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ORIGINAL ARTICLES

Clinical neurology

© Tanashyan M.M., Mazur ASS., Raskurazhev A.A., Yevdokimenko A.N., Dreval M.V.,, Kuznetsova P, Lagoda O.V., 2025

Intracranial Atherosclerosis: Structure,
Clinical Aspects and Risk Factors

Marine M. Tanashyan, Andrey S. Mazur, Anton A. Raskurazhev, Anna N. Berliand, Marina V. Dreval,
Polina I. Kuznetsova, Olga V. Lagoda

Research Center of Neurology, Moscow, Russia

Abstract

Introduction. Atherosclerosis is a complex pathophysiological process with a wide range of clinical manifestations. Active research is underway to
determine the prevalence of intracranial atherosclerosis across different ethnic groups, the role of modifiable and non-modifiable risk factors in its
pathogenesis, and the advances in diagnostic algorithms for patients with extra-/intracranial atherosclerosis.

The aim was to evaluate manifestations of intracranial atherosclerosis (patterns of intracranial artery lesions, including pathomorphological
findings) and identify potential associations between known risk factors and intracranial atherosclerosis in patients with cerebrovascular disease.
Materials and methods. During the first phase, a retrospective analysis of autopsy protocols was conducted for 166 patients (66% men) hospitalized
at the Research Center of Neurology between 1976 and 2007. The second phase involved clinical, laboratory, and imaging data from 120 patients
(59% men) with atherosclerotic disease of the brachiocephalic arteries. These patients were divided into two subgroups: a main subgroup with
intracranial artery involvement combined with extracranial atherosclerosis (n = 60) and a control subgroup with isolated extracranial artery in-
volvement (n = 60).

Results. Pathomorphological assessment revealed a high rate of atherosclerotic lesions in the carotid artery system at both extra- and intracranial
levels. One-third of patients had 250% atherosclerotic stenosis in intracranial arteries without significant extracranial stenosis. Multivariate logistic
regression analysis identified obesity (odds ratio [OR] 3.22), male sex (OR 6.17), and low-density lipoprotein levels (OR 2.5) as the most significant
independent clinical laboratory factors associated with intracranial atherosclerosis.

Conclusion. The role of intracranial atherosclerosis in cerebrovascular events is underestimated. Overlapping neurological and generalized
manifestations of isolated intra- and extracranial atherosclerosis may give a misleading impression of the true prevalence of intracranial
atherosclerosis.

Keywords: intracranial atherosclerosis; risk factors; ischemic stroke
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OPUTMHATEHBIE CTATBIA. KnuHuyeckas HeBponorus
WHTpakpaHnanbHbli aTepocknepos

MuTpakpaHnanbHbIN aTepoOCK/Iepo3: CTPYKTYPa,

K/INHNYECKHUE dCIIEKTbI 1 (l)aKTOpr PHUCKaA
M.M. Tanamss, A.C. Masyp, A.A. Packypaxes, A.H. bepnana, M.B. [Ipesans, IL.1. Kysnenosa, 0.B. /laroga

Hayunvui yenmp nesponozuu, Mockea, Poccus

AnHoTamug

Beedenue. Amepockniepos — c0xHblli namousuonoeueckuli npoyecc ¢ 02pOMHbIM UANA3oHOM KAUHUYECKUX nposeneHuli. AkmugHo u3yua-
emes pacnpocmparéHHoCMb UHMPAKPAHUATIBHOZ0 AMepoCK1epo3a cpedu HAceNleHus PasiutHblX dMHUYECKUX 2pynn, poib MOOUGUYUpyemblx
U Hemoouuyupyemblx (pakmopos pucka 8 passumuu OGHHOLU NAMONOZUl, COBEPUIEHCMBYIOMCS AN20pUMMbl 00C/1e008aHUS NAYUEHMO8
€ 3KCMpa-/UHMPAKPAHUATLHbIM AMePOCKIEPO30M.

Llenw uccnedosanus — oyeHka nposeneHuli UKMPAKPAHUAILHO2O AMepOCKAEP03a (Xapakmep NOPAXeHUs UHMPAKPAHUATLHBLX apmeputi, 8 mom
uucsie ¢ yuémom namomophonozuueckux OaHHbIX), a MAKKe BbiseJeHUe Y NAYUEHMO8 C UepedPOBacKyAPHbIMU 3a00NEB8AHUSMU B03MOXKHBIX
accoyuayuti u3secmHlx (haxmopos pucka.

Mamepuanst u memodet. Ha nepsoym amane nposedéH pempocnexmugHbiti aHanu3 npomokonos eckpbimus 166 nayuenmos (66% — myxuunby), Ha-
X00uBLUUXCS HA CMAyUOHapHoM NeueHuu 6 Hayurom yenmpe wesponozuu 8 1976-2007 zz. Ha 6mopom amane usy4eHs! KUHUK0-1a00pamopHo-UH-
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Introduction due to the high risk of CVE [3], remains understudied. Ac-

cording to various studies, the rate of recurrent stroke in

Atherosclerosis (AS) is a complex pathophysiological process
with a wide range of clinical manifestations. Decades of re-
search on cerebral AS have provided robust evidence high-
lighting the significance of extracranial vascular lesions in
the development and progression of a cerebrovascular event
(CVE) [1, 2]. However, intracranial atherosclerosis (ICAS),
which also represents a major global public health challenge

patients with ICAS ranges from 9.4% (short-term) to 15.1%
(over 1 year) despite optimal preventive therapy [4], with a
mortality rate of up to 13.2% within one year of a CVE [5]. Re-
cent diagnostic advances have underscored the need for spe-
cial attention to pharmacological treatment and prevention
strategies, as well as the development of safe endovascular
surgical techniques for intracranial artery stenosis. Current
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research focuses on the variable prevalence of ICAS across
different ethnic populations [6], the role of modifiable and
non-modifiable risk factors, and the limitations of existing
diagnostic protocols for patients with extracranial athero-
sclerosis (ECAS) and ICAS [7]. Multiple studies indicate that
ECAS is predominantly associated with risk factors such as
male sex, dyslipidemia, and diabetes, whereas ICAS is asso-
ciated with hypertension and metabolic disorders, such as
obesity and diabetes [8, 9].

The differential impact of risk factors on the development and
progression of ICAS may be explained by morphological dif-
ferences between intracranial and extracranial arteries [10].
Intracranial arteries have a stronger internal elastic lamina
and sparse vasa vasorum (supporting the luminal diffusion
theory and suggesting a more stable atherosclerotic plaque
(AP) phenotype), absence of an external elastic lamina, and
fewer smooth muscle cells. In addition, intracranial vessels
have unique hemodynamics due to their tortuous anatomy,
numerous perforating branches, and antioxidant defenses
that provide long-term protection to the vessel wall. In con-
trast, extracranial arteries are elastic and musculoelastic ves-
sels rich in collagen and elastin fibers in the medial layer and
have an external elastic lamina [11].

Given the conflicting data on the prevalence of intracranial
APs across different ethnic groups, we designed a two-phase
study. The first phase involved morphological analysis, while
the second phase focused on clinical and imaging compari-
sons in a cohort of patients with cerebral AS.

The aim was to evaluate manifestations of ICAS (patterns of
intracranial artery lesions, including pathomorphological find-
ings) and identify potential associations between known risk
factors and ICAS in patients with cerebrovascular disease.

Materials and Methods

Phase 1

A retrospective analysis of autopsy protocols was conduc-
ted for 166 patients hospitalized at the Research Center
of Neurology between 1976 and 2007. The study includ-
ed 110 men and 56 women aged 38-89 years (mean age:
63.1 + 11.0 years). The causes of death included cerebral in-
farction (n = 68), acute heart failure (n = 41), pulmonary
embolism (n = 41), and other causes (n = 16). All evaluated
cases revealed cerebral infarcts of varying size, location, and
structure (1-15 infarcts per case, mean: 3.1 = 2.4). Infarcts in
the carotid artery system (CAS) or borderzone areas of the
CAS and vertebrobasilar system were observed in 79.5% of
cases (mean: 2.2 £ 1.6 infarcts per case): large/extensive in-
farcts (55 cases), medium infarcts (73), and small superficial/
deep infarcts (51).

Cerebral artery macroscopy from autopsy reports was used
to assess the prevalence of atherosclerotic lesions and the
severity of stenosis in the CAS.

Statistica v. 13.0 (StatSoft) was used for statistical analysis.
Student’s t-test was used to evaluate differences. Results were
considered statistically significant if p < 0.05.

Intracranial atherosclerosis

Phase 2

The study included 120 patients with atherosclerotic lesions
of the brachiocephalic arteries (confirmed by computed to-
mography (CT)/magnetic resonance (MR) angiography). Pa-
tients were divided into two subgroups: the main group (in-
tracranial artery lesions with ECAS, n = 60) and the control
group (extracranial artery lesions only, n = 60). The main
group had a mean age of 64.8 + 9.7 years [58; 71.5]; 43 pa-
tients (72%) were male. The control group had a mean age
of 68.7 £ 6.99 years [63; 73]; 32 patients (53%) were male.
Extracranial atherosclerosis involved stenoses of varying se-
verity in the internal carotid and vertebral arteries. Exclusion
criteria were recent (<6 months) acute CVEs, severe cognitive
impairment, major medical/malignant/infectious disease, or
allergy to iodine/gadolinium-based contrast agents.

All patients underwent detailed clinical and neurological exa-
mination, ultrasound, and angiographic imaging of the bra-
chiocephalic arteries (CT angiography at extra-/intracranial
levels for both groups; high-resolution MRI of the vessel wall
for the main group).

Extra-/intracranial CT angiography was performed using a
Siemens SOMATOM Definition AS scanner with intravenous
iodine-based contrast (Omnipaque 350, 1-2 mL/kg; injection
rate: 5 mL/s). High-resolution MRI of the vessel wall was
performed using a Siemens Magnetom Prisma 3T scanner
with gadolinium-based contrast (0.1 mmol/kg; injection rate:
4 mL/s).

R v4.2.1 was used for statistical analysis. Quantitative pa-
rameters were compared using the Mann—-Whitney U test.
Qualitative parameters were compared using Pearson’s 2
or Fisher’s exact test. Univariate and multivariate regression
analyses were performed. The resulting regression model
was evaluated using ROC curve analysis with area under the
curve (AUC) calculation. The sensitivity and specificity of the
model were also evaluated. The null hypothesis was rejected
at p < 0.05.

Results

Histopathology showed high prevalence of atherosclerotic
lesions of CAS at both extracranial and intracranial levels
(Figure 1): APs were detected in 96.4% of cases, with higher
prevalence in intracranial (88.6%) than extracranial arteries
(80.1%). Severe AS was most common in the internal carotid
artery (ICA) sinus and middle cerebral artery (MCA, predomi-
nantly M1 segment), with comparable AP prevalence and the
severity of stenosis (p = 0.66). APs were present in >75% of
these arteries (p < 0.0001). Based on the incidence of APs and
the severity of atherosclerotic stenosis, the intracranial ICA
(the cerebral part and the carotid siphon) ranked second with
APs detected in 68.7% of cases (p < 0.0001). Anterior cerebral
artery atherosclerosis was less frequent (39.2% with APs).

Multiple atherosclerotic lesions were observed with 2-13 APs
in 97.5% of CAS atherosclerosis (mean: 6.13 + 2.84). Most pa-
tients (75%) had APs in both extracranial and intracranial
arteries, predominantly (55.6% of cases) at three CAS system
levels: common carotid artery/ICA sinus, intracranial ICA,
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Fig. 1. Incidence of APs in the carotid system arteries (bilateral APs were considered; in the case of bilateral lesions, the most severe

atherosclerotic stenosis was considered).

[ — common carotid artery before bifurcation; Il — CCA bifurcation with the ICA sinus; IIl — cervical ICA; IV — intracranial ICA; V — MCA;

VI — anterior cerebral artery.

Severity of atherosclerosis: 0 — no APs; 1 — flat plaques; 2 — atherosclerotic stenosis < 20%; 3 — atherosclerotic stenosis > 20% and < 30%;
4 — atherosclerotic stenosis > 30% and < 40%; 5 — atherosclerotic stenosis > 40% and < 50%; 6 — atherosclerotic stenosis > 50% and < 60%;
7 — atherosclerotic stenosis > 60% and < 70%; 8 — atherosclerotic stenosis > 70% and < 80%; 9 — atherosclerotic stenosis > 80%.

and cerebral arteries (anterior cerebral artery and/or MCA).
Multiple APs in intracranial arteries without extracranial le-
sions were observed in 14.4%, whereas isolated APs in extra-
cranial arteries were rare.

APs were bilateral in 91% of cases, with 50% showing sym-
metrical CAS involvement. Bilateral lesions most frequently
affected the ICA sinus/siphon and MCA (74-75% of cases).
Multiple APs in the system of only one ICA (unilateral athe-
rosclerotic lesion of the CAS) were rare (2.4%).

Most APs were flat or mildly stenotic (82%). APs with > 50% lu-
minal stenosis were identified in 53.1% of cases (1.1 + 1.6 APs
per case). In 75% of these cases, 1 or 2 hemodynamically signifi-

cant APs were detected. Severe stenoses (> 50%) were primari-
ly intracranial (40.6% of cases), predominantly isolated (30.6%),
without significant extracranial atherosclerotic stenosis. Com-
bined extra-/intracranial atherosclerotic stenosis > 50% was
found in 6.3%. Multiple hemodynamically significant APs in
intracranial arteries without ECAS were observed in 3.1%.

In patients with ICAS and ECAS (Table 1), hypertension was
the major risk factor (100%), followed by male sex (73%), obe-
sity (43%), and smoking (38%).

Most patients with ICAS had anterior circulation involvement:
APs were most frequent in intracranial ICA segments (39%),
followed by the MCA (23%) and anterior cerebral artery (4%).
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Table 1. Characteristics of patients with ICAS and ECAS

Intracranial atherosclerosis

Parameter ICAS (n = 60)
Age, years, Me [Q,; Q,] 66 [58; 72]
Male, n (%) 44 (73%)
Female, n (%) 16 (27%)
Hypertension, n (%) 60 (100%)
Systolic blood pressure, mm Hg, Me [Q,; Q,] 190 [180; 200]
Diastolic blood pressure, mm Hg, Me [Q,; Q,] 100 [90; 110]
Diabetes, n (%) 28 (47%)
BMI, Me [Q,; Q] 29.2 [27.4; 32.5]
Obesity, n (%) 26 (43%)
Smoking, n (%) 23 (38%)

Cholesterol, Me [Q,; Q,]

Low-density lipoprotein, Me [Q,; Q,]

4.40 [3.75; 5.80]
1.97 [1.42; 2.48]

Family history, n (%) 27 (45%)
Ischemic heart disease, 1 (%) 28 (47%
Lower limb atherosclerosis, n (%) 19 (32%
CVE, n (%) 41 (68%

Fig. 2. Atherosclerotic burden on intracranial arteries.
MI-M3 — segments of the MCA; A1, A2 — segments of the ICA; P1,
P2 — segments of the posterior cerebral artery.

Posterior circulation plaques were most commonly found in
the V4 segments of the vertebral arteries (15%), followed by
the posterior cerebral (10%) and basilar (9%) arteries. Figure 2
shows the atherosclerotic burden distribution across intra-
cranial arteries (according to angiography data).

Among 60 patients with ICAS, stratification into subgroups
based on the severity of ECAS revealed the following dis-
tribution: the largest subgroup comprised patients with
ICAS without significant ECAS (stenosis < 50%), n = 30

ECAS (n = 60) p
70 [63; 73] 0.027
31 (52%) 0.014
29 (48%) 0.014
55 (92%) 0.057
180 [160; 190] <0.001
90 [90; 100] 0.005
19 (32%) 0.092
27.6 [24.9; 29.0] 0.020
12 (20%) 0.006
38 (63%) 0.006
5.40 [4.55; 7.05] 0.002
1.88 [1.14; 2.49] 0.3
26 (43%) 0.9
25 (42%) 0.6
24 (40%) 0.3
28 (47%) 0.016

(50%); subgroup with combined ICAS and hemodynamical-
ly significant ECAS (stenosis > 50%), n = 25 (42%); isolated
ICAS (no ECAS): n =5 (8%).

Comparative risk factor analysis between ICAS and ECAS

groups demonstrated statistically significant differences:

* non-modifiable risk factors: younger age in ICAS group
(66 years [58; 72] vs 70 years [63; 73]; p = 0.027); male
predominance in ICAS group (73% [44/60] vs 52%
[31/60]; p = 0.014);

» modifiable risk factors: higher systolic BP in ICAS group
(190 mm Hg [180; 200] vs 180 mm Hg [160; 190]; p < 0.001);
elevated diastolic BP in ICAS group (100 mm Hg [90; 110]
vs 90 mm Hg [90; 100]; p = 0.005). Patients with ICAS more
often had metabolic disorders and were characterized by
higher body mass index (29.2 [27.4; 32.5] vs 27.6 [24.9; 29.0];
p = 0.020) and consequently greater prevalence of obesity
(26 (43%) vs 12 (20%); p = 0.006). Conversely, prevalence
of smoking (23 [38%] vs 38 [63%]; p = 0.006) and elevated
total cholesterol levels (4.40 [3.75-5.80] vs 5.40 [4.55-7.05]
mmol/L; p = 0.002) were significantly higher in controls.

No significant intergroup differences in type 2 diabetes
rates were observed. However, ICAS patients with diabetes
demonstrated higher rates of multifocal intracranial arterial
involvement.

Univariate and multivariate analysis models were used to
determine the significance of each risk factor in differentiating
the level of atherosclerotic lesions of the cerebral arteries
(Table 2). The multivariate logistic regression model identified
independent predictors of ICAS such as age, sex, systolic
blood pressure, lower total cholesterol levels, smoking, high
low-density lipoprotein levels, and obesity.
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Table 2. Univariate and multivariate logistic regression models of association of clinical and laboratory factors with ICAS

Risk factor
odds ratio
Age 0.95
Male 2.57
Systolic blood pressure, mm Hg 1.05
Diastolic blood pressure, mm Hg 1.05
Type 2 diabetes 1.89
Total cholesterol 0.68
Smoking 0.36
Chronic lower limb ischemia 0.70
Family history 1.07
Ischemic heart disease 1.23
Low-density lipoprotein 1.21
Obesity 3.06
BMI 1.10
History of stroke 2.47

Univariate logistic regression model

Table 3. Characteristics of post-stroke patients with ICAS and ECAS, n (%)

Characteristic
CVE
Recurrent CVE
Localization of a symptomatic AP anterior
(circulation system) posterior

Clinical presentation of the stroke motor deficit

sensory deficit
vestibular ataxia
cognitive dysfunction
speech disorders

Severity of stroke, Me [Q,; Q,] Rankin score

Rivermead Mobility Index

ROC analysis evaluated the potential of this model as a
predictor for verifying ICAS. Optimal threshold values were
selected using the maximum Youden’s index. The AUC was
0.882 (95% CI 0.826-0.939), indicating excellent predictive val-
ue. Sensitivity and specificity were 78 and 80%, respectively.

To further evaluate features of CVEs in patients with ICAS,
we compared the characteristic localization of a symptomatic
AP, clinical presentation of ischemic injury, and stroke se-
verity between two patient groups (Table 3). The number of
CVEs (41 (68%) vs. 28 (47%); p = 0.016) and recurrent ischemic
events (23 (56%) vs. 5 (18%); p = 0.0024) was significantly
higher in the ICAS group. Symptomatic APs in both ICAS
and ECAS patients were more commonly located in the ca-

95% Cl p
0.90-0.99 0.015
1.21-5.62 0.015
1.03-1.08 <0.001
1.02-1.10 0.007
0.90-4.02 0.094
0.52-0.86 0.002
0.17-0.75 0.007
0.33-1.47 0.3
0.52-2.21 0.9
0.60-2.53 0.6
0.79-1.86 0.4
1.38-7.09 0.007
1.00-1.22 0.053
1.18-5.26 0.017
ICAS (n = 60) ECAS (n = 60) p
41 (68%) 28 (47%) 0.016
23 (56%) 5 (18%) 0.0024
29 (71%) 23 (82%) 0.395
12 (29%) 5 (18%) 0.395
30 (73%) 21 (75%) 0.167
21 (51%) 14 (50%) 0.098
34 (83%) 23 (82%) 0.086
28 (68%) 22 (79%) 0.954
16 (39%) 19 (68%) 0.027
3[2; 3] 2[2;3] 0.036
11 [11;13] 12 [10; 12] 0.043

rotid (anterior) circulation (29 (71%) vs. 12 (29%); p = 0.395).
Ischemic stroke severity, evaluated using the Modified Rankin
Scale (3 [2; 3] vs. 2 [2; 3]; p = 0.036) and the Rivermead Mo-
bility Index (11 [11; 13] vs. 12 [10; 12]; p = 0.043), differed
significantly between ICAS and ECAS groups. No significant
differences were observed in the clinical presentation of CVEs
between two groups, except for speech disorders (16 (39%) vs.
19 (68%); p = 0.027).

Discussion

The presented analysis of morphological data demonstrates
a high rate of atherosclerotic CAS involvement, with a slight
predominance of intracranial lesions. This further highlights
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Intracranial atherosclerosis
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Fig. 3. Multivariate logistic regression models of association of clinical and laboratory factors with ICAS.

the clinical significance of ICAS and the need to improve
conventional angiographic techniques, which currently fail to
identify its true prevalence. It should be noted that 82% of
APs were either flat or mildly stenotic, suggesting that lumen-
oriented techniques such as digital subtraction angiography
and CT angiography may overlook abnormalities in the
intracranial arterial segments. This observation aligns with
findings from H. Yan et al., who reported a higher prevalence
of positive AP remodeling in the vertebrobasilar system and
similarly cautioned against underestimation of such changes
during angiographic evaluation [12].

Differences in risk factor profiles between ICAS and ECAS
remain poorly understood. A 1995-2018 systematic review
and meta-analysis of 31 risk factors for ICAS identified elderly
age, metabolic syndrome, type 2 diabetes, and hypertension
as the most significant contributors [13].

In our study, hypertension demonstrated a statistically
significant role in both the initiation and progression of
ICAS compared to ECAS. Most ICAS patients had grade 3
hypertension with hypertensive crises. These findings
support previous hypotheses linking ethnic differences in
ICAS prevalence (higher in Asian, Hispanic, and European
populations) to differences in hypertension incidence,
severity, and genetic risk factors in these groups [14].
In addition, metabolic disorders, such as obesity and
diabetes, were also shown to contribute substantially to
ICAS development and progression. While prior studies
confirmed an association between diabetes and ICAS
severity and progression [15], our analysis did not identify
diabetes as an independent predictor of intracranial
involvement. In contrast, obesity was a significant factor,

more than tripling the potential for ICAS diagnosis. This
difference may be attributed to the high prevalence of
diabetes in both study groups.

As noted above, anatomical and physiological differences
between extracranial and intracranial arteries tend to underlie
differences in atherosclerotic lesion patterns. However, these
processes are closely related: the presence of extracranial
carotid APs independently predicts ICAS progression [16].

Our study found that patients with ICAS had recurrent CVEs
more frequently than those with ECAS, aligning with global
trends advocating aggressive management of ICAS [17].
Notably, strokes in the ICAS group predominantly localized
to the anterior circulation, whereas Korean studies reported
higher rates of posterior circulation stroke [18]. The lack of
distinct clinical features between ICAS- and ECAS-related
CVEs may contribute to underdiagnosis of ICAS in routine
clinical practice. However, our findings suggest that a history
of recurrent CVEs and increased stroke severity, both more
common in ICAS, should prompt detailed angiographic and
neuroimaging examinations.

Identifying associations between ICAS and established risk
factors may increase neurologists’ clinical alertness for this
condition in patients with a history of CVE. To our knowledge,
this is the first Russian study to identify independent risk
factors for atherosclerosis at two anatomical levels (extra-
and intracranial). Risk factors associated with ICAS should be
considered when adjusting patient management strategies,
given the high rate of recurrent CVE in this cohort. These
findings may aid in developing personalized diagnostic
and therapeutic algorithms and inform ICAS monitoring
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programs. Further research and statistical analysis of these
results may also allow the creation of specific scales for [CAS
identification and risk stratification of recurrent CVE in ICAS
patients.

A limitation of this study is its small sample size; larger
cohort studies are needed to validate the significance of the
identified ICAS risk factors.

Conclusion

ICAS represents a potentially underestimated cause of CVE.
[solated intracranial artery atherosclerotic stenosis (> 50%)
without significant extracranial atherosclerotic stenosis was
observed in one-third of patients.

This study provides the first comprehensive clinical and
pathological analysis of the structure, risk factors, and pro-
gression patterns of cerebral atherosclerosis. Our findings
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Delirium in Acute Ischemic Stroke: Risk Factors,

Sequelae, and Pathogenetic Treatment

Igor V. Litvinenko, Yuriy V. Khlystov, Nikolay V. Tsygan, Miroslav M. Odinak, Evgeny S. Kurasov, Kirill V. Sapozhnikov

S.M. Kirov Military Medical Academy, Saint Petersburg, Russia

Abstract

Introduction. Delirium, or an acute confusional state, is a common complication affecting between 10 and 48% of acute stroke patients. In the acute
phase of stroke, delirium contributes to prolonged hospital stays, higher treatment costs and in-hospital and long-term mortality, increased risk of
disability, and reduced potential for post-stroke rehabilitation.

The aim of this study is to identify delirium risk factors in acute stroke patients, to study the effects of delirium on mortality rates, post-stroke
cognitive functioning, and to assess treatment options.

Materials and methods. One hundred and thirty-eight patients (93 males and 45 females) with a mean age of 71 [69.0; 74.8] years were enrolled
in the study. Delirium was assessed using the Confusion Assessment Method (CAM); for initial assessment and repeated measurements of delirium
severity, the Delirium Rating Scale (DRS) was used. Pre-stroke cognitive decline was assessed retrospectively using the Informant Questionnaire on
Cognitive Decline in the Elderly (IQCODE). Neurapsychological testing and assessment of caregiver burden using the Caregiver Burden Scale (CBS)
were performed at 3, 6, and 18 months post-stroke onset.

Results. An IQCODE score of > 91 is a risk factor for severe delirium in acute stroke patients (p < 0.001). Severe delirium in acute stroke was asso-
ciated with greater cognitive deficits (p < 0.05) and greater caregiver burden (p < 0.01) at 3 and 6 months post-stroke. DRS score > 15 and delirium
duration > 10 days were found to be death risk factors at 18 months after stroke onset (OR = 3.58; 95% CI 1.4-9.19; p = 0.008 and OR = 2.56;
95% CI 1.03-6.38; p < 0.044, respectively). Central acetylcholinesterase inhibitors reduced the delirium duration (p = 0.015), improved cognitive
function at 3, 6, and 18 months post-stroke (p < 0.01), and decreased caregiver burden at 3 and 6 months post-stroke (p < 0.05).

Conclusion. Delirium in the acute phase of stroke contributes to post-stroke cognitive decline in the patients and greater burden for their caregivers.
Central acetylcholinesterase inhibitors can improve the post-stroke patient’s condition and decrease the strain for caregivers.

Keywords: delirium, ischemic stroke; risk factors; cognitive decline; caregiver burden; central acetylcholinesterase inhibitors
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OPUMMHANBHBIE CTATbIA. Knuhnyeckas HeBponorus
CnyTaHHOCTb CO3HAHWSA NP WULLEMMYECKOM MHCYNbTE

CnnyTaHHOCTDH CO3HAaHUS B OCTPOM Ilepuoje
MIIIEMHYECKOT0 MHCY/IbTa: (DAKTOPbI PUCKA,
MOCeACTBUS, MAaTOTeHeTUYeCKas: KOppeKuus

W.B. TutBunenxo, 10.B. Xnvictos, H.B. Lpiran, M.M. Onunak, E.C. Kypacos, K.B. CanoxHukos

Boento-meduyunckas akademus umenu C.M. Kuposa, Cankm-Ilemepbype, Poccus

AHHoOTanM4

Beedenue. Cnymannocmy cosnanus (CnC)— uacmoe 0ClOKHeHUe OCMpbIX HAPYUIEHUL MO3208020 KPOBOOOPALeHUS, BO3HUKAIOUjee 8 OCMPOM
nepuode ucynoma 6 10-48% cnyuaes. Passumue CnC 6 ocmpom nepuode uuiemuyeckozo urcymsma (MH) cnocobemeyem ygenuuenuto npodos-
JKUMENLHOCMU 20CNUMANUBAYUU U CMOUMOCIU JIEYeHUS, UACOMbl 6HYMPU2OCNUMATIBHbIX U OMCPOUEHHBIX IEMATIBHBIX UCX0008, 8ePOSMHOCTU
UHBAUOUBALUL, CHUXEHUIO PeaBUIUMAYUOHHO20 NOMeEHYUAA.

Lleawv uccnedosanus — yemarosums pakmopet pucka CnC 6 ocmpom nepuode MM, eé enusnue Ha 8eposmHOCb 1eMAbHO20 UCX00d, NOCMUH-
CybMHYI0 OUHAMUKY KOZHUMUBHbLX (hyHKYuUIL, a make 803MoxKHOCmU MedukamermoaHoti koppekyuu CnC.

Mamepuanst u memodst. B uccriedosanue Gvinu ekouerst 138 nayuenmos — 93 myxuunsl u 45 xenwjun 8 sospacme 71 [69,0; 74,8] 200. Cnyman-
HoCmb CO3HaHUS oyeHusanu no wkane CAM, cmeneHb @bipaxeHHOCU CYMAHHOCU CO3HAHUS U e€ JuHamuky — no wxane DRS. ouncynbmHbili
YPOBeHb KOZHUMUBHBIX HAPYUIEHUL] pempOCneKMUGHO OYeHUAU NO aHKeme COCMOSHUS KO2HUMUBHbLX (yrkyuti y noxunoezo nayuenma IQCODE.
Heiiponcuxonozuteckoe mecmupogarue nayuexmos U OYeHKy Hazpysku Ha poocmeeHHukoe nayuewma no wixane CBS ewinonsnu uepes 3, 6
u 18 mec nocne debroma MH.

