Russian Military Medical
ORIGINAL ARTICLES Vol 43 (3) 2024 Academny Reports

DOI: https://doi.org/10.17816/rmmar632532 l.)

Resting state functional magnetic resonance imaging S
in patients with multiple sclerosis before and after
high-dose immunosuppressive therapy and autologous
hemopoietic stem cell transplantation

Elena A. Potemkina', Artem G. Trufanov? 3, Alexander Yu. Efimtsev’, Aleksey Yu. Polushin?,
Viktoriya V. Volgina', Yana A. Filin'

! Almazov Research Center of the Ministry of Health of the Russian Federation, Saint Petersburg, Russia;
2 Military Medical Academy, Saint Petersburg, Russia;
% Pavlov First Saint Petersburg State Medical University, Saint Petersburg, Russia

ABSTRACT

BACKGROUND: Multiple sclerosis is a chronic autoimmune disease characterized by multifocal foci of demyelination in the
central nervous system, usually affecting people of working age. The disease causes damage to the blood-brain barrier,
the development of multifocal inflammation, destruction of the myelin sheath of axons and various degrees of damage.
It is clinically manifested by restriction of motor activity, visual acuity, as well as other symptoms leading to loss of perfor-
mance and disability of the patient.

AIM: determination of changes in the functional connectivity of brain neural networks in patients with multiple sclerosis before
and after high-dose immunosuppressive therapy and autologous

hematopoietic stem cell transplantation by performing functional magnetic resonance imaging at rest.

MATERIALS AND METHODS: The data of functional magnetic resonance imaging of patients with multiple sclerosis were
analyzed in dynamics before and after the use of high-dose immunosuppressive therapy followed by autologous hematopoi-
etic stem cell transplantation. The study involved 25 patients with a verified diagnosis of multiple sclerosis. Each underwent
complex magnetic resonance imaging at two time points (before and after high-dose immunosuppressive therapy followed by
autologous hematopoietic stem cell transplantation) with a difference of 12 months, which included structural magnetic reso-
nance imaging - in order to exclude the presence of pathological foci in the brain (in addition to foci of multiple sclerosis) and
functional magnetic resonance imaging.-resonance imaging at rest — to assess functional connectivity. Also, according to the
method generally accepted in classical neurology, a clinical neurological examination was performed.

RESULTS: At the stage of comparing data on the two groups obtained using functional magnetic resonance imaging at rest,
changes in functional activity were detected in various parts of the brain, presumably responsible for clinical differences in the
studied groups.

CONCLUSION: Currently, the links between brain structures and morphological changes that cause cognitive impairment in
multiple sclerosis are being studied. To predict the progression of the disease, the development of biomarkers, including those
based on functional magnetic resonance imaging, is required. Evaluating changes in the functional connectivity of brain neural
networks can help personalize therapeutic and rehabilitation approaches.

Keywords: brain neural networks; default mode network; functional MRI; resting-state functional MRI; magnetic resonance
imaging; multiple sclerosis; stem cell transplantation.
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AHHOTALMSA

AxTtyanbHocTb. PaccesiHHbIN CKNIEPO3 — XPOHWYECKOE ayTOMMMYHHOE 3ab0osieBaHu e, XapaKTepu3yloLLeecs MyNbTUhOKaNbHbI-
MW 0Yaramu LEMUENMHU3aLMK B LIEHTPasbHOW HEPBHOM cUCTeMe, 00bIYHO MopaxatoLLee niofei TpyaocnocobHoro BopacTa.
BonesHb Bbi3biBaeT noBpexaeHue rematosHuedanuyeckoro bapbepa, passuTUe MynbTUGDOKaNbHOTO BOCManeHus, pas-
pyLLEHUE MWUENMHOBOM 060/104KM aKCOHOB M pas3fMuHble CTemeHu NoBpexaeHus. KnuHuYecku nposiBAseTcs orpaHuyeHnem
ABUraTeNlbHOW aKTUBHOCTM, OCTPOTbI 3peHUS, a TaKKe APYrMMKU CUMMTOMaMM, NMPUBOASALLMMM K yTpaTe pabotocnocobHocTy
W1 VIHBaIMAM3aLMM NaLMeHTa.

