 24 1I3M”); 127015
Mockga, yn. Mucuosas, a. 10, Poccuiickas ®epepauys

Llenb nccnepoBanus. Llenbio nccnenoBaHus Ctano nsydyeHne nsMeHeHu B pacnpeseneHmm xenesa B BeLLe-
CTBE r0JIOBHOIO MO3ra C NOMOLLbI0O METOAMKM MarHUTHO-pe30oHaHCHOM Tomorpadun (MPT) — KoiM4eCTBEHHOro
KapTMpOBaHUS BOCMpUMMYMBOCTY (quantitative susceptibility mapping QSM) - B conocTaBneHnn ¢ KIMHUYECKN-
MV O@HHbIMU Y NMALMEHTOB C paccesiHHbIM ckiiepo3om (PC).

Martepuan u metoabl. B fjaHHOE NPOCNEKTUBHOE UCCNEOBAHNE BOLLIM TPU FPYNIMbl NALMEHTOB: 47 nauneH-
TOB ¢ pemutTupytowmm PC (PPC), 20 — ¢ BTopmyHo-nporpeccupytowwmm PC (BMPC) 1 39 300poBbix 4,OOPOBOSIb-
LeB (rpynna KoHTposis). [1na Bcex NaumMeHToB Obinn cobpaHbl aHaMHECTUYECKME AaHHble U NpoBeaeHa MPT ronos-
HOro M03ra, BKJloyatoLLas nocriefoBaTesibHOCTb MynbTU-3x0 3D T2* GRE, nocne yero 6biv noslydeHsbl kaptel QSM
1 paccymTaHa OTHOCUTENIbHAs MarHUTHas BOCMPUMMYMBOCTb B 061aCTV MOAKOPKOBBIX CTPYKTYP.

Pe3ynbratbl. Bbiny BbisBeHbl 60nee BbICOKME MOKa3aTesny MarHUTHOM BOCMPUUMYMBOCTU B CKOpJIyne
y naumeHntoB ¢ BIPC no cpaBHeHuio ¢ PPC, 4To MOXeT oTpaxaTb M30bITOYHOE HAaKOMIeHue Xenesa B JaHHbIX
CcTpykTypax. Mpu aToM ObINO BbISBIEHO NOHWXEHWE MAarHUTHOM BOCMIPUMMYMBOCTM B NOAYLLKE Tanamyca y nauu-
eHToB ¢ BIMPC, ogHako y 4acTu NaLMeHTOB 0TMEYaioCb €€ PE3KOE MOBbILLEHME NPY YMEHbLLEHMM 00beMa NOAYLL-
K1 Tanamyca.

3aknioyeHue. NoBbILLEHNE MAarHUTHOW BOCMPUMMYMBOCTU Ha kapTe QSM B 0651aCTV NOAKOPKOBLIX CTPYKTYP
rO/I0BHOrO MO3ra, NPenMyLLECTBEHHO, B 06J1aCT CKOPAYMbl, OTPaXatoLLee HaKomMIeHne Xeneaa, a Takke ee CHU-
XeHue B 061acTy NoayLLIKM Tanamyca, SBnsoTcs 6onee xapakTepHbIMy Ans naumeHToB ¢ BMNPC, 4To MoxeT nmeTb
NMPOrHOCTUYECKYIO 3HAYMMOCTb B OLLEHKE MPOrPeECCUPOBaHMS 3a601eBaHNS.

KnioueBblie cfioBa: pacCesHHbIVi CKIepo3, MarHUTHO-pe3oHaHCHas ToMorpadus, Xeneso, KoNMYecTBeHHOe KapTu-
pOBaH1e BOCMPUUMHMBOCTU, BTOPMYHO-MPOrPEeCCUPYIOLLMI paCCesHHbBIN CKepo3

ABTOpr noaTeBepXaparT OTCYTCTBUE KOHd),ﬂI/IKTOB UHTEepecoB.
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