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Accelerometry in Diagnosis of Functional Tremor

Konstantin M. Evdokimov, Ekaterina O. Ivanova, Amayak G. Brutyan, Ekaterina Yu. Fedotova, Sergey N. Illarioshkin

Research Center of Neurology, Moscow, Russia

Abstract

Introduction. Functional tremor (FT) is the most common phenotype of functional movement disorders. Electrophysiological assessment is included
in the diagnostic criteria for tremor; however, there is currently no consensus criteria for the differential diagnosis of FT.

The objective of this study was to evaluate the utility of tremor frequency characteristics derived from accelerometry for the differential diagnosis
between FT and organic tremor (OT).

Materials and methods. Nineteen patients with FT, 20 patients with essential tremor, and 20 patients with Parkinson's disease were enrolled in the
study and underwent electrophysiological examination with a two-channel accelerometer and subsequent data processing.

Results. The study results revealed the differences in the frequency peak widths in patients with FT and OT, predominantly while performing
a cognitive load task. This criterion showed a high sensitivity (100%) and a high specificity (97.5%) for the diagnosis of FT in the study population.
Conclusion. Tremor characteristics recorded during accelerometry combined with cognitive load task can serve as an additional testing aid for
differential diagnosis between functional and organic tremor.

Keywords: functional movement disorders; functional tremor; diagnosis, accelerometry
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AkcenepomeTpua B ANarHOCTUKe PYHKLMOHANBHOMO TpeMopa

AkcenepoMeTpyuyecKui aHajiu3
B JMAarHOCTUKe (PYHKLIMOHA/JIBHOrO TpeMopa

Eepoxumos K.M., MBanosa E.O., bpyran AT, ®enorosa E.10., Unnapuomkun C.H.
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AnHoTanug

Beedenue. Qynkyuonanshbiii mpemop (OT) — naubonee uacmo scmpeuarowuticss heHomun GYHKYUOHAIbHO2O 08U2AMEbHO20 Paccmpolicmea.
Dnekmpogpusuonozueckas oyexka mpemopa exooum 6 006ém 0uazHOCMuUKY, 00HaKo Hem eduHozo cmardapma ougdepeHyuanbHol duazko-
cmuku @T.

Llenvio danHo20 uccnedo8aHus A6741aCH OYEHKA BO3MOKHOCTU UCNONb306AHUS YACMOMHbLX XapaKMepUCMUK mpemopa no OaHHLM axcesepome-
mpuu 015 dupdeperyuansroti duazqocmuku QT u opeanuueckozo mpemopa (OT).

Mamepuanst u memodut. B uccnedosanuu yuacmeosanu 19 nayuenmos ¢ @T, 20 nayuenmos ¢ acceHyuansHoLm mpemopom u 20 nayuermos
¢ GonesHvio [lapkuHcoHa, KOMOpbLM NPOBOOUAU 37eKMPOGU3UOTo2ULecKoe UCCNe008aHUe, BKIOUaIOWee 0BYXKAHAILHYIO aKCeNlepoMempuio
¢ nocziedyioujeti 06pabomkoli noyUeHHbIX OaHHbLX.

Pesynsmamat. B xode uccniedosanus Gbiu 8bi56/eHb! PA3UULUS 8 WUPUHE YACMOMH020 NUKA MPeMOpPA No OaHHbIM AKCesIepOMempuUYU y NayUeH-
moe ¢ OT u OT, npeumywjecmsesHo Ha GoHe KozHUMUBHOL Hazpy3ku. JaHHbili nokasames 6 ucciedyemoli 86100pke NPOOeMOHCMPUPOBA 8bICO-
Kyto uyscmeumensiocms (100%) u cneyucpuurocmo (97,5%) dns duaziocmuku @T.

3axouenue. AHanu3 xapakmepucmux mpemopa no OaHHbIM axcesepoMempuu ¢ 0onorHUmenbHol 3adaveti 8 sude KOZHUMUBHOL Hazpy3Ku
MOXem UCnonb308ambCs 6 kayecmee 00noHUmenbHo20 mecma 01 duhdeperyuanshoti duaznocmuxu @T u OT.

Kniouegvle cnosa: hyHkyuoHansHwle dsuzamenvHble paccmpolicmed; yHKYUOHAIbHbLI mpemop; OUaZHOCMUKA, aKcenepoMempus

druueckoe yreepxkaenue. Vcenenosanne 0100peHo N0KaIbHbIM 3TMYECKUM KoMUTeTOM HayuHoro neHTpa HeBposoruu
(mporoxon N? 10-3/22 ot 23.11.2022).
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Introduction

Tremoris aninvoluntary, rhythmic, rapid back-and-forth (oscil-
latory) movement of a body part [1, 2]. This hyperkinesis is
the most common movement disorder in clinical practice and
can be observed in many diseases with various underlying
pathophysiology [3].

In 1998, the International Parkinson and Movement Disorder
Society (MDS) presented the first consensus criteria for classi-
fying tremor disorders based on various types of tremor syn-
dromes [4]. In 2018, this classification was revised, and, along
with a description of tremor syndromes, two evaluation axes
were added: Axis 1 — clinical characteristics and Axis 2 — etio-
logy [2]. Axis 1 includes historical features (age at onset, family

history, and temporal evolution), tremor characteristics, trem-
or-associated signs, and laboratory tests including electrophysio-
logical study. For electrophysiological assessment of tremor, the
authors of the classification suggested surface electromyog-
raphy (SEMG): to document the presence of tremor, measure
tremor frequency, evaluate pattern and rhythmicity of EMG-ac-
tivity (e.g., to differentiate tremor from myoclonus). They also
suggest a Fourier analysis of accelerometric and EMG recordings
with and without weight loading to identify mechanical-reflex
and central neurogenic tremors, and frequency and coherence
analysis of EMG-activity from multiple limbs to diagnose pri-
mary orthostatic tremor [2]. In the literature, numerous reports
are on other methods suitable for tremor recording and assess-
ment: gyroscope, tremor video-recording with subsequent data
processing, and various kinematic and tactile techniques [1].
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Functional (former psychogenic) tremor is characterized
by distractibility, changes in frequency during contralater-
al rhythmic movements (entrainment), antagonistic muscle
co-activation, an increase in the oscillation amplitude during
weight loading, and tremor regression during contralateral
ballistic movements [2, 5]. A meta-analysis of the individual
data obtained from 4,905 patients with functional movement
disorders (FMD) revealed that FT was the most prevalent hy-
perkinesis, affecting 21.6% of the patients, which was also
diagnosed within the mixed FMD phenotypes in 23% of the
patients. Isolated functional tremor developed most frequent-
ly in females (71.2%) aged 40-42 years [6].

To date, there are no consensus criteria for FMD diagnosis.
In clinical practice, the Fahn-Williams criteria are widely used
[7]. Further, A. Gupta et al. proposed to extend these criteria
with electrophysiological tests for FMD assessment, predomi-
nantly to differentiate tremor from myoclonus [8]. To identify
functional tremor, several parameters are to be assessed: EMG
recording frequency, accelerosgssameter oscillations (includ-
ing the analysis of the frequency peak width), duration and
pattern of EMG-recordings, variability, distractibility, tremor
regression during ballistic movements, entrainment by rhyth-
mic movements, an increase in the amplitude and frequency
during weight loading, antagonistic muscle co-activation, and
bilateral coherence analysis of EMG-recordings from mus-
cles involved in tremor [5, 9-11]. In 2016, the international
workgroup presented Tremor Test Battery (TTB) as the basis
of validated laboratory-supported criteria for the diagnosis
of FT [12]. The ETB consists of 10 parameters, each can be
scored with 1 point (Table 1). A cut-off score of 3 points is

Table 1. Tremor Test Battery (translated and adapted from [12])

Parameter

Tremor amplitude with weight loading
(1 point)

Response to ballistic movements
(1 point)

EMG coherence in contralateral limbs
(1 point)

Tonic co-activation (1 point)

Tapping task performance by contralateral

Accelerometry in the diagnosis of functional tremor

indicative of FT. However, it should be mentioned that the
ETB protocol requires special training, and ETB data record-
ing and processing are time-consuming, which is rather chal-
lenging in clinical practice. Therefore, the search for more
convenient diagnostic tools should be continued. To date, the
members of the MDS Functional Movement Disorders Study
Group and Clinical Neurophysiology Study Group have not
agreed upon a consensus protocol for tremor assessment.

The objective of this study was to evaluate the utility of trem-
or frequency characteristics derived from accelerometry for
the differential diagnosis between FT and organic tremor (OT).

Materials and methods

The study included 19 patients with FT (14 females aged 38
[26; 46] years) and 40 patients with OT assigned to 2 groups:
20 patients with essential tremor (ET; 13 females aged 71
[55; 75] years) and 20 patients with parkinsonian tremor (PD;
9 females aged 57.5 [49.5; 62.5] years). The type of trem-
or was identified according to MDS consensus criteria for
classification of tremors [2]. The FT diagnosis was based on
clinically positive diagnostic criteria: distractibility, entrain-
ment by contralateral rhythmical movements, antagonistic
muscle co-activation, and transition of tremor to anoth-
er body part with external restraint of the affected hand.
Exclusion criteria were a combination of various tremor types
(for example, FT in PD patients, a combination of ET and
parkinsonian tremor, etc.). Electrophysiological assessment of
tremor was performed with a two-channel accelerometer (the
accelerometer was attached to the back of the middle phalanx

Assessment technique

An increase in total power of the spectra derived from a 30-second epoch of accelerometer
oscillations recorded from more affected hand before and after 500-g loading

Tremor pause or > 50% reduction in tremor frequency or amplitude in at least 7 of 10 contralateral

ballistic movement tests

The point was assigned in case of significant EMG-coherence between frequency spectra from right
and left wrist extensors by comparing the frequency where coherence was detected

with the frequency of tremor

The tonic co-activation phase was defined as tonic discharge of antagonist muscles (wrist flexors
and wrist extensors) approximately 300 ms before the onset of tremor bursts

Tapping performance at 1, 3, and 5 Hz was considered correct if it fell within the range

tapping (max. 3 points)

Changes in tremor characteristics for more
affected hand during contralateral tapping
(max. 3 points)

of 0.5-1.5 Hz, 2.5-3.5 Hz, and 4.5-5.5 Hz, respectively

Tremor in the ipsilateral hand during contralateral tapping was assessed for entrainment, tremor
suppression, or a frequency shift, which was defined as pathological if the frequency peak shifted
with 19.0, 26.9, and 25.7% during tapping at 1, 3, and 5 Hz, respectively
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of the index or middle finger). The tremor was recorded with
a Viking EDX Electrodiagnostic System (Natus Neurology
Incorporated, USA) and assessed at rest, with arms extend-
ed (postural tremor, PT), with or without cognitive load (CL):
a serial subtraction task (patients were asked to consecutive-
ly subtract each time 13 out of 100). The tremor was recorded
for 30 seconds in each condition.

The recorded signals were exported and processed using an
open-source tool for tremor analysis — Tremoroton (Fig. 1) [13].
Tremor frequency characteristics derived from accelerometry
(the dominant frequency [the upper-frequency peak point],
a peak width, upper and lower limits, a mean amplitude of
oscillations) were assessed using the fast Fourier transforma-
tion test. The shift of minimum and maximum frequencies
was defined as the modulus of the frequency difference with
or without CL. A frequency peak/band splitting is defined as
a tremor peak width > 0.5 Hz.

<«—— Dominant frequency
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Fig. 1. Tremor frequency peak width was measured with Tremo-
roton software.

Upper and lower limits of the frequency peak of accelerometer os-
ciﬁations were determined manually at 40-50% from the height of
the frequency peak. The peak width is defined as a difference be-
tween uEper and lower limits. The red thin arrow indicates the point
where the dominant frequency of the peak is measured. The red
bold arrow and blue bar indicate the points where the peak width
was measured.

A — the frequency spectrum in a patient with FT; B — in a patient
with PD; ACC — acce}ljerometer oscillations; EMG ext — EMG-record-
if{lgs from wrist extensors; EMG flex — EMG-recordings from wrist

exors.

The data were processed using Microsoft Excel and IBM SPSS
Statistics v. 27 software. The Kruskal-Wallis nonparametric
test was used to assess inter-group differences followed by
ad hoc pairwise inter-group comparison with the Bonferroni
correction. The Wilcoxon test was used to assess intra-group
differences. The level of significance was set at 0.05. The ROC
analysis was used to evaluate the sensitivity and specificity
of the peak width differences.

Results

The dominant frequency of accelerometer oscillations with
and without CL was similar in patients with FT and OT with-
out any statistically significant differences (Table 2). Statis-
tically significant differences in the width of the dominant
frequency peak were observed in patients with FT compared
with ET and PD patients, both without CL (Figure 2, A) and
with CL (Figure 2, B). At the same time, a gradual increase in
the peak width in FT patients with CL was noted (py = 0.002).
The PT peak width in ET patients without CL was slightly
greater than that in PD patients; however, with CL added, the
frequency peak width decreased in ET patients (py = 0.002)
and remained stable in PD patients (py = 0.538). Inter-group
comparison of the differences between the PT peak width
with or without CL yielded similar results (Figure 2, C).

The analysis of changes in upper and lower limits of the fre-
quency peak (minimum and maximum frequency, respectively)
revealed differences in the shift in minimum frequency peak
in FT patients compared with that in ET and PD patients
(p = 0.04), but these differences did not reach the level of sta-
tistical significance after the pairwise comparison (Figure 2, D).
A change in the frequency peak width in FT patients was
mainly associated with an upward shift of the upper limit
of the frequency peak, which was further confirmed by the
pairwise comparison with ET and PD patients (Figure 2, E).

An additional parameter that differed in the FT patients
compared with the ET and PD patients was the ratio of
the mean amplitude of accelerometer oscillations with CL
to the same parameter measured without CL (Figure 2, E).
In the OT group, the oscillation amplitude increased: 1.43
[1.23; 2]-fold in ET patients (py = 0.003), 1.63 [1.25; 3.38]-fold
in PD patients (pw = 0.008), while in FT patients the oscilla-
tion amplitude slightly decreased with the amplitude ratio
of 0.7 [0.47; 1.4] (pw = 0.031).

Among the studied accelerometric parameters, the frequency
peak width with CL was of most interest. The utility of this
method for the differential diagnosis of hyperkinetic move-
ments, such as tremor, was evaluated with the ROC analysis.
With the PT frequency peak width without CL of > 0.55 Hg,
the sensitivity and specificity of this FT identification method
were 94.7 and 85%, respectively. The frequency peak width
with CL of > 0.6 Hz indicates FT with the sensitivity of 100%
and specificity of 97.5%. In the studied sample, the diagnostic
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Table 2. Accelerometric characteristics of tremor frequency

Parameter
Dominant PT frequency without CL

Dominant PT frequency with CL
PT peak width without CL
PT peak width with CL

Difference in PT peak width without CL and with CL

Shift of minimum frequency, with CL

Shift of maximum frequency, with CL

A p < 0.001

p <0.001

p=0.631

Accelerometry in the diagnosis of functional tremor

FT ET PD p
6[3,2;7,8] 5,3[4,8;5,7] 5,25 [4,75; 6,20] 0,800
4,9 [3,8; 8,4] 5,3 [4,65; 5,95] 5,4 [4,80; 5,95] 0,968
1,410,9;1,9] 0,4[0,3;0,5] 0,3[0,2;0,4] < 0,001
1,9 [1,4; 3,0] 0,25[0,2; 0,3] 0,3 [0,2; 0,4] < 0,001
0,6 [0;1,2] -0,1[-0,3; 0] -0,1[-0,15; 0,10] 0,003
0,4[0,2;2,8] 0,2[0,10; 0,35] 0,2 [0,10; 0,40] 0,040
1,310,5; 3,0] 0,110,10; 0,35] 0,25[0,15; 0,4] < 0,001
p<0.001 C p=0.134
p <0.001 p =1.000 p=0.002 p=0510
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Fig. 2. Results of a posteriori pairwise comparison between FT, ET, and PD patients.
A — PT frequency peak width without CL; CL — cognitive load; PT — postural tremor; B — PT freqfuency peak width with CL; C — difference in
ift

PT frequency peak width without CL; D — shift of minimum frequency peak (lower limit); E — sh

of maximum frequency peak (upper limit);

F — ratio of the mean amplitude of PT oscillations with CL to the mean amplitude of PT oscillations without CL.

accuracy of the method without CL and with CL was 98.3%

and 99%, respectively.