Lienb uccnepoBanus: onpefieneHne U3MeHeHI QYHKLMOHANBbHOM KOHHEKTUBHOCTM HEMPOCETEH roIOBHOTO MO3ra Y NaLMeHTOB
C paccesHHbIM CKEPO30M [0 M NOC/e NPOBELEHNUA BbICOKOLO3HOM UMMYHOCYNPECCMBHON TEPANUM U ayTONOMMYHOM TpaHCMaH-
TaLMK remMomno3TUYeCKUX CTBOJIOBbIX KIETOK MyTeM npoBefeHnst GYHKLUMOHaNbHOM MarHUTHO-pe30HaHCHOW ToMorpadun MoKos.
Matepuanel u Metoabl. bbin npoBegeH aHanu3 AaHHbIX (QYHKUMOHANBbHOW MarHUTHO-Pe30HAHCHOW ToMorpaduu MoKos
MaUMEeHTOB C paccesHHbIM CKIIEPO30M B [MHAMMKE [0 W NOcie NpUMEHEHUS BbICOKOA03HOW MMMYHOCYMPECCUBHOW Tepa-
MWK C NoCNesyloLLei ayToNorMYHONM TPaHCTNaHTaLMeN reMoMNoaTUYECKUX CTBOMOBLIX KIETOK. B uccnepoBalmm yyacteoBano
25 NauMeHToB C BepUdULMPOBaHHBIM AMArHO30M «paccesHHbIA cknepo3». KaxnoMy bbina BbINONHEHA KOMMIEKCHAs Mar-
HWUTHO-PE30HaHCHas ToMorpadus B [BYX BPEMEHHbIX TOYKaX (O M Moc/ne BbICOKO03HOW MMMYHOCYNPECCMBHOM Tepanuu
C nocneaytoLLei ayTonorMyHoN TpaHCMIaHTaLMel reMono3aTUYECKUX CTBOSIOBBIX KIETOK) C pasHuuen 12 Mec, KoTopasi BKI0-
yana B cebsi CTPYKTYpHYI0 MarHUTHO-Pe30HAHCHYI0 TOMOrpadmio — C Lebio UCKIIOUYEHUS HaIuMA NaToI0rMYeCcKUX 04aroB
B FOJIOBHOM Mo3re (MOMWUMO 04aroB PacCesHHOr0 CKIepo3a) U QYHKUMOHAMbHYI0 MarHUTHO-Pe30HaHCHYK ToMorpaduio no-
KOS — ANS OLEHKW (QYHKUMOHAMbHOW KOHHEKTUBHOCTU. Take Mo 0bLLenpuHATON B KITAaCCUYECKOW HEBPONOrUU METOAMKE
BbIMOJTHANOCh KIIMHUKO-HEBPOJIOr1yecKoe 0bcneaoBaHye.

Pe3ynbTathl. Ha aTane cpaBHeHWs AaHHbIX 0 ABYX rpynnax, Nofy4eHHbIX C NOMOLLb0 GYHKLMOHANbHON MarHUTHO-Pe30HaHC-
Hoi ToMorpadun NoKos, Bbinn 0BHapyxeHbl 3MeHeHUs QYHKLIMOHANBbHON aKTUBHOCTW B PasfiyHbIX YYacTKax roj0BHOMO
MO3ra, NPeAno0KUTENIbHO OTBETCTBEHHbIX 3@ KIIMHMYECKWE Pasfinimus B UCCIeLyeMbIX rpynnax.

3aksioyeHmne. B HacTosiLee BpeMs M3y4aloTcA CBA3UM MeX[y CTPYKTYpaMu roioBHOrO Mo3ra U MophonorMiyeckumn usme-
HEHWUAIMY, BbI3bIBAlOLLMMM KOTHUTUBHBIE HapYLLEHWS NpU PacCesiHHOM ckiepo3e. [lns nporHo3vpoBaHus NporpeccupoBaHus
3aboneBaHus Tpebyetcs paspaboTka 61MOMapKepoB, B TOM YMC/e Ha OCHOBE (YHKLMOHANBHOW MarHUTHO-PE30HAHCHOM TOMO-
rpacdum. OueHKa M3MeHeHUi YHKLUMOHANBHOM KOHHEKTUBHOCTW HEMPOCETEN OIOBHOMO MO3ra MOXET MOMOYb NepPCOHaNM3m-
poBaThb JieuebHble 1 peabunuTaLmoHHbIe NOAXOAbI.