Pesynemamot. Jouncynmble kosHumusHvle Hapyuienus 6onee 91 6anna no ankeme IQCODE sensiomes dakmopom pucka evipaxenroti CnC
6 ocmpom nepuode UM (p < 0,001). Pazeumue evipaxenHoii CnC conpogoxdanocs GOMbWUM KOZHUMUBHBIM Oepuyumom y nayuexma
(p < 0,05), a maxxe 6ombwetl Hazpyskoli Ha podcmeenHukos nayuenma (p < 0,01) uepe3 3 u 6 mec. Pakmopamu pucka JemansHozo ucxoda
6 meuenue 18 mec nocie debloma uxcyima seunucy vipaxenHocms CnC Gonee 15 6annos no wikane DRS (OII = 3,58; 95% /M 1,4-9,19;
p = 0,008) u npodonxumensiocms CnC 6onee 10 oweii (OL = 2,56; 95% W 1,03-6,38; p < 0,044). IIpumenenue yeHmpansiozo uxzubumopa
X0ZIUHACMepassi cnocobcmeosano ymeHsiueruto npodomxumensiocmu CnC (p = 0,015), ynyuwenuto koenumusHbix ynkyul uepes 3, 6 u 18 mec
(p < 0,01), ymeHvleHuto Hazpy3ku Ha podcmeeHHUKo8 nayuexma uepes 3 u 6 mec nocsie dedioma urcynsma (p < 0,0).

3axmouenue. CnC & ocmpom nepuode UM cnocobcmayem pasgumuio NOCMUHCYNbMHbLX KOZHUMUBHbLX HAPYWEHUL U Y8eauyusaem Hazpysxy
Ha podcmeeHHuKog nayuenma. KosHumugHsle HapyweHus mozym Gbimb CKOPPeKMUPOBAHb! NPUMEHEHUEM YEHMPATbHOZ0 UHUOUMOpa XOTUH-
acmepasbl.

Kntouesvie cnoea: CNymaHHOCMb CO3HAHUA, uwiemMuyeckuli UHCy/lbm, dJaKmOpbl pucKa;, KOZHUmMueHbsle HapyweHus, Hazpyska
Ha pO()CYTlBEHHLlKOG nayuesmay L;eHmpaJlebllj LlHZLl6leOp XOJIUHaICMepdasovl

druueckoe yrBep:xenue. [[poBeseHvie viccie0BaHNs 00OPEHO JIOKAIBHBIM 3THYECKUM KOMUTETOM BoeHHO-Me/uLuHCKOM
axapemuu uM. C.M. Kupoga (mportoxon N2 94 ot 07.07.2009).

UcTounuk (bl/IHaHCI/IPOBaHI/IH. ABTOpr 3asBJIAIT 00 OTCYTCTBUU BHEIIHUX UCTOYHUKOB Cl)I/IHaHCI/IpOBaHI/IH [Ipu NpoBeJEHNN
HCCJ/IeJOBAHHWA.

Kondnukr unrepecoB. ABTOpHI IeKNapuUpyIOT OTCYTCTBHE SIBHBIX U NOTEHLHANbHbIX KOH(IMKTOB MHTEPECOB, CBSI3aHHbBIX
¢ nyOnuKanveit HacTosmel cTaThu.
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Introduction Fifth Edition (DSM-V), as “Delirium Not Otherwise Specified”

(780.09) and is defined as an etiologically nonspecific organic
In the International Classification of Diseases (ICD-10), stroke- cerebral syndrome characterized by concurrent disturbances
associated delirium is classified as “Delirium not induced by of consciousness and attention, perception, thinking, memo-
alcohol and other psychoactive substances” (F05), and in ry, psychomotor behavior, emotion, and the sleep-wake cycle
the Diagnostic and Statistical Manual of Mental Disorders, [1, 2]. Delirium is a common complication of acute stroke
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with an incidence estimated to be between 10 and 48% in
the acute phase [3—6]. This wide range of delirium incidence
might be explained by considerably different diagnostic ap-
proaches and algorithms.

Delirium in the acute phase of stroke is associated with
longer hospital stays and increased costs-of-illness, higher
in-hospital and long-term mortality, increased risk for dis-
ability, and reduced potential for post-stroke rehabilitation
[5, 7-10]. There are data indicating that acute stroke patients
with delirium are at higher risk of post-stroke cognitive de-
cline [11, 12]. Stroke sequelae have a negative impact on
the health of caregivers, reducing their labor potential and
compromising social and economic participation in the life of
their communities [13].

Delirium is associated with predisposing — anamnestic and
social — factors, and precipitating factors, or triggers, which
occur during a hospital stay. In neurological patients, the
most relevant predisposing factors are advanced age, neu-
rodegenerative diseases, and substance use disorders. The
most relevant precipitating factors are meningitis, acute renal
failure, or intracranial hemorrhage [14]. Stroke, as an inde-
pendent risk factor for delirium, exacerbates the effects of
the other factors [15-17]. The modern approach to delirium
prevention and management suggests a focus on reducing
precipitating risk factors, creating comfortable hospital con-
ditions, and pharmacological treatment. To date, central cho-
linergic deficiency is the leading hypothesized mechanism for
delirium [18]. The acetylcholinesterase inhibitor rivastigmine
has been shown to be effective [19, 20] and safe [21, 22] in
the treatment of stroke patients with delirium.

The aim of this study is to identify delirium risk factors in
acute stroke patients, to study the possible effects of deliri-
um on mortality rates and post-stroke cognitive functioning
changes, and to review treatment options for this condition.

Materials and methods

This prospective study included 138 acute stroke patients (93
males and 45 females) with a mean age of 71 [69.0; 74.8] years
and was conducted in three multispecialty hospitals from
2009 to 2024.

Inclusion criteria:

o age > 18 years;

¢ hyper-acute stroke;

 normal level of consciousness at screening.

Non-inclusion criteria:

o speech impairment, decreased consciousness level,
decreased muscle strength, and apraxia, preventing
neuropsychological testing;

* history data indicating that the delirium might be a result
of alcohol abuse or medication withdrawal;

o reperfusion therapy for acute ischemic stroke;

* previous neurometabolic therapy (including cholinergic
agents)

» concomitant disease with life expectancy of less than
1 year;

o previously diagnosed mental illness;

* previously diagnosed brain tumor,

* demyelinating disease of the central nervous system, or
epilepsy;

* history of head injury or neurosurgery in the past three
years;

* pregnancy;

¢ clinically significant anxiety or depression;

+ for the combined therapy subgroup: contraindications to
rivastigmine.

Forty-four non-delirious stroke patients (30 males and 14 fe-
males with a mean age of 70 [68.8; 73.2] years) comprised the
control group.

Delirium was diagnosed using the Confusion Assessment
Method (CAM) [23], an accurate diagnostic algorithm for de-
tecting delirium based on four features:

1) acute onset and fluctuating course;

2) inattention;

3) disorganized thinking;

4) altered level of consciousness.

A diagnosis of delirium requires the presence of features 1,
2, and either 3 or 4. The Delirium Rating Scale (DRS) was
used for initial assessment and repeated measurements of
delirium severity [24]. Severe delirium (DRS score > 11) in
the acute phase of stroke persisting for at least 24 hours
was used as a cut-off criterion. In all of the patients, the
diagnosis of delirium was verified by a psychiatrist. Ninety-
four patients (63 males and 31 females with a mean age of
72 [69; 76] years) with severe delirium were included in the
confusion group.

All of the patients received a standard therapy for stroke. The

confusion group was divided into two subgroups depending

on the therapy administered:

o the standard therapy subgroup (n = 55): delirious stroke
patients receiving standard therapy;

+ the combined therapy subgroup (n = 39): delirious stroke
patients receiving standard therapy + rivastigmine (cen-
tral acetylcholinesterase inhibitor).

Rivastigmine solution was administered at a target dose of
9-12 mg/day (the route of administration was subsequently
switched to transdermal therapeutic system) for 14-25 days
(until the hospital discharge).

If the patient became too agitated, haloperidol was adminis-
tered at a dose of 0.75-5.00 mg/day orally, intravenously, or
intramuscularly. The haloperidol dose was reviewed daily by
an attending psychiatrist, taking into account the patient’s
age and severity of delirium.

Pre-stroke cognitive decline was retrospectively assessed us-
ing the IQCODE score [25] with the following cut-offs:

* <78 — no data indicating pre-stroke cognitive decline;

* 79-103 — moderate pre-stroke cognitive decline;

* > 104 — pre-stroke cognitive decline up to dementia.

Neuropsychological tests, including the mini-mental state
examination (MMSE), the clock drawing test, and the frontal
assessment battery (FAB) to screen for frontotemporal
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dementia, the 5-word memory test, were performed during
the hospital stay and at 3, 6, and 18 months post-stroke
onset. The caregiver burden was assessed using CBS
(Caregiver Burden Scale) [26] at 3, 6, and 18 months post-
stroke onset.

The CBS comprises five factors: general strain, social isola-
tion, frustration, disappointment, emotional involvement, and
environment. Depending on the sum score, the results are
evaluated as follows:

e 0-21: no to mild burden;

21-40: mild to moderate burden;

41-60: moderate to severe burden;

61-88: severe burden.

The data were analyzed using Rwv.4.3.0 and Statistica
for Windows v. 10.0 software. The cut-off values were
determined using the decision tree analysis. The effects
of the calculated cut-offs were determined using an odds
ratio. The quantitative variables were compared using the
Wilcoxon T-test, and the binary variables were compared
using the Fisher’s exact test. For contingency tables larger
than 2 x 2, a Monte Carlo approximation to Fisher’s exact
test was used. The false discovery rate (FDR) in multiple
comparisons was adjusted with the Benjamini and Yekutieli
procedure. Descriptive group statistics are represented as a
mean (standard deviation) and a median [Q,; Q,] for the
quantitative variables and 95% Clopper-Pearson confidence
intervals for binary variables. Inter-group correlations were
analyzed using a Spearman’s p coefficient. The effects of
some baseline parameters on the delirium progression, du-
ration, and mortality rates were assessed using logistic re-
gression analysis. Statistical significance of the inter-group
differences was determined by the presence of either a 0
(for a difference) or a 1 (for a ratio) in the CI, or by compar-
ing the calculated p-value with a cut-off p = 0.05.

Results

There were no statistically significant differences in the fre-
quency of stroke subtypes according to the Trial of ORG
10172 in Acute Stroke Treatment (TOAST) classification be-
tween patients in the control, standard therapy, and com-
bined therapy groups.

Logistic regression analysis revealed no correlation between
the patient’s sex and a stroke subtype, and the likelihood to
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develop delirium. No significant correlation was found be-
tween the incidence of delirium and the location and volume
of brain infarction.

The IQCODE scores for retrospective assessment of pre-
stroke cognitive decline in the confusion group were higher
than those in the control group: 93 [89; 99.8] vs 86 [83; 91.2],
respectively (p < 0.001). The IQCODE cut-off value of 91 for
the likelihood of severe delirium in the acute phase of stroke
was determined using the decision tree analysis. The odds ra-
tio for the scores > 91 was 5.06 (95% CI 2.72-11.26; p < 0.001).
We also detected a significant correlation between IQCODE
scores and duration of severe delirium in the acute phase of
stroke (Spearman’s p = 0.24; p = 0.018).

In the combined therapy and standard therapy subgroups,
IQCODE scores (93 [86.0; 95.0] and 93 [90.0; 100.0], respec-
tively) and DRS scores 14 [13; 14] and 13 [12; 14], respec-
tively) were similar (p > 0.05). At the same time, the duration
of delirium in the combined therapy subgroup was less than
that in the standard therapy subgroup: 7 [4; 9] and 8 [5; 12]
days, respectively (p = 0.015).

Neuropsychological assessment at 3 and 6 months revealed
greater cognitive decline in post-stroke patients with severe
delirium in the acute phase of stroke (p < 0.05). Compared
with the standard therapy subgroup, neuropsychological
tests in the combined therapy subgroup yielded greater
MMSE and FAB scores at 3 and 6 months and greater FAB
scores at 18 months (p < 0.01) (Figures 1 and 2).

Analysis of the CBS scores showed greater caregiver burden
at 3 and 6 months post-stroke onset in the confusion group
compared with the control group (p < 0.01), and less caregiver
burden in the combined therapy subgroup compared with the
standard therapy subgroup (p < 0.05; Figure 3).

Mortality rates during the follow-up period were 30.8%
(12 [39]) in the combined therapy subgroup, 45.5% (25 [55])
in the standard therapy subgroup, and 27.3% (12 [44]) in the
control group (p > 0.05). The cut-offs for increased likeli-
hood of death at 18 months post-stroke onset determined
by the decision tree analysis are DRS > 15 and duration of
delirium > 10 days. The odds ratio for death likelihood at
18 months post-stroke with a DRS > 15 was 3.58 (95% CI 1.40—
9.19; p = 0.008), with a duration of delirium > 10 days was
2.56 (95% CI 1.03-6.38; p < 0.044).

Frequency of stroke subtypes based on the TOAST classification, n (%)

IS subtype I\(Izlla:i;g;s
Atherothrombotic 38 (27.5%)
Cardioembolic 49 (35.5%)
Lacunar 5 (3.6%)
Other specified etiology 7 (5.1%)
Unspecified etiology 39 (28.3%)

Standard therapy group  Combined therapy group

Control group

(n=355) (n=39) (n=44)
30.9%) 9(23.1%) 12 (27.3%)
40.0%) 15 (38.5%) 12 (27.3%)
1.8%) 1(2.6%) 3 (6.8%)

1(1.8%) 2 (5.1%) 4 (9.1%)

14 (25.5%) 12 (30.8%) 13 (29.5%)
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Discussion

This study allowed us to evaluate the significance of pre-
stroke cognitive decline as a predisposing factor for severe
delirium, which also leads to a longer duration of delirium in
acute stroke patients. Neither patient’s sex nor stroke sub-
type correlated with the likelihood of delirium onset.

Study duration, months

Severe delirium was associated with greater cognitive decline in
patients (p < 0.05) and greater caregiver burden at 3 and 6 months
(p <0.01). DRS > 15 and duration of delirium > 10 days were risk
factors for the likelihood of death within 18 months post-stroke.

Treatment with central acetylcholinesterase inhibitor rivastig-
mine resulted in decreased duration of delirium (p = 0.015),
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preserved cognitive function at 3, 6, and 18 months post-
stroke (p < 0.01), and milder caregiver burden at 3 and
6 months post-stroke (p < 0.05). The available evidence on
the clinical use of rivastigmine in patients with dementia of
various etiologies, including those with cognitive decline in
the early post-stroke period, suggests that rivastigmine the-
rapy is appropriate for post-stroke patients, especially those
with delirium in acute stroke.
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Metabolic Predictors of Ischemic Stroke
in Young Adults
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Abstract
Introduction. Ischemic stroke (IS) has a tendency towards younger age of onset among working-age adults, with an increasing role of obesity in
IS development. New prognostic markers affecting stroke severity and early outcomes are being sought.
Aim: to investigate etiology and risk factors of cryptogenic IS in working-age patients (18-50 years) and evaluate the significance of metabolic
markers of obesity and hemostasis in predicting immediate disease outcomes.
Materials and methods. We retrospectively analyzed 343 medical records of acute stroke patients aged 18-50 years using clinical, laboratory, and
imaging findings and calculated risk levels.
Results. Obesity was observed in more than half (51.3%) of the patients. Early atherosclerotic changes in the vessel wall were detected in 62.26% of the
cases. Worse immediate stroke outcomes were associated with all obesity parameters: body mass index (r=0.48), waist circumference (WC) (r=0.43),
waist-to-hip ratio (WHR) (r=0.52), levels of glucose (r=0.47), C-reactive protein (r=0.34), hematocrit (r=0.41), high-density lipoproteins (r=-0.32),
von Willebrand factor (r=0.58), fibrinogen (r=0.66), FVIII (r=0.50), D-dimer (r=0.50), and ADP-induced platelet aggregation (r=0.41). Stroke severity
was found to correlate with levels of triglycerides (r=0.57), low-density lipoproteins (r=0.35), von Willebrand factor (r=0.55), fibrinogen (r=0.46),
coagulation factor VIII (r=0.63), D-dimer (r=0.39), antithrombin Il (r=0.39), and WHR (r=0.53). Receiver operating characteristic curves revealed
triglyceride-glucose index to be a predictor of worse early outcome (area under the curve, 0.66; threshold, 4.7), including in terms of WC (0.68 and
497.6, respectively) or stroke severity (0.63 and 4.7, respectively).
Conclusion. IS in young adults is accompanied by impaired metabolism, affecting the disease outcome. Indices including glucose, triglycerides, and
the obesity status can play a role in predicting the stroke severity in young adults, among others.

Keywords: stroke; working age; obesity; prothrombogenic state; metabolic indices
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AnHoTaIug

Beedenue. Huwemuueckutl ucynibm umeem meHOeHYUI0 K OMONOKeHUIO Y Uy mpydocnoco6Ho20 803pacma, npu amom 603pacmaem poil OXU-
peHus, cnocobemeyrousezo peanusayuu MH. Bedémes nouck HogblxX NPOZHOCMUNECKUX MAPKeEPO8, 6NUSIOWUX HA MSXeCMb MeUeHus UHCYIbma u
paHHue Uucxodbl.

Llenv uccnedosanus: usyuums ImMUo02UI0 U (GaKmop! pucka UWeMUYECK020 UHCYTbMA HeYCMAHOBJEHHOL amuonozuu y nayuermog mpydo-
cnocobHozo eo3pacma (18-50 niem), oyeHumy NPOZHOCMUUECKYIO 3HAUUMOCMb MemaboauUeckux Mapkepos, OMPAXAUUX CMAMYC OXUPEHUS,
2eMocmasa Ha bnuxatiuue ucxodsl 3a0071e8aHUS.

Mamepuanst u memodot. [Tposedén pempocnexmueHblii aanua 343 ucmoputi 6onesHu nayuenmos 6 sopacme 18-50 nem 8 ocmpeliuiem nepu-
00e HapyuleHus M03208020 KPOBOOOPAWEHUS C UCNONIb30BAHUEM KIUHUKO-IA00PAMOPHBLY, UCMPYMEHMAbHbLX NOKA3ameret, ¢ GbluuUCIeHueM
YPOBHS PUCKA.

Pesynsmamet. Oxupenue ecmpeuaemcs Oonee uem y nonogusl (51,3%) nayuenmos. V 62,26% 6via6nenbl HauabHble amepockiepomuteckue
usMeHenus cmenku cocyoa. Xyowue Onusxatiuiue ucxodst uHCyIsma Obliu aCCOYUUPOBAHDL CO BCeMU NOKA3AMENIMU CMAMYCA OKUPEHUS: UH-
dexcom maccet mena (r = 0,48), 06sémom manuu (OT; r = 0,43), coomrowenuem OT u 0b6séma 6€dep (r = 0,52), yposusamu enuxemuu (r = 0,47),
C-peaxmugHozo benka (r = 0,34), 2emamokpuma (r = 0,41), aunonpomeudos gvicokoli naomxocmu (r = 0,32), paxmopom ¢on Busnebpanda
(r = 0,58), pubpurozerom (r = 0,66), FVIII (r = 0,50), D-dumepom (r = 0,50), azpezayueti mpomboyumos ¢ AZI® (r = 0,41). B omHowenuu msxecmu uH-
CY/IbMA BblABJIEHb! 3ABUCUMOCTLL OM YPOBHS mpu2uyepudos (r = 0,57), aunonpomeudos Huskoti niomrocmu (r = 0,35), pakmopa don Bunnebpanda
(r = 0,55), ubpurozena (r = 0,46), paxmopa ceépmeisarus VIII (r = 0,63), D-dumepa (r = 0,39), anmumpom6una Il (r = 0,39), coomHowenus OT
u obsema 6édep (r = 0,53). [To umozam nocmpoenus ROC-kpusvix mpuenuyepud-eniokoaubiii ukdexc (TIH) onpedené kax npedukmop xyduiezo
parrezo ucxoda (0ns TIH nnowjads nod kpusoii 0,66, nopoz — 4,7), 6 mom uucne ¢ yuémom OT (0,68 u 497,6 coomeememaeHHo) unu msxecmu
meuerus (0,63 u 4,7 coomeemcmaeHHo).

3axouenue. Hwemuveckue UHCYTbMbL Y JUY, M0100020 803pACA CONPOBOKOAOMCS HApyUleHUeM Memabouuecko2o 300p06bs, Komopoe 8-
fem Ha ucxod 3abonesanus. Mnoexcyl, kouawue 2ioko3y, mpueauyepudsl U Cmamyc OXUpeHus, MoZym umemb npeoukmusHyio poib npu
NPOZHO3UPOBAHUL MEUEHUS UHCYMIbIMOB, 8 MOM ULCJe y MONOObLX.

Knroueevte cnosa: UHCyomy mpydocnocoGHbtﬁ eo3pacm, 0xKupesue; npomp0M6026HHoe cocmosHue; MemabonuuecKue UHOeKCh!

druueckoe yTBepaenue. Vccieosanne mpoBOAKIOCk TPU JOOPOBOJIBHOM MHDOPMUPOBAHHOM COT/IACKH MAalKeHTOB. [IpoTo-
KOJI UCCJIeJI0BaHKst 0/J00peH 3THYeCKMM KoMUTeTOM HOBOCHOMPCKOro rocynapCTBEHHOrO MeAMLIMHCKOTO YHUBEpCUTETa (TIPo-
tokos N2 09/23 ot 04.09.2023).

Wcrounuk ¢uuaHcupoBanus. ABTOPBI 3asIBISIOT 00 OTCYTCTBUM BHELIHMX UCTOYHUKOB (DMHAHCHPOBAHMS TIPU MPOBELEHHH
UCCIIEIOBAHUSL.

KoHdmukT uHTEpecoB. ABTOpBI JEKNApUPYIOT OTCYTCTBUE SBHBIX M MOTEHIMANbHBIX KOH(IMKTOB WHTEPECOB, CBSI3aHHBIX
¢ nyO/MMKaleil HacTosmel cTaTby.
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Introduction

Stroke is one of the most critical medical and social issues to-
day, resulting in severe disability and mortality among work-
ing-age adults in most high-income countries [1]. There is a
current trend towards a decreasing number of cerebrovas-
cular accidents in persons aged 65 to 84 years (-28.5%) and
those aged 85 years or older (—22.1%); however, this trend
contrasts with an increasing number of strokes among people
aged 25 to 44 years (+43.8%) [1]. Statistically, adults aged 18
to 50 years account for 10% to 15% of all strokes worldwide.
The working-age population accounts for 10% to 20% of all
cases of ischemic stroke (IS) [2].

Rare diseases are usually linked to stroke in young adults;
however, differential diagnosis and diagnostic workup do not
always result in an identifiable cause. In such cases, thor-
ough assessment of traditional risk factors and an increased
alarm about risks they might pose are disregarded in favor of
searching for unique, rare causes of stroke.

The traditional risk factors for cerebrovascular diseases,
such as hypertension, atherosclerosis, dyslipidemia, and
type 2 diabetes, are characteristic of patients older than
65 years. Nevertheless, recent studies demonstrated that
these risk factors and their combinations tended to con-
tribute to younger age at onset and premature age-related
diseases in young adults [3]. Findings of C.A. Stack et al.
show that in young patients, the most prevalent risk fac-
tors are hyperlipidemia (60%), smoking (44%), and hyper-
tension (39%) [2].

Type 2 diabetes, hypertension, and dyslipidemia were found
to be one of the most common comorbidities (82.7%) among
IS patients younger than 50 years, with dyslipidemia being a
potentially progressive risk factor [4, 5].

Risk factors for cardiovascular diseases become more com-
mon with each decade of life and are significantly associated
with stroke risk by the third decade [6]. Traditional modifi-
able vascular risk factors can become even more significant
due to young people’s lifestyle [7].

The increasing percentage of obesity and overweight as
confounding risk factors for cardiovascular diseases, mostly
among young adults, is concerning. Over the past decades,
obesity has risen to epidemic levels worldwide (3, 8, 9].

Total and visceral obesity were shown to be independent risk
factors for cerebrovascular diseases after adjustment for hy-
pertension, dyslipidemia, and hyperglycemia [10]; however,
there are few studies highlighting relationships between obe-
sity and IS in young persons [10, 11].

Both body mass index (BMI) and anthropometric measures,
indicating central obesity, were found to be risk factors for
stroke [12]. Waist circumference (WC), hip circumference
(HC), and waist-to-hip ratio (WHR) are more strongly asso-
ciated with stroke [10]. WC as a marker was found to have
a significant association with a 28%-78% increase in the IS
risk [13, 14]. The INTERSTROKE study revealed that elevated
WHR increases the risk of all stroke types, including IS and
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hemorrhagic stroke, in young adults [15, 16]. The validity of
WHR calculation has been shown in a group of patients with
chronic cerebrovascular diseases compared with a control
group with no history of these diseases [17].

The triglyceride-glucose index (TyG index) and combined
TyG-related parameters (TyG-BMI and TyG-WC) have been
suggested as simple and clinically useful surrogate markers
for insulin resistance and metabolic health [18, 19, 20].

Combined with obesity indices, the TyG index becomes more
informative for assessment of cerebrovascular accident risks
and outcomes [21, 22]. The obesity impact on atherosclerosis
is mediated by chronic inflammation, hyperlipidemia, and en-
dothelial dysfunction [23]. In obese individuals, procoagulant
and hypofibrinolytic factors were observed to predominate
in the plasma [24], thus contributing to IS development. In-
creased prothrombotic state can remain latent for quite a
long time and compensated due to the athrombogenic prop-
erties of the vessel wall [25].

Along with endothelial dysfunction, platelet activation and
hypercoagulability are key processes in the development of a
thrombotic cerebrovascular event [26].

Therefore, we hypothesized that obesity aggravates the de-
velopment, severity, and immediate outcomes of IS, especial-
ly in cryptogenic cases.

The aim of the study was to investigate the etiology and
risk factors of cryptogenic IS in working-age patients
(18-50 years) and evaluate the prognostic significance of
markers reflecting the status of obesity, hemostasis and insu-
lin resistance indices on immediate disease outcomes.

Materials and Methods

We retrospectively analyzed 343 medical records of pa-
tients aged 18-50 (42.18 £5.20) years (of them, 180 men
and 171 women) with acute IS (IS/transient ischemic at-
tack) treated at the Regional Vascular Center No. 2 in
2021-2024 (Fig. 1).

Inclusion criteria for medical record analysis:

* age at admission (18-50 years);

o established and confirmed IS by clinical data, computed
tomography (CT) and/or CT angiography and/or magnetic
resonance imaging of the brain (163.0-164.9).

Exclusion criteria:

* established and confirmed intracranial hemorrhages of
any etiology;

e venous thrombosis;

* age at onset over 50 years;

* established etiology of IS according to TOAST or
SSS-TOAST classification.

We analyzed the following risk factors:
 smoking;

* regular alcohol consumption;

* elevated BMI,

* comorbidities: type 2 diabetes, hypertension.
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Patients aged 18-50 years
with IS
(n=274)

Patients aged 18-50 years
with recurrent IS
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Y

Patients aged 18-50 years
with primary IS
(n=262)

Patients aged 18-50 years
»|  Wwith IS of an established
etiology
(n=156)

\

Patients aged 18-50 years
with cryptogenic IS
(n=106)

Fig. 1. Study design.

We studied biochemical analytes:
fasting blood glucose;
C-reactive protein;

uric acid;

total cholesterol;

low-density lipoproteins;
high-density lipoproteins;
triglycerides;

hemostasis (fibrinogen, ADP-induced platelet aggregation);
D-dimer;

Factor VIII

von Willebrand factor;
Antithrombin III activity.

Doppler ultrasonography of brachiocephalic arteries was used
to assess signs of atherosclerosis of the common and internal
carotid arteries or hemodynamically significant stenosis.

Early outcomes were determined using the modified Rankin
Scale (mRS) at discharge or 14 days after the disease onset.
The National Institutes of Health Stroke Scale (NIHSS) was
used to assess and group patients with neurologic deficits on
admission: mild stroke (NIHSS < 4) and moderate-to-severe
stroke (NIHSS > 4).

Body weight, height, WC, and HC were measured without
shoes and with light clothing.

BMI was calculated as follows:

BMI=weight (kg)/height (m)*

Data were interpreted according to World Health Organiza-
tion recommendations:

o BMI > 25, overweight;

o BMI > 30, obesity [16].

Metabolic indices were calculated using the formulas:

TyG index=Ln [(TG (mmol/L)x
88.495575xFPG (mmol/L)* 18.018018)]/2;

where FPG is fasting plasma glucose;
TyG index-BMI=TyG index x BM;
TyG index-WC=TyG indexxWC.

Statistical analysis was conducted using Prism v. 10 (Graph-
Pad). Data are presented as mean (M) and standard deviation
(SD). The Pearson test was used for normally distributed data,
and the Spearman rank correlation coefficient was calculated
for not normally distributed data. To assess the diagnostic ac-
curacy of the model, a receiver operating characteristic curve
(ROC curve) was drawn; the area under the curve (AUC) and
standard deviation (SD) were calculated. The likelihood ratio
(LR) test values for each point on the curve were also given.
The optimal cutoff point (threshold) was selected based on
the LR parameter. Additionally, the Youden index (] statistic)
was used to validate a threshold.

Results

As per the aim of the study, we analyzed data from the pa-
tients with cryptogenic IS in terms of traditional vascular risk
factors and obesity status (Table 1, Fig. 2).

More than half of the patients had obesity (74.4%) (including
obesity in 51.3%); 41.5% of the participants had hyperten-
sion. Behavioral factors, such as smoking (16.0%) and alcohol
consumption (8.5%), were less common. The proportion of
patients with type 2 diabetes was 5.7%.