Discussion

Electrophysiological assessment of tremor is becoming more
widely used. The results of our study confirm that the dom-

such as

inant tremor frequency alone cannot be used for differen-
tial diagnosis between various types of tremors (except for
orthostatic tremor with the frequency of 13-18 Hz, which
significantly exceeds the frequencies of 4-8 Hz typical for
other types of OT) [4]. Therefore, the studies aimed to find
additional FT markers and new methods of analyzing tremor,

ETB, were conducted. Data recording and process-
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ing in many of the techniques are quite time-consuming. For
example, a complete ETB protocol followed by data analysis
takes about 30-40 min, while accelerometric assessment of
the frequency peak width and visual evaluation of the spec-
trogram of two recordings (PT with and without CL) takes
about 5 min. Today, many types of wearable accelerome-
ters are available for long-term ambulatory tremor analysis.
It is worth mentioning that a consensus protocol for trem-
orography is not yet developed. However, this issue is being
actively discussed by the members of the MDS Clinical Neu-
rophysiology Study Group. Another obstacle to the imple-
mentation of the proposed techniques is the software used in
laboratories, which is provided by a particular manufacturer
of electrodiagnostic equipment or developed in-house for its
own purposes. Tremoroton, an open-source tool for analyzing
the txt files exported from the device, may facilitate the im-
plementation of tremorography in clinics for widespread use
by clinical neurophysiologists.

The accelerometer data obtained in our study showed that
the frequency peak width in FT patients went above 0.6 Hz,
while in OT patients it remained below 0.5 Hz. The frequency
peak width of > 0.6 Hz with CL may be used as a primary
electrophysiological criterion for tremor assessment, which
was confirmed by the ROC-analysis results. The frequency
peak width has been used as a criterion for differential di-
agnosis between FT and OT in the Mayo Clinic, for example.
A routine EMG screening for tremor is performed based on
this criterion and according to its results, patients are selected
for surgical treatment of tremor by deep brain stimulation or
destruction by MRI-guided focused ultrasound. Z. Chou et al.
reported that additional electrophysiological screening allowed
them to identify FT in 12 (14%) of 87 patients, clinically pre-se-
lected for surgery, thus avoiding inappropriate surgery and
reserving the treatment opportunity for other patients [14].
Our study has shown that instead of labor-intensive surface
EMG, easier-to-implement accelerometry can be used with-
out any loss of accuracy.
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Abstract

Introduction. Hereditary transthyretin amyloidosis with polyneuropathy (hATTR-PN) is a severe progressive hereditary disease. Even with the
availability of genetic testing for transthyretin (TTR) gene variants, timely hATTR-PN diagnosis remains challenging due to a great variability
in its clinical presentation. Patients with hATTR-PN are often misdiagnosed with chronic idiopathic axonal polyneuropathy (CIAP).

The objective of our study is to describe the baseline electrophysiological, clinical, and demographic characteristics of hRATTR-PN and CIAP patients
and to establish patients' pre-selection criteria for genetic testing.

Materials and methods. Retrospective analysis was performed in 42 hATTR-PN patients and 58 CIAP patients (according to diagnosis defined in
medical records from 1 January 2017 to 1 March 2024). Demographic, clinical, and electrophysiological data were collected at diagnosis. To identify
factors influencing the likelihood of the hATTR-PN presence, a logistic regression model including clinically relevant variables was developed.
Results. The mean age of hRATTR-PN and CIAP patients was 57.7 and 60.9 years, respectively. As compared with CIAP patients, those with hATTR-PN
more frequently exhibited gait disturbances (64.3% vs 37.9%), autonomic (47.6% vs 12.1%), cardiac (35.7% vs 10.3%) and gastrointestinal symptoms (64.3%
vs 12.1%), unintentional weight loss (45.2% vs 12.1%), and heart failure with preserved ejection fraction (26.2% vs 6.9%). Peripheral nerve conduction
scores were also lower in the hATTR-PN group. In predicting hATTR-PN, the logistic regression model had a sensitivity of 91% and a specificity of 97%.
Conclusion. Demographic, clinical, and electrophysiological characteristics of patients with hATTR-PN and CIAP were described. Based
on the screening data, it is feasible to predict hRATTR-PN in CIAP patients with relatively high accuracy, sensitivity, and specificity.

Keywords: transthyretin amyloidosis; polyneuropathy; transthyretin; screening tool
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AnnoTanug

Besedenue. Hacnedcmsennas mpaxcmupemurosas amunouonas nonureiiponamus (hATTR-PN) — npoepeccupyroujee maxénoe HacnedcmeenHoe
3aboneganue. Hecmomps Ha docmynHocmb 2eHemutecko2o mecmuposanus 0715 8bise/eHus gapuamos 2ena mpancmupemuna (TTR), ceoespemen-
Has uazHocmuka 3ampyOHena 6criedcmaue pasHoo0pasus KAUKUeCKUx nposenenutl. Yacmoim owubouHbM 0UGZHO30M S6719€MCs XPOHUUeCKas
uduonamuueckas akconansHas nonunetiponamus (XHAII).

Llenw uccnedosanus — onucaue UCXOOHbLX INeKMPOPUUOT02UUECKUX, KIIUHUHECKUX U deMozpaghuteckux xapakmepucmuk nayuenmos ¢ hRATTR-PN
u XMAIT u nod6op kpumepues 015 0mbopa nayuexmos, Komopble NoOKEXam 2eHemuueckoMy mecmupoBaHuio.

Mamepuanot u memodut. PempocnexmusHbiti ananu3 nposedén y 42 nayuermos ¢ hATTR-PN u 58 nayuenmos ¢ XMAIT (duazo3 ycmarosnen
8 meduyurckoii dokymenmayuu ¢ 01.01.2017 no 01.03.2024). Jlemozpachuueckue u kauHuUeCKUe Xapaxmepucmuxy, pe3ybmams! 31eKkmpoQu3uo-
J102UHecK020 Uccnedo8anus Obiu coOPaHbl HA MOMEHM NOCMAHO8KY 0udzHo3d. Knunuuecku peneganmible napamempyl 8KOUUIU 8 MOOE/b
Jozucmuteckoli pezpeccuu 015 6blA61eHUs (pakmopos, eausIOuUxX Ha eeposmHocms Hanuuus hATTR-PN.

Pe3ynsmamet. Cpednuii 60apacm cocmasun 57,7 (hATTR-PN) u 60,9 (XHAII) 200a. B epynne hATTR-PN no cpastenruto ¢ XMAIT uawje scmpeuanuce
napywenus noxooku (64,3 u 37,9%), eecemamueHvle cumnmomol (47,6 u 12,1%), nposienenus co cmoponbt cepoya (35,7 u 10,3%), xenrydouHo-Kuuiey-
Hoeo mpaxkma (64,3 u 12,1%), nenpednamepenras nomeps eeca (45,2 u 12,1%), cepdeunas nedocmamouxocmy ¢ coxpanéHoll gypaxyueti vibpoca
(26,2 u 6,9%), Gviu xyxe nokasamenu npogodsueli pyrkyuu nepucheputeckux Hepgos. Modens nozucmuueckoll pezpeccuu nokasana uyecmeu-
mensHocmy 91% u cneyuduuxocms 97% 6 omHowenuu npedckasanus Hanuuus hATTR-PN.

3axntouenue. Onucanbl demoepaghuueckue, kauHudeckue u anexmpocusuonoeuueckue xapakmepucmuku nayuenmos ¢ hATTR-PN u XHAIL
Ha ocHosaHUU CKPUHUH208bIX OGHHBIX BO3MOXKHO C XOPOUIEl MOYHOCMbIO, UyBCMEUMEILHOCMbIO U Ceyu(UUHOCMbI0 npedckasamy Haruuue
hATTR-PN y nayuernmos ¢ XMAIL

Kniouegvie cnoea: mpchmupemuHoebtﬁ aMLUZOMaOS,' nonuHeﬁponamuﬂ; mMpaHcmupemuH, CKleHLlHZOGbllZ UHCMpymeHm

BaarogapHocTb. ABTOpBI G11arogapaT BCex Bpadeii-Mccie0BaTesNeld, a Takke PyKOBOAUTENe MeAUIMHCKIX OpraHu3aruil
3a cofieliCTBYe B OpraHM3aLy U POBeIeHUH UCCTIeI0BaAHMSL.
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Introduction

Hereditary transthyretin amyloidosis is a severe progres-
sive multisystem disease caused by mutations in the gene
encoding transthyretin (TTR) [1]. The TTR gene composed
of four exons is located on chromosome 18. Over 160 TTR
gene variants have been identified so far [2]. The majority
of hATTR-PN cases (formerly referred to as Familial Amy-
loid Polyneuropathy) are caused by a point mutation leading
to methionine-for-valine substitution at position 30 of the
mature protein (Val30Met, or p.Val50Met) [3]. The mutated
tetrameric TTR protein is unstable and dissociates into mis-
folded monomers that accumulate mainly in the heart and
the peripheral nervous system, causing cardiomyopathy and
progressive axonal polyneuropathy, respectively [4].

hATTR-PN is an adult-onset disease with variable penetrance
and an autosomal-dominant mode of transmission [5, 6]. Accu-
mulation of TTR amyloid fibrils in the peripheral nervous sys-
tem results in rapidly progressing sensorimotor and autonom-
ic polyneuropathy leading to patient's disability. Patients die
within an average of 10 years from the onset of symptoms [7].

The prevalence of hATTR-PN per 1 million population
ranges from 0.9 to 204 and 0.3 to 56 in endemic and
non-endemic countries, respectively [8]. Portugal, Japan,
Sweden, and Brazil are recognized as endemic countries;
however, the global incidence of hATTR-PN continues to
increase and cases are mainly sporadic. It is expected that
the accuracy of diagnosis will improve with the expanded
use of genetic testing, particularly in non-endemic regions,
thereby increasing the detection of new hATTR-PN cases

[1, 4, 6]. No data on the hATTR-PN prevalence in Russia
are currently available. Based on available data extrapo-
lation [9], we can assume that the estimated prevalence
for Russia would be 0.32 (per 1 million population). This
estimate is tentative and is based on the lowest prevalence
rates in other countries.

Timely hATTR-PN diagnosis is challenging mainly due to a
great variability in symptoms, with signs of damage not only
to peripheral nerves, but also to many internal organs and
systems. Clinical presentation of hATTR-PN often mimics
that of other, more prevalent, diseases [10]. Hence, the early
diagnosis of this rare disease poses a significant challenge for
a neurologist practicing in non-endemic areas. In these areas,
hATTR-PN is suspected in only 26-38% of initial evaluations
[5]. A delay in diagnosis can be as long as 3—4 years, which
directly affects the functional and vital prognosis for patients.

The symptom complex of chronic symmetric sensorimotor or
peripheral neuropathy associated with hATTR-PN is non-spe-
cific. Neurological disturbances similar to these may accompa-
ny a variety of conditions, each with the potential for misdiag-
nosis [11]. Initial hATTR-PN misdiagnoses commonly include
chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP), lumbar spinal stenosis, diabetic polyneuropathy, carpal
tunnel syndrome (CTS), paraneoplastic polyneuropathy, para-
proteinemic polyneuropathy, and, more rarely, inherited poly-
neuropathy, and amyotrophic lateral sclerosis [10]. To date,
patients with hATTR-PN are often misdiagnosed with chronic
idiopathic axonal polyneuropathy (CIAP), which is a peripheral
nerve disease of uncertain etiology. In Russia, such patients
are usually diagnosed with polyneuropathy of unspecified or
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mixed etiology. CIAP is diagnosed in 20-30% of patients with
polyneuropathy. The disease is slowly progressive and most
patients remain ambulatory with mild to moderate disability,
but the quality of life is affected in all patients [12].

In patients without a family history of amyloidosis who pres-
ent with progressive idiopathic axonal polyneuropathy or
atypical CIDP, current guidelines suggest that the diagnosis
of hATTR-PN should be considered first. Red flag symptoms
and manifestations are autonomic dysfunction, early gait dis-
turbances, gastrointestinal manifestations, CTS or a history
of surgically corrected bilateral CTS, concomitant cardiac ab-
normalities, or unexplained weight loss [5]. In patients with
such red flag symptoms, genetic testing should be performed
to establish mutation status of the TTR gene.

We conducted a present multicenter observational study to
define the baseline electrophysiological, clinical, and demo-
graphic characteristics of the patients diagnosed with hAT-
TR-PN and CIAP in Russia. The secondary objective of this
study was to develop a screening tool to preselect patients
with axonal polyneuropathy for the TTR gene sequencing to
detect its variants.

Materials and Methods

Study Design and Population

A multicenter, non-interventional, observational, retrospec-

tive study with secondary data collection was conducted

at four institutions specialized in neurology and located

in Russia:

o Research Center of Neurology (Moscow);

* M. Sechenov First Moscow State Medical University (Sech-
enov University, Moscow);

» Medical Center “Reavita Med SPb” (Saint Petersburg);

¢ Republican Clinical Hospital of the Ministry of Health of the
Republic of Tatarstan (Kazan).

Given its non-interventional design, this study did not inter-
fere with routine clinical practice or procedures and exam-
inations of the patients. All the examinations were conducted
in accordance with the standard clinical practice protocols
of the study sites and their findings were retrospectively ob-
tained from medical records.

The study included adult patients with a confirmed diagnosis
of hATTR-PN or CIAP, as per primary medical records, who
met the following inclusion criteria:

* hATTR-PN or CIAP diagnosis or its equivalents: polyneu-
ropathy of unspecified etiology, polyneuropathy of mixed
etiology (patients with axonal polyneuropathy carrying
a pathogenic TTR gene mutation were classified as having
hATTR-PN);

* hATTR-PN or CIAP was diagnosed between 1 January 2017
and 1 March 2024;

Transthyretin amyloid polyneuropathy in Russia

o at least 1 month between the hATTR-PN or CIAP diagnosis
and study inclusion date;
* age of > 18 years at hATTR-PN or CIAP diagnosis.

Non-inclusion criterion was participation in any clinical trial
of an investigational product from the date of hATTR-PN or
CIAP diagnosis until the end of the retrospective follow-up
period.

Due to retrospective design of the study, no written informed
consent was required. All data were collected retrospectively
and anonymously from the medical records available in the
study sites.

Data Collection

This study was conducted using secondary data. Authorized
and duly trained study site staff transferred all protocol-re-
quired data from medical records available at the study sites
to the electronic Case Report Form (eCRF) developed for each
patient included into the study. All the patients were identi-
fied by a unique code in their eCRE, which included no data
allowing the identification of the patient's identity.

The retrospective data collection started on 23 January
2023 and ended on 27 June 2024. The database was closed
on 18 July 2024.

A patient was enrolled in the study once the investigator
deemed a patient eligible and decided to input the patient's
data into the eCRF. Patients were enrolled in the study con-
secutively, beginning with the earliest diagnosis of hATTR-PN
or CIAP and continuing to the later date, within the pre-speci-
fied period from 1 January 2017 to 1 March 2024. Retrospec-
tive follow-up began on the date of diagnosis of hATTR-PN
or CIAP and continued until the patient was enrolled in the
study, died or was lost to follow-up, whichever occurred first.
Thus, if patients died or were lost for retrospective follow-up
at the study site, their data were also included in the study.

The data obtained were based on three consecutive patient's
visits during the retrospective data collection period, which
were carried out as a part of routine clinical practice and
registered in the medical records. We collected all available
data from these visits during the retrospective follow-up pe-
riod, even if the data were not fully available at the time of
any visit.

Once a patient was recognized eligible and thus included in the
study, we collected their baseline demographic, electrophysio-
logical, and clinical characteristics and other baseline data
(medical history, comorbidities, etc.) registered at hATTR-PN
or CIAP diagnosis (this time point was designated as Visit 1).
The changes in the selected endpoints were evaluated at the
two subsequent follow-up visits (Visit 2 and Visit 3) relative
to the baseline assessment at Visit 1.
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Statistical analysis

Considering that hATTR-PN is a rare condition (with a preva-
lence of about 0.32 cases per 1 million in Russia), the sample
size was established based on the available number of pa-
tients diagnosed with hATTR-PN. The planned sample size
included approximately 50 patients with hATTR-PN and a
similar number of patients with CIAB, for a total of 100 pa-
tients.

Statistical data processing was performed using R-Studio v.
2023.06.1 software and the R programming language v. 4.2.2.
The results are presented using descriptive statistics for all
patients included in the analysis (full analysis set) and for
each group (mean and standard deviation, absolute frequen-
cies, and percentages).

In intergroup analysis of demographic, clinical, and electro-
physiological characteristics, Fisher's exact test or Pearson's
test were used to compare qualitative variables, and Student's
test or Wilcoxon-Mann-Whitney test were used for quanti-
tative variables (depending on the distribution patterns).

A logistic regression model was used to detect the factors
impacting the likelihood of hATTR-PN diagnosis. This model
included clinically relevant variables. Based on this model, a
screening tool for patients with axonal polyneuropathy was
developed, which allows to preselect them for the TTR gene
sequencing.

Results

Clinical and demographic characteristics of patients

The study included 42 hATTR-PN patients as per medical
records and 58 patients with CIAP diagnosed according to
medical records (or its equivalents — polyneuropathy of
unspecified etiology, polyneuropathy of mixed etiology) in
4 clinical centers in Russia. All 100 patients were included
in the analysis set. Two patients were deceased at the time
of inclusion (both from hATTR-PN group, with the cause of
death unknown).