KnioueBble cnioBa: MarHUTHO-pe30HaHCHas ToMorpadms; HEeMpOHHble CETW TFOJIOBHOMO MO3ra; PacCesHHbIA CKIepos;
CeTb MaCCUBHOIO PEXMMa; TPAHCMaHTaLMA CTBOOBLIX KETOK; GYHKUMOHanbHas MPT; dyHKumoHanbHas MPT nokos.
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BACKGROUND

Multiple sclerosis (MS) is a chronic autoimmune dis-
ease characterized by spatially and temporally distributed
multifocal inflammatory demyelinating lesions in the cen-
tral nervous system (CNS) and usually affects people of
working age [1].

In MS, the blood-brain barrier is damaged, multifocal
inflammation and reactive gliosis develop, and the myelin
sheath of axons undergoes degrees of destruction [1].

Clinically, MS is manifested by reduced motor activ-
ity (e.g., unsteady gait, dysmetria, and intention tremor),
reduced visual acuity to complete blindness, ophthalmo-
plegia, nystagmus, hearing loss, monoparesis and hemi-
paresis, sensory disturbances, and cognitive dysfunction
(e. g., reduced memory and attention and chronic fatigue
and tiredness), leading to persistent loss of work capac-
ity and disability of the patient [2].

Patients gradually lose their ability to work, function,
and care for themselves as MS progresses. The Expan-
ded Disability Status Scale (EDSS) is used to evaluate the
patient’s condition. Additionally, it can be employed in
classifying the disability level of patients from 0 (no dis-
ability) to 10 (MS as the cause of death) [3].

Currently, the 2021 McDonald criteria are used to di-
agnose MS [2, 3]. They are based on two characteristics:
spatial distribution (presence of two or more clinical le-
sions and distribution of lesions in two or more CNS re-
gions according to magnetic resonance imaging (MRI)) and
temporal distribution (clinical exacerbations involving a
new CNS region and new MS lesions according to MRI) [2].
Moreover, MS diagnosis includes cerebrospinal fluid
evaluation and oligoclonal immunoglobulin G (IgG) test-
ing. The diagnosis is confirmed by MRI.

Recently, special attention has been paid to assess-
ing changes in functional connectivity between brain
structures and morphological changes in these struc-
tures, associated with cognitive impairment, as the state
of brain matter is crucial in predicting MS progression.
This requires developing biomarkers based on advanced
neuroimaging techniques such as functional magnetic
resonance imaging (fMRI), which provides informa-
tion about the state of brain matter and predict disease
progression.

fMRI is a neurcimaging technique for examining
changes in functional connectivity to diagnose various
neurological disorders based on changes in the blood
oxygenation level-dependent (BOLD) signal, which in turn
is affected by changes in neuronal activity in a specific
brain region [1].

There are 2 types of fMRI, resting-state fMRI and
dynamic fMRI [4]. Resting-state fMRI is used to inves-
tigate functional brain connectivity, whereas dynamic
fMRI measures brain activation in response to specific
tasks performed by patients during the examination.
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The tasks are divided into several categories. The first
category includes sensorial and active motor tasks, such
as flexion and extension of four fingers of the dominant
hand, flexion and extension of the foot, manipulation of
objects used daily, and opposition of the index finger to
the thumb of the dominant hand. The second category
involves active cognitive tasks, such as the Paced Audi-
tory Serial Addition Test (PASAT) and Paced Visual Se-
rial Addition Test (PVSAT), and immediate and delayed
memory tasks [5-9].

Functional brain connectivity changes visualized by
resting-state fMRI can be used as biomarkers of cogni-
tive impairment, as this criterion reflects the coherence
of biological neural networks.

Networks are classified as follows: default mode
network (DMN), salience detection network (SDN), and
central executive network (CEN) [3, 10].