We correlated the obesity status, blood analytes, and acute
stroke severity in the acute period (NIHSS, scores) and early
outcome (mRS) by the end of acute IS in the studied group of
the patients (Fig. 2). The severity of early functional impair-
ment (mRS) significantly and directly correlated with the le-
vels of glucose (r=0.47), C-reactive protein (r=0.34), hemato-
crit (r=0.41), whereas an inverse relationship was found with
the level of high-density lipoproteins (r=-0.32). Correlations
between the IS severity (assessed using NIHSS) and the level
of triglycerides (r=0.57), low-density lipoproteins (r=0.35)
were revealed (Fig. 2).

Atherosclerotic changes in the vessel wall were detected in
the majority of patients (62.26%); atherosclerotic plaques in
the internal carotid artery ipsilateral to the lesion focus were
found in 17.9% of the cases (Table 2).

During assessment of anthropometric measures and
hemorheology and hemostasis parameters in the study
sample, we found significant correlations between BMI
and such parameters as the level of von Willebrand fac-
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Table 1. General characteristics of the patients with cryp-
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Table 2. Characteristics of laboratory and imaging

togenic IS
Parameter

Mean age, years (M+SD)
Sex:

male, nn (%)

female, n (%)
Weight, kg (M+SD) (min—-max)
BMI, kg/m? (M+ SD) (min—max)
Normal weight, n (%)
Overweight, n (%)
Class 1-3 obesity, n (%)
WC, cm (M+SD)
WHR (M+SD)
TyG index, M+SD
TyG index-BMI, M+ SD
TyG index-WC, M+SD

NIHSS score <4 (minor stroke), n (%)

NIHSS score > 4 (moderate or severe

stroke), n (%)

Presence of arterial hypertension, n (%)

Value

42.18+5.20

69 (65.09%)
37 (34.9%)
89.8:21.6 (53-180)
30.19+6.3 (19.00-53.17)
27 (25.6%)

25 (23.1%)

54 (51.3%)
103.8+19.51
1.011£0.11
4.76+0.26
140.8+34.72
492.7+108.2
41 (38.7%)

65 (61.3%)

44 (41.5%)

findings

Analyte Value

Glucose, mmol/L (M+SD) 6.4+2.0
C-reactive protein, mg/L (M+SD) 74+23
Uric acid, mmol/L (M+SD) 338.2+110.8
Cholesterol, mmol/L (M+SD) 6.2+1.4
I(_n(;vi-gg;lsity lipoprotein cholesterol, mmol/L 3.70+1.14
I(-Iniﬂg:gg;sity lipoprotein cholesterol, mmol/L 118+0.50
Triglycerides, mmol/L (M+SD) 1.5+0.6
Hematocrit, % (M+SD) 41.0+£4.9
Fibrinogen, g/L (M+SD) 416.5+117.7
,(A/'Ijzgrbd)uced platelet aggregation, % 827437
D-dimer, ng/mL (M+SD) 262.8+112.5
Factor VIII, % (M= SD) 114.8+51.6
von Willebrand factor, % (M+SD) 159.40+£20.54
Antithrombin Il activity, % (M= SD) 99.3+8.3

Atherosclerosis, primary changes in the vessel
wall, % (n)

Atherosclerosis, <50% brachiocephalic artery

62.3% (n=66)

Type 2 diabetes mellitus, n (% 6 (5.7% ; 9% (n=
yp (%) (5.7%) s, 7 () 17.9% (n=19)
Tobacco smoking, n (%) 17 (16.0%)
Alcohol abuse, n (%) 9 (8.5%)
. 1.0
10.5
10
Cholesterol Triglycerides LDL HDL Glucose CRP Uric acid Hematocrit
+{-0.5
mRS -0.09 -0.06 0.25 -0.32* 0.47* 0.34* 0.12 0.41*
':L'lff 018 057+ 0.35* 047 ~0.08 014 033 025 L] 10

Fig. 2. Correlation between clinical and laboratory parameters.
*p<0.05.

tor (r=0.51) and fibrinogen (r=0.71). WC has a significant
correlation with fibrinogen levels (r=0.65). WHR was di-
rectly correlated with the levels of factor VIII (r=0.35),
von Willebrand factor (r=0.36), fibrinogen (r=20.58), and
antithrombin III (r=0.44) (Fig. 3).

We found significant correlations between the stroke
severity (NIHSS score) and the levels of factor VIII, von
Willebrand factor, fibrinogen, antithrombin III, and D-dimer
(Fig. 3). The mRS results were in direct and statistically
significant correlation with the levels of factor VIII,
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Fig. 3. Correlation between clinical and hemorheologic parameters.
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Fl%. 4. Correlation of obesity status parameters and metabolic
indices with early outcomes and cryptogenic IS.
*p<0.05.

von Willebrand factor, fibrinogen, D-dimer, and ADP-
induced platelet aggregation.

The results of early functional impairment were in direct cor-
relation with BMI, WC, and WHR (Fig. 3). Significant correla-
tions of the IS severity were found only with WHR.

The correlation between the stroke severity and early IS out-

comes with metabolic indices was assessed. The TyG index
as well as its combinations with anthropometric measures

Table 4. Characteristics of the ROC curve parameters

] mRS NIHSS score

TyG index TyG index-WC TyG index-BMI TyG index TyG index-WC TyG index-BMI
AUC 0.66 0.68 0.62 0.63 0.53 0.59
SD 0.075 0.06 0.095 0.065 0.095 0.09
95% Cl 0.5165-0.8110 0.5641-0.7959 0.4383-0.8117 0.5016-0.7568 0.3483-0.7214 0.4102-0.7628
Threshold 4.7 497.6 144.8 4.7 489.4 138.6
Sensitivity, % 73.9 68.75 62.5 50 50.0 53.1
Specificity, % 64.4 62.07 75.9 73.08 76.9 69.2
LR 2.079 2.589 2.589 1.857 2.167 1.727
Youden index 0.38 0.31 0.38 0.23 0.27 0.22
P 0.03 0.05 0.17 0.04 0.7 0.36
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(TyG index-BM], TyG index-WC) were found to be in a strong
direct correlation with early outcomes (Fig. 4). Thus, they can
be considered as a possible prognostic marker. In the case of
the indices’ impact on the IS severity, a direct relationship
with TyG index was shown; however, TyG index-BMI and TyG
index-WC did not have a strong correlation with the IS se-
verity (Fig. 4).

The ROC analysis was performed to evaluate the prognostic
role of the metabolic indices in relation to the stroke severity
and outcomes (Table 4, Fig. 5).

According to the ROC curve analysis, AUCs over 0.5 were
observed in relation to early neurological outcomes of IS (as-
sessed using mRS) for all 3 indices, but only TyG index and
TyG index-WC were statistically significant. TyG index >4.7
and TyG index-WC >4976 can be considered predictors of
more unfavorable outcomes in IS. TyG index-BMI with an
AUC <0.8 and nonsignificant P value indicates its failure as a
predictor of IS early outcomes. A predictor of more severe IS
(assessed using NIHSS) is a TyG index >4.7.

Discussion

Stroke in working-age young adults is a serious medical and
social issue.
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Fig. 5. ROC curves for TyG index, TyG index-WC, and TyG index-BMI as predictors of early outcomes (assessed using mRS) and IS severity

(assessed using NIHSS).

A — early outcomes assessed using mRS; B — severity assessed using NIHSS.

x axes, | — specificity; y axes, sensitivity.
1 — TyG index; 2 — TyG index-WC; 3 — TyG index-BML

In the context of age, obesity is associated with an increased
risk of stroke in all periods of life, but to the greatest extent
in young patients [26].

The concept of cerebral metabolic health, concerning the
unfavorable mutual influence of cerebrovascular disease
and symptoms of metabolic syndrome, lays the founda-
tion for consideration and differentiation of factors of
cerebrovascular disease progression to prevent and tar-
get them [26-32].

Central obesity combined with metabolic disorders are con-
sidered markers of metabolic disorders: elevated WC in addi-
tion to hypertension, dyslipidemia, and hyperglycemia [17].

Our study in working-age individuals with an unspecified
pathogenetic subtype of IS evidenced that more severe early
disease outcomes had a strong association with BMI, WC,
WHR, TyG index and its combinations with anthropometric
measures. Furthermore, high levels of glucose, C-reactive pro-
tein, high-density lipoprotein, and hematocrit were statisti-
cally significant factors influencing early outcomes.

Systemic inflammation, including the one associated with obe-
sity, triggers hemostasis system disorders: endothelial dysfunc-
tion and platelet hyperaggregation. Changes in the levels of

markers of platelet activity and endothelial function (ADP-in-
duced platelet aggregation, von Willebrand factor, factor VIII,
fibrinogen, D-dimer) lead to increased blood thrombogenicity,
aggravating cerebral ischemia, and consequently resulting in
a more severe stroke and disability of the young patient [33].

In our study, the study sample was not homogeneous in terms
of body weight and BMI. However, overweight and obesity in
>70% of the IS patients, the obesity status values and their
correlation with the hemostasis assessment results allow us
to draw a conclusion about the significance of metabolic dis-
orders associated with the adipose tissue accumulation in
working-age individuals, which may elucidate the prothrom-
botic state of the blood. In turn, endothelial dysfunction pre-
determines the occurrence of structural changes in cerebral
vessels and mediates the processes of atherogenesis: initial
changes in the vessel wall and the development of athero-
sclerotic plaques.

Conclusion

Studies of various aspects of cerebral metabolic health show
its significant contribution to changing the landscape of cer-
ebrovascular disease and its age of onset. Metabolic indices
can play a role in predicting the stroke severity in young
adults, among others.
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Abstract

Introduction. According to the 2021 WHO Classification of Tumors of the Central Nervous System (CNS) and the 2023 Clinical Practice Guidelines
on the Drug Management of Primary CNS Cancers, the first step of molecular genetic testing to identify the morphological type and malignancy
of adult-type diffuse gliomas is the detection of isocitrate dehydrogenase (IDH) mutation status. However, tumor tissue biopsy as the conventional
diagnostic standard has a number of limitations that can potentially be mitigated by applying the principles of radiomics to the interpretation of
magnetic resonance (MR) images.

The aim of our study is to develop a radiomics model for IDH mutation status prediction, which can be applied to primary diagnostic imaging in
patients with suspected adult-type diffuse gliomas.

Materials and methods. We conducted a retrospective comparative statistical analysis of radiomic features extracted from 46 conventional brain
MR images of the patients with adult-type diffuse gliomas and identified IDH mutation status using the Random Forest algorithm of machine learn-
ing in combination with various preprocessing methods of the source imaging data and a semi-automated LevelTracing tool used for segmentation
of the regions of interest (ROI).

Results. The most effective combination of tools for preprocessing, segmentation, and classification was found to be Scalelntensity, LevelTracing,
and Random Forest, respectively. Using this combination, we verified the reliability of six radiomic predictors identified at the previous study stage.
These features were all associated with IDH mutation status, and most of them capture texture heterogeneity in the ROIs at the voxel level. We were
also able to improve the prognostic performance of our classification model up to AUC = 0.845 + 0.089 (p < 0.05).

Conclusion. Based on a small, technically heterogeneous sample of routine MR imaging data, we developed a multiparametric model of IDH
mutation status prediction in the patients with adult-type diffuse gliomas. Our conclusion is that relatively uniform preprocessing techniques based
on uniform voxel intensity changes, which allow to preserve the structural detail, are feasible in clinical practice. The identified radiomic, likely voxel-
based, features reflect the severity of perifocal vasogenic edema and the measure of intratumor morphological heterogeneity. We plan to assess the
reproducibility of the study results using similar medical imaging data from open sources and to develop a color mapping technique for the ROIs to
facilitate visual interpretation of quantitative radiomic data.

Keywords: adult-type diffuse gliomas; morphological heterogeneity; radiogenomics; radiomics; MRI; IDH mutation status
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AnHoTanug

Besedenue. Coznacro knaccucpukayuu BO3 onyxoneti LJHC 2021 2. u npakmuueckum pexoMeHoayusm no JexkapcmeeHHoMy JeUeHUI0 NepeuUtHbLX
onyxoneti LIHC 2023 2., onpedenerue cmamyca usoyumpamdezudpozeHasst (IDH) sensemes HauanbHoLM 3Manom MoekynspHo-eeHemuueckozo
mecmuposanus npu udenmugpuxayuu namomopponozuueckux opm dupysusix 2nuom e3pocnslx. OHako mpaduyuorHwLli duazHocmuyeckuil
cmardapm, nodpasymesaiowul uccredosarue OuoncuiiHozo mamepuana, o6nadaem paodom 0zpaHuUeHull, NOMeHYUAILHO HUBETUPYeMbX BHeope-
HUEM 8 ANI20pUMM UHMepnpemayuu mpaouyuoHHsIX MazHumHo-peaoanchvix (MP) uzobpaxeHuil npuHyunos paduomuxu.

Llens uccnedosanus — paspabomka npuMeHUMOL 8 YCII08UAX NepautHbLx OUAZHOCMUUECKUX Meponpusmuil paduomuteckoli Modenu npozHO3Upo-
ganus IDH-cmamyca dughpysnbix 2nuom 83pocbix.

Mamepuanst u memodot. [locpedcmeom npumenenus memoda MawurHozo 08yuenus Random Forest ocywecmensu pempocnekmugHbiii cpas-
HUMebHbIL cmamucmuyeckuti aHanu3 paduomuueckux xapakmepucmuk 46 mpaduyuorrsix MP-uccnedosanuii 20108H020 M032a nayueHmos
¢ OuchhysHbLMU 27LOMAMU 83POCTbIX U usgecmHblm IDH-cmamycom 6 3asucumocmu om uda npedeapumesbHoli 00padomkuy ucxo0Hbix OaHHbLX
BU3YANIU3AYUY C UCNOTb308AHUEM NOTYABMOMAMUIUPOBAHHOZ0 UHCMPYMeHMA ceemeHmayuu 3ox unmepeca LevelTracing.

Pezynsmamot. Yemarosnera Haubonee aghpekmueHas KoMOUHALUS UHCTPYMEHIMO Npenpoyeccutzd, ceemenmayuu u kaaccuuxayuu — Scalelntensity,
LevelTracing u Random Forest coomeemcmeenHo. C eé nomoubio eepughuyuposaa 0ocmosepHocmb 6 6b1967IEHHbIX HA NPOULIOM Imane uccnedoea-
HuUS paduomuteckux npedukmopos IDH-cmamyca, 8 GonbuiuHcmse A6NHIOUUXCS XaPAKMePUCMUKAMU MeKCMypHOLI HeoOHOPOOHOCMU 30H UHMepeca
Ha BOKCEJILHOM YPOBHe, @ makKe yseudera nposHocmuyeckas aexmusrocmy knaccugpuxayuonroti modenu do AUC = 0.845 + 0.089 (p < 0.05).
3axmouenue. Paspabomara mymmunapamempuyeckas npedukmusHas modens IDH-cmamyca npu ducbhysubix 2nuomax e3pocibix Ha ocHose
pyMuHHbLX OanHbtx MP-gusyanusayuu 8 yciosusx mazoll mexHutecku pasHopooroti esi6opku. Coenar 8vi600 0 yenecooGpasHoCMu Ucnoib3o-
8AHUS OMHOCUMENLHO YHUGUYUPOBAHHBLX Memodos npedsapumenyHoli 00pabomku u300paxeHutl, npednonazauyux pasHoMepHble U3MeHeHUS
UHMeHcUsHOCMU 80Kceeli ¢ cOXpanHoil cmpykmypHoti demanu3ayueti. BoisenenHvle paduomuteckue xapakmepucmuxy, 6epOSMHO, HA BOKCETLHOM
YPOBHE UMTIOCMPUPYIOM BbIPAXEHHOCMb NEpUoKabHOZ0 8a302eHHO20 OMEKA U (heHOMeEHA BHYMPUONYX0Ne60Li Mophonoauteckoti zemepozeH-
Hocmu. TInanupyemes oyerka 80cnpou3go0UMOCTU NOJYHeHHbIX Pe3yNbMamos Ha OCHOBE GHANOUYHBIX OAHHBIX MeOUYUHCKOL eu3yanusayuu
U3 OMKPbIMbLX UCTOUHUKOS, 4 MAKKe paspadomka MemoouKu Ygemosozo KapmuposaHus 30H UHMEPECA C Uelbio NPUBHECEHUS neMeHma cy0s-
eKMUEHO20 BU3YANU3AYUOHHOZ0 AHATU3A 6 NPOYECC UHMEPNPeMayUlU KONUHeCMEeHHbLX padUOMULECKUX OQHHBIX.

Knrouegvie cnosa: duggysHvle enuombl 83pocivlx; Mophonozuteckas 2emepozeHHOCMy; paouo2eHOMUKd; paduoMuKkd;, MazHUmHo-
pesonaHcHas momoepagus; IDH-cmamyc

druueckoe yrBep:xaenue. VccnenoBanue 0106peHo nokabHbM aTHYecKiM KomuTeToM HMULL um. B.A. Anmasosa (mpoTokon
Ne 10-22 ot 03.10.2022).

Wcrounnk ¢uHaHcHMpoBaHus. ABTOPbI 3asBIAI0T 00 OTCYTCTBUM BHEUIHUX MCTOYHMKOB (DMHAHCUPOBAHKSA TIPU MPOBE/IEHHH
UCCIIeI0BAHUSL.
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Introduction

Glioblastoma tends to be found in older adults, rarely
< 55 yo, with the highest incidence rates among all primary
CNS malignancies of 48.6% (annual incidence rate: 3.2-
3.4 per 100,000 population) [1]. One-year survival rate does
not exceed 13%, even in patients aged 20-44 years [2].
Glioblastoma is the most aggressive type of brain tumor. In
most cases, a patient dies within 14-16 months, assuming
chemotherapy and radiotherapy treatment [3].

Up to 2021, the grading of gliomas was primarily based on
histological features [4]. Currently, various biomarkers are
used to derive additional information valuable for the diag-
nosis and prognosis of the disease and impacting the treat-
ment planning.

The first basic molecular genetic markers of primary CNS tu-
mors are mutations in the IDH1/IDHZ2 genes and 1p/19q codele-
tion. Detecting these markers helps narrow down the differential
diagnosis options and make a definitive diagnosis [5].

According to the 2021 WHO Classification of Tumors of the
CNS, IDH-wildtype (IDH-WT) glioblastoma, IDH-mutant as-
trocytoma, and IDH-mutant/1p/19g-codeleted oligodendro-
glioma belong to the adult-type diffuse glioma family [6, 7].

The grading of gliomas is no longer strictly histological. As-
trocytomas are now graded as CNS WHO grade 2, 3, or 4;
oligodendrogliomas as CNS WHO grade 2, 3; and glioblasto-
mas are assigned to CNS WHO grade 4. In the previous clas-
sification, the grading of gliomas was based predominantly
on histological features such as necrosis, microvascular pro-
liferation, nuclear atypia, etc., while the current 2021 WHO
classification of tumors of the CNS mandates genetic testing
of tumor tissue and prioritizes the identified genetic features
in the differential diagnosis [8].

In the adult-type diffuse glioma family, only glioblastoma is
characterized by the absence of IDH mutations. Mutation in
the IDH genes is the key feature of molecular diagnostics for
grade 24 adult-type diffuse gliomas and secondary glioblasto-
mas (grade 1 gliomas have no mutations in the [DH genes) [8].

The minimum scope of diagnostic assessments for a suspect-
ed glial tumor includes a 3-plane brain MRI with standard
MRI pulse sequences [8]. In routine clinical practice, the di-
agnostic use of these data is often limited to the identifica-
tion of tumor location and size. However, rapid advances in
radiogenomics over the past 15 years enabled expanding the
potential use of MRI data to non-invasive prediction of mo-
lecular genetic characteristics of detected neoplasms.

Radiogenomics links radiomics, an original methodology that
extracts and classifies digitized, predominantly textural fea-
tures of a medical image, to molecular genetics, revealing
statistically significant correlation between radiomic features
unavailable at routine visual interpretation and histological
and molecular characteristics of the tumor [9)].

If radiomics models can reach an adequate level of predictive
performance, the current diagnostic paradigm requiring tissue

biopsy analysis will potentially be inferior to the radiomics-
based neuro-oncology imaging in a number of factors.
Conventional molecular genetic testing is incomparably time-
consuming, which can adversely affect patient triage. At
present, stereotactic needle biopsy is the least invasive method
of diffuse and deep-brain tumor verification. It is still associated
with numerous complications, with intracranial hemorrhage (in
5.8% of patients) being the most frequent and life-threatening
of them [10]. In the case of intratumor heterogeneity, multiple
biopsies may be required, often worsening the patient’s
condition, whereas radiomics approach allows non-invasive
evaluation of the tumor substrate.

This advantage is also of great value for the treatment planning
in patients who are ineligible for radical resection of the
tumor or stereotactic needle biopsy due to contraindications
to surgery or anesthesia, or when the tumor is located close to
functionally significant regions of the brain [11]. In addition,
virtual reality diagnostic tools are cost-effective [12].

The importance of radiogenomics approach in oncology,
particularly the IDH mutation status prediction in glial
tumors, has significantly increased over the past decade,
especially in international contexts [13, 14]. However, the
high-tech neuroimaging techniques employed in many
studies are not available at the initial evaluation of a patient
with suspected glioma [15, 16]. Moreover, the research in
this area also aims at improving the predictive performance
of the developed models, not only by focusing on specialized
medical image data but also by testing various methods
of image preprocessing, tools for extracting radiomic
features, and methods for their statistical processing. The
current trend is to include clinical and anamnestic data
significantly correlated with a particular tumor type (age,
gender, Karnofsky Performance Status, etc.) and even the
elements of the radiologist’s subjective interpretation into
the datasets for the predictive model training [17, 18].

The choice of datasets for model development obviously
requires standardization. Otherwise, optimistic theoretical
results will be unreproducible and of limited use in routine
diagnostic practice.

In the four years since the last revision of the 2021 WHO
classification of tumors of the CNS, a number of studies
published abroad presented results showing promising
performance of the predictive models. W. Rui et al.
developed a model for IDH mutation status prediction
using T2-FLAIR and TI1FS-CE MRI pulse sequences.
However, to improve the model accuracy, they included
data on quantitative susceptibility mapping (QSM) into
the analysis. The ROC AUC score for the model based on
T2-FLAIR and for the combination of T2-FLAIR, T1FS-CE,
and QSM was 0.69 and 0.88, respectively [19]. S. Zhong et
al. focused on the analysis of routine MRI pulse sequence
data (T1, T1FS-CE, T2). However, they also used natural
language processing (NLP) models based on semantic
analysis of MRI reports and other documented clinical and
anamnestic information. These data were subsequently
processed and incorporated into the training datasets
in order to purposely increase the model predictive
performance (AUC = 098 for IDH-mutation status
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Table 1. Distribution of tumors by morphological type, malignancy grade, and IDH mutation status

Diagnosis n %
Glioblastoma G4 24 52.2
Oligodendroglioma G3 7 15
Astrocytoma G2 2 43
Morphological type, malignancy grade
Astrocytoma G3 5 11
Astrocytoma G4 5 11
Oligodendroglioma G2 3 6.5
WT 24 52
IDH mutation status
M 22 48

prediction). In our opinion, such an approach makes
this model somewhat useless in the third-party medical
facilities using another natural language [18].

The quality of the extracted radiomic features depends
significantly on the MR image preprocessing techniques [20].
Thus, at this stage, there is a need to develop radiomics-
based models to predict IDH mutation status in the patients
with adult-type diffuse glioma and to standardize this process
to pursue the potential applicability of the results when using
these models in primary differential diagnosis.

Our study considers the results obtained during its previous
stage and continues the search for the most effective
preprocessing tool and an optimal classification model [21,
22]. Noteworthy, a predictive model for IDH mutation status
based on the updated 2021 WHO classification of tumors of
the CNS allows to rule out an entire morphologic type of
tumor in a non-invasive manner already at the initial stage
of the differential diagnosis: namely, primary glioblastoma
IDH-WT, which is characterized by an almost twice worse
prognosis compared to the IDH-M entity and by a poor
response to radio- and chemotherapy [8].

The aim of our study is to develop a radiomics model for IDH
mutation status prediction, which can be applied to primary
diagnostic imaging in patients with suspected adult-type
diffuse gliomas.

Materials and methods

We retrospectively analyzed primary brain MRI data
yielded from 46 patients aged 18—84 years with adult-type
diffuse gliomas and subsequently identified IDH mutation
status. The data were retrieved from the archives of the
V.A. Almazov National Medical Research Centre (n = 31) and the
N.P. Napalkov Cancer Center (n = 15) for 2021-2023 (Table 1).

Inclusion criteria:

o verified primary glial tumor;

* identified IDH mutation status;

o T2-FLAIR pulse sequence data documented in the MRI
report.

Non-inclusion criteria:

* a history of previous surgery in the ROl chemo- and ra-
diotherapy;

* brain malformations;

o artifacts compromising interpretation of tissue transfor-
mations in the ROL

Table 1 shows that the majority of the neoplasms were grade
4 glioblastomas, since, according to the 2021 WHO classifi-
cation of tumors of the CNS, only this morphological type
of tumor is characterized by the absence of IDH mutations.

The MR scans were performed with different types of tomo-
graphs at 1.5 and 3 T, so the images had to be pre-processed.
MRI parameters:

o pulse sequence, plane: T2FLAIR, ax;

e slice thickness: 2-6 mm;

o field of view: 186 x 230, 199 x 220, 201 x 230, 226 x 250;

o time of repeat (TR), ms: 4,800—11,000;

¢ time of echo (TE), ms: 61.00-365.27.

At this study stage, we compared the effectiveness of the

following raw data preprocessing techniques (transforms):

1. Normalization of image intensity distribution: to bring it to
the standard normal distribution where the mean is 0 and
the standard deviation is 1.

2. Image scaling (Scalelntensity): to bring image intensity
values to the predefined range (from 0 to 1).

3. Image contrast adjustment via y-correction (AdjustContrast):
to highlight structures and details crucial for the analysis.

4. Histogram normalization: to redistribute voxel intensity
values for a normal (Gaussian) distribution of frequencies
throughout the entire range of values.

The transforms were performed with MONAI library generic
interfaces [23]. All the normalization methods were applied to
each image individually. Non-normalized data were used for
comparison, allowing us to evaluate the effect of preprocess-
ing on the study results.

ROIs were segmented by a radiology expert using LevelTrac-
ing, a semi-automatic segmentation tool in 3D Slicer open-
source software. The choice of this tool, grounded by the
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results of our comparative effectiveness research and its op-
eration principle, has been described previously [22]. We also
used neuro-fuzzy ensembles for brain tumor segmentation'.

The ROIs traditionally covered the entire area of the tumor
lesion with hyperintense MR signal on T2-FLAIR images,
including cystic and/or necrotic, hemorrhagic, and calci-
fied components of the tumor. Such coverage is intended to
significantly speed up the segmentation of the primary MR
image and to standardize it to some extent by eliminating
potential discrepancies in the identification of the tumor
structural components due to operator-dependent variations
in image segmentation.

For each ROI, 851 radiomic features were extracted: 107 ori-
ginal features from 7 radiomic classes and additional data ob-
tained by discrete wavelet transforms (DWT) with a wavelet
filter computing eight decompositions (HHH, HHL, HLH, HLL,
LHH, LHL, LLH, LLL) per segment?.

To convincingly demonstrate the effect of various prepro-
cessing methods on the performance of the developed pre-
dictive model, we have selected such radiomic features that
showed the best results in the previous stage of our study
[22], namely:

Sphericity — a measure of the roundness of the ROI shape
relative to a sphere with the smallest possible surface area,
which sphericity is equal to 1 (value range is 0-1; this
parameter does not reflect textural features, so it cannot be
filtered out by wavelet decompositions);

Dependence Entropy — a measure of dependence variance
between voxel intensity values (computed with HHH wavelet
decomposition);

Dependence Non-Uniformity Normalized — a measure of the
dependence variance between different grey levels throughout
the image (computed with HHH wavelet decomposition);

Dependence Variance — a measure of dependence variance
between the gray levels throughout the image, which
quantifies the difference between a voxel intensity value and
the intensity value of its neighbors (computed using HHH-
and HLN wavelet decompositions);

Small Area Emphasis — incidence of small zones with the
same gray level. This feature reflects texture heterogeneity
by highlighting frequently occurring small areas of equal
intensity. High values of this feature may indicate a more
homogeneous texture of the image, whereas low values
indicate complex and heterogeneous structures (computed
with a wavelet decomposition) [24].

To evaluate the classification performance of our model, we
used the following metrics: accuracy, recall, precision, F1
score, and AUC score.

'Cardoso M.J., Li W., Brown R. et al. MONAI: an open-source framework for deep learning in
healthcare. 2022. URL: https://arxiv.org/pdf/2211.02701v1

’Radiomic  Features —  pyradiomics  2.2.0.post35+g8daldb7  documentation.  2016.
URL: https://pyradiomics.readthedocs.io/en/latest/features.html

The dataset (46 brain MRI reports) was divided into two
groups: 31 reports were used as a training sample, and
15 reports were used as a test sample. To evaluate the
predictive performance of the model and given the limited
input data, we performed 5-fold cross-validation of the
dataset. The developed model was evaluated by each feature
individually using the AUC score. This approach ensured the
reliability of the metrics obtained for assessing the stability
and predictive performance of the model when applied to
different subsets of the input data.

To train our classification model, we used Random Forest, a
decision tree ensemble algorithm, which incorporates a bagging
technique to aggregate predictions from different training
sets. Random Forest trains each decision tree independently
on random subsets of the input data, ensuring diversity of
the ensemble models and considering non-linear correlation
between the features. The number of decision trees was limited
to 50 to balance the variance of the model with its stability.

The null hypothesis assumed that the selected image
preprocessing techniques do not affect the accuracy of IDH
mutation status classification. In other words, the difference
between the mean AUC values for the features extracted
using different preprocessing techniques and for the
unprocessed data is statistically insignificant. The alternative
hypothesis states that the preprocessing techniques do affect
the accuracy of IDH mutation status classification, which is
presented by statistically significant differences in the mean
AUC values compared to the unprocessed data.