Baseline demographic and clinical characteristics of patients
are presented in Table 1. The study sample was represented

Table 1. Baseline demographic and clinical characteristics of patients

Parameter

Age, years
Male
Female
Federal district (region of residence):
Central
Northwestern
Volga
Southern
North Caucasian
Ural
unknown
Body mass index, kg/m?
Underweight (Body mass index < 18.5 kg/m?)
History of excessive alcohol use
Family history:
premature cardiovascular death (age < 50) in close relatives
heart failure in close relatives

progressive polyneuropathy in close relatives

hATTR-PN CIAP
(n=42) (n =58) P
57.7+12.8  609+11.9  0.201
24 (571%)  23(39.7%) 0127
18 (42.9%) 35 (60.3%)
0.020
17 (405%) 25 (43.1%)
10 (23.8%)  19(32.8%)
10 (23.8%) 4 (6.9%)
3 (7.1%) 2 (3.5%)
1(2.4%) 1(1.7%)
1(2.4%) 0 (0%)
0 (0%) 7 (12.1%)
22650 27.4+40  <0.001
2 (4.8%) 0 (0%) 0.317
4 (9.5%) 3 (5.2%) 0.669
4 (9.5%) 0 (0%) 0.058
7 (16.7%) 2 (3.4%) 0.033

22 (52.4%) 7(124%)  <0.001
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Parameter

Time from symptom onset to polyneuropathy diagnosis, years:
number of valid cases
M+ SD

median

Time from polyneuropathy symptom onset to hATTR-PN or CIAP diagnosis, years:

number of valid cases
M+ SD
median
Time from polyneuropathy diagnosis to hATTR-PN or CIAP diagnosis, years:
number of valid cases
M+ SD
median
Chronic sensory or sensorimotor polyneuropathy*
Chronic progressive polyneuropathy™
Initially suggested polyneuropathy etiology, as per physician opinion™*:
number of valid cases
diabetes mellitus
alcohol-related
toxicity-related
other hereditary factors
vitamin deficiency
immunity-related
hematology-related
infection-related
idiopathic
other causes™**
TTR-gene sequencing:
performed, gene mutation (gene variant) detected
performed, no gene mutation (gene variant) detected
no data available in patient’s medical record
TTR-gene variants detected™*** (n = 38):
NM_000371.4(TTR):c.148G>A (p.Val50Met)
NM_000371.4(TTR):c.379A>G (p.lle127Val)

Annals of clinical and experimental neurology. 2024; 18(4). DOI: https://doi.org/10.17816/ACEN.1213
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hATTR-PN
(n=42)

40
248 £3.33
1.5

40
3.10+3.26
2.0

42
0.64 £1.32
0

40
0 (0%)
0 (0%)

0 (0%)
26 (65.0%)
0 (0%)

2 (5.0%)
1(2.5%)
0 (0%)

9 (22.5%)
4(10.0%)

38 (90.5%)

4 (9.5%)

20 (52.6%)
6 (15.8%)

Continuation of the Table 1

(nclAsps) P
0.166
58
2,03 +3.11
10
0.088
58
245+ 321
1.0
0.170
54
0.39 +1.29
0
55 (94.8%) -
3 (5.2%) -
45
2 (4.4%) 0.497
0 (0%) -
2 (4.4%) 0.497

4 (8.9%) <0.001

4 (8.9%) 0.120

6 (13.3%) 0.275
0 (0%) 0.465
0 (0%) -

19 (422%)  0.104

11(24.4%)  0.153
<0.001

9 (15.5%)

49 (84.5%)
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Parameter

NM_000371.4(TTR).c.220G>C (p.Glu74GIn)
NM_000371.4(TTR):c.368G>A (p.Arg123His)
NM_000371.4(TTR).c.200G>C (p.Gly67Ala)
NM_000371.4(TTR).c.323A>G (p.His108Arg)
NM_000371.4(TTR).c.233T>A (p.Leu78His)
NM_000371.4(TTR):c.157T>A (p.Phe53lle)
NM_000371.4(TTR).c.179C>A (p.Thr60Asn)
NM_000371.4(TTR):c.272T>C (p.Val91Ala)
gene variant is not specified in patient’s medical record
Heart failure with preserved ejection fraction
Hypertension with predominant cardiac involvement
Systolic blood pressure, mm Hg:
number of valid cases
M+ SD
Diastolic blood pressure, mm HG:
number of valid cases
M+ SD
Heart rate, bpm:
number of valid cases

M= SD

End of the Table 1
hATTR-PN cIAP
(n=142) (n=58) P
4 (10.5%) -
1(2.6%) -
1(2.6%) -
1(2.6%) -
1(2.6%) -
1(2.6%) -
1(2.6%) -
1(2.6%) -
1(2.6%) -
11 (26.2%) 4(69%) 0016
5(11.9%)  19(328%) 0018
0.006
25 34
1M47£177  127.4%155
0.016
25 34
724:107  802+108
0911
28 34
72897 73193

Note. *The parameter was assessed only in patients with CIAP. **Missing data were not included in the analysis due to unequal distribution of patients whose data was missing; a patient
could have more than 1 variant etiology indicated. ***Other etiology encompassed depression with anorexia, radiation therapy, hypothyroidism, hereditary conditions, chemotherapy,
deficit-, dysmetabolic-, and inflammatory-related conditions. ****Gene variant names according to HGVS (Human Genome Variation Society) nomenclature.

by patients from six federal districts. Almost half of them
(42/100) resided in the Central Federal District. The mean
age of the patients at diagnosis (Visit 1) was 57.7 + 12.8 years
in the hATTR-PN group and 60.9 = 11.9 years in the CIAP
group (p = 0.201). The hATTR-PN group was predominantly
male (57.1%) and the CIAP group was predominantly female
(60.3%; p = 0.127). There were no statistically significant in-
tergroup differences for age and sex, whereas the groups
differed in body mass index (BMI): in the hATTR-PN group
BMI was lower (22.6 = 5.0 kg/m? vs 274 + 4.0 kg/m? in the
CIAP group; p < 0.001). There were also two (4.8%) patients
in the hATTR-PN group with BMI < 185 kg/m* (0% in the
CIAP group).

According to medical records, the most frequent (> 50%)
clinical manifestations of polyneuropathy at hATTR-PN or
CIAP diagnosis (Visit 1) in the hATTR-PN group were senso-

ry (88.1% of patients), motor (85.7%), gastrointestinal (64.3%),
and autonomic symptoms (47.6%). In the CIAP group, the
most frequent (> 50%) clinical manifestations were senso-
ry (82.8%) and motor (67.2%) symptoms. Some polyneurop-
athy manifestations were reported significantly more often
in the hATTR-PN group compared with the CIAP group.
These included gait disturbances such as walking imbalance,
foot weakness, unsteadiness, and coordination disorders
(64.3 vs 37.9%; p = 0.016), gastrointestinal (64.3 vs 12.1%;
p < 0.001) and autonomic symptoms (47.6 vs 12.1%; p < 0.001),
unintentional weight loss (45.2 vs 12.1%; p < 0.001), and heart
failure (23.8 vs 1.7%; p = 0.001; see Table 2).

In the hATTR-PN group compared with the CIAP group, there
were significantly more patients with HFpEF as per their me-
dical record (11 [26.2%] vs 4 [6.9%], p = 0.016). Ejection frac-
tion considered preserved at > 50% (Table 1).
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Table 2. Clinical manifestations of polyneuropathy at hATTR-PN or CIAP diagnosis

Clinical manifestations hQ)TIF;zP)N (nclAsps)

Sensory symptoms: 37 (88.1%) 48 (82.8%) 0.575
paresthesia 22 (52.4%) 26 (44.8%) 0.587
hypoalgesia/analgesia 11 (26.2%) 13 (22.4%) 0.842
neuropathic pain 21 (50.0%) 25 (43.1%) 0.631

Balance disorder 25(99.5%) 22 (37.9%) 0.053

Motor symptoms: 36 (85.7%) 39 (67.2%) 0.061
muscular weakness 28 (66.7%) 30 (51.7%) 0.197
gait disturbances (walking imbalance, foot weakness) 27 (64.3%) 22 (37.9%) 0.016

Gastrointestinal symptoms: 27 (64.3%) 7 (12.1%) < 0.001
diarrhea 11 (26.2%) 1(1.7%) < 0.001
constipation 6 (14.3%) 0 (0%) 0.004
switching between diarrhea and constipation 5(11.9%) 0 (0%) 0.011
persistent nausea and vomiting 3(7.1%) 0 (0%) 0.071
early satiety 0 (0%) 0 (0%) -

Autonomic symptoms: 20 (47.6%) 7 (12.1%) <0.001
orthostatic hypotension 17 (40.5%) 3 (5.2%) < 0.001
sweating disorders 9 (21.4%) 1(1.7%) 0.002
dysuria 8 (19.1%) 4 (6.9%) 0.116
sexual dysfunction 4 (9.5%) 0 (0%) 0.029

Unintentional weight loss 19 (45.2%) 7 (12.1%) < 0.001

Cardiac disorders: 15 (35.7%) 6 (10.3%) 0.005
heart failure 10 (23.8%) 1(1.7%) 0.001
arrhythmias 5(11.9%) 4 (6.9%) 0.486
heart block 3(7.1%) 3(5.2%) 0.694

Central nervous system disorders: 9 (21.4%) 10 (17.2%) 0.788
ataxia 5(11.9%) 6 (10.3%) 1.000
seizures 2 (4.8%) 3(5.2%) 1.000
progressive dementia 0 (0%) 1(1.7%) 1.000
headache 0 (0%) 0 (0%) -

Eye disorders: 7 (16.7%) 5 (8.6%) 0.350
abnormal changes in fundus blood vessels 4 (9.5%) 1(1.7%) 0.158
vitreous opacities 3 (71%) 3 (5.2%) 0.694
glaucoma 1(2.4%) 0 (0%) 0.420
pupil abnormalities 0 (0%) 0 (0%) -
dry eyes 1 (2.4%) 1(1.7%) 1.000

Carpal tunnel syndrome 8 (19.0%) 4 (6.9%) 0.116

Renal disorders: 4 (9.5%) 3(5.2%) 0.449
renal failure 4 (9.5) 2 (3.5%) 0.235
proteinuria 1(2.4%) 0 (0%) 0.420

Lumbar spinal stenosis 2 (4.8%) 1(1.7%) 0.571

Biceps tendon rupture 1(2.4%) 2 (3.5%) 1.000
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CTS was diagnosed in 8 (19.0%) hATTR-PN patients and 4 (6.9%)
CIAP patients. Two patients in each group had a history of sur-
gically corrected CTS.

Other Comorbidities

In the hATTR-PN group, the most common (> 10%) comorbi-
dities were chronic gastritis — in 8 (19.1%) patients; hyper-
tension with predominant cardiac involvement — in 5 (11.9%),
and chronic heart failure — in 5 (11.9%) patients. In the CIAP
group, the most common (> 10%) comorbidities were hyper-
tension with predominant cardiac involvement — in 19 (32.8%)
patients, chronic gastritis — in 12 (20.7%), osteochondrosis —
in 6 (10.3%), and varicose veins of lower limbs — in 7 (12.1%)
patients. Statistically significant differences were detec-
ted for hypertension with predominant cardiac involvement
(p = 0.018) and varicose veins of lower limbs (p = 0.020).

Treatment

Thirty-three (78.6%) patients in the hATTR-PN group and
47 (81.0%) patients in the CIAP group received medicines to
treat their primary disease (p = 0.804). Namely, tafamidis was
prescribed to 18 (42.9%) hATTR-PN patients. Fourteen (33.3%)
hATTR-PN patients and 29 (50%) CIAP patients received
medicines to treat their concomitant disease (p = 0.107).

Polyneuropathy dysfunction scores

The following polyneuropathy disability score (PND) is used

to evaluate the impact of polyneuropathy on locomotion [13]:

e PND 0 — no impairment;

* PND I — sensory disturbances, preserved walking capa-
bility;

» PND III — impaired walking capability but ability to walk
without a stick or crutches;

o PND IlIA — walking only with the help of one stick or
crutch;

» PND IIIB — walking with the help of two sticks or crutches;

* PND IV — patient confined to a wheelchair or bedridden.

In the hATTR-PN group, 16 (38.1%) patients had PND I,
9 (21.4%) — PND 11, 6 (14.3%) — PND IIIA, 4 (9.5%) — PND
[IB, and 4 (9.5%) — PND 1V; 3 (7.1%) patients had no PND
score data in their medical records. In the CIAP group,
31 (53.5%) patients had PND I, 12 (20.7%) — PND 11, 6 (10.3%) —
PND 1IIIA, 3 (5.2%) — PND 1IIB, and 2 (3.5%) — PND 1V;
4 (6.9%) patients had no PND score data in their medical
records. In either group, there were no patients with PND 0.
No statistically significant intergroup differences in
PND scores were detected (p = 0.577).

Modified Rankin Scale

The modified Rankin Scale, mRS is a universal tool to mea-
sure the degree of disability [14].

A single mRS grade should be assigned based on the follow-

ing criteria:

0 — no symptoms;

1 — no significant disability despite symptoms: able to carry
out all usual duties and activities;

2 — slight disability: unable to carry out all previous activi-
ties but able to look after own affairs without assistance;

3 — moderate disability: requiring some help, but able to
walk without assistance;

4 — moderately severe disability: unable to walk without as-
sistance, and unable to attend to own bodily needs without
assistance;

5 — severe disability: bedridden, incontinent, and requiring
constant nursing care and attention;

6 — dead.

MRS scores were available in medical records of 42 hATTR-PN
patients and 56 CIAP patients. In the hATTR-PN group, the
mean mRS score was significantly higher than that in the
CIAP group (2.50 £ 1.35 vs 1.82 = 0.92; p = 0.014). mRS scores
ranged from 1 to 5 in the hATTR-PN group and from 1 to
4 in the CIAP group, with a median of 2.5 and 2.0, respec-
tively. Thus, hATTR-PN patients were characterized by more
severe functional impairment.

INCAT disability score

The INCAT (Inflammatory Neuropathy Cause and Treatment)
disability score is widely used for assessment of activity lim-
itation in CIDP patients. A Russian version of the INCAT scale
is developed [15]. The 5-point INCAT score is meant for sep-
arate assessment of upper and lower limb function, with 0
representing no disability and 5 representing no limb func-
tion, and a 10-point INCAT total score as the sum of points
for upper and lower limbs.

In the hATTR-PN group, lower limb INCAT scores were
1.38 = 141 vs 1.19 = 1.21 in the CIAP group (difference sta-
tistically insignificant). The number of patients with data
available for analysis was 39 in the hATTR-PN group and
53 in the CIAP group. Differences were identified for upper
limb INCAT scores: 1.36 + 1.16 vs 0.54 = 0.80, respectively
(p = 0.001; number of patients with data available for analy-
sis: 39 in the hATTR-PN group and 48 in the CIAP group) and
for INCAT total scores: 2.74 £ 2.36 vs 1.57 + 1.60, respectively
(p = 0.021; number of patients with data available for analy-
sis: 39 in the hATTR-PN group and 47 in the CIAP group).
Thus, activity limitations, including those associated with up-
per limbs, were more pronounced in hATTR-PN patients than
in CIAP patients.

Electrophysiological findings
Results of nerve conduction studies (NCS) performed at diag-

nosis presented in Table 3. Patients with hATTR-PN generally
had worse peripheral nerve conduction function compared
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Table 3. Results of nerve conduction study

Nerve Parameter
mV
ms

Median nerve m/s
uv

SNCV at wrist level, m/s

mV
Peroneal nerve ms
m/s
uv
Superficial peroneal nerve
m/s
pv
Sural nerve
m/s
mV
Tibial nerve ms
m/s
mV
ms
Ulnar nerve m/s
pv

m/s

Transthyretin amyloid polyneuropathy in Russia

hATTR-PN CIAP
n mean SD n mean SD p
15 3.70 3.28 20 896 1237 0.012
15 6.39 2.68 20 4.98 261  0.129

15 48.64  8.50 19 55.02 8.80  0.040
6 9.1 12.76 13 16.12 9.61  0.267

6 4127 1440 13 55.75  12.63 0.064
8 2.95 2.61 16 3.12 2.63 0.883
8 5.41 1.64 13 5.76 493 0.818
8 4406  9.82 14 43.06 1058 0.825

2 5.80 3.96 4 3.08 239  0.500
2 4180  8.20 4 47.45 8.44  0.509
2 1550  7.78 6 417 2.60 0.278
2 4340  3.39 6 47.88 9.44  0.365
4.64 5.58 15 3.40 3.08 0.574
6.49 3.39 14 6.84 6.42  0.867

© o o

4280  7.77 13 40.25 7.07  0.443
13 4.97 3.42 17 6.84 1.90 0.094
13 4.55 2.54 17 4.47 3.08 0217
13 4412  8.03 15 52.95 7.39  0.006
9 9.97 9.33 12 12.07 8.45  0.601
9 4444 1272 12 50.89 9.74  0.225

Note. DML — distal motor latency. The number of patients with non-zero values of these parameters is indicated.

with CIAP patients. The greatest intergroup differences were
observed for the median, sural, ulnar and superficial peroneal
nerves. The following parameters were statistically significant-
ly lower in the hATTR-PN group compared with those in the
CIAP group: the compound muscle action potential (CMAP)
of the median nerve: 3.70 + 3.28 mV vs 8.96 + 12.37 mV
(p = 0.012); the motor nerve conduction velocity (MNCV)
of the median nerve: 48.64 + 8,50 m/s vs 55.02 = 8.80 m/s
(p = 0.040) and MNCYV of the ulnar nerve: 44.12 £ 8.03 m/s vs
52.95 = 7.39 m/s (p = 0.006), respectively.