Each network has its topography and scope. The DMN,
which is less active during performing complex tasks re-
quiring increased attention, involves several anatomical
regions, including the ventromedial prefrontal, dorsome-
dial prefrontal, lateral medial, and posterior cingulate
cortices [11]. The SDN acts as a filter for the most criti-
cal stimuli and provides the ability to focus on a specific
intellectual task. It is located in the anterior insula and
dorsal anterior cingulate gyrus. The CEN integrates the
dorsolateral prefrontal cortex with the posterior parietal
cortex and processes incoming information, maintaining
attention, manipulating memory, and performing tasks
requiring cognitive effort.

Several studies have reported that changes in the
functional connectivity of the brain’s neural networks
indicate disease progression, treatment efficacy, and
neurorehabilitation [3, 12, 13]. In the future, assess-
ment of functional brain connectivity may be beneficial
in developing personalized treatment and rehabilitation
approaches according to functional impairment seve-
rity [12].

The current approach to MS treatment includes three
components: attack therapy, disease-modifying drugs
(DMTs), and symptomatic therapy; however, many stud-
ies focused on finding new treatment options for MS pa-
tients [2]. High-dose immunosuppressive therapy with au-
tologous hematopoietic cell transplantation (HDIT/AHSCT)
plays a role in achieving stable long-term remissions
[14, 15].

The treatment involves several steps: mobilization
and collection of hematopoietic stem cells (HSCs) from
the patient’s bone marrow, cryopreservation and storage
of the HSC graft, high-dose immunosuppression (condi-
tioning regimen), and re-infusion of the thawed HSC graft
48 hours after the last dose of the cytostatic agent [16].

This study aimed to determine changes in functional
connectivity of neural networks in MS patients before and
after HDIT/AHSCT using resting-state fMRI findings.
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MATERIALS AND METHODS

Resting-state fMRI findings in MS patients before and
after HDIT/AHSCT were evaluated. The study included
25 patients with confirmed MS diagnosis. Each patient
underwent comprehensive MRI at two time points (pre-
and post-HDIT/AHSCT) 12 months apart, including struc-
tural MRI to rule out abnormal brain lesions (other than
MS lesions) and resting-state fMRI to assess functional
brain connectivity.

A 3.0 Tesla tomograph was used for MRI. Patients
were instructed to lie open-eyed (not asleep) and not
to fixate their gaze during scanning. A T1-weighted
gradient-echo MP-RAGE pulse sequence was utilized
to align fMRI images with anatomical brain structures
(Table 1).

Furthermore, a clinical neurological examination us-
ing a classic method generally accepted in neurology was
performed, including an objective assessment of the neu-
rological status and evaluation of the patient using EDSS.

The inclusion criteria for HDIT/AHSCT were as follows:

1. Age 18-65 years and confirmed MS diagnosis
(EDSS1.0-6.5)

2. Confirmed MS progression despite standard thera-
py; EDSS worsening of =1 from a baseline of <5,
and EDSS worsening of =0.5 from a baseline of >5

3. New (including Gd+) MS lesions according to MRI
findings

4. No serious comorbidities

5. No treatment with interferons and immunosup-
pressants within the last 3 months.

Based on HDIT/AHSCT findings, patients were divided
into two groups: Group 1 (n=18; favorable outcome
group), patients with complete remission within one year,
and Group 2 (n = 7, unfavorable outcome group), patients
with at least one attack within one year of treatment.

The functional connectivity of the neural networks
was evaluated using the CONN toolbox v20a based on
SPM 12. The groups were compared to identify individual

Table 1. MRI protocol
Tabnuua 1. Mpotokon MPT-uccnepoBanus
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areas of altered functional connectivity of resting-state
neural networks.

FINDINGS

When the resting-state fMRI findings were compared
between the two groups, changes in functional activity
were found in several brain regions believed to be re-
sponsible for the clinical differences between the study
groups.

Changes were found in the following neural networks:
DMN, sensorimotor neural network, dorsal attention net-
work, frontoparietal network, and anterior and posterior
cerebellar neural networks (Table 2).

DMN Evaluation

DMN was the first resting-state neural network to be
compared. This is the brain’s “true” resting-state network
of because it is evaluated in the absence of cognitive and
motor paradigms in the patient. Several studies showed
that impaired functional connectivity in this network in-
dicate the presence of cognitive and affective disorders
[7, 17]. Moreover, it was found that the process of patient
disability is correlated with the disruption of the main
resting neural network.