To evaluate the reliability of the model for the study results,
we used Student’s t-test, which allows us to compare the
distribution of quality metrics for different features (AUC)
and detect statistically significant differences for this
parameter. The significance level was calculated for each
feature individually.

Results

Using the test sample, we calculated predictive performance
values for the ROI radiomic features, which significantly
correlated with IDH mutation status, according to the applied
methods of source image normalization (Table 2).

For the Sphericity feature, we found no statistically significant
difference between the preprocessed and unprocessed
data, suggesting that the effects of different preprocessing
techniques may vary depending on the feature being analyzed.

Of particular note is an experimental predictive model based
on a set of radiomic features. This model demonstrated a
significant improvement in classification quality due to
preprocessing techniques applied (p < 0.05).

In this experimental model, preprocessing with the
Scalelntensity transform considering the entire set of
radiomic features yielded the best result. The highest
scores of feature importance in this model had dependence
variance (24.3%) and dependence entropy (22.0%), as the
most significant for classification. They were followed by
dependence non-uniformity normalized (19.3%) and small
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Table 2. Effects of image preprocessing on accuracy of IDH mutation status prediction (AUC score), M £ SD (p)

o Image intensity . . Histogram
Radiomic feature Unprocessed normalization Scalelntensity AdjustContrast normalization
Sphericity 0.645 + 0.197 0.635 + 0.223 0.660 + 0.194 0.65+0.177 0.685 + 0.235
DA (0.695) (0.713) (0.464) (0.237)
Dependence 0.76 £ 0.141* 0.585 + 0.161
Entropy_HHH 0.59+0.142 (0.042) 0.665 +0.144 (0.28) | 0.725+0.101 (0.101) (0.325)
Dependence e *
Non-Uniformity ogssz0t6 | CHOTINE | orm0z01000tse) | MO0 0'6‘;’8 §4°3')1 19
Normalized_HHH ’ ) '
Dependence 0.68 + 0184 0.670+0.107 0.840 £ 0.119* 0.795 £ 0.141* 0.56 +0.142
Variance_HHH DA (0.589) (0.023) (0.036) (0.358)
Dependence 0.650 + 0.094 0.535+0.211 0.66 + 0.051 .
Variance_ HHH 0.355+0.126 (0.566) (0.572) (0.687) 0.825 = 0.087* (0.013)
Small Area 0.48 + 0.081 0.725 £ 0.094 0.650 + 0.157 0.665 + 0.111 0.695 + 0.187
Emphasis_LHL oS (0.089) (0.532) (0.536) (0.753)
Al features 0.63+0.088 | 0.815 £ 0.058* (0.020) | 0.845 * 0.089* (0.005) | 0.805 + 0.09* (0.037) | 0.82 * 0.127* (0.027)
Note. p < 0.05 compared to the unprocessed data.
1.0
o)
0.8 1
| I——
0.6 1
o)
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0.2 1
0 . . . : . .
2 3 4 5 6 7

Fig. 1. Box plot displaying the results of 5-fold cross-validation of image pregrocessin with the Scalelntensity transform.

1 — Sphericity; 2 — Dependence Entropy HHH; 3 — Dependence Non-uni

ormity

5 —Dependence Variance HLH; 6 — Small Area Emphasis_LHL; 7 — all features.

area emphasis (18.5%). Sphericity and dependence variance
had lower scores (8.2% and 7.7%, respectively); nevertheless,
they contribute to classification improvement when combined

with other features.

ormalized HHH; 4 — Dependence Variance HHHH,;

The box plot in Fig. 1 presents the spread of prognostic
values for radiomic features extracted with the Scaleintensity
transform (as the most effective preprocessing technique)
and statistical characteristics of each subset. Classification
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Fig. 2. Quantitative distribution of voxels with specific gray levels throughout all dataset images.

A — raw data; B — Scalelntensity transformed data.
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Fig. 3. Violin plot outlining sphericity values.

models considering the entire set of features demonstrate the
highest predictive performance.

The Scalelntensity transform adjusts the image intensity in
the predefined range by applying the linear transformation to
each element of the array. This approach allows comparing
images acquired with different scanning methods.

The quantitative distribution of voxels with different gray
levels across all dataset images prior to and after applying
the Scalelntensity transform is shown in Fig. 2.

Noteworthy, normalization had no effect on the sphericity
value, as the sphericity formula uses only the volume and
area of the segmentation zone. Differences in the AUC score
for this feature can be explained by 5-fold cross-validation of
the training sample, so the model was tested on five different
subsamples. Distribution of the sphericity values within the
entire dataset is presented in Fig. 3. A greater number of
tumors with relatively high sphericity values were found in
the IDH-M subgroup. The tumor with the highest sphericity
value in the sample had no mutation in the IDH gene.

Figure 4 shows the ROC curve and confusion matrix for the
IDH mutation status predictive model in adult-type diffuse

n
8 - 3 IDH=0
H

74 —
6
5
4]
3
2]

LI =

0.1 0.2 03 0.4 05
Sphericity

gliomas based on the above-mentioned six radiomic fea-
tures and trained with Random Forest classification, where
the source images were normalized via the Scalelnten-
sity transform. The AUC score for the developed model is
0.845 % 0.089, and the key metrics are accuracy 0.866; preci-
sion 0.875; recall 0.875; F1 score 0.874. According to the con-
fusion matrix, the model produced 1 false-positive result and
1 false-negative result from the test sample of 15 reports. In
other 13 cases, IDH-M and IDH-WT mutation statuses were
classified correctly.

Discussion

At the previous study stage, we evaluated the predictive
performance of six individual IDH mutation status predictors,
extracted from ROIs in the MR scans, which were preprocessed
by histogram matching and the Scalelntensity transform,
the latter yielding the best results [22]. At the current study
stage, the evaluation of the predictive performance of the
combined model incorporating four different preprocessing
techniques showed a similar trend. Of those four tools, only
AdjustContrast does not bring the signal characteristics of
images to uniform ranges of predefined or mean values, as
it aims to emphasize texture differences with y-correction by
augmenting or reducing the general contrast of the image.
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Fig. 4. ROC curve and confusion matrix of predictive model for IDH mutation status (test sample).

A

B

Fig. 5. Diffuse glioma (T2-FLAIR, ax).

A — raw data;

At the previous study stage, we found that the majority of the
radiomic predictors characterize ROl heterogeneity by gray
level intensity of the voxels. Hence, the higher performance
of the model built using the method of the current study
stage can be associated with the contrast adjustment. Gamma
(y) value adjusts the contrast as a function: y < 1 reduces
contrast, and y > 1 augments contrast. At the current study
stage, y was > 0.9, which means that the image contrast was
slightly reduced (Fig. 5).

AdjustContrast is a crucial preprocessing technique used, for
example, for computer vision tasks. Contrast adjustment im-
proves the overall sharpness of the image, thereby enhancing
the differentiation of its structural elements. This tool is pri-
marily used for low-contrast images, where details are chal-
lenging to discern due to the insufficient difference between
relatively light and dark regions®.

The obtained result indicates that the preprocessing of source
data from routine MRI based on contrast adjustment signifi-
cantly improves the predictive performance of the developed
model by reliably highlighting the key areas of altered MR

SContrast Adjustment — MATLAB & Simulink.
URL: https://www.mathworks.com/help/images/contrast-adjustment.ntml
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signal, which is essential for the qualitative analysis of the
MR image (see Table 2). Adjustment, almost imperceptible to
the human eye, increased the model predictive performance
by 175% compared with the model based on the raw data.
Thus, y-correction is not only critical for high-quality presen-
tation of images and videos in different media formats (which
is important considering the human-dependent perception of
the image) but also a promising tool for standardization of
raw medical imaging data preprocessing. However, we noticed
slightly pronounced but significantly higher effectiveness of
other normalization methods, which apply averaging over the
signal amplitudes or bring them to a predefined range, for
instance, the Scalelntensity transform, which demonstrated
the highest AUC score.

Let us compare these image preprocessing techniques.
The Scalelntensity transform is meant to uniformly in-
crease the brightness of an image by adjusting the values
of all its voxels. As a rule, the voxel values are scaled to the
predefined value range by applying the linear transforma-
tion. For example, the Scalelntensity transform can scale
voxel values, which were initially in the range of 0-255,
to a predefined range, often improving the quality of image
interpretation without significant change of voxel-to-voxel
ratio. In other words, Scalelntensity allows us to augment
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Table 3. Scalelntensity vs AdjustContrast: a brief comparison of two medical imaging preprocessing techniques.

Preprocessing technique Scalelntensity

Effect Uniform brightness enhancement

Risk of detail loss

Noise management

Application

Risk of clipping

Low: image details are visible at any brightness level

May reduce noise levels

More suitable for comparative analysis

Low: dynamic range preserved

AdjustContrast
Greater differentiation between light and dark areas

Medium: risk of detail loss with aggressive contrast
adjustment

May cause higher noise levels
Limited to specific imaging data

High: risk of detail loss due to distorted color
characteristics in too light/too light areas

Flg 6. Diffuse glloma (T2-FLAIR, ax).

— raw data;

the brightness of the image, preserving the texture of dark
and light areas (Fig. 6). Uniform adjustment mitigates the
risk of information loss due to critically excessive voxel
intensity values.

This method also helps denoise MR images and facilitates the
image structure interpretation by avoiding artifacts, which
may appear with more aggressive contrast adjustment. In
comparative analysis, Scalelntensity brings a certain consis-
tency to images with different noise levels, which is crucial
for scientific imaging data analysis*. In turn, contrast adjust-
ment modifies the difference between the darkest and bright-
est parts of the image by expanding or shrinking the range
of voxel values, which improves visibility within the range
by making dim areas darker and bright areas brighter. While
AdjustContrast can help improve blurred image details and
textures, it can also cause the risk of the detail loss in the
clipping areas with too bright or dark colors. Unlike Scaleln-
tensity, which transforms all voxels uniformly, AdjustContrast
improves the image non-uniformly by highlighting certain ar-
eas while shadowing texture in other areas, which may com-
plicate the interpretation of the image®.

Table 3 summarizes the main arguments, which may explain
the significant difference between the predictive performance
of models built using these two preprocessing techniques.

“Transforms — MONAI 1.4.0 Documentation. 2024.
URL: https://docs.monai.io/en/stable/transforms.html#scaleintensity
STransforms — MONAI 1.4.0 Documentation. 2024.
URL: https://docs.monai.io/en/stable/transforms.html#adjustcontrast

Scalelntensity transformed data.

Li et al. also demonstrated that although intensity
normalization methods applied to source brain MRI images
cannot completely remove the scanner effects at the
radiomic feature level, they can make the neuroimaging
data comparable for the subsequent analysis and increase
the reliability of radiomic predictors [25]. Moreover, these
methods appear to have a wider range of clinical applications,
where the implementation of ComBat, a well-known image
preprocessing technique, requires more computing power
associated with a decrease in processing speed due to larger
datasets and correspondingly more sophisticated predictive
models trained on these datasets [26].

A higher number of ROIs with relatively high sphericity
values in the IDH-M subgroup might be explained by less
extensive areas of perifocal vasogenic edema typical for
these tumor types. Such edema spreads along the gyri, giving
the segmentation zones an irregular star-like shape [27, 28].
As our test sample included all morphological types of adult-
type diffuse gliomas of all malignancy grades, relatively
low sphericity values more often indicated more aggressive
tumors, mostly represented by IDH-WT glioblastomas. The
obtained result is indirectly consistent with the study of Y. Li
et al., who showed that spherical disproportion (a radiomic
feature characterized by minimal values for the ideal sphere)
was the only independent prognostic factor positively
correlated with Ki-67 proliferation index expression in lower
grade gliomas [29].

The cumulative predictive performance of the model based on
all six radiomic features is higher than that of the model based
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on a single parameter. Therefore, our classification model
based on the presence/absence of IDH mutation considers
not only the severity of perifocal edema but also probably the
measure of intratumor morphological heterogeneity presented
by significantly higher textural ROI heterogeneity at the voxel
level. We provided more detailed grounds for this assumption
in one of our previous articles [22].

Given that morphological heterogeneity determines the
glioma malignancy grading, our classification model, by
measuring morphological heterogeneity, reflects most
probably a lower or higher malignancy grade of the tumor.
In its turn, numerous morphologic characteristics of high
malignancy mentioned above are associated with the absence
of IDH mutation, allowing the use of radiomics-based markers
for indirect prediction of the IDH mutation status.

Numerous studies indicate that an astrocytic tumor, which
does not fully meet the morphological criteria for higher
malignancy grade but is IDH-M-free and has other specific
molecular genetic characteristics, is defined as a grade 4
IDH-WT glioblastoma and should be treated according
to the corresponding clinical guidelines [33-35]. Since
the study samples covered tumors classified according to
the updated WHO criteria, it is highly probable that some
of the 24 studied IDH-WT gliomas also initially showed
morphological characteristics of malignancy grade 3, which
further was increased due to the IDH-M absence. So, given
the diversity of adult-type diffuse gliomas in the dataset, the
developed model learned to detect IDH-WT entities using the
cases with less pronounced morphological characteristics of
malignancy.

In many recent studies, training samples included clinical
cases classified according to the 2016 WHO classification
with a different IDH mutation status attributed to grade
II, Il diffuse astrocytomas, and grade IV glioblastomas
[36]. Therefore, in some cases, the dataset was limited to
specific morphologic types and malignancy grades so that
the distribution of radiomic features indirectly depended
only on the target variable, i.e., IDH mutation status [37, 38].
Thus, predictive models developed with this approach are
of limited use for primary differential diagnosis, as they are
often trained to classify IDH mutation status within a single
morphological type, which is unknown to the radiologist at
the time of the patient’s initial examination.

Some studies disregarded IDH mutation status in the
differential diagnosis of low-grade and high-grade gliomas,
but in this case the radiomics-based differences between
the IDH-WT and IDH-M tumor subgroups are largely
associated with the minor phenotypic features, the same
as in the morphologic analysis, i.e., radiomics supports the
conventional methods used by radiologists [39, 40].

Paguomuka B gnarHocTuke rmuo6nacTombl

Conclusion

Our results demonstrate a significant impact of different MR
image preprocessing methods on the accuracy of the radio-
mics-based IDH mutation status prediction in patients with
adult-type diffuse glioma.

Based on the analysis of various tool combinations tested in
routine neuroimaging and a small dataset, the combination
with the highest prognostic value for pre-processing, seg-
mentation, and classification of neuro-oncology images was
found to be Scalelntensity, LevelTracing, and Random Forest,
respectively. The possible reason is that the Scalelntensity
technique can better preserve the detail and uniformity of
images, which is particularly useful for comparative analy-
sis. On the other hand, the AdjustContrast technique can im-
prove the quality of visual interpretation, but at the cost of
the structure detail loss due to non-uniformity of adjustment
and the risk of clipping. At the same time, all four preprocess-
ing techniques (Scalelntensity, LevelTracing, Random Forest,
and AdjustContrast) demonstrated similar predictive perfor-
mance; hence, we should use larger datasets to train models
based on these techniques and evaluate the reproducibility of
the yielded results for alternative datasets.

The predictive performance of the presented model based
on all six radiomic features reached the AUC score of
0.845 + 0.089, which we will use in the further studies.

The sphericity value of the ROIs, including perifocal tissue
transformations, is significantly lower in IDH-WT gliomas,
as all of them have malignancy grade 4. This grade posi-
tively correlates with the severity of vasogenic edema, which
is responsible for a typical irregular shape of the structural
changes in tumor-associated areas.

Based on the criteria of the 2021 WHO classification of tu-
mors of the CNS, the optimal models of IDH mutation status
prediction should not be trained on samples presenting only
one morphological type or a malignancy grade but rather on
a sample covering various tumor types and grades to expand
the model’s applicability to the primary diagnostic imaging
in patients with suspected adult-type diffuse glioma. Further-
more, this approach allows non-invasive exclusion of primary
IDH WT glioblastoma at the initial stages of differential di-
agnosis.

We plan to evaluate the reproducibility of the presented
model using an open-source brain MRI dataset with all types
of adult-type diffuse gliomas with identified IDH mutation
status and malignancy grade according to the 2021 WHO
classification of tumors of the CNS. We also intend to develop
a technique for color mapping of ROIs in order to facilitate
visual interpretation of quantitative radiomic data.
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BeJleHKe KCIIEPUMEHTOB 1 cOOp /JaHHBIX, J0Ka3aTeNbHOi 0asbl; paspaboTka
METOJI0JIOTHY, CO3/iaHKe Mozienelt; Banenkosa /lA. — uneu, Gpopmyniposa-
Hye ¥ mpopaboTKa Leseil U 3a7ay; IPUMEHEHUE CTATUCTUYECKHX, MaTeMa-
THYECKUX, KOMIbIOTEPHBIX METOJMK [/ aHalM3a U CHHTe3a JJaHHbIX MC-
C/Ie[I0BaHKs; POBEJIEHNE IKCIIEPUMEHTOB U COOP JIaHHBIX, I0KA3aTeIbHOM
0asbl; CO3/|aHNe MOZieNieli; PorpaMMUpOBaHue, pazpaboTKa, TeCTUPOBAHHUE
nporpammuoro obecrneuenns; Cunuya A.M. — NpuMeHeHHe CTaTHCTHYECKHX,
MaTeMaTH4ecKUX, KOMIbIOTEPHbIX METOAMK JUIsl aHanu3a ¥ CUHTe3a JiaH-
HBIX WCCJIe[IOBaHKsL; MPOBEJiEHNE JIKCIIEPUMEHTOB, aHalu3 [0Ka3aTesbHOM
0asbl; CO3/|aHNe MOZiesieli; POrpaMMUpOBaHue, pazpaboTKa, TECTUPOBAHHUE
nporpammuoro obecriedenus; Tpyaros LE. — wpen, GpopmynupoBaHue u
npopaboTKa Liefieil ¥ 3a1ay; PyKOBOZICTBO U KOOPAMHALMS paboT, IIaHupo-
BaHWe ¥ PYKOBOZACTBO uccrenoBanueM; Mouceenko B.M. — aHanu3 naHHbIX
nurepartypsl, TpeHnos; Epumyes AFO., YeproOpusyesa B.B. — ananis nas-
HbIX TUTepaTypbl, TPEH/IOB.
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Polymorphisms in the SNCA Gene and the Risk
of Synucleopathy

Natalia Yu. Abramycheva, Ludmila S. Karan, Anna 0. Protopopova, Ivan V. Minaev, Irina A. Berdalina,
Ekaterina Yu. Fedotova, Sergey N. Illarioshkin

Research Center of Neurology, Moscow, Russia
Abstract
Introduction. Synucleinopathies are mostly sporadic and multifactorial neurodegenerative disorders, which determines the involvement of various
risk factors in their development. The polymorphic variants of the SNCA gene are considered as one of the predisposing genetic factors.
Study aim: to evaluate the effect of the 16 single nucleotide polymorphisms (SNP) located in various regulatory regions of the SNCA gene on the
risk of developing three main forms of synucleinopathy — PD, DBL, and MSA — in Russian cohort of patients.
Materials and methods. The study included 73 PD patients, 46 MSA patients, 10 DLB patients, and 62 healthy volunteers. Genotyping of 16 SNPs
of the SNCA gene was performed by direct Sanger sequencing on a capillary genetic analyzer. The Benjamini-Hochberg procedure was applied for
multiple pairwise comparisons.
Results. A comparative case-control study showed that only one (rs11931074) of the 16 SNP analyzed was associated with PD: the minor T allele,
located in the 3-UTR region of the SNCA gene, increased the risk of PD (OR = 5.19; p < 0.05 (Benjamini-Hochberg adjusted p = 0.6)). An association
with MSA was found for 11 of 16 SNP. The minor allele of 5 SNP (rs2619364, rs2619363, rs2619362, rs2619361, rs181489) reduced the risk of the
disease, while for 6 SNP (rs7687945, rs2301134, rs2301135, rs3756063, rs2736990, rs11931074) increased the risk. The Benjamini-Hochberg procedure
neutralized the significance of only one of these associations (rsI81489).
Conclusion. This study is the first to genotype a large group of polymorphisms located in various regulatory regions of the SNCA gene and to
establish significant associations with the risk of developing one of the forms of synucleinopathies, MSA, in the Russian population.

Keywords: synucleinopathies; SNCA gene single nucleotide polymorphisms; SNP
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[lonumopdHbie BapuauTbl reHa SNCA u puck

pa3BI/ITI/IH CI/IHYKJICI/IHOHaTI/II/I
H.I0. AGpambiuesa, J1.C. Kapaus, A.O. IIporomnomnosa, .B. Munaes, U.A. Bepnanuna, E10. ®enorosa, C.H. Unnapuomkun

Hayunvui yenmp nesponozuu, Mockea, Poccus
AxHoTanusg
Besedenue. bonbuwurcmeo opm cunykneuronamuli sesomes cnopadutieckuMu u umerom MHo20pakmopHyko npupody, umo onpedensgem yuacmue
pasnuuHblX hakmopoe pucka 6 ux passumuu. Kax odun u3 makux npedpacnonazaroujux zeHemuseckux (pakmopos paccmampusaemcs yuacmue
pasauuHbLx noauMopepHuix eapuarnmos zexa SNCA.
Llen uccnedosanus: usyuenue 8nusHus 16 00HOHYKIEOMUOHBIX NOTUMOPHBIX 8APUAHMOB, JIOKANU0BAHHbIX 8 PASIUUHBIX Pe2yNAMOpPHbLX 00-
nacmax eena SNCA, Ha puck passumus 6 Kozopme nayueHmos poccutickoti nonynayuu mpéx ocHo8HbIX opm cunykaeuronamuii: bonesu Ilap-
kurcoua (bI1), demenyuu ¢ menvyamu Jesu (JT/1) u mynvmucucmemHoti ampocpuu (MCA).
Mamepuanst u memodst. B uccredosanue Gvinu ekouens 73 nayuenma c bIT, 46 ¢ MCA, 10 ¢ AT u 62 nesponozuuecku 300posbix do6po-
eonwya. [eHomunuposanue 16 00HoHykneomudHbix nonumopdHsix eapuarnmos (SNP) 2ena SNCA nposodunu memodom npsamozo cek8eHUpoBaHus
no CoHeepy Ha KANUJIAPHOM 2eHemuueckom aHausamope. JIns Koppexyuu owudKu npu MHOKeCm8eHHOM NONAPHOM CPABHEHUU UCNOb308aU
nonpasky Benvamunu-XoxGepea.
Peaynemamut. [To pe3ynsmamam cpagHumensHo2o aHanu3a «0uazHo3—KoHmpoe» monvko 1 u 16 npomecmupogantsix SNP (rs11931074), nokanu-
308anHblti 8 06nacmu 3-UTR zena SNCA, npodemorcmpuposan ces3b ¢ BIT: mutopbiil annens T npossun meHOeHyulo K y8euueuto pucka pas-
gumus BIT (O = 5,19; p < 0,05 (c nonpaskoii benvsamunu—Xoxbepea p = 0,6)). lns 11 u3 16 SNP evisenena accoyuayus ¢ MCA. MunopHbiii aznnens
5 SNP us3 nux (rs2619364, rs2619363, rs2619362, rs2619361, rs181489) chuxan puck 3abonesanus, a 0na 6 SNP (rs7687945, rs2301134, rs2301135,
rs3756063, rs2736990, rs11931074) — noswiwar. [pumererue nonpasku Benbamunu—Xoxbepza HUBEIUPOBAIO HAUUMOCTb MOJLKO 0OHOL U3 IMUX
accoyuayuii (rs181489).
3axouenue. B pesynvmame npogedénHo20 uccne008aHuUS Bnepeble 2eHOMUNUPOBAHA BOMbULAS 2pYNna NOUMOP(HbIX 8APUAHMO8, PACNONIONKEH-
HbIX 8 Pa3uHbLx pezynsmopHblx obnacmsax zea SNCA, u ycmaHosieHbl 3HauUMble ACCOYUAYUU C PUCKOM PA3BUMUS OOHOL U3 (hopM CuHyKeu-
Honamuti — MCA — & poccuiickoii nonynsyuu.

Kntoueevie cnosa: cunykneunonamuu; 00HOHyKIeOmuOHyvle noaumopgHble sapuanmol; 2eH SNCA

druueckoe yTBepkieHue. VccnenoBanye MpoBOAKIOCh PU A06POBOIBHOM HH(GOPMUPOBAaHHOM COTTIACHM MaljueHToB. [1Ipo-
TOKOJI MCC/IeZI0BaHust 0fo0peH dtuyeckum Komuretom Hayusoro nextpa HeBponoruu (mpotokon N2 2-8/24 ot 18.03.2024).

Hcrounuk ¢unaHcupoBanus. VccnenoBaHye BbonHeHO B paMkax rpanTa PHO Ne 24-25-00478 «Peanuzanus reHeTHYeCKO#
¥l 3MUT'eHeTHYECKON MPeipaciooxkeHHOCTH K CHHYK/IEMHOIATHAM.

Koudnukr untepecoB. ABTOpHI IeKNapUpyIOT OTCYTCTBHE SIBHBIX M NOTEHLUANbHbIX KOH(IMKTOB MHTEPECOB, CBSI3aHHbBIX
c ny6m/1}<au1/1eﬁ HAaCTOSILEH CTAThU.

Anpec ans xoppecnongenuuu: 125367, Poccus, Mocksa, Bonokonamckoe mrocce, n. 80. HayuHblii LeHTp HeBposoruw.
E-mail: abramicheva@neurology.ru. A6pambiuesa H.IO.

Jns uuruposanus: A6pambiuea H.IO., Kapaub JI.C., Tporomomosa A.O., Munaes W.B., Bepnamuua W.A., ®emorosa E.IO,,
Wnnapuowkun C.H. [lonmumopdueie BapranTsl reHa SNCA v pUCK pasBUTHA CHHYK/IEUHONATUH. AHHAbI KIUHUYECKOU U JKC-
nepumenmansHoti Hesponozuu. 2025;19(1):43-52.
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Introduction and dopamine neurotransmission [4], and is crucial for nor-
mal brain functioning [5]. o-Synuclein is a type of protein
that lacks a stable secondary structure in solution and tends
to aggregate. Increased accumulation of a-synuclein in solu-
tion leads to the formation of insoluble fibrils and discrete

spherical structures causing cell death [6].

Synucleinopathies are a group of neurodegenerative disor-
ders characterized by the aberrant accumulation of a-sy-
nuclein aggregates in neurons, nerve fibers, or glial cells. It
is estimated that o-synucleinopathies affect over 10 million
people worldwide [1].

Parkinson’s disease (PD) is the most common phenotype

Alpha-synuclein is a small, 140 amino acid protein [2, 3],
widely represented in the human brain, primarily in presyn-
aptic terminals. Normally, a-synuclein, found in the cell as a
tetramer, presumably regulates vesicular transport processes

form of synucleinopathies, with a prevalence of 100-200 cas-
es per 100,000 people [7]. Less frequent is multiple system
atrophy (MSA), with 2-5 cases per 100,000 people [8], and
dementia with Lewy bodies (DLB), accounting for 4.2-5.0% of

44 Annals of clinical and experimental neurology. 2025; 19(1). DOI: https://doi.org/10.17816/ACEN.1220



OPUMMHANBHBIE CTATBIA. 3kcnepumeHTanbHas HEBPONOrus

all dementias [9]. Historically, the distinction of PD, MSA, and
DLB was based on clinical manifestations and neuropatho-
logical signs. Subsequently, an active study of molecular-ge-
netic mechanisms underlying neurodegenerative processes in
this group revealed structural features of protein aggregates
for different forms of synucleinopathy. Such filaments from
patients with MSA are straight or twisted compared with
the mostly straight filaments from PD patients [10]. MSA is
associated with predominantly oligodendroglial a-synuclein
insertions, whereas a-synuclein aggregates predominantly
accumulate in neurons of PD patients [11].

Many questions regarding the pathogenesis of this disease
remain unanswered. The mechanisms that trigger o-synu-
clein aggregation and subsequent neurodegeneration remain
to be elucidated. These include genetic variants, epigenetic,
and transcriptional processes. Most forms of synucleinopa-
thy are sporadic and multifactorial in origin, and only 10%
of cases have an aggravated family history. Several recent
genome-wide association studies (GWAS) in PD have identi-
fied an association of the disease with single nucleotide poly-
morphisms (SNP) located in different regulatory regions of
the SNCA gene encoding a-synuclein [12-14]. However, the
contribution of most of these SNPs in the regulation of SNCA
gene expression has not been studied. Two PD associated
significant linkage disequilibrium blocks were identified: one
covers the promoter region, while the other affects the 4th
intron and the 3-UTR regulatory region of the SNCA gene
[15, 16]. Polymorphisms located in the 5"-region of the SNCA
gene may affect the gene’s transcriptional activity. For exam-
ple, specific SNP (rs3756063) has been shown to be associat-
ed with hypomethylation in PD patients [17]. Polymorphisms
located in the regulatory 3-region may, in turn, play a role in
the stability of mRNA translation by affecting its binding to
the corresponding microRNA, as well as in alternative splic-
ing [12, 13, 18].

Individual SNPs may have varying effects on the regulation of
SNCA gene expression, leading to both down-regulation and
up-regulation. In particular, a “protective” function of 2 SNPs
genotypic combination was shown to be strongly correlat-
ed with low levels of mRNA [19]. In contrast, another study
demonstrated a significant association of the SNP rs356168
minor allele with an increased SNCA gene expression due to
enhancer activation and subsequently increased gene tran-
scription [20, 21].

The impact of the SNCA gene polymorphisms on the synucle-
inopathy pathogenesis has not yet been sufficiently studied.

MonumopdHsle BapuanTbl reHa SNCA  pUCK pasBuTIAS CUHYKIEUHONATUIA

A number of SNP for some forms of synucleinopathy has not
been studied in the Russian population. Other populations
have been studied to a limited extent. Hence, the aim of the
study was to assess the effect of 16 SNP in the SNCA gene on
the risk of synucleinopathy (PD, DLB, and MSA) developing
in a cohort of Russian patients.