Additionally, there were intergroup differences in the number
of patients in whom it was not possible to record a response
during the nerve conduction study . Statistically significant
intergroup differences were found for the sensory nerve ac-
tion potential (SAP) of the superficial peroneal nerve and
sural nerve: in 8 hATTR-PN patients (19.1%) vs 1 (1.7%) CIAP

patient; p = 0.004 for both nerves) and for sensory nerve
conduction velocity (SNCV) of the superficial peroneal nerve
and sural nerve: in 7 hATTR-PN patients (16.7%) vs 1 (1.7%)
CIAP patient; p = 0.009 for both nerves).

Changes in clinical and electrophysiological characteristics
over time

The exploratory objective of the study was to assess the
changes in clinical and electrophysiological characteristics of
the patients from the date of hATTR-PN or CIAP diagnosis to
Visits 2 and 3 of the retrospective follow-up. The assessment
was challenging because of the significant number of patients
with missing data. Noteworthy, during the retrospective dy-
namic follow-up period, a decrease in PND scores from base-
line to Visit 2 was detected in 2 (4.8%) hATTR-PN patients
compared to none in the CIAP group. By Visit 3, the number
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Table 4. Prognostic value of the hATTR-PN diagnosis predictors in a logistic regression model

Factor

Other hereditary factors (of polyneuropathy etiology)
Body mass index

History of hypertension with predominant cardiac involvement
Cardiac manifestations

Median nerve, CMAP

Heart failure in close relatives

Median nerve, MNCV

Diastolic blood pressure, mm Hg

Heart failure with preserved ejection fraction
Gastrointestinal symptoms

Ulnar nerve, MNCV

INCAT total score

Upper limb INCAT score

Autonomic symptoms

Progressive polyneuropathy in close relatives

mRS score

Systolic blood pressure, mm Hg

of patients with decreased PND score was 3 (7.1%) in the hAT-
TR-PN group and 1 (1.7%) in the CIAP group. These data may
indicate a more rapid progression of neurological impairment
in hATTR-PN patients.

Pre-selection of patients eligible for genetic testing for
hATTR

Variables influencing disease prediction were included in
a logistic regression model for assessment of the likelihood
of hATTR-PN or CIAP diagnosis. To identify the factors
that most contribute to the prediction of the diagnosis, the
variables were scored according to their significance in the
model (Table 4). Variables that were considered clinically
insignificant (certain comorbidities and aspects of neuro-
logical examination, etc.) were excluded from the model.
This model demonstrated a predictive accuracy of 94%,
a sensitivity of 91%, and a specificity of 97% for the like-
lihood of hATTR-PN diagnosis. The AUC (area under the
ROC curve displaying the trade-off between sensitivity and
specificity) was 0.96. Based on these findings, we developed
a screening tool that considers factors indicating the likeli-
hood of hATTR-PN in a patient.

Discussion

Hereditary transthyretin amyloidosis with polyneuropathy is
a rare disease. Timely diagnosis of hATTR-PN is challenging
due to a great variability of clinical manifestations that can be
mistaken for those of other neurological diseases.

Significance score
3.05
2.65
1.89
1.25
1.14
1.14
0.93
0.87
0.78
0.73
0.63
0.56
0.56
0.41
0.38
0.31
0.27

In this non-interventional, observational, retrospective study with
secondary data collection, we described the baseline (at diag-
nosis) electrophysiological, clinical, and demographic character-
istics of hATTR-PN and CIAP patients in Russia. Additionally, the
obtained data allowed us to develop a screening tool predicting
the likelihood of hATTR-PN diagnosis. A hATTR-PN or CIAP
diagnosis was documented in primary medical records.

No statistically significant differences for age and sex were
observed between hATTR-PN and CIAP groups. Mean age at
diagnosis was approximately 60 years in both groups. Results
of routine genetic testing were available in medical records
of 90% of hATTR-PN patients (38/42). Val30Met/Val50Met
(p.Val50Met) mutation was detected in 53% cases, which cor-
responds to previously published data [1, 7].

The study revealed fundamental differences between hATTR-PN
and CIAP patients, which are typical for the Russian population.
Hereditary factors are known to be one of the red flags for sus-
pected transthyretin amyloidosis. In this study, the proportion of
patients with polyneuropathy of hereditary origin, as assessed by
the physician, was significantly greater in the hATTR-PN group
compared with the CIAP group (65% vs 8.9%). In the hATTR-PN
group compared with the CIAP group, there was also a higher
incidence of heart failure in close relatives (16.7% vs 3.4%) and
progressive polyneuropathy in close relatives (52.4% vs 12.1%).

Patients with hATTR-PN more often exhibited gait distur-
bances (64.3% vs 37.9%), autonomic (47.6% vs 12.1%), cardi-
ac (35.7% vs 10.3%), and gastrointestinal (64.3% vs 12.1%)
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symptoms, unintentional weight loss (45.2% vs 12.1%), and
heart failure with preserved ejection fraction (26.2% vs 6.9%)
compared with CIAP patients. Intergroup differences in the
history of CTS (this syndrome is often associated with ear-
ly- or late-onset hATTR-PN due to local deposits of amy-
loid in the palmar carpal ligament) did not reach the level of
statistical significance. However, in the hATTR-PN group,
CTS incidence was higher than that in the CIAP group (19.0%
vs 6.9%). These findings are also confirmed by results of
a nerve conduction velocity (NCV) test for the median nerves,
which showed a significant decrease in the M-wave amplitude
at distal stimulation, and slowing of NCV in the forearms in
hATTR-PN patients compared to CIAP patients (Table 3).

Patients with hATTR-PN had lower mean systolic and dia-
stolic blood pressure values (approximately 10 mm Hg lower
than in the CIAP group), suggesting that arterial hypotension
may be considered an autonomic symptom of hATTR-PN.
Further, hATTR-PN patients generally exhibited more severe-
ly impaired peripheral nerve conduction compared to CIAP
patients.

In the study with similar design (n = 90) conducted in Italy by
S. Tozza et al., hATTR-PN patients, compared with CIAP patients,
more often presented with motor symptoms (86 vs 54%) and
a CTS history (57% vs 24%) as polyneuropathy manifestations.
Intergroup differences for gait disturbances did not reach
statistical significance [16]. In another study conducted by
J.K. Warendorf et al., hATTR-PN patients, compared with CIAP
patients, more often had bilateral CTS (80.0% vs 23.9%), car-
diac involvement (60.0% vs 2.2%), family history suggestive of
hATTR (86.7% vs 12.0%), and autonomic symptoms (86.7% vs
51.1%) [17].

We identified the factors contributing to the likelihood of
hATTR-PN diagnosis using a logistic regression model with
predictive sensitivity of 91% and specificity of 97%. Based
on the model, we developed a screening tool to pre-select
patients with axonal polyneuropathy eligible for TTR gene
sequencing. Modeling results demonstrate high levels of pre-
dictive accuracy, sensitivity, and specificity for this screening
tool in assessing the likelihood of an hATTR-PN diagnosis,
enabling the pre-selection of patients with axonal polyneu-
ropathy for genetic testing.

The study presented in this article confirmed the variabil-
ity of clinical manifestations of polyneuropathy in hAT-
TR-PN patients [18], which makes the differential diag-
nosis of this disease quite challenging. At the same time,
early diagnosis and timely treatment help slow down the
progression of neurological and other signs of the disease,
confirming the relevance of the comparative data obtained
and the screening tool developed. Nowadays, all necessary
methods for screening of hATTR patients are available in
Russia — first of all, genetic testing. Therefore, timely re-
ferral of patients to specialized institutions is of key im-

Transthyretin amyloid polyneuropathy in Russia

portance for early diagnosis, which is most effective in
improving the disease course.

Strengths and limitations of the study. This study was con-
ducted in the study sites focusing on the management of
hATTR-PN patients, which allowed a comprehensive ret-
rospective assessment of their clinical and electrophys-
iological characteristics. The study included a selected
group (cohort) of hATTR-PN or CIAP patients according
to the inclusion/non-inclusion criteria. The sample size
was limited by the available number of patients diagnosed
with hATTR-PN. The patients enrolled in the study were
diagnosed with hATTR-PN or CIAP at a pre-specified time
interval. This time limitation was essential to evaluate the
patients' characteristics over the past several years (since
2017), as standard clinical practices and the required data
may have significantly changed over time. In the non-inter-
ventional study design, all procedures that yielded results
collected from primary medical records are to be the part
of standard clinical practice. Hence, there were missing data
in the statistical analyses due to their absence in the med-
ical records, particularly for follow-up visits after diagnosis.
At the same time, baseline data (at diagnosis) were almost
complete. In an observational study, it is impossible to stan-
dardize procedures and management of patients, which nat-
urally leads to heterogeneity in the data obtained from the
study sites. However, given that the study sites underwent
thorough selection for the purposes of this study, this lim-
itation can be considered insignificant. To assess functional
impairment in hATTR-PN and CIAP patients, we used INCAT
scores originally developed for CIDP, which is another form
of polyneuropathy. The Russian version of INCAT scale is
developed and validated only for CIDP, not for hATTR-PN
or CIAP. Taking into account that CIDP is the first to rule
out in the hATTR-PN differential diagnosis, which reflects
the similarity of their clinical symptom complexes, this choice
of evaluation scale was considered appropriate. Moreover,
it was important to evaluate functional impairment in both
the lower and upper limbs, as the median nerve is more com-
monly affected in hATTR-PN patients, which was confirmed
by intergroup differences: severity and disability were more
pronounced in hATTR-PN patients than in CIAP patients.

Additionally, to minimize data heterogeneity, a standardi-
zed data collection form (eCRF) was created and introduced
across all the study sites. Detailed instructions for data collec-
tion and assessment were also provided to all investigators.

Conclusion

In this study, we described demographic, clinical, and electro-
physiological characteristics collected at diagnosis for hAT-
TR-PN and CIAP patients in Russia. Patients with hATTR-PN
more often exhibited autonomic, cardiac, and gastrointestinal
symptoms, gait disturbances, unintentional weight loss, heart
failure with preserved ejection fraction, and declined peripheral
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nerve conduction. Based on the results of clinical and elec-
trophysiological tests (screening data), we demonstrated high
predictive accuracy, sensitivity and specificity of the screen-
ing tool for the likelihood of an hATTR-PN diagnosis in pa-
tients with axonal polyneuropathy. Based on the screening
tool scores, the patients can be referred for genetic testing.

Reference medical institutions for transthyretin amyloid
polyneuropathy:
1. Federal medical centers:

1) Research Center of Neurology, Moscow;

2) AYa. Kozhevnikov Clinic for Nervous Diseases,
E.M. Tareev Clinic of Rheumatology, Nephrology and
Occupational Diseases in .M. Sechenov First Mos-
cow State Medical University (Sechenov University),
Moscow;

3) The Loginov Moscow Clinical Scientific Center, Moscow;

4) N.I. Pirogov National Medical and Surgical Center, Mos-
cow;

5) First Pavlov State Medical University of St. Petersburg,
Saint Petersburg;

6) S.M. Kirov Medical Military Academy, Saint Petersburg;

7) L1 Mechnikov North-Western State Medical University,
Saint Petersburg;

8) Almazov National Medical Research Centre, Saint Pe-
tersburg.

2. Regional centers:

1) Northern State Medical University, Arkhangelsk;

2) Alexander-Mariinsky Regional Clinical Hospital, As-
trakhan;
Profimed Ltd — Siberian Medical Center, Barnaul;

Primorye Regional Clinical Hospital No. 1, Vladivo-
stok;
Volgograd Regional Clinical Hospital No. 1, Volgograd;
Medical Center “Healthy Child”, Voronezh;
Voronezh Regional Clinical Hospital No. 1, Voronezh;
Grozny Clinical Hospital No. 4, Grozny;

Sverdlovsk Regional Clinical Hospital No. 1, Ekater-
inburg;
10) Medical Association “New Hospital”, Ekaterinburg;
11) First Regional Clinical Hospital, Izhevsk;
12) Irkutsk Regional Clinical Hospital, winner of the “Mark

of the Honor” award, Irkutsk;
13) M.N. Sadykov City Clinical Hospital No.7, Kazan;
14) Medical Center for Vascular diseases “Impuls-Angio”,
Kazan;

15) Republican Clinical Hospital, Kazan;
16) Kaliningrad Regional Clinical Hospital, Kaliningrad;
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17) Kaluga Regional Clinical Hospital, Kaluga;

18) S.V. Belyaev Kuzbass Regional Clinical Hospital, Keme-
TOVO;

19) Research Center of Cardiology and Neurology, Kirov;

20) Prof. S.V. Ochapovsky Regional Clinical Hospital No. 1,

Krasnodar;

Regional Clinical Hospital No. 2, Krasnodar;

Regional Clinical Hospital, Krasnoyarsk;

Lipetsk Regional Clinical Hospital, Lipetsk;

AV. Vishnevsky Republican Clinical Hospital,

Makhachkala;

25) The Loginov Moscow Clinical Scientific Center, Mos-
cow;

26) ME. Vladimirsky Moscow Regional Research Clinical
Institute, Moscow;

27) N.A. Semashko Regional Clinical Hospital, Nizhny
Novgorod;

28) State Novosibirsk Regional Clinical Hospital, Novosi-
birsk;

29) EZRAMED Clinic Ltd, Omsk;

30) Regional Clinical Hospital No. 2, Orenburg;

31) Penza Institute for Advanced Medical Education —

branch of the Russian Medical Academy of Continu-

ing Professional Education, Penza;

Perm Regional Clinical Hospital, Perm;

Medical Center “Beauty and Health Philosophy”, Perm;

Rostov State Medical University, Rostov-on-Don;

Regional Consultative and Diagnostic Centre, Rostov-

on-Don;

36) Rostov Regional Clinical Hospital, Rostov-on-Don;

37) VD. Seredavin Regional Clinical Hospital, Samara;

38) City Multidisciplinary Hospital No. 2, Saint Peters-
burg;

39) VI. Razumovsky Saratov State Medical University,
Saratov;

40) Stavropol Regional Clinical Hospital, Stavropol;

41) Tula Regional Clinical Hospital, Tula;

42) Regional Treatment and Rehabilitation Centre,
Tyumen;

43) Regional Clinical Hospital No. 1, Tyumen;

44) Ulyanovsk Regional Clinical Hospital, Ulyanovsk;

45) Republican Center of Medical Genetics, Ufa;

46)

47)
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G.G. Kuvatov Republican Clinical Hospital, Ufa;
Psychology and Childhood Development Centre
“Psylogia”, Khabarovsk;

Regional Clinical Hospital, Khanty-Mansiysk;
Chelyabinsk Regional Clinical Hospital, Chelyabinsk;
City Clinical Hospital No. 1, Chelyabinsk;

Clinical Hospital No. 2, Yaroslavl.
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Cholinesterase activity and cognitive status in elderly women
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Serum Cholinesterase Activity in Elderly Female
Patients with Different Screening Cognitive Status
and Frailty Assessment Scores

Anton N. Kodincev!, Larisa I. Volkova?

Institute of High Temperature Electrochemistry, Ekaterinburg, Russia,

2Ural State Medical University, Ekaterinburg, Russia
Abstract
Introduction. Frailty and mild cognitive impairment (MCI) are common geriatric syndromes. Peripheral serum cholinesterase (pChE) is a labora-
tory indicator that may reflect dysfunction of cholinergic processes in the central nervous system. Published data demonstrate the potential utility
of pChE as a marker for a range of neurodegenerative disorders.
Aim. This study aimed to identify and investigate the relationship between serum pChE levels in patients and various screening scores of cognitive
status, frailty, and metabolic parameters.
Materials and methods. The study included 50 women aged over 60 years. Screening clinical examinations were conducted, including Montreal
Cognitive Assessment (MoCA), Mini-Mental State Examination (MMSE), Frontal Assessment Battery (FAB), Age Is Not a Hindrance questionnaire,
and Charlson Comorbidity Index. A blood chemistry analysis was performed, including a kinetic colorimetric assay of serum pChE.
Results. The Age Is Not a Hindrance score and pChE activity exhibited a moderate inverse correlation with a Spearman coefficient (rs) of -0.31;
95% confidence interval (CI) -0.5 to —0.03; p < 0.05. The MoCA scores and pChE levels also showed a moderate inverse correlation with rs of
-0.32; 95% CI: -0.55 to -0.05, p < 0.05. A high risk of MCl is defined by a pChE activity threshold point of 9978 U/L, with a sensitivity of 47% and
a specificity of 97%. The association between pChE activity and the prevalence of cognitive impairment remained significant even when different
socio-demographic and metabolic parameters were included in the regression model, odds ratio (OR) 1.0005; 95% CI: 1.0001-1.009; p = 0.01).
Conclusion. Women over 60 years of age in an outpatient setting exhibited an inverse correlation between the Age Is Not a Hindrance questionnaire
score and the pChE activity. A pChE activity of 9978 U/L or higher was associated with an elevated risk of concomitant mild cognitive impairment.
However, it is important to consider the high probability of false negatives in this context. This association persisted across a variety of clinical
and metabolic factors.