Comparison groups for changes in functional connec-
tivity for this network showed an increase in clusters in
the prefrontal region in group 1 (the successful trans-
plant group). This shows the restoration of connections
in this neural network caused by the pool of mirror/silent
neurons in the prefrontal region.

Increased functional connectivity of the superior
frontal gyri bilaterally (Fig. 1) and diffusely in the fron-
tal lobes leads to changes in the clinical picture with
decreased severity of affective disorders in patients
and improved Symbolic Digit Modalities Test (SDMT)
score.

The cluster (Fig. 2) showed increased activity in the
lingual gyrus. These changes also improve the clinical

MRI . Characteristics
No. Scan time
sequence of sequences
1 t2_tse_tra_320_p2 2 min 30 sec FOV 220 x 220 mm, slice thickness 4.0 mm, TR 4,000 ms, TE 93 ms,
matrix 320 x 320, number of slices 27
2 t2_tirm_tra_dark-fluid 4 min 30 sec FOV 199 x 220 mm, slice thickness 4.0 mm, TR 9,000 ms, TE 93 ms,
matrix 256 x 232, number of slices 27
3 T 1 BU (MPRAGE) 9 min FOV 240 x 256 mm, slice thickness 1.2 mm, TR 2,300 ms, TE 3 ms,
matrix 256 x 240, number of slices 160
4 gre_field_mapping 1 min 30 sec FOV 192 x 192 mm, slice thickness 1.2 mm, TR 400 ms, TE 7.4 ms,
matrix 64 x 64, number of slices 36
5 ep2_120_bold_Rest 6 min FOV 192 x 192 mm, slice thickness 4.5 mm, TR 3,000 ms, TE 30 ms,

matrix 64 x 64, number of slices 36

DOl https://doiorg/ 10.17816/rmmarb32532
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testing results and, most importantly, the patients’ qual-
ity of life. The increase in the area of the detected cluster
suggests a high potential for restoring the brain’s main
resting-state neural network, as some of the cells in this
area are associated with the medial prefrontal cortex.
These changes indicate the cause of the positive change
in the patients’ mood, level of cognitive capabilities, and
some motor functions.

As for the functional affiliation of the detected clus-
ters, then sections 2 and 3 of the cluster (Fig. 2, 3), as-
sociated with the DMN, are located in areas close to the
structures involved in the formation of this neural net-
work, indicating the restoration of functional connectivity
of the neural network itself. Based on this phenomenon,
we can potentially expect to see improved memory test
scores, attention, psychological components, reduced se-
verity of motor dysfunction due to improved action plan-
ning, and increased quality of life.

Our finding of increased functional connectivity of this
neural network in patients who were in remission for more

Table 2. Clusters of the default mode network of the brain
Tabnuua 2. Knactepbl ceT1 naccuBHOro pexkuma pabotsl Mo3ra

Vol.43(3) 2024
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than one year after therapy suggests a reparative potential,
possibly based on neuroplasticity or neurogenesis.

Evaluation of the sensorimotor neural network

A sensorimotor neural network (SNN) is a resting-
state neural network that is the main network when per-
forming any motor action (Table 3).

When evaluating clusters 1 and 2 of the sensorimotor
neural network, the increased functional connectivity in
the frontal lobe area was noted (Fig. 4, 5).

Increased functional connectivity was found in the left
temporal lobe (Fig. 6). Note that the change in functional
connectivity occurs in the gray matter and the area of
increased activity is quite large.

Cluster &4 (Fig. 7) showed increased functional con-
nectivity in the angular gyrus. The angular gyrus is a
brain region located primarily in the anterolateral region
of the parietal lobe. Its role is associated with the trans-
mission of visual information to Wernicke's area for the
acquisition of written language.