Materials and methods

The study was conducted at the Research Center of Neu-
rology and included 73 PD patients diagnosed according
to the MDS UPDRS criteria [22]; 46 patients with MSA:
17 patients with cerebellar type (MSA-C) and 29 patients
with Parkinsonian type (MSA-P) [23]; and 10 patients with
DLB diagnosed according to the relevant diagnostic crite-
ria [9]. The Montreal Cognitive Assessment Scale (MoCA)
was used to assess the cognitive status. The control group
included 62 volunteers with no neurological disorders. The
groups were mainly represented by people of Slavic ethnic-
ity living in the European part of the Russian Federation.
All participants were familiarized with the upcoming pro-
cedures and signed an informed consent before the study.
The study protocol was approved by the Ethics Committee
of the Research Center of Neurology (Protocol No. 2-8/24
dated 18 March, 2024).

Based on a meta-analysis of several available PD GWAS data-
sets for different populations [24], we selected 16 SNP iden-
tified as significantly associated with PD progression and lo-
calized in different regions of the SNCA gene: 9 in the 5-UTR
and promoter region; 2 in the 4th intron region; and 5 in the
J-UTR region (Figure).

Genomic DNA samples were extracted from whole blood us-
ing the DNA-extran-1 reagent kit (Syntol, Moscow, Russia).
16 SNP of the SNCA gene were genotyped by direct Sanger
sequencing on the Nanofor 05 capillary genetic analyzer (In-
stitute for Analytical Instrumentation, Russian Academy of
Sciences, Moscow, Russia).

The statistical analysis was carried out using the SPSS Sta-
tistics, version 26.0. (IBM). We used the Benjamini—-Hochberg
(BH) procedure for multiple pairwise comparisons. The null
hypothesis was rejected at an adjusted significance level of
P, < 0.05 based on FDR scores. Mean and standard deviation
were used to describe quantitative variables, while absolute
and relative frequencies were used to describe categorical
variables. Categorical variables in the groups were compared
using Pearson’s y? test; if there were limitations to its applica-

5 UTR i 3 A 5 6 3 UTR
| —— mn 1 [
5 P=D —L | 3
SRR | .
rs 1$3756063 152736990 rs
152301135 rs356165 | 11931074
Srgggl 3223 1$356220
r$2619364
r$7687945

Structure of the SNCA gene and location of the 16 SNPs analyzed.
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tion, Fisher’s exact test was used. The odds ratio (OR) and the
95% confidence interval (CI) were calculated to quantify the
relationship between the disease development and specific
genotypes or alleles.

Results

The study groups were characterized according to clinical
and demographic parameters (Table 1). The mixed form of
PD was observed in 60 (82.2%) patients, while the akinetic-
rigid form was observed in 13 (17.8%) patients. Patients were
divided into groups according to the disease stage, as deter-
mined by the Hoehn-Yahr scale. Thus, 41 (56.2%) patients
were diagnosed with stage 3, 23 (31.4%) with stage 2, 8 (11.0%)
with stage 1, and 1 (1.4%) with stage 4. Late onset was found
in 57 (78.1%) patients (> 45 years), and 16 (21.9%) patients
had early onset (21-44 years) of disease.

Table 2 summarizes the results of minor allele frequencies
for the 3 phenotype groups of the synucleinopathy. Genetic
screening showed variations in individual SNP minor allele
frequencies in our sample compared to the European population
in the international Genome Aggregation Database (GnomAD).
According to the population databases, the prevalence of minor
alleles for rs7687945, rs2301134, rs2301135 and rs2736990 was
higher in our control group than in the European population.
Accordingly, a comparative analysis of the incidence was
conducted for the risk allele identified in our sample.

A comparative case-control study showed that only one
(rs11931074) of 16 SNPs analyzed was associated with PD:
the minor allele increased the risk of the disease. However,
the BH correction leveled the significance of this correlation.

Eleven out of 16 SNPs showed correlation with MSA. For
5 of them (rs2619364, rs2619363, rs2619363, rs2619362,
rs2619361, and rs181489), the minor allele reduced the risk of
disease, while for 6 others (rs7687945, rs2301134, rs2301135,
1rs3756063, rs2736990, and rs11931074) it increased the risk.
The BH correction leveled the significance of only one of
these associations (rs181489).

Five out of 16 SNPs showed correlation with DLB. For 4 of
them (rs2619364, rs2619363, rs2619362, rs2619361) the minor
allele reduced the risk of disease, while for rs1372519 the
risk was increased. However, the BH correction leveled the
significance of all of these associations.

Quantification of the association between disease presence
and genotype status was performed for the 11 SNPs that
showed a significant association with MSA. For this purpose,
we calculated the ORs for 2 genetic models: dominant and
recessive (Table 3). Analyses were performed for both the total
MSA group and for the 2 major subtypes: MSA-C and MSA-P.

Five SNPs (rs7687945, rs2301134, rs2301135, rs3756063,
rs11931074) significantly increased disease risk for MSA patients
for the minor allele in homozygous and heterozygous genotypes
in the dominant model. Five other SNPs (rs2619364, rs2619363,
12619363, rs2619362, rs2619361, rs181489) reduced disease risk
for the minor allele in homozygous and heterozygous geno-
types in the dominant model. For 4 of these SNPs (rs2619364,
152619363, rs2619362, rs2619361), the recessive model was sig-
nificantly less represented of homozygotes for the minor allele
among patients with MSA (namely the absence of such).

During the MSA-P analysis, the risk of disease was signifi-
cantly higher for minor allele of 5 SNPs (rs7687945, rs2301134,
152301135, rs3756063, rs11931074) for homozygotes and het-
erozygotes compared to homozygotes for the more common
allele in the dominant model. Moreover, the risk was signifi-
cantly reduced only for minor allele of 2 SNPs (rs2619362,
1s2619361) in homozygotes and heterozygotes compared to
homozygotes for the more common allele in the dominant
model. The recessive model did not show significant differ-
ences in the representation of homozygotes for the minor
allele between the groups for any of the SNPs.

The MSA-C analysis did not show significant associations be-
tween genotypes and the disease in any of the models. This
may be attributed to the low power of analysis, as the volume
of the study group is small (n = 17).

Discussion

Disease-associated polymorphic genes are considered risk
factors for multifactorial diseases. We performed genetic
screening of 16 polymorphisms of the SNCA gene across
three groups with different forms of synucleinopathy, where
we relied on a large meta-analysis of the association between
SNCA polymorphisms and the risk of PD, focusing on the
most significant SNPs [24].

A number of studies have shown the greatest association
with the risk of idiopathic PD for rs11931074 located in the

Table 1. Clinical and demographic characteristics of patients and control subjects, M + SD

MSA (n = 46)
Parameter PD DLB Control
(n=13) MSA-P MSA-C (n=10) (n = 62)
(n=29) (n=17)

Sex (M/F) 38/35 11/18 8/9 9N 44/18
Age, years 59.0+11.6 64.1+84 56.1+6.6 702 +4.1 53.4+9.38
Onset age, years 540114 59.7+84 532+7.2 66.0+5.0 -
MoCA score 239+3.7 244+ 3.6 243+1.8 15.4+3.8 -
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Table 2. Association analysis of minor SNP alleles of the SNCA gene with the presence of SP

SNP Allele
rs7687945 T
rs2619364 G
rs2619363 T
rs2301134 G
rs2301135 c
rs2619362 T
rs2619361 A
rs3756063 C

Group
GnomAD
Control
PD
MSA
DLB
GnomAD
Control
PD
MSA
DLB
GnomAD
Control
PD
MSA
DLB
GnomAD
Control
PD
MSA
DLB
GnomAD
Control
PD
MSA
DLB
GnomAD
Control
PD
MSA
DLB
GnomAD
Control
PD
MSA
DLB
GnomAD
Control
PD
MSA
DLB

Allele frequency

0.52
0.41
0.47
0.60*
0.31
0.24
0.41
0.38
0.18*
0.10*
0.24
0.40
0.36
0.18*
0.15*
0.52
0.39
0.48
0.58*
0.40
0.52
0.40
0.48
0.60*
0.45
0.23
0.40
0.40
0.17*
0.15*
0.27
0.40
0.40
0.17*
0.15*
0.40
0.40
0.4
0.62*
0.40

OR (95% CI)

1.296 (0.795-2.115)
2.194 (1.252-3.845)
0.659 (0.215-2.015)

0.891 (0.546-1.452)
0.311 (0.160-0.604)
0.159 (0.035-0.716)

0.872 (0.533-1.429)
0.331 (0.173-0.634)
0.270 (0.075-0.971)

1.458 (0.897-2.370)
2.167 (1.247-3.766)
1.056 (0.402-2.770)

1.360 (0.836-2.213)
2.241 (1.283-3.914)
1.211 (0.468-3.135)

1.026 (0.627-1.679)
0.322 (0.169-0.616)
0.270 (0.075-0.971)

1.026 (0.627-1.679)
0.322 (0.169-0.616)
0.270 (0.075-0.971)

1.190 (0.731-1.939)
2.493 (1.433-4.337)
1.020 (0.389-2.677)

0.321
0.008
0.590

0.708
< 0.001
0.011

0.616
0.001
0.044

0.141
0.008
1.000

0.219
0.005
0.807

1.000
0.001
0.044

1.000
0.001
0.044

0.535
0.002
1.000

p adj

1.000
0.020
1.000

1.000
0.005
0.258

1.000
0.006
0.301

1.000
0.021
1.000

1.000
0.016
1.000

1.000
0.005
0.263

1.000
0.004
0.234

1.000
0.007
1.000

MonumopdHsle BapuanTbl reHa SNCA  pUCK pasBuTIAS CUHYKIEUHONATUIA

End of the Table 2 is on the page 48.
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End of the Table 2.

SNP Allele Group Allele frequency OR (95% CI) p Py
GnomAD 0.21
Control 0.21
rs1372519 A PD 0.17 0.738 (0.399-1.368) 0.349 1.000
MSA 0.21 0.961 (0.494-1.869) 1.000 1.000
DLB 0.45* 3.021 (1.132-8.063) 0.046 0.221
GnomAD 0.40
Control 0.47
rs2737029 c PD 0.48 1.051 (0.647-1.708) 0.902 1.000
MSA 0.37 0.670 (0.385-1.167) 0.164 0.225
DLB 0.28 0.440 (0.147-1.310) 0.203 0.648
GnomAD 0.54
Control 0.42
rs2736990 A PD 0.44 1.064 (0.640-1.769) 0.897 1.000
MSA 0.60* 2.045 (1.152-3.630) 0.015 0.034
DLB 0.61 2.143 (0.769-5.969) 0.199 0.683
GnomAD 0.36
Control 0.46
rs356165 G PD 0.54 1.393 (0.858-2.263) 0.218 1.000
MSA 0.39 0.765 (0.434-1.347) 0.390 0.468
DLB 0.40 0.788 (0.300-2.066) 0.809 1.000
GnomAD 0.36
Control 0.45
rs356220 T PD 0.52 1.327 (0.817-2.154) 0.269 1.000
MSA 0.38 0.743 (0.419-1.318) 0.315 0.388
DLB 0.40 0.815 (0.311-2.137) 0.809 1.000
GnomAD 0.07
Control 0.02
rs11931074 T PD 0.08* 5.194 (1.139-23.688) 0.025 0.595
MSA 0.16* 10.973 (2.424-49.672) < 0.001 0.008
DLB 0.05 3.053 (0.264-35.339) 0.377 0.953
GnomAD 0.36
Control 0.47
rs356219 G PD 0.53 1.285 (0.786-2.100) 0.381
MSA 0.37 0.672 (0.369-1.225) 0.228 1.000
DLB 0.40 0.759 (0.290-1.985) 0.635 0.296
GnomAD 0.29
Control 0.37
rs181489 T PD 0.40 1.135 (0.681-1.890) 0.697 1.000
MSA 0.23* 0.495 (0.263-0.930) 0.031 0.059
DLB 0.39 1.071 (0.385-2.980) 1.000 1.000

Note. *Significant differences from the control.
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Table 3. SNP genotype association analysis for SNCA gene with the presence of MSA (n = 46), MSA-P (n = 29), and MSA-C
(n = 17) compared with healthy volunteers (n = 62)

T MSA type The dominant model The recessive model

OR (95% CI) Py OR (95% CI) P
MSA 6.833* (1.882-24.807) 0.007 2.125 (0.805-5.610) 0.215
rs7687945 MSA-P 13.500* (1.709-106.648) 0.029 1.545 (0.491-4.869) 0.727
MSA-C 3.500 (0.724-16.922) 0.207 3.400 (0.988-11.697) 0.166
MSA 0.265* (0.116-0.604) 0.008 NA 0.025

rs2619364 MSA-P 0.298 (0.115-0.772) 0.054 NA 0.111
MSA-C 0.216 (0.066-0.707) 0.128 NA 0.235
MSA 0.283* (0.126-0.633) 0.010 NA 0.043
rs2619363 MSA-P 0.313 (0.125-0.782) 0.054 NA 0.124
MSA-C 0.233 (0.071-0.758) 0.083 NA 0.234
MSA 6.045* (1.916-19.067) 0.008 1.905 (0.715-5.079) 0.289
rs2301134 MSA-P 7.962* (1.731-36.619) 0.038 1.536 (0.490-4.818) 0.710
MSA-C 4128 (0.860-19.816) 0.164 2.677 (0.751-9.546) 0.209
MSA 7.000* (1.937-25.299) 0.006 2.208 (0.838-5.821) 0.215
rs2301135 MSA-P 13.317* (1.688-105.050) 0.024 1.683 (0.533-5.314) 0.618
MSA-C 3.841 (0.802-18.397) 0.201 3.212 (0.948-10.882) 0.157

MSA 0.273* (0.122-0.610) 0.007 NA 0.041
rs2619362 MSA-P 0.313* (0.125-0.782) 0.050 NA 0.118
MSA-C 0.213 (0.066-0.686) 0.108 NA 0.247
MSA 0.273* (0.122-0.610) 0.006 NA 0.040
rs2619361 MSA-P 0.313* (0.125-0.782) 0.047 NA 0.112
MSA-C 0.213 (0.066-0.686) 0.090 NA 0.241
MSA 7.883* (2.190-28.376) 0.007 2.576 (1.001-6.631) 0.104
rs3756063 MSA-P 15.400* (1.960-120.995) 0.022 1.874 (0.620-5.662) 0.600
MSA-C 4.125 (0.863-19.718) 0.160 4122 (1.246-13.642) 0.100
MSA 2.449 (0.943-6.358) 0.116 2.550 (1.020-6.372) 0.117
rs2736990 MSA-P 1.664 (0.597-4.635) 0.658 2.567 (0.927-7.110) 0.213
MSA-C 7.941 (0.969-65.065) 0.093 2.520 (0.740-8.576) 0.238
MSA 11.952* (2.533-56.401) 0.006 NA 0.500

rs11931074 MSA-P 13.500* (2.678-68.064) 0.022 NA NA
MSA-C 9.500 (1.558-57.929) 0.081 NA 0.250
MSA 0.313* (0.135-0.723) 0.021 NA 1.000
rs181489 MSA-P 0.348 (0.133-0.910) 0.121 NA 1.000
MSA-C 0.263 (0.084-0.816) 0.082 NA 1.000

Note. NA: OR estimate is impossible (one variant of compared genotypes / their combinations is missing in at least one of the groups) or significance level estimate is impossible (one variant of
compared genotypes / their combinations is missing in both groups).

* Significant differences compared to the control.
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3-UTR region of the SNCA gene [12-14, 25]. It was predicted
that rs11931074 would affect mRNA stability and translation
efficiency [12, 13, 18, 25, 26]. The results of our study also
showed that the rs11931074 minor allele (7) tended to in-
crease the risk of PD (OR = 5.19; p < 0.05 (p, 4= 0.6).

Our sample demonstrated no associations with PD risk for
the other 15 SNPs. It is likely explained by the heterogeneity
of the PD group (both the clinical picture and the rate of
disease progression), which precluded observing significant
associations with specific disease forms. To assess the as-
sociation of SNCA polymorphisms with PD, the PD groups
should be specified by clinical, temporal, and demographic
characteristics, as well as by the age at disease onset. Fur-
thermore, the role of individual SNPs in the regulation of
SNCA gene expression is population-dependent. For example,
in the East Asian group, rs11931074, rs2736990, and rs356219
are associated with an increased risk of PD, while in the Eu-
ropean group, rs11931074, rs356219, rs181489, rs2737029,
and rs356165 are associated with an increased risk of PD
[24, 27-30]. There are only rarely studies about the role of
individual polymorphisms in SNCA contributing to the risk of
PD in the Russian population. Thus, one study demonstrated
an increase in a-synuclein levels in CD45* blood cells in the
Russian PD group, which was significantly associated with
1356168 and rs356219 [31].

In the MSA group, 11 out of 16 analyzed SNCA polymor-
phisms were statistically significant (p < 0.05) for the risk.
Our study focused on polymorphisms located in the promot-
er and 5-UTR regions of the SNCA gene that affect the gene’s
transcriptional activity. Eight out of 9 SNPs in this region
were associated with the risk of MSA in our patient cohort.
Of these, an increased risk of MSA was observed for 4 SNPs
(rs7687945, rs2301134, rs2301135, and rs3756063), which was
confirmed only for patients with P-MSA in a dominant inher-
itance model, where a minor allele in both homozygous and
heterozygous states influences the development of the dis-
ease. According to Y. Wei et al., a G>C nucleotide substitution
in the rs3756063 polymorphism results in a CpG site in the
promoter region, and affecting the DNA methylation status of
SNCA may increase the risk of PD [32]. Another multi-center
study found an association between rs7687945 and the age
of PD onset [33]. In our study, another 4 SNPs (rs2619361,
152619362, 152619363, rs2619364), for which the significance
of association with an increased PD risk has been confirmed
in several studies [24, 34], showed a protective role of the
minor allele of these SNPs against MSA (p < 0.05).

Of the two analyzed SNPs located in intron 4 (rs2737029,
1s2736990), only the rs2736990 minor A allele showed a sig-

nificant association (p = 0.034) with an increased risk of
MSA. In the Asian population, rs2736990 is associated with
PD risk but not with MSA risk [35]. In the literature, this SNP
is linked with the enrichment of one of the SNCA splicing
variants, called SNCA-112, which lacks exon 5 [36-39)].

In our study, 5 SNPs (rs356165, rs356220, rs11931074,
15356219, rs181489) are located in the 3-UTR region of the
SNCA gene, of which only rs11931074 was statistically sig-
nificant for MSA: the minor T allele was a risk factor for the
disease progression (OR = 10.973; 95% CI 2.424-49.672; p <
0.001). Genotype analysis for this SNP showed an increased
risk only for the P-MSA in the dominant inheritance model
(OR = 13.5; 95% CI 2.678-68.064; p = 0.022). In multi-center
studies in a European population, this SNP also showed a
high risk of MSA: OR (recessive model) = 6.2 (95% CI 3.4-11.2;
p = 5.5 x 107?) [40] and OR (recessive model) = 9.32 (95% CI
4.03-21.55; p < 0.00001) [41]. However, it should be noted
that in one GWAS study including 1,030 European patients
with MSA, the risk of rs11931074 was not confirmed [42]. The
authors attribute it to potential intrapopulation differences
in the European group. No association between MSA and
rs11931074 was found in the Asian population [27]. In addi-
tion, we found a trend toward a decreased risk of MSA with
15181489 (OR = 0.495; 95% CI 0.263-0.930; p = 0.031).

Despite the limited DLB sample in our study, we found a trend
towards a decreased risk for 4 SNPs (rs2619364, rs2619363,
rs2619362, rs2619361) and an association of rs1372519 with
an increased risk of the disease.

Thus, we were the first to analyze a large group of polymor-
phisms in various regulatory regions of the SNCA gene for
their association with the risk of developing three forms (PD,
MSA, and DLB) in the Russian population. Our study had
several limitations. First, the small sample size and individual
groups may have reduced the power of the analysis, increas-
ing the likelihood of missing significant associations. Second,
some significant associations may have been diminished by
strict adjustment for multiple comparisons. The results of
risk assessment and its significance also depended on the
population characteristics of the control group [40-42].

Considering the above-mentioned limitations, we established
significant associations between SNCA polymorphisms and
different forms of synucleinopathy based on the study find-
ings. This study should be continued in larger, carefully de-
fined cohorts in comprehensive research examining the role
of genetic and epigenetic factors in the regulation of SNCA
gene expression, taking into account population-specific fea-
tures.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder characterized by the death of upper and lower motor neurons.
Numerous studies show that structural and functional impairments of neuromuscular junctions (NMJ) occur as early as the presymptomatic
stage of ALS. NM] involvement is independent and one of the primary events in ALS pathogenesis. Aim: to review the data on characteristics and
mechanisms of NMJ dysfunction at pre- and postsynaptic levels in ALS patients and a transgenic animal model of the disease. Furthermore, we
report on the dysfunction of perisynaptic Schwann cells and impaired mechanisms of motor neuron and skeletal muscle interaction in ALS, with
a focus on reviewed publications on targeting of molecular mechanisms underlying NMJ dysfunction and disruption in ALS. The NMJ may be a
potential target for novel therapeutic approaches for ALS.
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MexaHu3Mbl pa3BUTUA IUCPYHKIUU
HEPBHO-MbIIIIEYHbIX CHHAIICOB IIpU OOKOBOM
aMHOTPO(PUYECKOM CKJepo3e

AH. Xabubpaxmanos, /1.A. Axmapuesa, K.K. Harues, M.A. Myxamebsipos

Kasancxuii eocydapcmaenHbiil meduyurckuii ynusepcumem, Kasany, Poccus

AnHoTanug

Boxosoti amuompoduueckuii cknepo3 (BAC) sengemes npoepeccupyougum HetipodezeHepamusHslM 3a0071e8aHLeM, XapaKmepuaylouumcs 2ube-
JIbI0 BEPXHUX U HUXHUX MOMOHELIPOH0B. B MHOz0UUCIEHHbLX UCCNIed08AHUAX NOKA3AHO, UMO CMPYKMYPHO-(YYHKYLUOHAIbHbIE HAPYUIEHUS HEPBHO-
molweunslx cunancos (HMC) npu BAC paseusaiomes ysxe Ha documnmomHoti cmaduu 6onesuu. [lopaxenue HMC aengemesa camocmosmensHbim
U 0OHUM U3 nepsudHbIX namozeHemuseckux npoyeccos npu BAC. Llens 0630pa — aHanus Hayunbix 0GHHbIX O Xapaxkmepe NOPaXeHus U Mexa-
HU3Max HapyweHus Gyrkyuoruposanus HMC a npe- u nocmeunanmuueckom ypose npu BAC y nayuermos u 8 Modenu danHozo 3a60/1e8aHus
Ha MpaHcaeHHblx Kusomublx. Kpome mozo, npedcmasnesl caedenus o duchyHkyuu nepucuHanmuueckux WeaHHOBCKUX KJeMOK U 0 HapyuleHuu
MexaHu3moe e3aumodelicmeus MomoelipoHa u ckesnemHoil moiwybt npu BAC. Ocoboe 6HUMAHUE YOeseHO AHANU3Y HAYUHbLX pabom, c6S3aHHbLX
¢ KoppeKyueti MosIeKySPHbIX MeXaHuamoe, nexatjux 6 ocrose ducyrkyuu u decmpykyuu HMC npu BAC. Cenan evi600 0 mom, umo HMC mo-
JKem 8bicmynams NOMeHYUaIbHOL Mutiierbio 071 paspabomku Hosbix mepanesmuueckux nodxodos npu BAC.

Knioueswie cnosa: 60kosoli amuompoduueckuii ckaepos; HepeHO-MblUledHbLl CUHANC; HepeHOe OKOHYAHUE; CKeNemHAs Mbluyd,
dsuzamenvHas eduHuya

Wcrounnk ¢uuancuposanus. PaGora BbimonHeHa npu noajepxkke rpanta Poccuiickoro Hayunoro ¢onga N 23-15-00438,
https://rscf.ru/project/23-15-00438/

Kondnukr unTepecoB. ABTOpbI /IeKNapUPYIOT OTCYTCTBHE SIBHBIX U NOTEHIHANbHbIX KOH(IMKTOB MHTEpPECOB, CBSI3aHHbIX
¢ myO/MKanyei HacTosmel cTaThy.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal, progressive
neurodegenerative disorder characterized by the death
of upper and lower motor neurons [1]. ALS mostly begins
with focal muscle weakness and hypotrophy that spread
to adjacent myotomes along the cerebrospinal axis.
Approximately one third of ALS patients start with the onset
of bulbar symptoms, while two-thirds of patients have limb-
onset disease [2, 3]. As ALS progresses, it leads to atrophy
and paralysis of skeletal muscles, including the diaphragm.
Average survival rate from the first diagnosis is 3 years [4].
Classic ALS is characterized by simultaneous upper and
lower motor neuron involvement at one or more levels of the
cerebrospinal axis, whereas atypical forms, such as primary
lateral sclerosis, predominantly involve either upper or lower
motor neurons [2, 5].

ALS is considered a multifactorial disease, with genetic,
environmental, and age-dependent risk factors underlying its
onset and development [6-9].

There are several hypotheses for neurodegeneration
development and spread in ALS. The dying-forward hypothesis
suggests that hyperexcitability of upper motor neurons is one
of the initial events leading to glutamate excitotoxicity and
lower motor neuron involvement [10-12]. Through the lens
of the dying-back hypothesis the neuromuscular junction
(NMYJ), skeletal muscle, and distal axon play a crucial role
in neurodegeneration initiation and development [9, 13, 14].
Alternatively, some investigators propose that upper and
lower motor neuron degeneration proceeds independently
[15, 16]. The involvement is thought to be independent and
one of the primary events in ALS pathogenesis [9, 17, 18].

Aim: to review the data on characteristics and mechanisms
of NMJ dysfunction at pre- and postsynaptic levels in ALS
patients and a transgenic animal model of the disease.

NMJ Structure

into slow (S), fast resistant to fatigue (FR), and fast fatigable
(FF) [19, 20]. FR and FF fibers are innervated by fast motor
neurons, whereas S fibers, by slow ones. Fast motor neurons
have a larger soma size and axon diameter, a more branched
dendritic tree, lower excitability, a higher rate of action
potential generation, and faster axon conduction [21-24].
Experiments using mouse models of ALS revealed that FF MU
involvement can be detected as early as the presymptomatic
stage [25]; signs of FR MU involvement can be observed at
symptom onset, while S MUs are affected at the late stage of
the disease [26].

Involvement of NMJs and MUs in Patients

There is considerable evidence that the NMJ is affected at
early stages of the disease in both ALS patients and multiple
ALS models. Examinations of muscle biopsy specimens
from ALS patients revealed pronounced fragmentation of
end plates and their denervation [27]. Electron microscopy
in ALS patients demonstrated a decrease in pre- and
postsynaptic areas as well as in the percentage of nerve
terminal mitochondria [28]. Expression of acetylcholine
receptor subunits within the postsynaptic membrane is also
reduced in ALS patients [29]. The study of muscle biopsy
specimens revealed an increased proportion of slow muscle
fibers, indicating selective vulnerability of fast MUs [30].
Electrophysiological studies also confirm that fast MUs are
predominantly affected [31], except for extraocular muscles,
which are spared in ALS [32].

In ALS patients, NMJ denervation and axon retraction
may precede motor neuron degeneration and occur while
spinal motor neurons and ventral roots remain intact [33].
Electrophysiological techniques confirm the NMJ involvement
in ALS patients: amplitudes of miniature end-plate potentials
and quantal content of end-plate potentials were shown to be
decreased in muscle biopsy specimens of ALS patients at the
early stages of the disease [34].

Transgenic Animal Models of ALS

The NM]J is a specialized synapse that connects the distal axon
of a motor neuron with a skeletal muscle fiber. Perisynaptic
Schwann cells (PSCs) cap the NMJ and regulate its structure
and function. All the 3 elements of the NMJ (nerve terminal,
postsynaptic membrane, and Schwann cell) are thought to be
involved in ALS pathogenesis [9, 11].

A motor neuron and its innervated muscle fibers form a
functional unit known as a motor unit (MU). Based on their
contraction velocity and fatigability, MUs are categorized

Animal models significantly expanded possibilities of
studying pathogenesis mechanisms and developing
ALS therapies. Transgenic mouse lines expressing ALS-
associated mutant human genes are usually used as model
animals. Thus, a number of transgenic mouse models with
ALS-linked gene mutations were developed to study the
disease: SODI, FUS, CYorf72, and TARDBP [9, 35]. These
ALS models replicate clinical features and key pathogenesis
mechanisms quite well, serving as an effective tool for
studying the disease.
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A mutation in the SODI gene encoding superoxide dismutase
1 was the first identified genetic cause of ALS [36]. The
first transgenic mouse model of ALS was a line of mice
expressing the human SODI with a G93A mutation [37].
This model is one of the most studied; it is actively used for
preclinical studies and contributed to the introduction of
riluzole and edaravone in ALS therapy [35]. The SOD1(G934)
model reproduces most mechanisms of ALS pathogenesis
and demonstrates progressive motor neuron degeneration
leading to paralysis and death in transgenic mice at 4-5
months of age[37].

Transgenic ALS model associated with the expression of a
mutant FUS (fused in sarcoma) gene is widely used. FUS gene
encodes a nuclear RNA/DNA-binding protein FUS [38]. The
first transgenic models based on the FUS expression appeared
in the early 2010s [39-41]. FUS transgenic mice reproduce
such pathological processes in human ALS as accumulation
of intracellular FUS aggregates, progressive death of motor
neurons, skeletal muscle denervation with the development
of paralysis and atrophy [42].