Keywords: frailty; cognitive impairment; cholinesterase; biomarker; diagnosis
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AKTUBHOCTb XONNUHICTEPA3bl U KOTHUTUBHBIA CTATYC Y NOXUIbIX XEHLLWH

AKTHUBHOCTb CbIBOPOTOYHOU XOJIUHICTEPA3DI
y HO>KUJbIX MAlUEHTOK C pa3IunYHbIMU
CKPUHHMHIOBbIMU I0Ka3aTe/JaIMM OLEHKU

KOrHUTUBHOIO CTaryca U CTapueCcKON acTeHU!U

A H. Kogunnes', /.U, Bonxopa?

"HHemumym evicokomemnepamyproli anekmpoxumuu, Examepun6ype, Poccus;

*Ypanvckuti 20cydapcmeennbiti meduyunckuil yHueepcumenm, Examepunbype, Poccus
AnHoTanug
Bsedenue. Cmapueckas acmenus (CA) u ymepenHble kozHumusHvie Hapywenus (YKH) aengtomes pacnpocmpanénHslMu 2epuamputeckumu CuH-
Opomamu. [lepuchepuueckas xonunacmepasa (ITX9) cbiéopomku Kposu f678emcs NOMeHYUANbHbIM IA00PAMOPHbLM NOKA3AMeneM, Ompaxaio-
WUM OUCYHKYUIO XOTUHEPZUHECKUX NPOLECCO8 8 LeHmpabHoli HepeHoli cucmeme. OnyOnuKogaHs! OaHHble, c8UOeMebCMBYIouUe 0 B03MOX-
Hocmu ucnob308anus [1X9 6 kauecmee mapkepa pasnuuHbLx HelipoezeHepamueHblx 3a0071e8aHULL
Llenv — eviasneHue u usyuenue 6aaumoceasu axmuerocmu IIX3 coleopomku Kposu y NAyUeHmox ¢ pasnuHblMU CKPUHUH206bIMU NOKA3AMeNAMU
KozHumugHo2o cmanmycd, CA u Memabonuueckux napamempos.
Mamepuanst u memodot. B uccnedosanue Gvinu exouerst 50 wenwun cmapuie 60 nem. [IpogedeHo ckpuHuH2080€ KAUHUYeCkoe 00cnedosanue:
Monpeanvckas koznumusnas wkana, Kpamkas wikana oyeku kozHumueHozo cmamyca, 6amapes mecmog Ha 100Hyi0 OUCYHKULUIO, ONPOCHUK
«Bospacm ne nomexa», undexc komopoudrocmu Yapacoua. BeinonHero Guoxumuueckoe o6cnedosanue, exouaguiee onpedenerue [1X9 coigopom-
KU KPOBU KUHemUUecKuM KOJOPUMEmPUHeCKUM MemoooM.
Pesynsmamt. [Tokazamenu onpockuka «Bospacm e nomexa» u akmusrocmy [IX9 o6nadaiom obpamHoti ymeperoti koppensyuet, koadpuyu-
enm Cnupnmena (rs) = -0,31, 95% dosepumenvhviii unmepean (JJH): —0,54-(-0,03); p < 0,05. ITokazamenu wikanst MoCA u akmusHocms [IXD makxe
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mesxdy noxazamensamu [1X3 u pacnpocmparéHHOCMbl0 KOZHUMUBHBIX HAPYUIEHULI COXPAHANACH NPU 86e0eHUL 6 PE2PECCUOHHYI0 MOOeb COYUAy-
HO-OeMozpaghuueckux u memabonuueckux napamempos: omuowerue warcos 1,0005; 95% A 1,0001-1,009; p = 0,01.
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COXPAHANACH 8 YCTIOBUAX 8030eliCmeus pasiuUHbLX KAUHUUECKUX U MEmabonuueckux (axmopos.
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Introduction

The increase in life expectancy is responsible for the growing
proportion of elderly and senile individuals in Russia, which
requires the development of personalized medical care for
patients over 60 years of age. Aging is associated with the
onset of geriatric symptoms, a multifactorial age-related clin-
ical condition that increases the risk of adverse outcomes
and functional impairment [1]. In this regard, physicians
of various specialties are increasingly encountering clinical
manifestations of frailty and cognitive impairment in their
practice. Pre-frailty and frailty are more common in females
than in males [2]. Data suggesting an association between
frailty and cognitive impairment have been published. In par-
ticular, frailty is associated with an increased risk of cognitive
impairment of various origin and vice versa [3, 4]. Further-
more, cognitive frailty (CF) is currently being recognized as a
distinct nosological entity, combining features of frailty and
cognitive impairment. The prevalence of CF is 6 to 16% in the
population over the age of 60 years [5].

In this context, there is an increasing need for timely diag-
nosis and personalized management strategy for patients at
high risk of developing frailty in combination with cognitive
impairment. A relevant diagnostic focus is to search for po-
tential biomarkers that can be used as a patient stratification
system, since frailty and cognitive impairment are currently
diagnosed primarily by clinical examination.

Laboratory and instrumental diagnosis of cognitive impair-
ment in Alzheimer's disease (A/T/N (B-amyloid/tau protein/
neurodegeneration) system) is expensive and inaccessi-
ble and involves the use of labor-intensive methods (posi-
tron-emission tomography, lumbar puncture, biopsy) [6]. This
approach is not commonly employed in clinical practice, thus
the pursuit of more accessible and comparable biomarkers in
terms of accuracy continues [7].

Specifically, the level of peripheral serum cholinesterase
(pChE) is an available indicator whose level changes may
serve as a predictor of the development and progression of
neurodegenerative processes associated with cognitive im-
pairment [8]. PChE is an o-glycoprotein synthesized by the
liver and existing in two main forms: acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE). In blood, the ratio
of BChE to AChE is 4125 : 1, but AChE is the more active
enzyme [9]. In clinical practice, the assessment of BChE and
pChE levels is used to diagnose organophosphate poison-
ing [10].

Recently, more and more data have emerged indicating a
decrease in pChE activity in frailty, but a number of scienti-
fic papers show different changes in the levels of AChE and
BChE in Alzheimer's disease and other neurodegenerative
processes, making it difficult to formulate unified diagnos-
tic algorithms [11-13]. Despite the clear correlation of pChE

Cholinesterase activity and cognitive status in elderly women

activity with frailty and cognitive function scores, the valid-
ity and clinical significance of this parameter have not been
studied, including in the presence of concomitant metabolic
disorders. There is a lack of data on threshold enzyme levels
that can be used as predictive values. Therefore, investigat-
ing the diagnostic role of pChE may be a promising area
of personalized medicine. This parameter may be potential-
ly employed not only as a laboratory marker of cognitive
impairment and frailty, but also as a laboratory indicator
of the efficacy of drug therapy for these conditions.

The aim of the study was to identify and investigate the
relationship between serum pChE activity in elderly patients
and various screening scores of cognitive status, frailty, and
metabolic parameters.

Materials and Methods

A total of 50 women over 60 years of age on the record of
the outpatient clinic of the Institute of High Temperature
Electrochemistry, Ural Branch of the Russian Academy of Sci-
ences (Ekaterinburg) were randomly selected to participate in
a single-time cross-sectional study. A comprehensive clinical
examination was conducted to form the main referral sample,
with inclusion and non-inclusion criteria applied. The Study
Protocol and the Informed Consent Form (ICF) were approved
by the Local Ethics Committee of the Ural State Medical Uni-
versity (meeting minutes No. 9 dated 18 December, 2020).

Study design: single-time cross-sectional study.

Inclusion criteria:

o female;

o age > 60 years;

o signed ICE.

* Non-inclusion criteria:

* severe decompensated somatic, neurological, or psychiat-
ric conditions;

¢ inability to perform neuropsychological testing due to the
severity of somatic condition and mental disorders (de-
mentia and/or depression according to neuropsychologi-
cal testing: Geriatric Depression Scale-15 score 5 or higher,
life history data);

¢ treatment with parasympathomimetics, muscarinic recep-
tor antagonists, AChE inhibitors;

o chronic hepatitis, severe and decompensated liver disease.

A validated Age Is Not a Hindrance questionnaire was used
to evaluate the frailty severity. The questionnaire scores were
evaluated as follows: 0 — no signs of frailty; 1-2 — signs of
pre-frailty; 3 and more — signs of frailty. For a more reliable
assessment, scores of 0—-2 were considered as low risk of frail-
ty, while scores of 3 or more were considered as high risk of
frailty [14]. The Age Is Not a Hindrance questionnaire scores
demonstrate greater sensitivity for detecting an elevated
risk of frailty compared to the thresholds recommended
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in the Clinical Guidelines on frailty [15, 16]. O.N. Tkacheva et al.
showed that the sensitivity was 87% for threshold score > 3
and 46.7% for the threshold score > 5 in relation to the frailty
index. Compared to the frailty phenotype model, the sensi-
tivity was 93% for the threshold score > 3 and 46.4% for the
threshold score > 5. Thus, the threshold score point > 3 on
the Age Is Not a Hindrance questionnaire is more valuable as
a screening tool for frailty [16].

Three validated scales were used to assess cognitive status:
Mini-Mental State Examination (MMSE), Montreal Cognitive
Assessment (MoCA), and Frontal Assessment Battery (FAB).
Mild cognitive impairment was diagnosed at MoCA score < 26
and MMSE score > 24. The FAB results were interpreted in
conjunction with the MMSE and MoCA scores.

The Charlson Comorbidity Index was used to assess the long-
term prognosis of patients. Comorbidity (hypertension, type 2
diabetes mellitus (T2DM), postmenopausal osteoporosis,
nonalcoholic fatty liver disease) data were established from
medical history (outpatient record data).

Measuring peripheral cholinesterase activity

Venous blood was drawn in the treatment room to measure
pChE levels. The pChE level was estimated by means of a
kinetic colorimetric assay (Cobas 6000, Roche Diagnostics)
at NPF HELIX LLC. This assay is based on the method pub-
lished by E. Schmidt et al. [17].

Table 1. Patient demographic and clinical profile

Low frailty risk, no MCI 24 70.8+3.3 271.7+4.8
Low frailty risk, MCI 13 69.5+4.2 27.3+3.6
High frailty risk, no MCI 8 725+35 26545
High frailty risk, MCI 5 69.6 +5.9 31.5+6.0
Total 50

Table 2. Median serum cholinesterase levels in patient groups

Group n
Low frailty risk, no MCI 24
Low frailty risk, MCI 13
High frailty risk, no MCI 8
High frailty risk, MCI 5

Note. *p < 0.05 as compared to groups without MCI.

Statistical analysis

Statistica v. 10 (StatSoft Inc.), MedCalc, OpenEpi (http://
www.openepi.com) were used for data processing. The se-
lection of the criterion and test for statistical analysis was
based on the evaluation of the normality of the distribution
of each parameter conducted using Kolmogorov—Smirnov
and Shapiro-Wilk tests. In the event that the data exhibit-
ed a normal distribution, the mean and standard deviation
values were used for description, with the analysis con-
ducted using parametric methods. In other instances, the me-
dian, lower and upper quartiles were employed for descriptive
purposes, and nonparametric tests were utilized for analysis.
The qualitative data were compared using the ¥? criterion
and Fisher's exact test (when the ¥? criterion was not ap-
plicable) due to the independence of the samples. A ROC
analysis with area under curve (AUC) estimation, univari-
ate and multivariate logistic regression, and multiple linear
regression were employed in the study. The threshold for
statistical significance is p < 0.05. In the event of negative
results, the probability of a type II error was estimated, and
the study power was calculated.

Results

A total of 50 women aged over 60 years (mean age 70.2 £
4.2 years) were included in the study. Patients were catego-
rized into 4 groups according to their frailty and cognitive
function scores (Table 1). The majority of patients (37-74%)

perensionn daboes MO Posimenopaua
mellitus, n ? ’
19 4 15 10
10 3 7 6
7 1] 3 1
4 1 2 1
40 8 27 18

Serum cholinesterase, U/I

median min-max
8195 6962-9467
9603* 9061-10 952
8137 7772-9339
8685* 7206-8714
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Fig. 1. Median blood cholinesterase levels in patient grouEs.
1 — low frailty risk, no MC; 2 — low frailty risk, MCI; 3 — high frailty
risk, no MCI; 4 — high frailty risk, MCL

exhibited low frailty risk, with a higher prevalence of those
without MCI (n = 24).

The patients in the groups did not differ significantly by age
and BMI (two-way ANOVA; p > 0.05), prevalence of hyperten-
sion, T2DM, postmenopausal osteoporosis, and presence of
higher education (y? criterion > 0.05). Therefore, the obtained
samples were comparable in terms of the main socio-demo-
graphic and certain clinical characteristics.

A Kruskal-Wallis test, followed by subgroup analysis, re-
vealed that, although there was no statistically significant
difference in pChE activity (H = 5.6; p = 0.13), higher pChE
levels were observed in the patient groups with MCI (ir-
respective of the frailty risk) (Table 2).

Therefore, it can be assumed that the level of pChE is more
strongly correlated with cognitive impairment than with the
high frailty risk (Figure 1). To clarify this relationship, it was
necessary to examine pChE levels, frailty scores, and cogni-
tive status.

Relationship of cholinesterase levels to frailty assessment

When the correlation was evaluated, an inverse relationship
was found between the pChE level and the Age Is Not a Hin-
drance questionnaire scores, Spearman's rank correlation co-
efficient (rs) = —0.31, 95% CI: —0.541—(-0.0334); p < 0.05. How-
ever, pChE activity was not significantly different between
the low and high frailty risk groups (9095 U/L (7613-9978)

Cholinesterase activity and cognitive status in elderly women
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Fig. 2. Median cholinesterase levels in low (I) and high (2) frailty
risk groups.

and 8137 U/L (7457-8756), respectively), Mann—-Whitney test
significance level (pMW) > 0.05 (Figure 2). Thus, changes in
pChE levels were not significantly associated with the high
frailty risk, despite the inverse correlation of the Age Is Not
a Hindrance questionnaire with pChE level.

The constructed logistic regression model did not yield a sig-
nificant association between elevated pChE levels and the in-
creased frailty risk, odds ratio (OR) = —1; 95% CI 0.99-1.0003.
Moreover, the absence of a significant relationship (p = 0.09)
precluded the construction of a viable linear regression mod-
el evidenced by the exceedingly low value of the coefficient
of determination (R?< 0.3), not normally distributed residuals
(Shapiro-Wilk test = 0.0075). To minimize the likelihood of
false-negative results, the power of the study was calculated
and found to be less than 80%, suggesting a high probabi-
lity of a type II error. Therefore, although a correlation was
identified between pChE activity and the Age Is Not a Hin-
drance questionnaire scores, further investigation is required
in a larger sample in order to assess a reliable relationship
between these parameters.

Relationship of cholinesterase levels to cognitive status
assessment

The relationship between pChE level and MoCA score was
assessed, revealing a moderate inverse correlation: r; = —0.32
(95% CI -0.55—(-0.05)); p < 0.05. The Mann-Whitney test re-
vealed a statistically significant difference in pChE levels be-
tween the two patient groups: 8173 U/L (7110-9256) without
MCI and 9603 U/L (8267-11418) with MCI, pMW = 0.008.

Annals of clinical and experimental neurology. 2024; 18(4). DOI: https://doi.org/10.17816/ACEN.1097 31



OPUTMHATBHBIE CTATBIA. KnuHuyeckas HeBponorus

AKTUBHOCTb XOJIMHACTEPA3bl U KOTHUTUBHbIA CTATYC Y MOXUIbIX XEHLLWH

100 —
80 —
> 60 —
> B
2 B
s i
40 |—
20— |
- AUC=0,725
- p=0,005
0 SA—|
Lo v b b v b b g |
0 20 40 60 80 100

100 - specificity

Fifg. 3. ROC curve assessing the sensitivity and specificity
of serum pChE level for the diagnosis of MCL

Therefore, an inverse correlation was identified between MoCA
scores and pChE levels. Higher enzyme levels were found to
be associated with a lower score on this scale: OR = —1.0005;
95% CI 1.0001-1.009; p = 0.01, confirming the role of choliner-
gic deficiency in developing the cognitive impairment.

Although there is a correlation between pChE level and MoCA
score, no significant association was found between changes
in pChE level and MMSE score or FAB. In clinical practice,
the MoCA scale is more sensitive than MMSE in diagnosing
different variants of MCI in patients over 60 years of age
[18]. We can therefore conclude an association of pChE level
and MCL A ROC analysis was performed for a more detailed
evaluation (Figure 3).