Size of
Cluster

Cluster Position

No. X, y, 2) FWR | FOR

p-unc

peak
p-FWE

peak
p-unc

Location of cluster

1 +04, +60, +24 344

2 -20, -70, 121
+00

3 +18, =50, 112
-42

0.000000 0.000000 0.000000 0.000387 0.000000

0.002707 0.002514 0.000055 0.477232 0.000003

0.004425 0.002743 0.000090 0.123083 0.000001

Right frontal lobe, right superior
frontal gyrus, left superior frontal
gyrus, left frontal lobe, right parac-
ingulate gyrus

Left lingual gyrus, left intracalca-
rine cortex, left occipital fusiform

gyrus

Right cerebellar hemisphere

Note. FWR — Family-Wise Error Rate, p-value at the family-wise error rate; FDR — False Discovery Rate, p-value at the false
discovery rate; p-unc — uncorrected p-value; peak p-FWE — peak p-value at the family-wise error rate; peak p-unc — peak uncor-

rected p-value

Fig. 1. Cluster N 1 of the default mode network
Puc. 1. Knactep N? 1 cetn naccuBHoro pexkuma

DOl https://doiorg/ 10.17816/rmmarb32532
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Puc. 2. Knactep N® 2 cetn naccuBHOro pexkuma
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Fig. 3. Cluster N 3 of the default mode network
Puc. 3. Knactep N2 3 cetn naccvBHoro pexmuma

The SNN also showed a positive increase in functional
connectivity in the areas of the SNN’s structures as well
as in the left frontal and temporal lobes (all patients were
right-handed). This suggests that the patients have in-
creased control over their own movements and that the
areas responsible for motor skill acquisition are being
restored.

DISCUSSION

MS is a chronic and potentially disabling disease that
requires early diagnosis and appropriate treatment.

The current standard of care for MS patients is cor-
ticosteroids and DMTs. However, these agents do not
provide a complete stable remission, so researchers are
looking for new treatment methods, and HDIT/AHSCT is

Table 3. Clusters of the sensorimotor neural network
Tabnuua 3. KnacTepbl CEHCOMOTOPHOI HEHpOCeTH

one of these new treatment options. The literature shows
that HDIT/AHSCT reduces the annual attack rate, which
is consistent with our data (more than 70% of patients
achieved complete remission within 1 year).

fMRI is a potential technique for evaluating treatment
and rehabilitation. In the present study, resting-state
fMRI was used to assess the functional connectivity of
the DMN and SNN. The neural networks described above
showed the presence of clusters of increased functional
connectivity in clinically significant regions of the brain
in patients with a successful outcome of HDIT/AHSCT
(e.g., in the frontal lobes, angular and lingual gyri). This
correlated with improved SDMT scores and reduced se-
verity of affective disorders. However, further magnetic
resonance imaging with resting-state fMRI and neuro-
logical monitoring over time are warranted to compare

Cluster Position Size of peak peak .
No. x y, 2) Cluster FWR FDR p-unc o-FWE p-unc Location of cluster
1 +06, +58, +22 371 0.000000 0.000000 0.000000 0.006336 0.000000 Right frontal lobe, left frontal lobe,
left superior frontal gyrus, right
superior frontal gyrus, left parac-
ingulate gyrus, right paracingulate
gyrus
2 +36, +46, +14 190 0.000100 0.000069 0.000002 0.974484 0.000027 Right frontal lobe, right middle
frontal gyrus
3 -50, +08, 141 0.001061 0.000382 0.000022 0.840376 0.000011 Left temporal lobe
-42
4 +48, —46, 140 0.001117 0.000382 0.000023 0.776472 0.000008  Right angular gyrus, right middle
+12 temporal gyrus, right temporo-

occipital region, right posterior part
of supramarginal gyrus

Note. FWR — Family-Wise Error Rate, p-value at the family-wise error rate; FDR — False Discovery Rate, p-value at the false
discovery rate; p-unc — uncorrected p-value; peak p-FWE — peak p-value at the family-wise error rate; peak p-unc — peak uncor-

rected p-value
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Fig. 4. Cluster N 1 of the sensorimotor neural network
Puc. 4. Knactep N° 1 ceHcoMoTOpHOM HelpoceTu
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Fig. 6. Cluster N 3 of the sensorimotor neural network
Puc. 6. Knactep N 3 ceHcoMOTOpHOM HelpoceTu

MRI with clinical and neurological findings, and a larger
patient population should be evaluated.

CONCLUSION

Resting-state fMRI allows quantitative and objective
detection of changes in the functional connectivity of
neural networks in patients with successful outcome of
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