There is a transgenic model of ALS expressing a mutant
TARDBP gene that encodes the DNA/RNA-binding protein
TDP-43 [43]. Postmortem tissue changes in ALS patients
include affected neurons and glia of the brain and spinal cord,
characterized by the loss of nuclear TDP-43 and cytoplasmic
accumulation of insoluble phosphorylated TDP-43|8]. Several
TDP-43 models of ALS have been developed, and different
phenotypes have been obtained [9, 44].

A CY90RF72-based genetic model of ALS was created. This
gene encodes a protein found in neurons and other cells and
involved in signaling in the nervous system [9]. Mouse models
expressing the human CY9ORF72 repeats exhibit various

pathological, functional, and behavioral characteristics of
ALS [45].

Presynaptic NMJ Disorders

SODI1 Model

In SOD1 mice, NMJ involvement can be observed as early
as the presymptomatic stage, preceding the first signs of
ALS in motor neurons [46, 47]. Prior to obvious signs of NMJ
denervation at the presymptomatic stage, one can observe
altered nerve terminal morphology, as well as vacuolization
and swelling of mitochondria with their decreased number in
the presynaptic membrane [46, 47]. The changes primarily
occur in the FF MUs [26, 46-48]. This model replicates
several key mechanisms of ALS development, such as
impaired axonal transport and mitochondrial dysfunction.
Similar abnormalities and a decreased number of synaptic
vesicles in the SOD1 model develop at the presymptomatic
stage selectively in FF MUs, while FR and S MUs remain
intact [26]. FR MU involvement becomes evident in the early
symptomatic stage, while S MUs are affected in the late stage
of the disease [26].

Impaired expression of synaptic proteins could be observed
in this model. In SOD1 mice at the presymptomatic stage,
we detected a significant decrease in the expression of

presynaptic proteins, such as SNAP-25 and synapsin-1;
after symptom onset we additionally observed a significant
decrease in the synaptophysin expression [49]. Among
the studied presynaptic proteins, SNAP-25 showed the
most pronounced change: its expression reduced by ~50%
compared with wild-type mice [49]. This vulnerability could
be caused by SNAP-25 sensitivity to oxidative stress [50].
Oxidative stress in the presynaptic membrane also develops
at the presymptomatic stage due to the decreased number
of mitochondria and aberrant mitochondrial morphology
[51]. Because of impaired axonal transport, the motor neuron
cannot compensate for mitochondrial dysfunction in the
nerve terminal [26].

The same ALS model was found to have impaired
neuromuscular synaptic transmission. SOD1 mice have
decreased quantal content of end-plate potentials and
prolonged synaptic vesicle recycling both before and after
symptoms onset [52]. Amplitude and frequency of miniature
end-plate potentials was observed to be altered, with impaired
synaptic transmission first becoming evident in FF MUs [25].
In this model, synaptic vesicle docking to the presynaptic
membrane is also impaired [46, 47], which may result from
impaired SNARE complex formation due to decreased SNAP-
25 expression [49].

FUS Model

In a transgenic model overexpressing the human FUS (hFUS),
NM]J denervation is accompanied by the preserved number of
spinal motor neurons at the presymptomatic stage [53]. FUS
aggregates are observed to accumulate in the presynaptic
membrane of the NMJ [53]. Ultrastructural analysis in FUS
mice revealed a decrease in the number of synaptic vesicles
and nerve terminal mitochondria and their morphological
abnormalities at the NMJ, while the postsynaptic membrane
remains relatively intact [53]. However, another model,
FUSANS™ displayed reduced postsynaptic membrane area [54].
The selective vulnerability of fast MUs is also characteristic
of FUS mice [55].

The FUS model is observed to have impaired expression
of presynaptic proteins. Thus, we detected increased
expression of synaptic proteins SNAP-25 and synapsin-1
in transgenic FUS(1-359) mice at the presymptomatic
stage [17], whereas at the symptomatic stage a significant
decrease in the expression of SNAP-25, synapsin-1, and
synaptophysin was observed. The enhanced expression of
some presynaptic proteins at the presymptomatic stage
may be caused by messenger RNA stabilization due to
FUS accumulation in the presynaptic membrane, which
may affect local protein translation processes in the
synapse [56, 57].

In the FUS model, impaired neuromuscular transmission is ob-
served as early as the presymptomatic stage. In the FUS(1-359)
model at the presymptomatic stage, we found a decrease in the
amplitude of miniature (spontaneous) and evoked end-plate
potentials, as well as in the rise time and half-decay time of
miniature end-plate potentials compared with wild-type mice.
Furthermore, there was a more significant decrease in the am-
plitude of end-plate potentials during high-frequency activity
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(20 Hz) and a slower recovery of this amplitude after the stim-
ulation in FUS(1-359) mice compared with wild-type mice. The
FUS(1-359) mice also showed a decrease in the intensity of syn-
aptic vesicle endocytosis induced by high-frequency synaptic
stimulation (20 Hz) compared with wild-type mice [17].

Another study of FUS mice revealed a decrease in the
amplitude of evoked motor responses that precedes
morphological changes in pre- and postsynaptic membranes
of the NM] and axons, followed by loss of motor neurons [55].

Not all transgenic TDP-43 mice reliably reproduce the neu-
romuscular phenotype with muscle weakness, amyotrophy,
and NM] denervation. However, the TDP-43%%K model shows
signs of impaired synaptic transmission at the presymptom-
atic stage (increased amplitude and decreased frequency of
miniature end-plate potentials), as well as signs of NMJ poly-
innervation [58].

Postsynaptic NMJ Disorders

Specific changes are observed in the postsynaptic membrane
in ALS models. Transgenic SOD1 mice demonstrated morpho-
logic changes: shortening of the end-plate folds [47]. In the
SOD1 model, the expression of crucial postsynaptic structural
proteins, such as nestin, dystrophin, LRP4, and rapsin, which
are responsible for end-plate morphology and acetylcholine
receptor clustering, is impaired at the symptomatic stage [59].

FUS mice have reduced postsynaptic membrane area, and these
changes can be detected both at the presymptomatic stage
[54] and only at the symptomatic stage [17]. Such changes
are likely due to a direct effect of FUS on the expression of
acetylcholine receptor subunits when FUS accumulates in the
subsynaptic nuclei of skeletal muscle fibers [54].

Previously, the changes in skeletal muscles were thought to
be secondary and solely the result of motor neuron degener-
ation. However, a number of studies suggest otherwise. Thus,
in case of SODI mutations, the accumulation of mutant su-
peroxide dismutase 1 aggregates is observed in skeletal mus-
cle at the presymptomatic stage [60] and leads to mitochon-
drial damage, resulting in impaired morphology and reduced
number of mitochondria in the postsynaptic membrane at
the presymptomatic stage, and oxidative stress [51]. The in-
dependent role of skeletal muscle in the ALS pathogenesis is
also supported by the fact that, despite the prevention of spi-
nal motor neuron death and their preserved number owing to
p38 MAPK inhibitor, skeletal muscle denervation and atrophy
still develop [46, 61].

Skeletal muscle can also act as a direct aggressor within the
ALS pathogenesis. Selective overexpression of mutant SOD!1
results in NM]J involvement, distal axonopathy, and likely
corticospinal tract damage, as evidenced by hyperreflexia
and spasticity [62]. The impact of skeletal muscle may be
mediated by the secretion of extracellular vesicles, which
may exert neurotoxic effects by negatively affecting motor
neuron survival and inhibiting axon growth [63, 64].

Skeletal muscle may also contribute to NMJ denervation by
secreting Nogo-A factor, which is a chemorepellent, more

properly a substance that repels the axon growth cone. This
prevents effective reinnervation of the NMJ and contributes
to progressive denervation of skeletal muscle [65]. The
expression of this factor is elevated in ALS patients, with
the level of expression correlating with the rate of disease
progression [66]. Meanwhile, antibodies against Nogo-A
notably delay disease progression in an ALS model [67].

Skeletal muscle metabolism is elevated in mSOD1 mice,
leading to chronic energy deficits observed prior to
amyotrophy and muscle denervation. Energy deficit and
muscle hypermetabolism can lead to NMJ disruption, skeletal
muscle denervation, and motor neuron death [68]. Dietary
modification (a fat-enriched high-energy diet) extended life
expectancy and motor neuron survival in a mouse model of
ALS [69].

Involvement of PSCs in ALS

Apart from changes in the pre- and postsynaptic
compartments of the NM]J, ALS patients also show pathological
changes in the terminal PSCs [66]. The morphology of these
cells is altered; outgrowth and intrusion in the synaptic
cleft significantly reduce the available surface area of the
postsynaptic membrane for neuromuscular transmission.

The SOD1(G37R) model showed that PSCs cannot produce
an adequate response to NMJ degeneration (adoption of a
phagocytic phenotype), nor can they guide nerve terminal
sprouts. This impairs compensatory reinnervation and
contributes to progressive denervation [70].

The SOD1(G934) model revealed selective loss of PSCs and their
macrophage infiltration in fast MUs at the presymptomatic
stage [25, 71]. This observation also correlated with a reduced
capacity of motor neurons innervating fast muscle fibers to
reinnervate. The PSC involvement was also noted in the
TDP43 model of ALS [72].

Moreover, the SOD1(G934) model of ALS showed that PSCs
in FF MUs are capable of de novo expression and secretion
of the chemorepellent semaphorin 3A (Sema3A), which, like
Nogo-A, repels the axon growth cone and leads to denervation,
thereby contributing to the selective vulnerability of FF
MUs [73]. R. Maimon et al. found that elevated Sema3A
levels correlate with muscle denervation, with inhibition of
Sema3A expression reducing the severity of NMJ] and axon
degeneration [74].

The role of PSCs in the ALS pathogenesis is also indirectly
evidenced by the fact that masitinib administration in
transgenic mice prevented loss of PSCs and delayed the
disease [71]. At the same time, masitinib in combination with
riluzole showed significant efficacy in ALS patients [75].

Impaired Mechanisms of Interaction Between
Motor Neurons and Skeletal Muscles

In ALS, there are specific changes in each part of the NM]J: pre-
and postsynaptic compartments, as well as the surrounding
PSCs. Such changes inevitably lead to disruption of the motor
neuron—skeletal muscle interaction, which in turn contributes
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to further disease progression. Normally, when a motor neuron
and a muscle fiber form a functional synapse, the formed MU
begins to secrete a number of trophic and growth factors that
ensure motor neuron survival, axon growth and regeneration,
structural and functional stability of NMJs, differentiation and
contractile properties of muscle fibers [76]. Such a secretome
contains high concentrations of vascular endothelial growth
factor, glial neurotrophic factor, brain-derived neurotrophic
factor, neurotrophins-3 and -4, insulin-like growth factor-1, and
insulin-like growth factor-3 binding protein. Innervated skeletal
muscle was found to actively express the muscle-specific mi-
croRNA miR-206 [77]. miR-206 is thought to play a protective
role by ensuring the survival of synaptic contacts and sprout-
ing activity. High expression levels of miR-206 in ALS patients
are associated with a slower rate of disease progression [78].

Disruption of the agrin-LRP4-MuSK signaling pathway may
play a key part in NM] involvement. Motor nerve terminals

secrete agrin and low-density lipoprotein receptor-related
protein-4 (LRP4), whereas skeletal muscle synthesizes rapsin,
muscle-specific tyrosine kinase (MuSK), and the adaptor
protein Dok-7. The interplay of these factors maintains
the normal structure and functioning of the NMJ [79]. The
signaling pathway regulates the acetylcholine receptor
clustering on the postsynaptic membrane of the NMJ through
a complex interaction of 3 proteins [80].

Internal processes in skeletal muscles may lead to disrup-
tion of the agrin-LRP4-MuSK signaling pathway. Thus, mus-
cle fibers derived from induced pluripotent cells of ALS pa-
tients do not form functional NMJs with axons of healthy
motor neurons, and there is no acetylcholine receptor clus-
tering on the postsynaptic membrane in response to secret-
ed agrin [30]. Disruption of MU functioning and integrity
in such a case will inevitably lead to a deficiency of neu-
rotrophic and growth factors, which will only contribute to
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further disease progression [76]. The C9orf72 model of ALS
demonstrated that poly(GA)-peptides formed as a result of
the mutation inhibit the agrin-LRP4-MuSK signaling path-
way, which leads to impaired neuromuscular transmission
and damage to the pre- and postsynaptic membrane of the
NM]Js [81]. The SOD1(G93A) model revealed impaired MuSK
transport into the postsynaptic membrane, resulting in NMJ
involvement [82].

Activation and normalization of the agrin-LRP4-MuSK signaling
pathway may have a positive effect on the ALS course. For
instance, agrin overexpression in the TDP-43 model can
prevent motor neuron death and preserve NMJs [83]. MuSK
activation in this signaling pathway also has a beneficial effect
by delaying denervation, promoting motor neuron survival, and
increasing the lifespan of SOD1(G93A) transgenic mice [84—
86]. Dok?7 activation in the signaling pathway is also beneficial
in terms of reducing the severity of NMJ degeneration and
muscle atrophy, prolonging lifespan, and improving motor
skills in the SOD1(G93A) transgenic model [87].

Conclusion

NMJ damage is an independent and early event in the ALS
pathogenesis, as evidenced by the data from the studies in
both transgenic animal models and ALS patients (Fig.). We
should note that as early as the presymptomatic stage, a
number of functional and structural disorders of the NMJ are
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Abstract
The diagnosis of epilepsy and assessment of the frequency and severity of seizures are essential for the treatment of patients. Epileptogenesis
monitoring at different stages can be beneficial in assessing the efficacy of antiepileptic therapy. This approach relies on the concept of biomarkers.
A subset of these biomarkers may possess not only diagnostic value but also prognostic value, which is defined as the ability to predict the nature
of the epilepsy course and the probability of recurrent seizures.
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Introduction

In a mechanistic context, epileptogenesis is defined as
the process by which the brain’s neural network undergoes
reorganization, accompanied by increased susceptibility
to seizures and the probability of spontaneous recurrent sei-
zures [1].

Previously, epileptogenesis was considered to be represented
by the latent period, the time between the epileptogenic insult
(epileptogenesis had been studied mainly in models of post-
traumatic or post-stroke epilepsy) and the appearance of the
first unprovoked seizure [2].

Subsequent studies have shown that epileptogenesis
is progressive process. The phenomenon of “kindling,”
defined as an escalation in neuronal activity triggered by
repetitive electrical or chemical stimuli, underscores the
notion that recurrent seizures may amplify the probability
of subsequent seizures. This view is consistent with the
theory that “seizures beget seizures” and further neuronal
death proposed by W. Gower in 1885 [3]. Concurrently, some
authors have critically reviewed existing data on the effects
of recurrent seizures on brain neural networks. On the
one hand, epileptic activity causes molecular, structural,
and functional changes, including neuronal loss, circuitry
reorganization, and metabolic changes that may contribute
to disease progression. On the other hand, seizure remission
in two thirds of epilepsy cases and various chronic epilepsy
animal models oppose the theory. Experimental studies
showed that seizures could induce neural changes that
increase the seizure threshold and decrease the risk of a
subsequent seizure [2].

At the cellular level, epileptogenesis includes:

¢ dramatic decrease in the number of neurons and synapses;
* astrogliosis;

* microglial activation;

* agiogenesis [4].

Recent decades have brought dramatic changes in the
understanding of the molecular dysfunction cascade in
epilepsy, to which various dynamic processes contribute:
formation of excitatory synapses; ion homeostasis
imbalance; compromised blood-brain barrier (BBB)
integrity; glymphatic dysfunction; and accumulation
of proinflammatory cytokines along with amyloid and
phosphorylated tau proteins [4].

Epileptogenic factors are believed to initially lead to selective
neuronal vulnerability. However, this theory can be refuted
by a study in which hyperthermia-induced epilepsy is not
associated with neuronal loss [2]. A key mechanism underlying
epileptogenesis is the loss of inhibitory interneurons [5].

Activated astrocytes play a pivotal role in the dysfunction of
the BBB and glymphatic system, mediated through the release
of proinflammatory cytokines, and facilitate the abnormal
neuronal excitability. Astrocytes release gliotransmitters,
such as glutamate, which alter synaptic activity and further
contribute to the neuronal imbalance between excitation and
inhibition characteristic of epileptic circuits [6].

buoxumnyeckue mapkepbl anunencum

BBB disruption triggers albumin accumulation in the
extracellular space. By activating transforming growth
factor beta (TGF-B) receptors on astrocytes, albumin
activates TGF-B signaling pathways, TGF-$ formation, and
increased astrocyte activity, which causes dysregulation of
potassium and glutamate content in the cells and further
enhancement of proinflammatory cytokines (interleukin-
1B and -6) secretion. The expression of astrocytic inwardly
rectifier potassium channels (mainly Kir4.1 subunits, which
regulate inward passage of potassium ions) has been shown
to decrease in epileptogenic regions during epileptogenesis,
which causes neuronal hyperexcitability [7]. This condition is
exacerbated by decreased levels of amino acid transporters.
Matrix metalloproteinases that degrade tight junctions
of the BBB (due to destruction of dystroglycan, a protein
that anchors astrocyte endfeet to the vascular basement
membrane, accompanied by leukocyte infiltration of brain
tissue) and increase the release of proinflammatory cytokines
also play a certain role in the BBB destruction [8, 9]. During
epileptogenesis, the clearance of cytokines regulated by
the glymphatic system is impaired due to dysfunction of
perivascular spaces [4].

The vicious circle of epileptogenesis includes astrogliosis,
which contributes to aquaporin-4 (AQP4) dysregulation. The
fundamental role of AQP-4 is maintaining water homeostasis
and contributing to potassium buffering in the brain, ie.
prevention of excitotoxicity. Dysregulated AQP-4 expression
can lead to ion imbalances in the extracellular environment,
promoting neuronal hyperexcitability and increasing the risk
of recurrent seizures [10].

The mechanistic target of rapamycin (mTOR) signaling
pathway is one of the potential metabolic pathways of
epileptogenesis. Studies have shown that the mTOR pathway
is involved in epileptogenesis in genetic epilepsies and
tuberous sclerosis. The mTOR pathway regulates synaptic
plasticity, ion channel expression, and programmed cell
death. The mTOR dysfunction (impaired cell proliferation,
synaptic plasticity, ion channel expression) that occurs
during pathologic processes in brain tissue leads to epilepsy.
Hyperactivation of the mTOR signaling pathway has been
observed in genetic animal models of epilepsy [11].

According to the basic definition, a biomarker is a
characteristic that can be objectively measured and evaluated
as an indicator of normal biological processes, pathogenic
processes or pharmacological responses to a therapeutic
intervention [4].

According to the purpose, all epilepsy biomarkers are

subdivided into:

1) Biomarkers that define a group of patients at high risk of
disease development (high predisposition to epilepsy).

2) Diagnostic biomarkers.

3) Monitoring biomarkers that characterize the disease se-
verity and enable prediction of the progression probabili-
ty and prognosis.

4) Biomarkers whose function is to evaluate the efficacy and
safety of antiepileptic therapies and methods in animal
experimental models.

5) Biomarkers used to optimize the selection of homogeneous
groups of patients for clinical trials.
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The study of biomarkers in epilepsy encompasses several do-
mains, including risk stratification, the diagnostic process, the
assessment of severity, and prognosis determination. It also
covers clinical trials of new agents and medical technologies.
Evaluation criteria for diagnostic tests include rapidity of
performance, reliability of the results obtained, the ability to
use diagnostic information to optimize treatment programs,
ease of use, high sensitivity and specificity. To date, no epi-
lepsy marker that satisfies all of the aforementioned criteria
has been identified. Consequently, the prevailing approach
involves the study of potential candidates using a multipara-
metric detection method [4].

Biochemical Markers in Epilepsy

Amphoterin

Amphoterin (high mobility group box-1, HMGBI) partic-
ipates in the immune response through binding to Toll-
like receptor 4 (TL4) and releases tumor necrosis factor-o
(TNF-o), interleukins (IL)-1 and -6 by activating macro-
phages and endothelial cells. In addition, by stimulating
TL4 and neutrophils HMGB1 induces oxidative stress. In the
central nervous system (CNS), HMGB1 mediates microglial
activation. HMGB1 serum levels increase within 3-4 h post-
seizure [12]. Overexpression of P-glycoprotein under the
influence of HMGBI is associated with the development of
pharmacoresistance [13].

MicroRNA

MicroRNAs (miRNA) are a group of non-coding, single-
strand, endogenous molecules. miRNAs are involved in
both physiological (cell division, cell cycle control, cell
differentiation, apoptosis, angiogenesis) and pathological
processes through regulation of homeostasis [14].

There is evidence that miRNAs are modulators of the immune
response [15], are involved in the destruction of the BBB [16],
and activate oxidative stress by enhancing the expression
of enzymes that induce the formation of reactive oxygen
species (ROS) [17].

Flevated levels of miRNA-23a, -34a, -132, and -146a have
been found in epilepsy [18]. miRNA-4521 and -301a-3p have
been reported as potential markers of pharmacoresistant

epilepsy [19].
Aquaporins

Aquaporins are a group of membrane proteins involved in
the transport of water and ions across the cell membrane.
Through their function, aquaporins regulate water
homeostasis, cell migration, and inflammation.

M.M. Salman et al. discovered high levels of AQP4 in brain
tissue samples obtained during amygdalohippocampecto-
my [20].

Elevated AQP4 levels were found in resection samples of
epileptic temporal cortex [21]. G.T. Manley et al. hypothesized
a relationship between AQP4 and drug-resistant epilepsy.

The water-electrolyte (especially potassium ion) imbalance
in astrocytes leads to the release of potassium ions from the
neuropils into the intercellular space, where they are uptaken
and deposited by astrocytes. Osmotic swelling of astrocytes,
which reduces the extracellular space volume, increases
epileptiform activity.

Glial fibrillary acidic protein

Glial fibrillary acidic protein (GFAP) is a type Il intermediate
filament protein that is expressed by numerous cell types of
the CNS, including astrocytes. GFAP is a marker of astrogliosis
that develops in hippocampal sclerosis [22-24].

Matrix metalloproteinase

Matrix metalloproteinase-9 (MMP9) is a zinc-dependent
endoprotease that is actively involved in extracellular matrix
degradation, neuroinflammation, BBB function, and synaptic
plasticity. During a seizure, high cytokine expression stimulates
MMP9 activation, which is accompanied by the degradation
of the extracellular matrix and the BBB disruption [25-27].

Cytokines

Cytokines are specific proteins produced by glial cells and
neurons during neuroinflammation. Pro-inflammatory
cytokines (IL-1B, -2, -6) have been found in negligible
amounts in the CNS. In clinical studies, IL-1B, IL-6 and TNF-au
levels have been shown to be significantly elevated in febrile
convulsions [28]. Overexpression of IL-1p by microglia and
astrocytes is believed to enhance glutamate accumulation
and neuronal excitability.

Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is the most sensitive
indicator of neuroplasticity. BDNF synthesis, processing,
or transport disorders can lead to a variety of neurological
diseases, including Alzheimer’s disease, Huntington’s disease,
and epilepsy. BDNF circulates in the blood, does not cross the
BBB, and is deposited in platelets and leukocytes. Increased
expression of BDNF and its receptor TrkB has been reported
in temporal lobe epilepsy and hippocampal sclerosis [29].

Glial cell-derived neurotrophic factor

Glial cell-derived neurotrophic factor (GDNF) is involved
in the development and maintenance of neurons and glio-
cytes. It is expressed in neurons and binds to GDNFa-1 re-
ceptors. GDNF/GDNFa-1 complex conducts signals to nigro-
striatal dopaminergic neurons, motor and sensory neurons,
supporting their survival. In epilepsy, GDNF is believed to be
initially synthesized in activated astrocytes and microglia and
subsequently detected in cerebrospinal fluid [30].

Biomarkers of neurodegeneration

The frequent hippocampus involvement in the epilepsy
pathogenesis has prompted a substantial number of stud-
ies investigating the relationship between epilepsy and de-
mentia [31, 32].
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There is evidence that tau protein and beta-amyloid are not
only products of neurodegeneration but are also involved
in epileptogenesis [33]. The potential relationship between
these diseases may be attributable to the glutamate neuro-
toxicity. Beta-amyloid promotes secretion and accumulation
of glutamate in the synaptic cleft, leading to activation of
intracellular calcium and phosphorylated tau protein produc-
tion [34]. The dysregulation of calcium-mediated pathways
has been demonstrated to increase neuronal excitability and
accelerate neurodegeneration.

S100p

S100 is a glial-derived protein, a member of the S100 fami-
ly of calcium-binding proteins. At low concentrations, S100p
stimulates astrocyte proliferation and modulates functional
rearrangement of synapses, exerting a neurotrophic effect. At
high concentrations, S100p has a toxic effect on astrocytes,
induces neuroinflammation, and promotes epileptogenesis
[35]. There is strong evidence that elevated S100p levels are
associated with the severity and prognosis of epilepsy [36,
37]. High S100p expression in the acute phase of stroke is a
marker of post-stroke epilepsy [38].

Neuron-specific enolase

Neuron-specific enolase (NSE) is a dimeric glycolytic enzyme
composed of 3 subunits and 5 isoenzymes (oo, BB, vy, B,
and ay). The ao isoenzyme is known to be found in glial
cells, whereas yy enolase is neuron-specific. NSE is a marker
of neuronal death in stroke and hypoxia [39].

Elevated NSE levels have been found post-seizure and in sta-
tus epilepticus [40, 41]. However, there is evidence that there
is no association between temporal lobe epilepsy and NSE
levels [42, 43].
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B 0630pe npedcmagnens! cospemeHHble daHHbie 06 00HOU U3 NepenexmuHbLX Helipogu3yanu3ayuoHHbLX Memooux — (GapmMakonoeuteckol (yHkyuo-
HAJIBHOLI MazHUMHO-pe3oHarcHoti momozpacpuu (chapm-¢pMPT). Onuicarsl mexronozuu npogedenus papm-oMPT, eapuanmpt npumeHenus napadue-
Mbl 6 Kauecmee mpuzeepa HelipoHaIbHOL axmugayuy 304 UHmepeca npu usyueruu aghghekmos HelipoaxmugHsix npenapamos. PaccmompeHst nomek-
YUaibHbie 803MOXKHOCTU npuMereHus apm-pMPT npu pasnuuHbLx He8pON0UHeCKUX COCMOSHUAX, MAKUX Kak yepedposackynspHsle 3a0071e8aHuS,
anusencus, a maxsxe 6 OMHOWEHUL KOPPeKyUU MemadoauHeckux paccmpoticms, KOZHUMUBHbLX HapyuleHutl, 6071e8020 cuHdpoma u 0p. [IpedcmaseHs
oepanuuerus npumeenus papm-oMPT, 803moxHble nymu ux npeodoneHus npu NAGHUPOBAHUU U nposedeHuu ucciedosanuil. [lpednoxens nep-
cnekmugbl npumeHenus (apm-(pMPT, komopble no3eonsm damb 006eKMUBHYIO O4eHKY Map2emHo20 8030elicmaus (apMaKoN0UUecKUX azeHmos.

Kntouessie cnosa: papmaronozuueckas MazHUmMHoO-pe30HaHCHAs MOMOZpapus; QyHKYUOHANLHAS MAZHUMHO-PE30HAHCHAS MOMO-
epacpus; mapzemHoe 8030eticmeue; napaduema; nepcoHUpuUYUPOBaHHas MeoUyUHa

Wcrounnk ¢unancupoBanus. VccienoBaHye BBIIOJHEHO MPH MOAAEpXKe MUHKMCTEPCTBA HAYKM M BBICLIET0 00pa3oBaHMs
Poccuiickoit denepanuu B pamMKax co3zaHus HOBbIX aboparopuii (Tabopatopus Hefipodapmaronorudeckoit GMPT, Hayumsiit
LeHTp Hepposoruy, npoext N° 1023102700108-5).
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Introduction

Due to the challenges of developing and evaluating agents
that affect the central nervous system (CNS), techniques and
approaches are needed to make a translational leap from
preclinical models to predicting clinical effects in patients [1].
In vitro and in vivo laboratory studies characterize various
pharmacological properties of study molecules, but efficacy
data from such studies (especially for neuroactive agents)
should be interpreted with particular caution in the context
of the human population. There is currently no generally
accepted reference for determining the effect of agents on
the CNS, whether they are neuroprotective, antidepressant,
antipsychotic, etc. [2]. Neuropharmacological functional
magnetic resonance imaging (FMRI) of the brain may be one
of the most promising techniques.

FMRI technologies using relative cerebral blood flow
(rCBF), blood oxygen level dependent (BOLD) signal [4]
or Tl-weighted cerebral blood flow quantification [5] have
revolutionized brain mapping [6]. All of these approaches are
based on the interplay between neuronal activity, metabolism,
and hemodynamics, parameters that are sensitive to changes
in MR signal intensity. Although all of these techniques can
be considered functional, the term “FMRI” traditionally refers
to the assessment of the BOLD signal.

FMRI typically uses a specific paradigm (e.g., visual
stimulation, finger movements, cognitive tasks, etc.) as a
trigger for neural activation in the areas of interest (so-called
task-based fMRI). However, a similar effect can be achieved
using various types of pharmacological agents, both as a
direct stimulant and as a mediator that modulates the brain
response to another paradigm (e.g., cognitive). In 1997,
Y.C. Chen et al. called this type of FMRI “pharmacological
MRI” (phMRI) [7]. In mouse experiments, they evaluated
the regional selectivity of dopamine ligands (although a
conceptually similar approach was implemented by others
at least since 1993 [8, 9]).

In early-phase clinical trials, FMRI techniques can demonstrate
the functional effects of a pharmacological agent on the CNS
in those regions of the brain that are etiologically and/or
pathogenetically relevant to the biochemical mechanisms
[10]. It should be noted that, technically, we are not talking
about markers of target action (e.g., visualization of the agent
binding to a corresponding site), but rather about indirect
evidence of the effect between the fMRI response and the

biological plausibility of the agent’s action. Dose-dependent
associations identified by FMRI may be valuable in planning
further stages of research or clinical implementation of the
agent [11].