According to the ROC-analysis, the sensitivity of the ChE
threshold level of 9978 U/L (according to the Youden index)
for detecting MCI was 47% (95% CI 24.4-71.1); specificity 97%
(95% CI 83.3-99.9); AUC = 0.725; p = 0.005. The positive pre-
dictive value of the test was 55.6%; negative predictive value
of the test —83%; diagnostic accuracy — 78%; likelihood ratio
for the positive test — 14.68; for the negative test — 0.54;
Cohen's kappa — 48.6%. The low sensitivity of pChE level
does not allow the use of this enzyme level as a laboratory
screening for MCI, but the high specificity allowed to suspect
MCl in patients with pChE level > 9978 U/L due to a very low
risk of false-positive results.

Despite the correlation between pChE levels, MoCA scores,
and Age Is Not a Hindrance questionnaire scores, no correla-
tion was found between the MoCA scores and the Age Is Not
a Hindrance questionnaire scores.
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Fig. 4. Cholinesterase level in group of patients without T2DM (1)
and with T2DM (2).

Relationship between cholinesterase level
and metabolic parameters

Data on the effect of a number of metabolic factors on serum
pChE level have recently been published and should be con-
sidered when assessing the relationship between this enzyme
level and indicators of cognitive function. The main source of
pChE is the liver, and evaluation of the effect of key metabolic
parameters (including liver disease) on this enzyme level plays
an important role in the development of a diagnostic model.
Specifically, patients with T2DM had significantly higher pChE
level compared to patients without T2DM: 10,614 (8337-11,646)
and 8346 (7279-9535) U/L, respectively; pyw < 0.05 (Fig. 4).
No correlation was found between pChE level and Charlson
Comorbidity Index scores (rs = 0.21; p > 0.05). Also, the median
pChE level was not significantly different between the group of
patients with postmenopausal osteoporosis (8465 U/L) and the
group without osteoporosis (8741 U/L), pyw > 0.05.

pChE activity correlated with alanine aminotransferase (ALT:
rs = 0.43; p < 0.05) but not aspartate aminotransferase (AST)
levels, confirming the relationship between liver functional
status and pChE levels. Despite this association, pChE le-
vel in patients with nonalcoholic fatty liver disease (NAFLD),
9110 U/L (8173-9880), was not significantly different from
that in patients without NAFLD, 8465 U/L (7242-9733);
pww = 0.43. However, it should be noted that a small number
of patients with confirmed NAFLD (n = 5) could not reliably
exclude a false-negative result.

pChE activity did not correlate with total cholesterol (rs = -0.21;
p > 0.05), alkaline phosphatase (rs = 0.11; p > 0.05), triglyceride
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Table 3. Multiple linear regression analysis of socio-demographic and clinical factors. laboratory parameters. and peripheral

cholinesterase level

Parameter

Age

Higher education

Body mass index
Hypertension

Type 2 diabetes mellitus
Non-alcoholic fatty liver disease
Postmenopausal osteoporosis
Charlson Comorbidity Index
Statins

Alanine aminotransferase
Aspartate aminotransferase
Total cholesterol

Triglycerides

Total protein

B-Coefficient p
0.56 0.764
0.183 0.659
0.272 0.621
-0.213 0.702
0.095 0.897
0.489 0.589
-0.336 0.548
0.333 0.485
0.547 0.593
-0.651 0.411
0.673 0.395
-0.142 0.874
0.073 0.865
0.251 0.754

Table 4. Multiple logistic regression analysis to examine the correlation between social and clinical factors, laboratory

parameters, and mild cognitive impairment

Parameter

Age

Higher education

Body mass index
Hypertension

Type 2 diabetes mellitus
Non-alcoholic fatty liver disease
Postmenopausal osteoporosis
Charlson Comorbidity Index
Statins

Alanine aminotransferase
Aspartate aminotransferase
Total cholesterol

Triglycerides

Total protein

Peripheral cholinesterase

(rs = -0.03; p > 0.05), or total protein (rs = —0.11; p > 0.05)
levels. pChE level did not significantly depend on the intake
of lipid-lowering agents of the statin group either (pyw = 0.66).
A multiple linear regression model was constructed to assess
the multicollinearity of the factors under study and pChE (Ta-
ble 3). Under the influence of various parameters, the cor-
relation between pChE and ALT or T2DM became statistically
insignificant.

Odds ratio 95% Cl
0.941 0.736-1.203
0.674 0.099-4.559
0.987 0.741-1.312
13.038 0.968-187.399
3.102 0.097-99.57
2.006 0.073-55.388
0.423 0.06-2.981
2.263 0.961-5.33
0.89 0.109-7.25
0.827 0.613-1.115
1.091 0.922-1.291
1.136 0.618-2.089
0.996 0.159-6.253
0.929 0.718-1.204

1.0008 1.0001-1.0015

To test the hypothesis regarding the relevance of serum pChE
level as a potential biomarker of cognitive impairment, a mul-
tiple logistic regression model was constructed taking into ac-
count the main metabolic parameters: T2DM, hypertension,
NAFLD, BMI, ALT, AST, triglycerides, total cholesterol, total
protein levels, and intake of statins. Even in the presence
of a direct relationship with ALT (the primary liver func-
tion test), pChE level was significantly associated with MCL:
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Table 5. Multiple linear regression analysis to examine the correlation between social and clinical factors, laboratory

parameters, and MoCA scores

Parameter

Age

Higher education

Body mass index

Arterial hypertension

Type 2 diabetes mellitus
Non-alcoholic fatty liver disease
Postmenopausal osteoporosis
Charlson Comorbidity Index
Statins

Alanine aminotransferase
Aspartate aminotransferase
Total cholesterol

Triglycerides

Peripheral cholinesterase

OR = -1.0008; 95% CI 1.0001-1.0015 (Table 4). Alkaline phos-
phatase level was not included in the model due to insufficient
data. Furthermore, when a multiple linear regression model
was constructed to assess the effect of socio-demographic
and metabolic factors on the MoCA score, only pChE level
was significantly associated with this cognitive assessment
score (Table 5). The coefficient of determination (R?) is 0.42,
indicating a moderate degree of effect of the characteristic.
The normal distribution of residuals (Shapiro—-Wilk test > 0.05)
and the acceptable model quality according to analysis of
variance (F = 2.69; p = 0.34) confirm the effect of pChE level
on MoCA scores.

Therefore, even when metabolic factors are considered, pChE
level may serve as a potential laboratory marker of cognitive
impairment, as evidenced by the regression analysis.

Discussion

There is currently an ongoing search for cost-effective
and available biomarkers for laboratory diagnosis of frail-
ty and cognitive impairment. Specifically, in patients with
established frailty, the primary laboratory diagnostic fo-
cus is on the evaluation of hematologic (hemoglobin level)
and endocrinologic (thyroid-stimulating hormone, T3, T4)
parameters. The role of vitamin D and changes in the level
of inflammatory markers such as C-reactive protein and
interleukin-6 have also been studied [19]. A small study
by RE. Hubbard et al. performed on 30 hospitalized pa-
tients is published, indicating an inverse relationship be-
tween the severity of frailty and the level of AChE, BChE,
and benzoylcholinesterase [11]. The authors mention that
malnutrition in elderly age, particularly in patients with
frailty, may be a potential mechanism for the decrease in
esterase level. These findings are consistent with the ob-
tained data on the inverse correlation between the Age Is

B-Coefficient p

-0.082 0.871
0.004 0.311
-0.389 0.676
0.205 0.394
-0.038 0.458
-0.138 0.148
0.042 0.13
-0.07 0.454
-0.06 0.175
0.306 0.825
-0.263 0.724
0.031 0.753
-0.175 0.718
-1.15 0.01

Not a Hindrance questionnaire and serum pChE activity.
The higher the risk of frailty, the lower the pChE activity.
Nevertheless, the potential diagnostic utility of pChE in
the diagnosis of frailty remains incompletely understood.

Frailty is significantly associated with the risk of development
and progression of cognitive impairment, and the study of
blood pChE levels in patients with various cognitive status
scores is a key area of investigation [20]. It is established that
cholinergic deficiency plays a pivotal role in the progression
of cognitive impairment, including in Alzheimer's disease [21].
Cholinergic system dysfunction may be associated with in-
creased serum cholinesterase activity and central nervous
system, resulting in high levels of acetylcholine catabolism
and impaired cholinergic transmission. R.C. Smith et al. found
a 100% increase in plasma pseudocholinesterase (BChE) level
in patients with Alzheimer's disease compared to controls [22].
The paper by M. Hosoi et al. points to the potential role of
pChE (mainly BChE) as a biomarker for Alzheimer's disease.
Activation of neuroinflammation and hyperexpression of BChE
by astrocytes and microglia are accompanied by changes in
the permeability of the blood-brain barrier, suggesting a rela-
tionship between increased BChE level in the central nervous
system and serum pChE level [23].

High BChE level is detected in amyloid plaques and neuro-
fibrillary tangles. Increased accumulation of B-amyloid in
the hippocampus, thalamus and amygdala is associated with
the modulating effect of BChE [13, 24]. Therefore, BChE le-
vel plays a pivotal role in the processes of amyloidogene-
sis and formation of neurofibrillary tangles, which permits
the consideration of this enzyme not only in the context of
laboratory diagnostics, but also as a potential therapeutic
target. For example, when BChE level is high, rivastigmine is
the preferred antidementia agent because, unlike donepezil,
it also inhibits BChE [23].
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Since the liver is involved in the synthesis of pChE, esterase
(particularly BChE) level serves as a dynamic indicator of
liver synthetic function and lipid metabolism. Reduced pChE
levels may be observed in liver pathology [25]. In this study,
metabolic parameters did not significantly affect the associa-
tion between increased pChE level and the prevalence of MCL
Nevertheless, in the study sample, a markedly elevated pChE
level was found in patients with T2DM substantiating earli-
er hypotheses regarding the hyperfunction of this enzyme
in experimentally-induced diabetes mellitus [26]. Common
mechanisms of increased pChE level in patients with T2DM
and MCI include defects in insulin signaling, mitochondri-
al metabolism, SIRT-PGC-1a axis, Tau signaling, autonomic
function, and neuroinflammatory pathways [27]. Furthermore,
elevated levels of pChE are associated with the development
of diabetic retinopathy [9]. Thus, high cholinesterase level
(specifically BChE) may be a predictor of the development
of T2DM and MCI (including of the Alzheimer type) [28].
The lack of a notable correlation between pChE, osteoporosis
prevalence, and Charlson Comorbidity Index scores permits
the consideration of this parameter as a specific marker of
cognitive impairment. However, larger studies involving addi-
tional population groups are required.

Notwithstanding the findings of this study, R.C. Smith et al.
[22], and M. Hosoi et al. [23], which indicate an increase in
serum pChE level with the progression of neurodegenerative
processes, there are published papers that demonstrate an in-
verse relationship. M.X. Dong et al. found a decrease in BChE
level in patients with Parkinson's disease (PD) compared to
controls [29]. The optimal cut-off point for BChE of 6864.08
U/L allows for distinguishing PD patients with a sensitivity
of 61.8% and specificity of 72.1%. A reduction in BChE level
to a value below 6550 U/L is significantly associated with a
high probability of dementia, with a sensitivity of 70.6% and
specificity of 76.3% [29]. Y.C. Chen et al. revealed a decrease
in serum pChE, AChE, and BChE activities in patients with
post-stroke vascular dementia [30]. Similar findings of lower
plasma cholinesterase levels in patients with Alzheimer's dis-
ease and dyscirculatory encephalopathy were published by
Russian authors [31, 32].

The disparate outcomes of studies examining pChE level in
MCI, Alzheimer's disease, Parkinson's disease, and vascular
dementia may be attributed to the heterogeneity of the sam-
ples and the varied methodological and research approaches
employed. Furthermore, there is evidence of a markedly re-
duced BChE level in patients with dementia with Lewy bodies
in comparison to patients with AD and controls. This does
not preclude an association between reduced pChE level and
synucleinopathies [29, 33]. A parabolic change in the pChE
level cannot be excluded with a gradual level increase with
the development of MCI and a subsequent level decrease as
the dysfunction of the cholinergic system progresses with
dementia manifestation. A potential role is played by the
notable advancement of comorbid conditions, particularly

Cholinesterase activity and cognitive status in elderly women

alterations in metabolic status and synthetic liver function
in patients with dementia and synucleinopathies (Parkinson's
disease, dementia with Lewy bodies).

Limitations and advantages of the study. The single-time
cross-sectional study did not yield sufficient evidence to es-
tablish a causal relationship between the studied parame-
ters. Furthermore, the sample was comprised of female out-
patients over the age of 60, which precludes the possibility
of extrapolating the results to other populations. Cognitive
impairment was diagnosed based on the common validated
scales without additional in-depth neuropsychological exa-
mination or additional stratification.

To determine the frailty risk, the screening Age Is Not a Hin-
drance questionnaire was applied without additional com-
prehensive geriatric examination (phenotype model, frailty
index) and the use of objective methods of assessment of
various geriatric domains (dynamometry, Timed Up and Go
test), which does not allow to reliably exclude the subjective
nature of the assessment.

Patients with dementia were not included in the study. To-
tal serum pChE levels were measured without verification of
AChE and BChE. Further evaluation of pChE levels in the
context of additional comorbidities and laboratory markers
(including systemic inflammatory parameters) is advisable.

However, the homogeneous nature of the sample, the suffi-
ciently strict selection criteria, the availability of standardized
assessment tools, and the consistency of the identified trends
with the data of other researchers allow us to anticipate
more significant results when studying a larger sample that
includes male patients.

Conclusion

A significant correlation was identified between pChE acti-
vity and changes in MoCA scores and the prevalence of MCL
The high degree of specificity of the test, coupled with the
exceedingly low probability of a false-positive result, ren-
ders it feasible to suspect MCI at a pChE level of 9978 U/L
or above. However, the low level of sensitivity implies a high
risk of false-negative results. The data obtained from the
multiple linear and logistic regression analyses corroborate
the established relationship between pChE activity, MoCA
scores, and MCI, even when accounting for the poten-
tial influence of metabolic parameters and comorbidities.
Despite the correlation between the Age Is Not a Hindrance
questionnaire scores and pChE activity, no significant differ-
ences in this enzyme levels were identified between patients
at low and high risk of frailty. A study on a larger sample
size is needed to reliably assess the association of pChE and
frailty risk parameters and to further investigate pChE level
changes in patients with cognitive impairment of different
origin.
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Abstract

Introduction. In clinical practice, a comprehensive assessment of the systems responsible for balance is important both for correct diagnosis and
the right choice of therapy. To provide accurate assessment of all the systems involved in balance control, in 2009, F.B. Horak et al. from the Oregon
Health and Sciences University developed a universal Balance Evaluation Systems Test (BESTest) consisting of 36 tasks. Subsequently, the authors
improved this method by selecting 14 tasks that evenly belonged to four of the six sections of the original BESTest, which collectively constituted
the Mini-BESTest. The Mini-BESTest is a unique brief assessment tool that is actively used worldwide for the diagnostics and dynamic evaluation
of balance in various nervous system disorders. However, the absence of a validated Russian version makes it challenging to use this test in Russia.
The objective of the study is to develop an official Russian version (cultural and linguistic adaptation) of the Mini-BESTest to consider the target
language and culture (1st stage of the linguistic validation study).

Materials and methods. The author of the test, F.B. Horak, granted her consent for the linguistic validation of Mini-BESTest in Russia. Forward
and backward translations of the test and its materials, pilot testing (cognitive debriefing), and development of the Russian version were carried out
with the participation of a linguistic philologist and neurologists specializing in working with patients with balance disorders in various neurological
diseases.

Results. Based on the results of the expert committee meeting, a cultural and linguistic adaptation of the test was carried out and the final Russian
version presented in this article was approved.

Conclusion. The first developed Russian version of Mini-BESTest is officially presented and recommended for use both in clinical and research
practice in Russia and other Russian-speaking countries. The psychometric properties (reproducibility, inter-rater reliability, and sensitivity of the
test) of the Russian version are currently being assessed.

Keywords: balance systems evaluation test; Mini-BESTest; linguistic validation; cultural and linguistic adaptation

Ethics approval. The research protocol was approved by the Ethics Committee of the V.I. Razumovsky Saratov State Medical
University (Protocol No. 6, January 16, 2024).

Acknowledgments. The authors express their gratitude to the staff of the Institute of Neurorehabilitation and Restorative Tech-
nologies of the Research Center of Neurology for their assistance in data analysis.

Source of funding. This study was not supported by any external sources of funding.
Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this article.

For correspondence: 125367, Russia, Moscow, Volokolamskoye shosse, 80. Research Center of Neurology.
E-mail: dzhamilya-d@mail.ru. Yusupova D.G.

For citation: Yusupova D.G., Salina E\V., Zaytsev A.B., Zimin A.A., Moskvina A.O., Kolokolov O.V,, Polekhina N.V,, Fedonnikov A.S.,
Suponeva N.A. Mini Balance Evaluation Systems Test (Mini-BESTest): cultural and linguistic adaptation in Russia. Annals of
Clinical and Experimental Neurology. 2024;18(4)38-43.

DOL: https://doi.org/10.17816/ACEN.1141
Received 30.05.2024 / Accepted 24.06.2024 / Published 25.12.2024

38 AHHa bl KITMHNYECKOU 1 9KcriepuMmeHTabHov Hesponorum. 2024. T. 18, Ne 4. DOI: https://doi.org/10.17816/ACEN.1141



ORIGINAL ARTICLES. Clinical neurology
Mini Balance Evaluation Systems Test validation

Tect onenku paBHoBecus (Mini Balance
Evaluation Systems Test — Mini-BESTest):
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AnHoTanug

Beedenue. B kaunuueckotl npakmuke 6cecmopoHHAS OYEHKA (PYHKUUOHUPOBAHUS cucmeM, 00ecneuusaiouux pagHoeecue, 8axHA He MoJbko 01
duazHocmuku, Ho u 01 evlbopa maxkmuku mepanuu. C yebio MouHO20 onpedeeHus QYHKYUL 8cex CUCMeM, yuacmeyouux 8 nodoeprauu
pasosecus, 8 2009 2. F.B. Horak u coasm. u3 OpezoHckozo yHusepcumema MeouyuHbs u ecmecmeeHHbLX HayK paspabomanu yHuepcanbHolii mecm
oyenxu pasHosecus (Balance Evaluation Systems Test — BESTest), komopuuii exnouaem 36 3adanuil. B nocnedyroujem asmope! ycogepuieHcmeo-
8anu danHbii Memod, omoBpas 14 mecmosvix 3adanuti, pagHomepHo npuxaonexawux 4 u3 6 pasdenos BESTtest, komopsie nonyuusu 6 cogokyn-
Hocmu obuwee Hazeanue Mini-BESTest. Dmom yHuKabHbILI KPAMKULL OYeHOUHbILE Mecm aKMUBHO NpUMeHAemcs 80 6CEM Mupe 01 uazHocmuKu
U QUHAMUYECKOLI OUEHKU (hyHKUUU PABHOBECUS NPU PA3IULHbLX 3001e8aHUAX HepeHOLl cucmembl. Omcymemaue 8anudupOBaHHOL PyCcCKOS3bIUHOL
gepcuu danHozo mecma 3ampyoHsem e2o npumeHenue 8 Poccuu.

Liens pabome: — paspabomka oduyuansHoli pycckos3biuHol sepeuu (uHz80KyMbmypHas adanmayus) Mini-BESTest ¢ yuémom A3bK08bIX U KyJlb-
mypHbix ocoberHocmetl (1-ii sman 6anudayUoHHO20 uccnedogaHus).

Mamepuanst u memodst. [Tonyuexo coznacue asmopa mecma F.B. Horak na nposedenue sanudayuu Mini-BESTest & Poccuu. [Tposederbvt npamoti
u 06pamHbiii nepegodsl mecma u Mamepuaznos k Hemy, NUJI0MHoe mecmuposanue, paspabomxa pycckos3biuHO20 8apuaHma npu yuacmuu Quo-
J1020-NUH2BUCMA U HEBPOJI0208, CEYUATUBUPYIOWUXCSA HA pabome ¢ NayueHmamu ¢ HapyueHUS MU GYHKYUU pasHoBecus npu PasiuUHbIX Heapo-
JI02UYECKUX 3a0071e8AHUSX.

Pesynsmamt. [lo pesynsmamam 3acedanus skcnepmHoii komuccuu GbLia nposedena UH260KybMmypHas adanmayus mexcma mecmd, ymeepx-
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Introduction

Balance control is a fundamental complex function required
for normal human activity. Coordinating vestibular, visual, oc-
ulomotor, and proprioceptive systems ensure control of muscle
tone, several higher cortical functions, posture, complex motor
activities, and gait on various levels of the nervous system, from
receptors to a cortical representation [1]. Moreover, recent dis-
coveries suggest that balance control is involved in cognitive
processes, and that balance deficits may cause disorders associ-
ated with spatial memory, learning, and navigation [2, 3].

The primary symptoms of balance disorder include dizziness,
unsteadiness and falls. 15-20% of the adult population annual-
ly experience sensation described as "dizziness" [4]; this same
condition, occurring suddenly, accounts for 2.1-3.6% of emer-
gency department visits [5]. Dizziness can occur in any patient,
with middle and inner ear disorders being the most common
causes in patients < 50 years, while in patients > 70 years
a more comprehensive assessment of the factors causing
unsteadiness and balance problems is required due to the
high risk of falls and related complications [6-8]. The balance
control is negatively affected by aging. Age-related changes in
the body are multifaceted and encompass a decrease in deep
and superficial sensation, vision disturbances (especially con-
trast detection and depth perception), vestibular and coch-
lear dysfunctions, a decrease in strength and tone across va-
rious muscle groups, and impaired regulatory mechanisms
of the central nervous system (CNS), including slowing down
of afferent processing and executive functioning. Severe im-
pairment in any of the above systems may predispose the
elderly patients to falls, with such risk increasing significantly
with the number of functions affected [9]. Fall-related injuries
are the sixth leading cause of mortality in the elderly people
worldwide, with up to $10 billion annual costs for the treat-
ment of these injuries [10, 11].

Balance may be disturbed by a variety of somatic and neu-
rological disorders affecting both central and peripheral
nervous systems. Risk factors associated with balance disor-
ders include female gender, low level of education, age over
40 years, cardiovascular diseases (CVDs), and anxiety and
depression [12, 13]. Finding the true cause of these symp-
toms is often challenging due to the multi-component na-
ture of the balance system. Patients may be confused when
describing their sensations, using terms such as "dizziness",
"unsteadiness’, "discomfort’, "rocking sensation" etc. and
therefore a multidisciplinary approach to the management of
these patients is required. Incorrect topical diagnosis or late
detection of the cause underlying poor functional balance
often leads to the gravely limited motor function and signifi-
cantly reduced quality of life in these patients.

In clinical practice, a comprehensive assessment of the bal-
ance system functioning is of significant importance, not
only from a diagnostic standpoint, but also for the selection

of an appropriate therapeutic intervention. Consequently,
a multitude of specialized assessment tools, questionnaires,
scales, and devices have been developed, which have now be-
come integral components of international standards for the
diagnosis of diseases. The current assessment techniques have
significant drawbacks and are not universally applicable for the
majority of disorders associated with vestibular dysfunction,
dysbasia, and postural disorders. Most of them are published
in English, which also complicates their use by Russian-speak-
ing medical professionals, and a direct word-for-word transla-
tion of a scale or a test does not necessarily ensure consis-
tent application within a single country. Therefore, linguistic
validation and evaluation of the psychometric properties of
the Russian versions of these assessment tools is a necessity.

Recently, new tools for comprehensive assessment of the bal-
ance systems have been developed with the potential for use
in clinical practice. Mini-BESTest is one such tool that has
already been recommended and adapted by numerous re-
searchers of methods to detect balance deficits and postural
disorders [14-17]. This test was developed by the Head of the
Balance Disorders Laboratory at Oregon Health and Sciences
University, Prof. Fay B. Horak et al. Their intention initially
was to create a universal tool to assess the functioning of all
the systems involved in maintaining balance and to identify
the localization of the disorder causing balance impairment.
Their work yielded in the BESTest (Balance Evaluation Sys-
tems Test). They conducted a study including 22 participants
aged 5088 years. The study sample included a control group
with no signs of balance problems and participants with bal-
ance impairment caused by various factors (uni- and bilateral
vestibulopathy, Parkinson's disease, peripheral neuropathy, hip
arthroplasty). The study findings showed that patients with
different diagnoses scored poorly on different sections of
the BESTest. For example, patients with unilateral vestibular
insufficiency had worse results in Section V (Sensory Orien-
tation), while patients with Parkinson's disease had worse results
in Section [V (Postural Responses) [18].

The authors reported that their methodology allowed cli-
nicians to identify the specific mechanism underlying im-
paired balance, but they also admitted the need for further
studies to improve the test. The Mini-BESTest has become
such a modification. Initially, the BESTest consisted of
36 tasks, grouped into six sections evaluating different ba-
lance control systems and mechanisms. The authors selected
14 tasks belonging evenly to four of the six sections from the
original BESTest using Rasch psychometric analysis. The new
14-item scale was referred to as the Mini-BESTest [19].

The Mini-BESTest study was conducted at a rehabilitation
center where 115 patients (mean age 62.7 years) were recruit-
ed. The patients had various neurological diagnoses, including
stroke-related hemiparesis, Parkinson's disease, neuromuscu-
lar disorders, hereditary ataxia, multiple sclerosis, nonspecific
age-related balance system disorders, peripheral vestibular

40 AHHa bl KITMHNYECKOU 1 9KcriepuMmeHTabHov Hesponorum. 2024. T. 18, Ne 4. DOI: https://doi.org/10.17816/ACEN.1141



ORIGINAL ARTICLES. Clinical neurology

disorders, traumatic brain injury, diffuse encephalopathy, cer-
vical myelopathy, and CNS neoplasm. Inclusion criteria were
the ability to walk with or without a cane and the absence of
severe cognitive or communication impairments. The authors
note that the novel Mini-BESTest offers a unique brief clinical
rating scale for balance and can be used for assessment of
severity for different neurological disorders. For example, in
a study of 80 patients with Parkinson's disease, the sensi-
tivity and specificity of the BESTest and Mini-BESTest were
compared, and it was determined that both tests were suit-
able for balance assessment. However, with the Mini-BESTest,
the difference in results between patients with and without
history of falls was greater than with the BESTest (27% vs. 19%,
respectively), suggesting that the Mini-BESTest had better
sensitivity. The most significant benefit of the Mini-BESTest
in clinical practice is that it takes half as much time com-
pared to the BESTest.[20] The Mini-BESTest is widely used
in various countries to assess the balance in a range of neu-
rological disorders, both in neurological clinics and rehabili-
tation centers [21-25].

The objective of our study is to develop an official Rus-
sian version for cultural and linguistic adaptation of the
Mini-BESTest to ensure its conceptual equivalence to the
original source document (stage 1 of the linguistic va-
lidation) and to carry out cognitive debriefing of this trans-
lation.

Materials and methods

The developer of the original test, FB. Horak, granted her
written consent for adaptation of the Mini-BESTest. The
first stage of linguistic adaptation was performed by spe-
cialists of the Center for Validation of International Scales
and Questionnaires of the Research Center of Neurology.
The cultural and linguistic adaptation was performed accord-
ing to general requirements. Forward translation was done
by two Russian-speaking medical translators and the back-
ward translation — by native speakers with medical edu-
cation. The Russian version was reviewed by an expert com-
mittee chaired by an expert translator who was not involved
in the translation of the Mini-BESTest. The committee inclu-
ded medical translators and neurologists with more than
5 years of experience.

The cognitive debriefing was performed at the Research Cen-
ter of Neurology and K.N. Tretyakov Department of Neuro-
logy in V.I. Razumovsky Saratov State Medical University at
the stroke unit and at the neurology department. The study
was approved by the local ethical committee of the VI. Ra-
zumovsky Saratov State Medical University (protocol No. 6
of 16 January, 2024).

The inclusion criteria for the cognitive debriefing were the
age of patients > 18 years and a patient's informed consent.
The recruited patients had central vestibular disorders and

Mini Balance Evaluation Systems Test validation

were diagnosed with ischemic stroke, cerebral microangiop-
athy, Parkinson's disease, and multiple sclerosis. Important
criteria included the ability to walk independently or with
technical support (with a cane), without an assistant, and
the absence of severe cognitive impairment according to the
Mini Mental State Examination (MMSE).

Exclusion criteria were severe sensory impairment (major
visual, hearing, and deep sensory impairment), decompensa-
tion of somatic diseases, class 3 obesity, and severe muscu-
loskeletal disorders.

The cognitive debriefing included 18 patients (10 males and
8 females with neurological diseases: cerebral microangiopathy
(n = 5), Parkinson's disease (n = 4), multiple sclerosis (n = 3),
vertebrobasilar stroke (n = 3), and carotid artery-related stroke
(n = 3). All patients were native Russian speakers, and the
patients' diagnosis met the international criteria.

Results and discussion

The Mini-BESTest consists of 14 tasks developed to eval-
uate various mechanisms that are responsible for balance.
The tasks are organized into four sections (domains) as-
sessing various balance control systems. The first section in-
cludes three tasks for preliminary assessment of the balance.
The second section consists of three items to assess postural
responses. Three tasks of the third section assess the senso-
ry orientation. The final section includes five tests that focus
on stability in gait. The methodology of the Mini-BESTest re-
quires additional equipment, including a vestibular cushion, a
chair without armrests and wheels, a stopwatch, a platform
with a slope, a box approximately 23 cm high, and adhesive
tape for measuring and marking the distance on the floor.
A patient has to follow instructions to perform each task and
the patient's performance is scored from 0 to 2, with a ma-
ximum test score of 28. Based on the score, it is possible to
determine whether the patient has a balance disorder and
to identify the underlying mechanism.

The translation and development of the final Russian version
of Mini-BESTest posed some challenges related to conceptual
equivalence of the English and Russian versions. Since each task
includes instructions, the Russian text should be clear for both
physicians and patients. In the course of the work, several minor
adjustments were made to the test instructions. The instructions
for performing the tasks and interpretation of the obtained re-
sults in the Postural Responses section and the Sensory Orienta-
tion section were clarified. For instance, to make the instructions
for the Compensatory Stepping Forward, Backward, and Lateral
tasks more understandable, the phrasing "do whatever is ne-
cessary, including taking a step, to avoid a fall" was replaced by
"take a step to avoid falling". In the instructions for the Stand on
One Leg task, the phrasing "Lift your leg off of the ground be-
hind you without touching or resting your raised leg upon your
other standing leg " has been replaced by "You need to raise
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one leg without touching the opposite leg". In the Sit to Stand
task, the phrase "thrusting of the arms forward" was changed
to "compensatory forward arm movement".

The cognitive debriefing was performed by neurologists in-
dependently. The interval between examinations by the two
investigators was < 24 h. On average, the test took 20 min
and the scoring took 5 min. Cognitive debriefing revealed no
confusions in understanding the task instructions and further
interpretation of the results. Based on the results of cognitive
debriefing, the final Russian version was approved during the
meeting of the expert committee.
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Abstract

Introduction. With the number of patients with Parkinson's disease steadily growing, the need for novel treatment approaches is increasing.
Combining transplantation of neuronal progenitors derived from induced pluripotent stem cells and transcranial direct current stimulation (¢tDCS)
is among the promising methods.

Aim: to examine the effect of tDCS on the cell graft condition and motor symptoms of Parkinson's syndrome in rats.

Materials and methods. Parkinson's syndrome was modeled in Wistar rats by the unilateral intranigral injection of 6-hydroxydopamine
(6-OHDA; 12 ug in 3 uL) The model rats underwent neurotransplantation (3x 10° cells in 10 uL) into the caudate nuclei on the affected
side. The animals underwent tDCS for 14 days. Behavioral changes were analyzed by open field and beam-walking tests. Development and
morphological characteristics of the graft were assessed by the morphochemical study.

Results. Neurotransplantation had no significant effect on the behavior of rats with parkinsonism;, however, combined with tDCS, it increased motor
activity during the open field tests compared with the group of model rats (p=0.0014) and mitigated their anxiety-related behaviors (p=0.048)
in tests at 3 weeks after the transplantation. These effects were not observed in tests at 3 months. The morphochemical study revealed larger graft
sizes in the animals that underwent tDCS compared with the controls and cell shift to the marginal zone of the graft. Stimulation was also shown
to induce division of a part of cells at early stages of differentiation and promote active synaptogenesis.

Conclusion. Combining neurotransplantation and tDCS in the 6-OHDA-induced model of parkinsonism demonstrated its potential to manage both
motor and non-motor symptoms. Optimizing protocols of transplantation and tDCS and evaluating their long-term efficacy and safety are required
to successfully implement this method into clinical practice.
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AnHoTanus

Beedenue. HeyknonHo pacmyuwjee uucno nayuemos ¢ 6osesnvio [lapkuscona dukmyem Heo0Xo0uMOCb NOUCKA HOBbIX Mepanesmuyeckux noo-
x00o6 Kk eé neyenuto. OOHUM U3 nepenekmusHbIX Memodos npedcmasnfemcs couemaue MpaHCNIAHMAYUU HelipOHATbHbLX NpediecmeeHHUKO8,
NOJYUEHHBIX U3 UHOYYUPOBAHHbLX NIIIOPUNOMEHMHBIX CMBOI0BbIX KIEMOK, U mpaxckpaHuansHoti anexmpocmumynsyuu (THC).

Lleaw uccnedosanus: uzyuums enusnue TOC nocmosHHbIM MOKOM HA COCMOSHUE KJEMOYH020 MPAHCNIIGHMAMA U MOMOPHble CUMNMOMb! Nap-
KUHCOHUYECK020 CUHOPOMA y KPbIC.