In later-phase clinical trials, phFMRI findings will be likely
used to demonstrate normalization of disease-related MR
signal changes (e.g., activation/deactivation of specific brain
regions in response to a paradigm or changes in functional
connectivity). This may be potentially considered a more
objective assessment of the change in CNS impairment.

PhFMRI can also be used to determine the cerebral targets
of investigated pharmacological compounds, to clarify
expected/unexpected mechanisms of action, to identify
dose-dependent responses, and to provide valid markers
of therapeutic response (including for clinical trials) [12].
Since the development of phFMRI, a rather wide range of
neuroactive molecules has been studied in experimental
and/or clinical models, both chemical compounds (nicotine,
amphetamine, etc.) and therapeutic agents (neuropeptides,
cholinergic, serotonergic and glutamatergic agents,
cannabinoids, opioids, etc.) [14].

Several criteria should be met for phFMRI to be used
as a relevant diagnostic and research tool (including in
pharmaceutical development):

1) PhFMRI data should be reproducible and should change
with the effects of a pharmacological agent.

2) Quantitative phFMRI characteristics (based on
equipment) should be standardized.

3) Prior to study initiation, the specific features of phFMRI
performance and analysis should be determined.

4) For further research, selected fMRI techniques should be
available in multiple centers (e.g., type of pulse sequences,
voxel sizes, slice thickness, temporal resolution, deflection
angle, and selected paradigms should be similar for all
MR examinations).

50 An MRI technician should be engaged in the FMRI
process (e.g., in case of excessive head movement, a
repeat scan should be performed).

6) Quality control should be performed at all stages
(DICOM! verification of protocol compliance, artifact
identification, etc.).

'DICOM (Digital Imaging and Communications in Medicine) is a medical industry standard for
the creation, storage, transmission, and visualization of digital medical images and documents of
examined patients.
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The ability of pharmaceutical agents to induce short- and
long-term changes in the FMRI signal is one of the most
important reasons for the phFMRI investigation. Multiple
studies published suggest that FMRI findings may be sensitive
to both short- (i.e., after the first dose) and long-term (chronic,
after multiple dosing) pharmacotherapy. For example, several
studies show that the FMRI response of the amygdala
increases when patients with depression are exposed to
photographs of faces with negative emotions, while the use
of clinically effective doses of antidepressants normalizes this
response [15, 16]. Other groups of agents thought to produce
changes in phFMRI signals include analgesics, antipsychotics,
calcium channel blockers, cyclooxygenase-2 inhibitors, and
immunotherapy.

Many targets for neuroactive molecules have been identified
in previous experimental studies (e.g., positron emission
tomography). The cumulative effect of phFMRI per
examination can be classified as specific (i.e., directly related
to receptor activation) and general or non-specific (related to
side effects that may affect the FMRI signal intensity).

PhFMRI can identify single points of agent application. Similar
patterns of FMRI activation can be observed when agents
with the same indication (e.g., pain) but radically different
mechanisms of action (e.g., non-steroidal anti-inflammatory
agents, opioid analgesics, etc.) are used. In addition, the
functional status (i.e., FMRI characteristics) of certain brain
structures may serve as predictors of therapeutic response,
as has been shown for pregabalin in the insula and inferior
parietal lobule [17].

Technology from a current perspective

The echo-planar gradient echo sequenceis the most
commonly used technique to obtain the BOLD signal. This
sequence is sensitive to local magnetic field inhomogeneities,
such as those caused by paramagnetic substances such as
deoxyhemoglobin, in the presence of which the signal is
attenuated [5]. When excitation occurs in a particular region
of the brain, a local increase in blood flow to that area is
observed, leading to increased oxyhemoglobin levels and
decreased deoxyhemoglobin levels. As a result, a change
(increase) in the signal is observed and recorded using the
sequence described. Therefore, FMRI records the distribution
of neuronal activity, which is indirectly assessed by the
change in the signal as a function of the blood oxygenation
level in the cerebral vessels. In each voxel, signal oscillations
during the scanning time are recorded and then evaluated
using various statistical tools with the subsequent possibility
of data group presentation as well as between group and
within group analysis (Fig. 1).

Signal oscillations occur not only during task performance
(task-based FMRI), but also spontaneously at resting state. Due
to internal neuronal activity, such oscillations are recorded
during resting-state FMRI [18], i.e., when a patient is scanned
without being presented with stimuli of any modality. When
BOLD signal oscillations are similar and correlate between
gray matter regions, there is a high probability that these
regions are functionally related. Based on this claim, several
resting-state brain networks have been described using

different methods of mathematical analysis. This technique
has some advantages over paradigm-based FMRI, including
the ability to perform an examination even when a patient is
unable to understand or perform a task, and the elimination
of the need to use multiple devices to present stimuli, thus
reducing labor and cost. However, processing such data is
more complex and error-prone due to multiple physiological
noises.

For phFMRY, both techniques are used [19, 20]. Administration
of a pharmaceutical agent or other substrate that has the
potential to alter functional brain activity may affect the
BOLD signal at both the vascular and neuronal levels,
impeding interpretation of the results. The signal changes
associated with the substance administration are insignificant.
This justifies studying its effects in the context of paradigm-
based FMRI signal changes and comparing stimulus-related
activation areas in subjects receiving a substance with
activation areas and those not receiving a substance or
receiving a placebo. In addition to being a simpler technique,
resting-state FMRI has the advantage of evaluating the
effect of the administered substance at the network level,
even far from the expected area of maximum concentration
of substance receptors or the expected area of activation/
deactivation [10].

However, for a valid phFMRI, some pharmacokinetic and
pharmacodynamic aspects of the administered substances
should be considered, such as time to maximum blood
concentration, half-life, and cumulative effect, in order to
perform the examination when the maximum substance
effect on the human body is achieved. In addition, the
administration of other substances that may interact with
the study substance or may alter the functional activity of
the brain should be considered [14]. These data are used to
calculate the time of examination after the study substance
administration and the time of examination after the course
of therapy.

PhFMRI in different areas of neurology

Cerebrovascular diseases

The available data on the use of phFMRI in cerebrovascular
disorders are limited and mainly relate to chronic
cerebrovascular diseases and neuroprotective agents.
One of the pilot studies in this area was conducted by
the Research Center of Neurology. For example, in a 2010
study, course treatment using an agent with a reported
neuroprotective effect was associated with the expansion
of existing activation areas and/or the development of new
activation areas, primarily in the parietal occipital region,
which was accompanied by improved performance in
basic cognitive tests [21]. In contrast, a year later, a study
of a neuropeptide showed a reduction in activation areas
(especially in the temporal and frontal lobes) in response to
an original cognitive paradigm developed at the Research
Center of Neurology [22]. An indirect phFMRI comparison of
several potential neuroprotective agents suggested the main
targeted mechanisms of action and phFMRI patterns, such as
cerebroactivating effect, improved microcirculation, reduced
brain energy expenditure, and neurometabolic effect [23].

70 Annals of clinical and experimental neurology. 2025; 19(1). DOI: https://doi.org/10.17816/ACEN.1267



0B30PbI. TexHonoruu

1 2

®apmakonoruyeckas MPT B HeBponorum

3

Fig. 1. Results of within groupcomparlson of brain activation during a cognitive J)aradlgm before and after treatment.

A— patlents who recelve

vascular and metabolic therapy for 10 days demonstrate

a decrease in activation in the supramarginal and angular

gyri and in the visual cortex; B — ;atlents who received placebo demonstrated a decrease in activation only in the visual cortex.

I — axial view; 2 — coronal view; 3 — sagittal view.

The phFMRI results for a domestic neuroprotective agent
were intriguing; the treatment was followed by a decrease
in the areas responsible for performing a cognitive task (in
the supramarginal and angular gyri) and improved executive
cerebral functions associated with processing language
information (enhanced connection between the left dorsolateral
prefrontal cortex and the superior temporal gyrus). Clinically,
these neuroimaging changes were manifested by an increase
in functional activity and optimization of executive functions,
which is an important pathogenetic effect in patients with
cerebrovascular diseases [24].

Pain syndromes

Some studies evaluated the analgesic properties of opioid
agents on the activity of brain structures [25, 26]. The opioid
analgesic nalbuphine increased BOLD signal intensity in
60 brain regions and decreased it in 9 regions, including
the middle frontal cortex, inferior orbitofrontal cortex,
postcentral parietal cortex, superior temporal pole, and
cerebellum. However, after naloxone administration, the
pattern of altered activation changed significantly: BOLD
signal intensity increased in only 14 areas and decreased

in 3 areas. Low doses of naloxone significantly blocked
nalbuphine activity in the superior medial and middle frontal
cortex, postcentral parietal cortex, occipital cortex (Rolandic
fissure), caudate nucleus, pons (principal sensory nucleus of
the trigeminal nerve), and cerebellum.

Currently, antidepressants and anticonvulsants play a special
role in pain management, demonstrating their multimodal
capabilities in the control of chronic pain syndromes. A.E. Edes
et al. evaluated the effects of intravenous citalopram/
placebo on the activity of the anterior cingulate cortex as
a major structure involved in descending modulation and
the emotional aspect of pain in 27 healthy volunteers and
6 patients with migraine without aura [27]. A significant
difference in the temporal pattern of activation of the
anterior cingulate cortex was found between healthy controls
and patients with migraine without aura in response to even
small increases in serotonin levels induced by citalopram.

Epilepsy

Research on the use of phFMRI in epilepsy is quite extensive.
Considering the diversity of available antiepileptic agents
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and the heterogeneity of epileptic syndromes in terms of the
neural networks involved, FMRI-based biomarkers should
be developed for early assessment of treatment efficacy and
potential side effects [10]. For example, phFMRI showed that the
use of a higher dose of valproic acid in patients with juvenile
myoclonic epilepsy was associated with attenuation of abnormal
coactivation of motor cortex with cognitive networks in a
working memory study [28]. The use of another antiepileptic
agent, levetiracetam, in patients with temporal lobe epilepsy
was associated with restoration of the normal activation pattern,
according to phFMRI findings [29]: for example, an increase in
deactivation in response to a cognitive paradigm was observed
in the affected temporal lobe during the treatment with the
agent, and a dose-dependent effect was confirmed.

Studies with topiramate demonstrate the potential role of
phFMRI in clarifying the cerebral mechanisms of adverse
effects of neuropharmacological agents. During the use of
topiramate (both in patients with epilepsy and migraine
and in healthy volunteers), phFMRI with its multiple
capabilities identified a pattern of reduced activation
in language-dependent areas of the brain (inferior
and middle frontal gyri, superior temporal gyrus of the
dominant hemisphere) [30-32], as well as the absence of
deactivation of paradigm-independent areas, including the
default mode network [33, 34].

Cerebral metabolic health

The concept of cerebrometabolic health encompasses a wide
range of syndemic neurological and metabolic disorders and
suggests that it is relevant to evaluate the effects of different
agents to address specific symptoms [35].

Currently, several modalities are available to investigate
eating behavior, with neurocognitive testing using various
questionnaires being the most important modality. FMRI
allows real-time assessment of changes in activation of brain
structures in response to different stimuli (e.g., a visual
food paradigm). The main areas evaluated in obese patients
are called the reward system and include the prefrontal
cortex, insula, cingulate gyrus, and limbic system. A simple
and reproducible visual FMRI paradigm was developed by
the Research Center of Neurology to assess the system of
eating behavior control [36], which was subsequently used in
studies involving phFMRI patterns. For example, sibutramine
(a centrally acting drug for the treatment of obesity, with
the mechanism of action based on selective inhibition of
serotonin and norepinephrine reuptake) was shown to
produce a different pattern of signal changes in response
to a eating paradigm in obese patients compared to healthy
volunteers. The most significant changes in functional
activity were found in the occipital lobes, insula, and middle
and superior frontal gyri. It should be noted that before the
initiation of pharmacotherapy, patients with obesity showed
excessive activity in the occipital lobes compared to the
control group (healthy volunteers), which indirectly indicates
a more significant emotional response to the demonstration
of high-calorie food in people with overweight [37].

The study by O.M. Farr et al. in 20 patients with type 2
diabetes showed the effect of liraglutide (a human long-

lasting GLP-1 analogue) on the activation of brain areas
(dorsolateral prefrontal cortex, midbrain, thalamic region) in
response to food stimuli [38]. H. Cheng et al. demonstrated
multimodal effects of liraglutide on cognitive function with
increased activation in the hippocampal region, expanding
the use of this class of agents in patients with type 2 diabetes
and obesity [39].

The focus on the effects of various nutrients on the brain and
human behavior has increased significantly in recent decades.
Sugar and artificial sweeteners are widely used in modern
nutrition science. Brain FMRI can evaluate these mechanisms
with assessing neural activity over time in response to nutrient
consumption. Glucose is known to activate reward systems
in the brain (such as the dopamine system) associated with
pleasure and motivation. Understanding how fast-digesting
carbohydrates, such as sucrose, activate different areas of the
brain in healthy people may provide clues to the mechanisms
of overeating and addiction.

Sweeteners (aspartame, sucralose, stevia, erythritol) are
offered as healthier alternatives to sucrose and fructose.
However, their effects on brain activity and human
behavior remain debatable. Some studies suggest that
artificial sweeteners may not activate reward systems like
carbohydrates, which could affect satiety and subsequent
food consumption. In obesity, FMRI is used to assess
functional neuronal activity involved in the regulation of
energy exchange and metabolism. The Research Center of
Neurology obtained pilot FMRI data comparing the effects
of sucrose and an artificial sweetener, showing differences in
activation in the supplementary motor area and dorsolateral
prefrontal cortex in healthy volunteers (Fig. 2).

Cognitive disorders

PhFMRI may be a promising modality for identifying targets
for the treatment of cognitive impairment. The differential
effect of cholinergic therapy (galantamine) is convincingly
demonstrated depending on the target patient cohort, such
as mild cognitive impairment (activation of the posterior
cingulate gyrus, left inferior parietal and anterior temporal
lobes) or Alzheimer’s disease (bilateral hippocampal
activation) [40]. Such changes in response to cholinergic load
may reflect a baseline difference in the functional status of the
cholinergic system between two groups, which is consistent
with clinical studies. In addition, differences in activation
patterns were found after single and chronic administration
of agents, highlighting the need for evaluating phFMRI as a
dynamic modality.

Key areas for using phFMRI in neurology include:

» study of classical neuroprotectants in patients with
cerebrovascular disease;

¢ study of antidepressants in neurological patients (post-
stroke depression, chronic pain, neurodegeneration, etc.);

* resting-state assessment in patients with epilepsy
depending on pharmacokinetics/pharmacodynamics of
antiepileptic agents;

* management of acute/chronic pain;

o evaluation of FMRI correlates of neuroplasticity in post-
stroke patients;
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o cholinergic therapy in patients with cognitive disorders
(vascular dementia, Alzheimer’s disease, Parkinson’s
disease, etc.);

* dopaminergic therapy in patients with Parkinson’s disease;

* patients with multiple sclerosis on pulse corticosteroid
therapy.

Technological challenges of phFMRI and potential
solutions

PhFMRI is a complex modality that requires a high level of
logistical effort, as well as caution and a balanced approach
to interpretation of the results.

Some of the existing limitations of phFMRI are listed below:

* lack of an optimal set of settings for obtaining and
processing MR images;

¢ limitations of generalized linear model as a basic approach
to statistical analysis of FMRI data;

o lack of standardized paradigms for specific research tasks;

¢ inadequacy of current phFMRI data presentation standards
for proper evaluation and interpretation;

* bias in conducting and publishing FMRI validation
(repeated) studies;

o challenges in selecting and assessing potential covariates;

» the use of the BOLD signal as a surrogate indicator
depending on the baseline level of neurovascular coupling,
and its modulation by pharmacological agents is often
difficult to predict;

* for most studies, small and highly heterogeneous sample size;

* high inter- and intra-individual variability of the FMRI
signal [14, 41].

Understanding limitations and above-described characteris-
tics of phFMRI may allow for (at least partial) modification
of the methodology to obtain reproducible and meaningful
results. For example, the selection of neuroactive molecules
for an experiment should be based on clinical feasibility as

A
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well as pharmacokinetics/pharmacodynamics and target in-
teraction. Time of onset and duration of the expected effect
should also be considered to properly design the experi-
ment. Since changes in the BOLD signal during FMRI may
be attributed to systemic effects (heart rate, blood satura-
tion level, etc.), it is recommended to include these routine
parameters in the statistical analysis [42]. Normalization of
baseline differences in cerebrovascular reactivity between
patients and in the context of placebo/active agent use is
recommended to overcome the limitations of the BOLD sig-
nal assessment method. This task requires assessment of
the baseline level of cerebral perfusion (using arterial spin
labeling) [43] and measurement of the cerebral metabolic
rate of oxygen consumption [44].

When using different phFMRI paradigms, it is important to
perform separate (several days/weeks apart) scans with pla-
cebo [45]. In addition, the study of pharmacological agents
with predominantly subjective effects (e.g., sedative or ener-
gizing effects, mood modulation, etc.) should be supplement-
ed with psychometric tests at pre-specified time intervals
during and/or between scans (in case of suspected long-term
effects) [46]. In some cases, resting-state FMRI should be used
instead of or in addition to phFMR], as resting-state FMRI can
assess functional connectivity and identify potentially more
stable markers of treatment response [47].

Conclusion

Brain phFMR], as one of the multiple angio-neuroimaging

subtypes, has significant potential for neuroscience research.

With the proper study design, this modality is suitable for

objective in vivo assessment of the target effect of a pharma-

cological agent. This is critical for several reasons:

1) Personalization of prescribed treatment (e.g., in the case
of antiepileptic therapy adjustment).

2) Validation and/or discovery of new mechanisms of ac-
tion of neuroactive agents (especially neuroprotectants).

B

Fig. 2. Within group comparison of brain activation in healthy subjects during visualization of a food paradigm (images of foods that look
tasty and foods that do not look tasty) after intake of sugar and a sweetener. Brain slices show areas of different activation. After sugar
intake, higher activation was observed in the supplementary motor and dorsolateral prefrontal cortex bilaterally.

A — axial view; B — coronal view.
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Reduced time to develop new agents due to direct
visualization of the presence/absence of cerebral effects.
Clarification of the origin of adverse effects of neuroac-
tive drugs.

Expansion of basic science tools and the ability to
investigate specific receptors.
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Late-Onset Pompe Disease in a Patient

with Cerebellar Hemorrhage
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Abstract
Pompe disease (glycogen storage disease type Il) is a rare autosomal recessive multisystem disorder characterized by the deposition of glycogen in
skeletal muscles and internal organs. The late-onset form is characterized by slow progression with proximal muscle damage, respiratory failure,
and less severe internal organ damage than the infantile form.
The article presents a case report of a 61-year-old female patient who underwent inpatient treatment. The patient had been having progressive
muscle weakness for over 20 years and had a positive family history, but the reason for further evaluation and treatment was hemorrhage in the
left cerebellar hemisphere. Laboratory and instrumental data are presented and clinical manifestations are discussed.
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bone3up [lomne ¢ mo3gHUM Hauaiom
y HAalUeHTKU C KPOBOU3JIMSIHUEM B MO3)KEUOK

B.B. Tonno6un, E.I. Knouesa, T.I. Bcrasckag, X.0. l0npames, A.Jl. Mynacumnosa

Cegepo-3anadnbiii 2ocydapcmeenHbiti MeduyuHckutl yHugepcumem umenu MM, Meunukosa, Cankm-Ilemep6ype, Poccus

AnHoTanuga

BonesHy TTomne (2nukozenos [l muna) — pedkoe aymocoMHo-peyeccusHoe MyabmucucmemHoe 3a60sieeaxue, 0N KOMOPO20 XapakmepHo omJioxe-
HUE 2IUKOZEHA 8 CKeJIeMHbIX MbILUYAX U 8HYmMpeHHuX opeanax. [Toonuii deGlom 3a60/e8aHus Xapaxmepusyemcs MeoNeHHbIM NPO2ZPeCcUpOBaHUEM
C NOpaxeHueMm NPOKCUMATbHOL MYCKynamypbl, A61eHUAMU JblxamesbHOl HeGOCMAMOUHOCMU U MeHee 8bipAXeHHbIM, YeM NPU UHGAHMULHOLL
(hopme, nopaxeHuem 6HyMPEHHUX 0P2AHOB.

B cmamve npedcmasnexo knunuueckoe HabmodeHue nayuermiu 61 200a, npoxoduswieti cmayuoapkoe neuerue. Y Heé Ha npomsxenuu 6onee
20 nem nabnodanacs npoepeccupyoU4as Moliueuras caadocmy, 8bIA675CS OMA20WEHHbIL HACeICMBeHHbI AHAMHE3, 00HaKo nogodom 0as do-
00c1e008aHUS U JieueHUs CMAO Pa3sumue KpOBOU3USHUS 8 JIe8yio 2eMucepy Mozxeuka. [Ipugedervl OanHbie 1a00pamMopHO-UHCMpPYMeHMAllb-
HbIX Memo0os 00ced08aHus, 00CYKOeHb! 0COOEHHOCTU KAURUYECKUX NPOSGTEHUL.

Kmiouegvie cnosa: 6onesny [lomne; 2nuxozeros Il muna; Kposousnusue 8 MO3Xeuok; JunamayuoHHas yepebpanbHas apmepuona-
mus; yibmpaseykoeoe uccnedosanue OUagppazmbl; MAazHUMHO-Pe3OHAHCHAS MoMOZpagdus MazKux mxaxeti 6édep

druueckoe yreepkaenue. [lonyueHo 106poBoIbHOE MHGOPMUPOBAHHOE COITIACKe MALMEHTKHU Ha MyOIMKALHI0 KITMHAYECKOrO
cyyas.

Uctounuk q)HHaHCI/IPOBaHI/IH. ABTOpr 3asBJIAIT 00 OTCYTCTBUU BHEIIHUX UCTOYHUKOB Cl)I/IHaHCI/IpOBaHI/IH [Ipu IpoBeJIEHNN
HCCJ/IeJOBAHHWA.
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Introduction

Pompe disease (glycogen storage disease type II; PD) is a rare
autosomal recessive disorder characterized by the glycogen
accumulation in the lysosomes of various tissues. This disease
is caused by mutations in the GAA gene (OMIM #606800)
located on the long arm of chromosome 17 (17¢25.2-25.3)
and encoding acidic a-1,4-glucosidase, an enzyme involved
in the breakdown of glycogen in cellular lysosomes [1, 2]. PD
is a multisystem disease. Although skeletal muscle damage is
the predominant clinical manifestation, glycogen metabolism
disorders are also observed in cardiac muscle, liver, smooth
muscle, and other organs and tissues [2, 3].

The clinical picture of PD depends on the age of onset, with
earlier onset predisposing to more severe disease. This can
be explained biochemically by the persistent residual activity
of acid alpha-1,4-glucosidase in late-onset patients [4, 5].

PD is divided into infantile and late-onset forms. The infantile
form is more severe due to the extremely low (<1%) activity
of alpha-1,4-glucosidase. Symptoms develop at birth or
in the first few months of life. This form is characterized
by severe hypotonia (floppy infant syndrome), rapidly
progressive myopathy with respiratory muscle dysfunction,
hypertrophic cardiomyopathy, hepatomegaly, and a high risk
of death [6, 7]. Some authors also identify a non-classical
childhood-onset form. In this group of patients, clinical
symptoms include delayed motor development, myopathic
(predominantly proximal muscle damage) and diarrheal
syndromes, respiratory failure due to respiratory muscle
weakness and atrophy, elevated blood levels of creatine
phosphokinase (CPK), aspartate aminotransferase (AST), and
alanine aminotransferase (ALT) [7].

Later-onset PD (after the age of 1 year) often develops in
adulthood. Progressive weakness of the trunk and proximal
muscles with predominant damage to the lower extremity
muscles is observed. Respiratory failure occurs and
progresses with damage to the diaphragm. Cardiomyopathy
is less common. Clinical symptoms may include bulbar muscle
damage manifested by tongue weakness with dysarthria and
dysphagia, sleep apnea, cardiac arrhythmias, gastrointestinal
dysfunction, lower urinary tract and anal sphincter
involvement [5, 8-10]. Late-onset PD is characterized by a
slowly progressive course. The patient’s condition depends
on the degree of damage to the skeletal muscles and internal
organs.

Significant increases in CPK, lactate dehydrogenase, ALT,
and AST levels are the most common laboratory changes.
Electroneuromyography can confirm myopathy. Muscle
biopsy is not always helpful in establishing the diagnosis
because typical changes may not be present in a muscle
biopsy sample [1, 11, 12].

If PD is suspected, determination of acid alpha-1,4-glucosidase
activity in dried blood spots by tandem mass spectrometry
is a gold standard diagnostic test, and if it is decreased,
molecular genetic testing by direct GAA gene sequencing
should be performed to identify different mutations [1, 6, 13].

Clinical case

Female patient A, 61 years old, underwent planned
inpatient treatment in the Neurological Department of the
LI Mechnikov North-Western State Medical University.

The patient presented with unsteady gait, skeletal muscle
weakness, especially in the proximal limbs and back muscles,
difficulty getting out of bed and standing up from a chair
(using myopathic maneuvers), pain in the skeletal muscles
when moving, and decreased voice volume.

She reported having the disease since the age of 20-30, when
she first noticed weakness in her back muscles and difficulty
maintaining an upright position. This was followed by a slow
progression of the disease with abnormal gait and damage to
the proximal muscle groups of the legs and arms. She did not
seek medical attention for the above complaints.

The family history was clarified; the diagram is shown in
Fig. 1. The patient’s brother (deceased) had progressive
muscle weakness since the age of 25, requiring respiratory
support (artificial ventilation). The nephew (30 years
old) had a 2-3 year history of slowly progressive skeletal
muscle weakness. The nephew’s son had progressive muscle
weakness in early childhood, including respiratory muscles,
requiring mechanical ventilation and resulting in death at the
age of 4 years.

On the evening of 15 March 2024, the patient noticed a general
deterioration, acute dizziness, a clicking sensation in her
head followed by loss of consciousness, and a single episode
of vomiting. She was urgently admitted to the Regional
Vascular Center for further evaluation and was diagnosed
with hemorrhagic stroke with intracerebral hematoma in
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Fig. 1. Family history of patient A.

the left cerebellar hemisphere. She received neuroprotective
and vascular therapy in the hospital. She was discharged for
outpatient treatment in stable condition.

In April 2024, the patient was admitted to the Neurology
Department No. 1 of the L. Mechnikov North-Western State
Medical University with the status post hemorrhagic stroke
with intracerebral hematoma in the left cerebellar hemisphere
on 15 March 2024 with severe dynamic ataxia; early recovery
period. During hospitalization, she received antiplatelet, lipid-
lowering, hypotensive, neuroprotective, exercise and physical
therapy, and biofeedback training. During the course of
treatment, positive changes were observed with significant
improvement in dynamic ataxia. Based on the identification of
a hereditary myopathy and gait abnormalities not typical of
a previous acute cerebrovascular event, it was recommended
to perform additional examinations to rule out late-onset PD,
such as alpha-1,4-glucosidase activity by dry spot assay and
molecular genetic testing. It should be noted that there were
no significantly elevated levels of CPK and other cytolytic
enzymes according to the medical records provided.

On 5 November 2024 she was readmitted to Neurology
Department No. 1 of the L. Mechnikov North-Western State
Medical University. At admission, her condition was relatively
satisfactory. She was alert and cooperative. The performance
status was characterized by lower thoracic and lumbar
S-shaped scoliosis. No abnormal changes in the cardiovascular,
respiratory, digestive, or genitourinary systems were observed.
Respiratory rate was 16 per minute; SpO, was 94%.

Sense of smell was not affected. Visual fields by the
confrontational test were unrestricted. Eye-slits were D=S.
Full range of eye movements was observed with no diplopia or
pain. Pupils were OD=0S, light reflexes (direct and indirect)
were brisk. The convergence and accommodation reflexes were
reduced bilaterally. A horizontal fine end-point nystagmus
was observed in the extreme positions. Facial sensitivity was
not affected. The face was asymmetrical due to the reduction
in the right nasolabial fold. The palpebral reflex was D=S
and moderately brisk. The cochlear and vestibular systems
were not affected. No dysphagia, dysarthria, dysphonia was
observed. The tongue was in the midline. The soft palate was

bonesHb MNomne ¢ no3gHUM HaYanom

symmetrically tensed, and the uvula was in the midline. No
primitive oral reflexes were revealed. The myopathic gait was
observed with leaning on surrounding objects. The patient
used Gowers’ maneuvers to rise from the chair. Table 1 shows
the results of strength testing of the major skeletal muscle
groups using a Medical Research Council Scale for Muscle
Strength (MRC-5). Moderate paresis of the shoulder and
pelvic girdle muscles was noticed.

The range of active movements was restricted when lifting the
arms above the horizontal position due to muscle weakness.
The range of passive movements was normal. The muscle
tone was diffusely reduced. Hypotrophy of the shoulder
and pelvic girdle muscles was noticed, with winged scapulae
(Fig. 2). No fasciculations or fibrillations were observed. Deep
reflexes were as follows: equal and moderately brisk in the
arms and uniformly reduced in the legs. As for pathological
reflexes, the upper and lower Rossolimo reflexes were
detected on the left side.

The finger-to-nose and finger-to-hammer tests were satisfactory
bilaterally, while the heel-to-shin test showed bilateral ataxia,
more severe on the left. The Romberg test showed unsteady
gait without clear lateralization. Babinski asynergy test could
not be reliably performed due to weakness of the back muscles.
No dyshypermetry or dysdiadochokinesia was observed. The
Stuart—Holmes test was negative. The patient presented with
impaired surface sensitivity manifested as a mosaic pattern
of the left-hand hypoesthesia. Deep sensitivity was intact. No
signs of nerve root tension were detected.

No aphasic, apraxic, or agnosic disorders were observed. The
Mini Mental State Examination (MMSE) score was 30. The
Montreal Cognitive Assessment (MoCA) score was 28. The
Frontal Assessment Battery (FAB) score was 18.

No meningeal signs were observed. Pelvic organ functions
were intact.

The Hospital Anxiety and Depression Scale (HADS) showed
an anxiety score of 2 and a depression score of 11. The
patient was consulted by a psychotherapist. The depression
subscale score identified was associated with a chronic, slowly
progressive disease.

The patient’s forced vital capacity (FVC) was 37% of the
normal value adjusted for sex, height, and age in the sitting
position and 29% of the normal value in the supine position.

The 6-minute walk test result was 318 meters.

Follow-up laboratory testing for myolysis showed a slight
increase in lactate dehydrogenase level (235 U/L; reference
range: 79-221 U/L), while the CPK level was 93 U/L and
remained within the reference range of 26-174 U/L.

The patient’s brain natriuretic peptide level was 118.6 pg/mL,
which was below the reference range (300-900 pg/mL for
subjects aged 50-75 years).

Abdominal ultrasound did not show any liver abnormalities,
but revealed a gallbladder polyp. A decrease in the range
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Table 1. Results of muscle strength testing in patient A.

Movement Right Left

Forward neck flexion 4 4

Backward neck flexion 4 4

Lifting arms to the horizontal position 3 3

Lifting arms above the horizontal 2 2

position

External shoulder rotation 3 3

Internal shoulder rotation 3 3

Elbow flexion 4 4

Elbow extension 4 4

Forearm supination 4 4

Forearm pronation 4 4

Hand flexion 4 4

Hand extension 4 4

Finger flexion 5 5 Fig. 2. Atrophy of the shoulder girdle muscles in Patient A, with
signs of developing winged scapulae.

Finger extension 5 5

Finger abduction 5 5 of movement to 7 mm for the right hemidiaphragm and to

Finger adduction 5 5 10 mm for the left hemidiaphragm was noticed (reference
range: 10-20 mm).

Hip flexion 3 3 . . .
A diaphragmatic ultrasound was performed using 5-12 MHz

Hip extension 3.4 3.4 sensors in B and M modes in the standing, semi-recumbent,
and supine positions with an assessment of diaphragm

Hip adduction 4 4 thickness and excursion. At least 3 measurements were taken
for each parameter, and the average value was calculated.

Hip abduction 4 4

Tables 2 and 3 show the numerical parameters of the
External hip rotation 4 4 diaphragmatic ultrasound. All tested parameters were below
reference ranges.

Internal hip rotation 4 4

Triplex scanning of the brachiocephalic arteries showed
Knee flexion 4 4 dilation and curvature of the brachiocephalic trunk,
subclavian arteries, S-shaped tortuosity of the common
Knee extension 4 4 carotid arteries, tortuosity of the middle and distal segments
o of the internal carotid arteries, and VI segment of the vertebral
Foot dorsiflexion 4-5 4-5 arteries without evidence of significant stenosis. A prolonged
i heteroechoic atherosclerotic plaque with hyperechoic
Foot plantar flexion 5 5 inclusions and a nodular outline was observed along the
, inferior wall of the right subclavian artery, stenosing the
Foot abaugtion 5 5 lumen by up to 44%. No evidence of subclavian (vertebral)
. steal syndrome was seen. Hypoplasia of the left vertebral

RUSCLTR J g artery Zould not be ruled out.yp P
Toe extension S S Previously recommended additional tests are presented. Dry
o T 5 5 spot assay of alpha-1,4-glucosidase activity showed a low

level of 1.3 pmol/L/h (reference: > 2.32 pmol/L/h). Molecular
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Table 2. Diaphragm thickness (mm) in patient A. according to ultrasound

Time

of the examination L 48
result

Supine 1.1

End-expiratory Semi-recumbent 1.2
Standing 14

Supine 14

End-inspiration Semi-recumbent 1.4
Standing 1.5

Supine 2.1

End of full inspiration ~ Semi-recumbent 2.1
Standing 2.7

Table 3. Range of diaphragm movements (mm) in patient A.
according to ultrasound

Parameter Position Results Reference range
Normal Standing 7.1
breathing ) 11.1-16.9
Lying 6.5
Deep Standing 27.6
breathing ) 39.3-63.6
Lying 26.5

genetic testing showed a pathogenic nucleotide variant
chr17:80112604G>A in the heterozygous state and a likely
pathogenic nucleotide variant chr17:80112993C>G in the
heterozygous state in GAA.

The patient was referred to magnetic resonance imaging
(MRI) of the soft tissues of the right and left thighs.
Symmetrical fatty degeneration of the muscles of
the posterior thigh compartment (semimembranosus,
semitendinosus, biceps) and large adductor muscles of the
thigh was observed with no signs of edema, involvement
of fat tissue, fascial compartments, and vascular-nervous
bundles (Fig. 3).

Severe symmetrical fatty degeneration of the posterior
muscles of the thigh (black arrow) and moderate fatty
degeneration of the adductor muscles of the thigh (white
arrow) are visualized.

Based on clinical, laboratory, instrumental, and molecular
genetic tests, the patient was diagnosed with late-onset
progressive glycogenosis type II with myopathy of the
proximal extremities and trunk, moderate hypotrophy, and
moderate respiratory dysfunction.

The patient received previously prescribed antiplatelet,
antihypertensive, and neuroprotective therapy. The subse-
quent management strategy included enzyme replacement
therapy.

Parameter
left
reference range result reference range

1.1

1.7-2.2 1.1 1.7-2.2
1.4
1.4

1.9-2.7 1.5 2.0-2.8
1.6
2.1

2.6-3.5 2.2 2.8-3.9
2.7

Discussion

Timely diagnosis of late-onset PD is challenging in most
cases. When a patient first presents to a neurologist with
a “typical” course of late-onset PD and data on complaints,
history, and neurological status are obtained, myodystrophies,
polymyositis, spinal amyotrophy, and myasthenic syndrome
should be differentiated. However, patients adapt to the
slowly progressive muscle weakness and atrophy, and clinical
manifestations of damage to other organs may be the first
complaint to seek medical attention from various specialists,
such as pulmonologists, rheumatologists, orthopedic
surgeons, gastroenterologists, etc. [2, 12, 14].

Late diagnosis, in turn, complicates patient management by
delaying the initiation of pathogenetic therapy.

In our clinical case, patient A had been having progressive
muscle weakness and atrophy for almost 30 years, but the
reason for consulting a neurologist was a parenchymal hem-
orrhage in the left cerebellar hemisphere. Stroke is reported
as one of the rare complications of PD. Stroke pathogenesis
in this group of patients is caused by abnormal accumulation
of lysosomal glycogen in the smooth muscle cells of brain
arterioles and arteries, which affects the synthesis and struc-
ture of the extracellular matrix and reduces the elasticity and
integrity of the vessel wall. In addition, the vertebrobasilar
arteries are more vulnerable due to the lower expression of
elastic fibers in their walls compared to the carotid arteries.
These changes result in dilated arteriopathy, dolichoectasia
of the basilar artery, and microaneurysms. This increases the
risk of parenchymal hemorrhage into the brain matter (as
in patient A), subarachnoid hemorrhage and microbleeds, as
well as cerebral infarction and leukoencephalopathy. In ad-
dition, an increase in partial pressure of carbon dioxide as
respiratory failure progresses may be a risk factor for vaso-
dilation in patients with PD [15]. In our case, duplex scan-
ning also showed multiple tortuosities of the brachiocephalic
arteries, confirming the literature data. However, the paren-
chymal hemorrhage in the left cerebellar hemisphere was ac-
companied by a significant improvement in focal symptoms
during the treatment.
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Fig. 3. Results of MRI of soft tissues of the thighs of patient A. (T1-weighted, frontal and axial slices).

During the hospitalization in the Neurology Department, which
is the main base of the Department of neurology named after
academician S.N. Davidenkov of the L. Mechnikov North-West-
ern State Medical University, clinical manifestations of the
patient’s long-term neuromuscular disease were the focus of
attention. The relevant medical history revealed the hereditary
nature of the disease. Additional clinical and laboratory tests
ruled out non-hereditary variants (inflammatory, toxic, endo-
crine, tumor-induced) of progressive muscle damage.

Analysis of the family history suggested a hereditary nature of
the disease, but the mode of disease transmission was not typical
of PD, as it appeared to be an autosomal dominant inheritance.
However, autosomal recessive PD was not confirmed in deceased
relatives (the patient’s brother, the son of the nephew). Such a
pseudodominant inheritance was only possible if the wives of
the patient’s brother and nephew were carriers of the mutation.
Considering the low incidence of heterozygous carriers of
GAA mutations, the probability of such a case is extremely
low. Autosomal recessive inheritance is characterized by cases
of disease in relatives of both sexes in different generations.
Therefore, the family history was not typical of PD.

Moreover, the diagnosis in this case was challenging due to
the lack of typical laboratory markers of myolysis in follow-up
blood chemistry results, whereas in the majority of clinical cases
described in the literature, hyper-creatine phosphokinase-emia
was found [9, 16, 17]. Enzyme levels within the reference range
may be associated with a long, slowly progressive disease (over
20 years) with severe chronic muscle damage [18].

In our case, the diagnosis was verified by measuring alpha-
1,4-glucosidase activity in dried blood spots using tandem
mass spectrometry, followed by molecular genetic testing. The
patient had compound heterozygous mutations in the GAA
alleles (pathogenic nucleotide variant chr17:80112604G>A
and likely pathogenic nucleotide variant chr17:80112993C>G),
which may explain the late onset of the disease with enzyme
levels within the reference range. Currently, genotype-
phenotype correlations in PD patients are of great interest
because genetic and epigenetic mechanisms of the disease’s
clinical polymorphism are not fully understood.

We believe that assessment of respiratory muscle function is
an important element of the evaluation of patients with neuro-
muscular disorders. FVC in the vertical and horizontal positions

is the simplest and most commonly used clinical test to detect
diaphragmatic paresis. In our case, FVC decreased to 37% of ref-
erence in the vertical position and to 29% in the horizontal po-
sition. The literature provides some data on the correlation be-
tween FVC and respiratory morbidity and mortality [11, 12, 15].
In our case, we used diaphragmatic ultrasound, which showed
a decrease in diaphragm thickness and excursion below the ref-
erence ranges. In the available Russian literature, despite the
simple and informative nature of ultrasound, we found no cases
of diaphragmatic ultrasound in PD patients. Global literature
describes only a few cases of diaphragmatic ultrasound [19].

The thigh muscle MRI of our patient showed a significantly
more severe fatty degeneration of the posterior thigh muscles
compared to the medial ones, which can be considered as an
individual feature.

Current clinical guidelines [20] recommend watchful waiting
for patients with PD, including monitoring of FVC, regular
6-minute walk tests, liver ultrasound, electrocardiography,
echocardiography, follow-up measurement of myoglobin
fraction of CPK, and brain natriuretic peptide.

The treatment strategy for PD patients involves a multidis-
ciplinary approach based on the clinical manifestations of
the disease. Recommended non-medication options include a
high-protein, low-carbohydrate diet supplemented with L-al-
anine, psychotherapeutic support, and psychological adjust-
ment. Lifelong enzyme replacement therapy is the primary
pathogenetic treatment option used to slow disease progres-
sion, stabilize lung function, and prolong patients’ lives be-
fore they require ventilatory support and a wheelchair.

Conclusions

Therefore, clinical diagnosis of late-onset PD may be significantly
challenged. If myopathic syndrome is suspected in patients seen
by different specialists for different diagnoses, additional testing,
including FVC, is recommended. We believe that diaphragmatic
ultrasound has great potential as a diagnostic tool for patients
with PD and other neuromuscular disorders due to its availability,
informative value, and non-invasiveness.

All patients with unspecified limb girdle myopathy, especial-
ly if associated with respiratory muscle weakness, should
have a blood test for alpha-1,4-glucosidase activity. It should
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be considered that family history is not always available and
that elevated CPK and other markers of myolysis are not
necessarily indicative.

The accumulation of lysosomal glycogen in the smooth mus-
cle cells of brain arterioles and arteries, with associated struc-
tural alterations in the intercellular substance, is a risk factor
for dilated arteriopathy, which increases the risk of stroke
and leukoencephalopathy. Neurologists' awareness of cere-
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Abstract

Intracranial hemorrhage is the most common outcome of cerebral aneurysms, and, therefore, clinical guidelines for the management of patients with
cerebral aneurysms are primarily based on assessing the risk of their rupture. Brain ischemia due to the cerebral aneurysms occur significantly
less frequently (i.e. in 3-5% of cases), and, in most cases, it is caused by distal embolism with thrombotic masses from large and giant thrombosed
aneurysms. A conclusion that ischemic stroke is associated with embolism of thrombi from the aneurysm sac can be made only after ruling out other
risk factors, primarily cardioembolism and stenosis of intracranial and extracranial arteries. The management of patients with thromboembolism
from aneurysms who developed ischemia is challenging because these patients require antithrombotic agents, which can result in recanalization and
rupture of the aneurysm. In addition, the optimal timing for surgery for the aneurysm in the event of acute ischemia has not been determined, given
the high risk of recurrent embolism and aneurysm rupture. We present an overview of recent studies on this issue and our experience in managing
4 patients with thromboembolic stroke caused by cerebral aneurysms.
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AnHoTarug

Temoppazuueckuii mun meuenus yepeOpabHbLx GHe8pU3M BCMpeaemcs Haubosiee Uacmo, 8 C8S3U C YeM KJUHUUeCKUE PEKOMEHOAYLLU NO 8e0eHUI0
NAyUeHmos ¢ aHespUMAaMU 207108H020 M0O32a 6 Nepsylo ouepedb OCHOBLIBAIOMCS HA OYeHKe pucka ux paspviea. Muiemuueckutl mun meyeHus
yepebpanbHbLx aHespu3M ecmpeuaemcs sHaUUMo pesxe (8 3-5% cryuaes) u uauje 8cezo c6S3aH ¢ ducmabHot ambonuel mpombomuteckux macc
U3 00MbWUX U 2U2AHMCKUX MPOMOUPOBAHHbIX aHespusm. COenamy 3ak/ioueHue 0 MOM, YUMo ULIEMUNECKUL] UHCYbM aCCOYUUPOBAH ¢ IMOOLeL]
mpom608 U3 MewKa aHe8pU3Mbl, MOKHO MOJbKO NPU UCKJIOUeHUU Opy2ux (akmopos puckd, 8 nepeyio ouepeds KapouosMOoIUU U CMeH0308
UHMPA- U 3KCMPAKPAHUATbHBLX apmeputi. iMelomes cioxHocmu 8 onpedenieHuu Makmuxu 6e0eHus NAyUeHmos ¢ mpomboamooueli us aHeapusm
U passeumuem uwemMul, m. K. mpedyemes HasHauerue aHMUMPOMOOMUUECKUX NPenapamos, KOMopble MOZyM cnocobcmeosams PeKaHau3ayuu
aHeepusMbl U e€ paspuiey. Kpome moeo, 8 Hacmosujee 6pems He onpedeniersl ONMUMATbHblE CPOKU 0715 BbINOTHEHUS XUPYP2UUecKo20 BMewlamerb-
CMea Ha aHespU3Me Npu passumuL 0Cmpoll UteMul, y4umbleas bICOKUL PUCK N0BMOPHbLX NU30008 IMOO/IUL, @ MAKKe PUCK Pa3pblea aHespus-
Mbl. B cmamve npedcmasnenst kpamkuti 0030p cospeMeHHbLx uccedosanuti no 0aKoli npobneme u cobemeenHbiii onbim edeHus 4 nayuexmos
¢ mpomMO0aMOOIULECKUM BAPUAHMOM MeyeHUS UepeOpabHbLX aHEBPUIM.

Kntouegvie cnoea: qepe6paanaﬂ amespusmay uwiemuyeckuli UHCY/Ibm, 3M60ﬂuﬂ,’ mp0M603

UcTouHUK ('l)I/lHaHCPIPOBaHPISI. ABTOpr 3asBJAI0T 00 OTCYTCTBUU BHEIIHUX MCTOYHUKOB q)HHaHCI/IpOBaHI/IH [1pu IpoOBEZIEHN
Hccen0oBaHus.
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Introduction

Every year, 10-14 aneurysmal subarachnoid hemorrhages
occur per 100 thousand population in Russia [1, 2]. Cerebral
aneurysms (CAs) are found in 2-5% of the population,
with most of them being small and asymptomatic [3]. The
incidence of ischemic stroke (IS) is much higher (i.e. up to
2.5-3.0 cases per 1000 population per year) [2]. Based on
these data on the prevalence aneurysm in the population
and the annual incidence of IS, we can assume that some
strokes and transient ischemic attacks occur in patients with
asymptomatic CAs.

A history of aneurysm is a contraindication for systemic
thrombolysis in patients with IS. However, angiography
is not required to perform systemic thrombolysis, and
most patients do not know if they have asymptomatic
aneurysms. There have been isolated reports describing
ruptures of asymptomatic aneurysms during thrombolytic
therapy in patients with IS [4, 5]. However, these could
be not asymptomatic aneurysms but those ruptured and
partially thrombosed in the past, so the administration of
a fibrinolytic agent could promote lysis of the thrombus
and re-rupture of the aneurysm. A large cohort study did
not detect any cases of rupture of asymptomatic aneurysms
during thrombolytic therapy [6].

Therefore, in most cases CAs are a concomitant condition
in IS patients. However, in 3-5% of cases, thrombosed
aneurysms (TAs) can themselves cause IS, most often due to
the embolism with thrombotic masses from the sac into the
distal branches [7-9]. The rate is even higher in large and
giant aneurysms. According to V.V. Krylov et al., in a group
of patients with giant aneurysms of the middle cerebral
artery, 6.9% of patients had embolism resulting in cerebral
ischemia [10].

According to several studies, embolism of thrombi from
the aneurysm sac was associated with an increased risk of
rupture in the near future [9, 11-13].

Aim. The study aimed to review cases of thromboembolic
CAs.

Materials and methods

We reviewed medical records of 240 patients with CAs
who were treated at the regional vascular center of the
Krasnoyarsk Regional Clinical Hospital in 2022-2023. Of

these, 136 patients had surgery in the acute period of
aneurysm rupture, 56 had a history of rupture, and 48
had unruptured aneurysms. In 4 (1.6%) patients, CAs
manifested as IS.

A causal relationship between an aneurysm and stroke can

be established based on the following:

* a large partially or completely TA;
ischemia in the branches distal to the TA;

* no other risk factors for stroke, mainly cardioembolism
and hemodynamically signiﬁcant stenoses of extracranial
and intracranial arteries.

We reviewed history, clinical, and neurovisualization data of
patients with IS associated with TA.

Results

Our patients with thromboembolic cerebral aneurysms in-
cluded 2 men and 2 women. Two patients were aged 22 and
24 years, and the other two were older (57 and 62 years old).

All patients had aneurysms larger than 10 mm (i.e. 13, 15, 15,
and 20 mm). TAs were located in the middle cerebral artery
(MCA) or internal carotid artery (ICA) in 3 and 1 cases, re-
spectively. In 3 cases, the aneurysms had a small functioning
part; in 1 case, the aneurysm was completely thrombosed.

One patient developed lacunar stroke in the internal capsule,
and another had a large ischemic lesion in subcortical struc-
tures. One patient developed ischemia in the territory of the
frontal branch of MCA M2, and another patient had multiple
foci of subcortical and cortical ischemia.

In 3 patients with acute ischemia, native multislice comput-
ed tomography (MSCT) showed a hyperdense signal from a
part of the TA, which could suggest acute formation of a
thrombus, which partially migrated to the distal branches
and caused cerebral infarction.

All patients were prescribed antiplatelet agents to treat acute
IS. There were no recurrent ischemia episodes. Three pa-
tients with partially TAs underwent elective surgery (osteo-
plastic craniotomy, microsurgical clipping of the aneurysm) 3
months after IS or later. The patient with completely TA and
MCA thrombosis did not have any surgery.

We present clinical cases of the patients with thromboem-
bolic CAs.
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Clinical case 1

Patient B., a 57-year-old woman, was admitted to the primary
vascular department with severe right-sided hemiparesis (up
to score 3 in the arm and leg). She had severe neurological
deficit with an NIHSS score of 14. MSCT showed an isch-
emic area in the putamen, internal capsule, and head of the
caudate nucleus on the left (Fig. 1, A). We can see a hyper-
dense area in the Sylvian fissure, which should be differen-
tiated from hemorrhage and TA (Fig. 1, B). MSCT angiogra-
phy showed a functioning part of the TA of MCA M1 (Fig. 1,
C). After 3 months, the patient was hospitalized for planned
surgery for MCA aneurysm. Follow-up native MSCT showed
isodense signal from the aneurysm; follow-up MSCT angiog-
raphy showed a functioning part of the aneurysm of up to
3.5 mm (Fig. 1, D, E).

In the acute period of IS, the thrombosed part of the aneu-
rysm had an hyperdense signal, suggesting a fresh throm-
bus (Fig. 1, B), and after 3 months the signal from the
thrombus became isodense (Fig.1, D). Based on the areas

D
Fig. 1. Brain MSCT of patient B.

Tpom603MB0NUYECKMIA TN TEYeHUS LiepebparnbHbIX aHeBPU3M

of ischemia in the territory of the lenticulostriate branches
and a fresh thrombus in the aneurysm, we can assume
that the ischemia was caused by thrombosis of the striatal
branches of the MCA by an embolus from the aneurysm
sac. The patient did not have any other IS risk factors.
Microsurgical clipping of the aneurysm was performed. A
small functioning part of the aneurysm and a large throm-
bosed part (13 mm) were identified during the surgery.
The sac was opened, the blood clots were removed, and
a permanent clip was placed on the neck formed. The pa-
tient was discharged with preoperative functional status of
modified Rankin score 3.

Clinical case 2

Patient K., a 62-year-old man, was admitted to the primary
vascular department with right-sided hemiparesis (score 2
in the arm, score 3 in the leg) and motor aphasia; his NI-
HSS score was 16. MSCT showed an ischemic area in the left
frontal lobe extending to subcortical structures. Native MSCT
suspected MCA TA of up to 2 em (Fig. 2, A, B). Due to un-

E

A, acute ischemia in the head of the caudate nucleus, internal capsule, and putamen (arrow); B, thrombosed part of the aneurysm (arrow);
C, functioning part of the aneurysm (white arrow); the black arrow indicates the contours of the thrombosed part; D, MSCT 3 months after the
stroke, the arrow indicates the thrombosed part of the aneurysm; E, 3D reconstruction of the functioning part of the aneurysm (arrow).
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known reasons, MSCT angiography was not performed in the
primary vascular department. Three months later, the patient
was referred to the regional vascular center. MSCT showed a
cystic-atrophic area in the area of the previous IS in the left
frontal lobe. MSCT angiography showed a small functioning
part of the M1 segment aneurysm and patent distal branches
of the MCA (Fig. 2, C, D).

Considering a large thrombosed aneurysm sac in MCA M1
and ischemia in the territory of the frontal M2 branch of
the MCA, thromboembolism from the aneurysm sac was
considered. Three months later, angiography showed that all
MCA branches were patent, which could be related to the
recanalization of the thrombosed branch. An additional ex-
amination did not show any further risk factors for IS except
for essential hypertension. Considering a high risk of recur-
rent thromboembolic complications, microsurgical clipping of
the aneurysm was performed. After the surgery, his cognitive
functions declined, and he and was discharged with a modi-
fied Rankin score of 4.

C D
Fig. 2. Brain MSCT of patient K.

Clinical case 3

Patient I., a 22-year-old woman, was delivered by ambulance
with complaints of weakness and difficulty to control her
movements in the right limbs. The patient presented fully
conscious, with right-sided hemiparesis scoring up to 3.5
in the arm and 4 in the leg. MSCT showed a round-shaped
lesion of hyperdense density in the projection of the Syl-
vian fissure with a TA suspected. The lesion had areas of
different densities, including a high-density area, which was
a possible sign of acute thrombosis (Fig. 3, 4). MSCT angi-
ography showed no blood flow in the MCA on the left and
no functioning part of the aneurysm. Considering the mild
neurological deficit (NIHSS score 5), acute thrombosis of
the MCA aneurysm with the artery itself was unlikely. Brain
MRI was performed. A large MCA aneurysm with thrombo-
sis along the whole MCA was identified. An ischemic lesion
was seen in the internal capsule, which corresponded to
the neurological deficit. Therefore, thrombosis of the MCA
aneurysm and MCA itself was likely to be chronic, and

E

A, native MSCT, an ischemic area is seen in the left frontal lobe; B, the arrow indicates MCA TA with calcification of up to 2 cm; C, MSCT
3 months after IS, an area of cystic-atrophic changes in the left frontal lobe is seen; D, MSCT angiography, the white arrow indicates the

functioning part of the aneurysm, the black arrow in
arrow indicates the functioning part of the aneurysm.

icates the contour of the thrombosed part; E, 3D reconstruction of MSCT angiography. The
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the current clinical picture was caused by ischemia in the
subcortical structures supplied with blood by the lenticu-
lostriate arteries. Ischemia could be associated either with
thromboembolism or enlargement of the aneurysm (a fresh
thrombus) leading to an arterial occlusion.

This young patient did not have any other stroke risk factors.
Cerebral angiography and MSCT perfusion were performed
to determine treatment strategy. Angiography showed good
collateral blood flow. MSCT perfusion did not show any
significant differences in capillary blood flow in both hemi-
spheres. Non-surgical treatment was chosen with follow-up
angiography. The patient was followed up 6 months after;
she had no recurrent ischemia episodes and had a modified
Rankin score of 0. There were no MSCT angiography findings
suggesting recanalization of the aneurysm and MCA during
the administration of the antiplatelet therapy.

D
Fig. 3. Brain MSCT of patient L.

Tpom603MB0NUYECKMIA TN TEYeHUS LiepebparnbHbIX aHeBPU3M

Clinical case 4

Patient A., a 24-year-old man, was admitted to the emergency
room with acute right-sided hemiplegia. Brain MSCT showed
an area of increased density in the chiasmatic-sellar region
on the left, which had to be identified as a hemorrhagic focus
or TA of the ICA (Fig. 4, A). MSCT angiography showed a
small functioning part of the aneurysm in the left ICA. The
ICA and MCA were patent along their entire length.

Brain MRI was performed. A 15-mm TA of the left ICA was
seen. In DWI mode, areas of acute ischemia (restricted dif-
fusion) were seen in the head of the caudate nucleus on the
right, putamen, insular cortex, and lateral and medial regions
of the right frontal lobe. Given this multifocal nature of isch-
emia and the presence of a TA of the ICA, embolism from the
sac was likely to lead to the formation of multiple ischemic

E F

A, TA is indicated with the arrow; B, MSCT angiography, the white arrow indicates no blood flow in the left MCA; C, T2-WI MR], the arrow

indicates MCA TA; D, MR angiography, no bloo
internal capsule is shown with the arrow.

flow in the left MCA (shown with the arrow); E, F, T2-WI and DWI, an ischemic lesion in the
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areas. No other risk factors for IS were found in this young
patient. The patient’s neurological status was assessed an
NIHSS score of 11. The patient had elective microsurgical
clipping of the ICA aneurysm. He was discharged with a mod-
ified Rankin score of 2.

Discussion

Neurologists and neurosurgeons are aware of embolic CAs;
however, there have been only isolated clinical cases described
in scarce scientific publications. L. Calviere et al. [14] described
one of the largest case series of embolic CA. They followed up
15 patients with IS and transient ischemic attack associated
with thromboembolism from the CA. The mean age of patients
was 49.7 years. The mean aneurysm diameter was 7.5 mm.
During antiplatelet therapy, no patient had recurrent episodes
of ischemia. However, the aneurysms ruptured in 2 patients.

C
Fig. 4. Brain MSCT of patient A.

In the near future, we can expect increased CA detectability
in patients with IS due to the development and increasing use
of the thrombectomy technique, which requires angiography.
When identifying CAs in patients with IS, doctors should not
only assess the risk of its rupture or determine contrain-
dications to thrombolytic therapy but also assume whether
the aneurysm, especially a large one, could contribute to the
development of cerebral ischemia.

IS in patients with unruptured CAs may be explained by several
mechanisms. Firstly, spontaneous thrombosis of the aneurysm
can be associated with inflammatory changes in its wall [13].
A. Fomenko et al. presented a clinical case of a 56-year-old man
with spontaneous thrombosis of the MCA aneurysm spreading
into the lumen of the artery, which led to ischemia throughout
the MCA territory [15]. In some cases, with giant aneurysms,
adjacent branches can be mechanically compressed, resulting

D

A, the arrow indicates the TA of the left ICA; B, MSCT angiography, 3D reconstruction, the arrow indicates the functioning part of the aneurysm
of the left ICA; C, brain T1-WI MRI, the arrow indicates the TA of the left ICA; D, MRI in DWI mode, areas of acute ischemia in the subcortical

structures of the left brain hemisphere.
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in ischemia. However, thromboembolism most often occurs
from a completely or partially thrombosed aneurysm sac into
the distal cerebral branches [16].

It is not always possible to prove embolism of thrombotic mass-
es from the aneurysm sac. To do so, it is necessary to verify the
aneurysm with signs of thrombosis and exclude all other risk
factors for IS, primarily cardioembolism and stenoses of extrace-
rebral and intracerebral arteries. Paradoxical embolism through
a patent foramen ovale should be ruled out in young patients.

Therefore, TA-associated stroke is more likely to be assumed
in patients without other risk factors and with an infarction
in the area of the blood supply of the artery carrying the
aneurysm. However, as shown in our cases, this may also
occur in patients of older age groups.

Thromboembolism can occur both from large/giant
aneurysms and aneurysms of up to 1 cm in size [17-19]. All
aneurysms in our case series were more than 1 cm in size.

However, what is more important is not the size of the
aneurysm itself but whether it contains blood clots. Partial
thrombosis of the aneurysm sac can be detected by MSCT
angiography or cerebral angiography only based on indirect
signs, such as uneven contour or unusual flow of contrast
around the thrombosed part. Therefore, it is recommended to
perform brain MRI, which can identify the thrombosed part
of the aneurysm.
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