Mamepuanvt u memodst. [Tapxunconuueckuti cuHopom y kpwic Bucmap Modenuposanu 00HOCMOPOHHUM UHMPAHUZPATbHbLM 88edeHueM 6-2u-
dpoxcudopamuna (6-IJA; 12 mxe Ha 3 mxn). Helipompancnaaumayuto (3 x 10° knemok 6 10 mKkn) ocywecmensnu 8 xeocmamole 0pa Mo3ea
KuomHblX-Modeeli Ha cmopoHe nospexdenus. TAC nocmosHHbLM MokoM nposodusiu 6 mevenue 14 Onetl. MameHeHus nosedeHus KugomHblx
aHANU3UPOBATIU 8 MECMAX «OMKPbIMOe nose» U «Cyaujasca 0opoxkar. B mopdoxumuueckom uccnedosanuu oyeHusanu passumue u mMopgho-
Jiozuteckue Xapaxmepucmuku mparcniaHmama.

Pesynsmamt. Hetipompancnnanmayus He 0ka3ana 3Ha4uMo20 8USHUS HA NoedeHue Kpbic ¢ NAPKUHCOHUSMOM, 00Haxo 8 codemanuu ¢ TOC
npueena K yeeauueHuio 0guzamenbHol AkmUBHOCMU KpbiC 8 mecme «OmKpbImoe nose», N0 cpagheruto ¢ zpynnoti kpvic-modeneli (p = 0,0014), u
ocnabnenuo y Hux Heapo3onododrozo cocmoskus (p = 0,048) 6 mecmax uepes 3 Hed nocse 88edeHus mparcnaawmama. B mecmax, nposeoénHbix
uepe3 3 mec, amu adpexkmol He Habmodaucy. Mopdoxumuueckoe ucciedosarue 6viA6Un0 O0bIUUE PAZMEPbl MPAHCNIAHMAMA Y KUBOMHBLY,
nodsepaymelx TOC, no cpasHeHuio ¢ KOHMpOseM, U CMewjeHue Knemok 6 kpaegyto 30Hy mpaxcnianmama. [Iokasano maxsxe, 4mo cmumynsyus
nposoyupyem OeJieHue 4acmu K1emoK, Haxo0SWuxcs Ha paHHux cmadusx Jupgeperyuposku, u cnocobemeyem akmusHOMy (OpMUPOBAHUIO
CUHANMUYECKUX KOHMAKMOB.

3axouenue. Couemanue Hetipomparcnnawmayuu u TOC na 6-I/JA-undyyuposarHoii Modenu napkuHCoHU3Ma deMOHCMpUpyem nomeHyuan 0aH-
HOL mexHon02uY NSt KOPPeKYUL Kax 0suzamesibHbiX, mak U HedsuzamesbHblX nposeneHuti 3abonesanus. /Jns yenewroli mpancasyuu memoda
8 KJIUHUKY Heo0Xo0uMbl 0asbHetiwias onmumusayus npomokonos mpancnaakmayuu u TAC, oyenka donzocpouotl apekmugHocmu u besonac-
Hocmu,
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Introduction

Parkinson's disease (PD) is one of the most common neuro-
degenerative disorders that leads to severe disability [1]. PD
pathogenesis is still poorly understood. Main motor symp-
toms of PD are known to be caused by the death of dopami-
nergic neurons in the substantia nigra pars compacta (SNpc)
and the subsequent nigrostriatal pathway degeneration and
striatal dopamine deficiency. Nigral neurodegeneration is of-
ten linked to the accumulation of aggregated forms of the
phosphorylated a-synuclein protein, which form Lewy bodies
and neurites. Apart from a-synuclein accumulation, affected
dopaminergic neurons are observed to have signs of mito-
chondrial dysfunction [2]. Numerous current studies on ani-
mal models and in patients indicate that neuroinflammation
has a key role in the initiation and progression of neuro-
degeneration in the SNpc [3], as well as in oxidative stress
development in the affected brain tissue [4, 5].

To date, there is no effective treatment that halts PD progres-
sion. Current treatment options can only alleviate numerous
PD symptoms, which are classified into motor and non-motor.
Non-motor manifestations tend to occur long before motor
impairments, and their diagnosis can facilitate timely treat-
ment [6, 7].

A wide range of animal models is used to elucidate causes
of PD development and search for new treatment options.
The most common PD model is the stereotaxic injection of
neurotoxins into certain brain structures, thus avoiding their
systemic effects [§].

Unilateral stereotaxic injection of 6-hydroxydopamine (6-
OHDA) into the SNpc, which selectively affects dopaminergic
neurons, is an optimal model to test neurotransplantation
(NT) methods in PD [9]. Transplantation of dopaminergic
neuronal progenitor cells into the caudate nuclei allows to
replenish the dopamine deficiency in this structure, which
may affect the neurodegenerative process to some extent.
Transplantation of induced pluripotent stem cells (iPSC) and
their derivatives, including autologous ones, reduces the re-
cipient's immune response, eliminates ethical concerns, and
has no limitation on the number of transplanted cells [10].
It should be noted that iPSC transplantation increases the
percentage of progenitor cells that adapted and differenti-
ated into healthy dopaminergic neurons. However, the issue
of transplanted cell survival and function has not been fully
addressed [10-13].

Transcranial direct current stimulation (tDCS) is a non-inva-
sive and safe neuromodulation technique, which is success-
fully used in neurology to manage some pathologies [14].
The literature data confirm that various types of electrical
stimulation can alleviate motor and non-motor symptoms of
PD and also demonstrate that tDCS has a beneficial effect
on differentiation and survival of transplanted cells [15, 16].

Thus, combining tDCS and NT may be a promising approach
for PD therapy.

To expand the range of experiments with tDCS, we had to de-
velop and build a multichannel electrical stimulator for small
laboratory animals. The staff of the Laboratory of Experi-
mental Nervous System Pathology and Neuropharmacology
(Brain Science Institute, Research Center of Neurology) and
engineers from the Bauman Moscow State Technical Univer-
sity jointly designed and engineered a multichannel proto-
type for tDCS, which operates in different modes.

The study aims to examine the effect of tDCS on the cell
graft condition and motor symptoms of 6-OHDA-induced
Parkinson's syndrome in rats that underwent NT using hu-
man iPSC derivatives.

Materials and Methods

Animals

All experiments were conducted in line with bioethical stan-
dards for proper handling of laboratory animals, including
minimizing the number of animals used. The study was ap-
proved by the ethics committee of the Research Center of
Neurology (Protocol No. 10-7/20 dated November 27, 2020).

Male Wistar rats (n=40) 3.5 months old and weighing 300-
350 g at the beginning of the experiment were taken from
the Stolbovaya Branch of the Scientific Center for Biomedical
Technologies of the Federal Medical-Biological Agency.

Animal procedures were conducted in accordance with the
European Convention for the Protection of Vertebrate An-
imals used for Experimental and Other Scientific Purposes
(CETS No. 170), Order of the Ministry of Health of the Rus-
sian Federation No. 119H dated April 1, 2016 “On Approval
of the Rules of Laboratory Practice”, and the national stan-
dard “Species-Specific Provisions for Laboratory Rodents
and Rabbits” (GOST 33216-2014). The animals were kept
under standard vivarium conditions, with a 12-hour light/
dark cycle and ad libitum access to food and water. The rats
were quarantined for 14 days before the beginning of the
experiment.

Surgical Procedures

For stereotactic surgery, the animals were secured in a ste-
reotaxic frame (Stoelting Co., RWD Life Science Co. Ltd.); the
scalp was incised, and burr holes were drilled in the skull using
a portable drill to access specific brain structures. A cotton
gauze pad was placed between the work surface and the ani-
mal to prevent hypothermia during and after surgery.

Zoletil 100 (Valdepharm; solvent, Delpharm Tours) at
3 mg/100 g and xyla (Interchemie werken De Adelaar' B.V)) at
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3 mg/kg were administered intramuscularly to maintain anest-
hesia. Atropine (Dalkhimpharm) at 0.04 mg/kg was given sub-
cutaneously 10-15 minutes before xyla administration.

For a model of Parkinson's syndrome, the animals (n=32)
were injected with 6-OHDA (Sigma), a selective toxin for do-
paminergic neurons, at a dose of 12 pg in 3 pL of 0.05%
ascorbic acid solution in the right SNpc (Paxinos Atlas co-
ordinates [17]: AP=-4.8; L=1.9; V=_8.0) (Fig. 1). The same
volume of the solvent was administered in the left substantia
nigra. Sham-operated (control) animals (n=_8) were injected
with the same volume of the solvent bilaterally.

On day 25 after the 6-OHDA injection, the animals (n=24)
underwent transplantation of neural progenitor cells into the
caudate nuclei (Paxinos Atlas coordinates: AP=1.5; L=2.2;
V=45). The anesthesia technique was described above. The
control animals that did not receive the neurotoxin (group Cl;
n=8) and a part of the 6-OHDA-injected animals did not un-
dergo transplantation; group C2 (n=8) was bilaterally injec-
ted with the same volume of the normal saline into the cau-
date nuclei.

Cell transplantation was performed unilaterally, on the af-
fected side. A suspension (3x10° cells in 10 pL of the normal
saline) was injected at a constant rate for 5 minutes via the
Hamilton microliter syringe into the caudate nuclei. After the
injection, the syringe was left in place for 2 minutes and then
slowly withdrawn. The same volume of the normal saline
was injected in the left caudate nuclei. The animals received
12 mg/kg of cyclosporine one day before cell transplantation
and then daily during the entire experiment.

Cell cultures were obtained in the cell biology laborato-
ry of the Lopukhin Federal Research and Clinical Center

Injection of neuronal progenitors ~ 6-OHDA injection into the SNpc
into the striatum

Striatum

Substantia nigra

Affected side
of the substantia nigra

Intact side
Cell graft of the substantia nigra

Fig. 1. Schematic representation of modeling Parkinson's syn-
drome and subsequent NT.

of Physical-Chemical Medicine. Neurons were differentiat-
ed from iPSCs, which were derived from skin fibroblasts and
obtained from a healthy donor (a 60-year-old man without
any neurological pathology) after the informed consent. The
iPSC line IPSRG4S was characterized according to generally
accepted standards [18]. The cell line has a normal karyo-
type. IPSRG4S pluripotency was confirmed at molecular and
functional levels. The iPSCs were directed to differentiate
into early neuronal progenitors that were later differentiat-
ed into ventral mesencephalic neuronal progenitors, which
were used for transplantation on day 24 of differentiation.
The method of IPSC differentiation and media composition
are available upon request.

The 6-OHDA-injected rats that underwent NT were divided
into 3 groups (8 animals each). The rats from group T +tDCS
underwent tDCS with the new stimulator; group T+S un-
derwent sham stimulation and sedation, and group T had
neither stimulation nor sedation.

Bilateral tDCS

tDCS began on day 5 after the transplantation of ventral
mesencephalic neuronal progenitors into the dorsolateral
caudate nucleus.

The designed autonomous electrical stimulator is a micropro-
cessor-based programmable device, which can be considered
a generator of various stable current types used for tDCS in
laboratory animals. The device consists of a programmable
master oscillator, a multichannel voltage-to-current convert-
er, a power supply, and control hardware. The master oscil-
lator, based on a microprocessor of the selected series, uses
software to generate a pulse-code modulation data stream,
describing the current's waveform, amplitude, and time char-
acteristics (frequency and duration). All stimulation parame-
ters are set via the control panel and displayed on the screen.

Data are transferred between the device blocks and circuit
elements via a common I2C interface, an industry-standard
solution with low cost but sufficient speed and reliability.
Then the data stream through the galvanic isolation based on
ADuM microcircuits goes to the MCP4725 digital-to-analog
converter. Galvanic isolation is needed to ensure the electrical
safety of the device and improve noise immunity.

The digital-to-analog converter converts the data stream into
an analog signal, a voltage that varies with the data stream
and is used as the control signal for the stable current gener-
ator. Then the signal is fed to the input of the stable current
generator, designed to form the actuating signal, a time-vary-
ing current of the parameters set by an experimenter.

The use of a microprocessor enabled to flexibly change the
stimulation current parameters according to the experiment
aims.
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Device specifications:

* up to 16 channels;

o frequency range of 0 (DC) to 80 Hz;

o current range of 0 to 1 mA;

* various pulse waveforms, including rectangular, triangular,
sinusoidal, and noise-like signals.

Prior to tDCS the rat was immobilized by the intramuscu-
lar injection of 0.5 mL/kg of 0.5% dexmedetomidine solution
(Dexdomitor, Orion Pharma) and placed on a pad with ther-
mal insulation properties to prevent hypothermia. We used
a 0.5% solution of hypromellose (Iskusstvennaya sleza, Fim M)
to prevent damage to the cornea. The fur from the tempo-
ral regions was carefully removed to improve adhesion and
reduce electrical resistance; the skin of the temples was
degreased, and a part of MedTab electrodes (23x34 mm,
Ceracarta) was symmetrically placed on the temporal regions
so that an imaginary line through their centers intersected
the geometric center of the cell graft (Fig. 2). The anode
was placed on the contralateral side of the graft and the
cathode on the ipsilateral side. Using a stimulating device,
a direct current of 0.5 mA was applied to the electrodes for
20 minutes; then the electrodes were disconnected, and the
residual adhesive layer of the electrodes was removed from
the temporal regions with water.

The rat was returned to its home cage and 30 minutes later
injected with 0.2 mL/kg of a 0.5% solution of atipamezole
(Antisedan, Orion Corporation) intramuscularly to accelerate
recovery from sedation. The time between the end of the
stimulation session and the atipamezole injection is needed
to prevent rats from scratching the skin under the electrodes,
which may be caused by paresthesia at the electrode sites
and is a very common adverse effect [19].

The stimulation sessions were performed once a day at the
same time for 14 consecutive days. During the first stimu-
lation procedures, the temperature of the electrodes and

Fig. 2. Simultaneous tDCS in 4 rats.

surrounding skin was monitored by an infrared pyrometer
(Raytek).

In sham tDCS, all procedures were performed similarly to
those described above, but no electric current was applied
to the electrodes.

Behavioral effects

Behavioral effects of exposure to a toxicant followed by NT
and tDCS were assessed by changes in the rats' motor activ-
ity during open field (OF) and beam-walking (BW) tests. The
OF test duration was 3 minutes, and the test was performed
three times: before cell injection, at 3 weeks, and at 3 months.
Rat behavior was recorded using the ANY-maze video track-
ing system (Stoelting Inc.).

In the BW test, the animal had to walk across an elevat-
ed beam from one end to the home cage. We recorded the
walking time and the percentage of slips in relation to the
total number of steps to cross the beam. In this experiment,
we also assessed the psychoemotional state of the rats with
an anxiety scale [20, 21]. We recorded non-standard behav-
ioral activities that could be attributed to external signs of
anxiety-related behaviors: compulsive head turns, chewing
movements, active sniffing and licking of the beam, circling,
backward gait, grooming, diaphragm contractions, ptosis, etc.
The rats were trained to perform the BW test for 3 days,
2 sessions per day, 1 hour apart, before stereotactic brain
surgery. The maximum test time was 100 seconds.

Factorial analysis of variance (ANOVA) was used to deter-
mine the statistical significance of differences, and Fisher's
post hoc test was employed to compare the groups. The dif-
ferences were considered significant at p<0.05. The data are
presented as the mean * standard error of the mean.

At 3 months after NT and at the end of physiologic examina-
tion, half of the rats from each group were decapitated, and
the brains were extracted for immunohistochemistry.

Immunohistochemistry and Morphometry

The brain specimens of 4 rats from each group were used in
the immunomorphologic study. For morphologic evaluation of
the graft 3 months after the cell injection, the animals were de-
capitated. The brains were fixed for 24 hours in 10% formalin.
Frozen frontal sections (10 um thick) were used for the study.
Antigen retrieval was performed by heating in citrate buffer
(0.01 M, pH 6.0). The sections were incubated with primary
antibodies for 18 hours at room temperature, and correspond-
ing secondary antibodies labeled with Atto 488 or Atto 555
fluorochromes (Invitrogen) were used to detect binding. The
sections were further stained with DAPL. Antibodies against
human nuclear antigen (HNA) and species-specific antibodies
against human neuron-specific enolase (NSE) were used to de-
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tect graft cells. Furthermore, antibodies against synaptophysin
(SYP) were used to assess graft integration. Transplantation
outcomes were previously characterized using an expanded
panel of neuronal and glial marker proteins [13].

On the frontal sections using a x4 objective, we estimated
the cross-sectional area of the graft in the striatum by NSE
detection. We selected at least 3 sections that showed the
needle track at the full depth of insertion. The NIS-Elements
software was used to calculate the area in the images.

The data are presented as median and interquartile ranges.
The Mann-Whitney test was used to compare the groups.

Results

All the animals tolerated the surgical procedures and tDCS
well, and their condition was satisfactory throughout the
study. Regular daily examinations by a veterinarian did not
reveal any changes in bowel and bladder functions, porphy-
rin discharge around the eyes and nose, or alopecia. No neo-
plasms were found during autopsy after the decapitation.

Behavioral tests were performed before the administration of
ventral mesencephalic neuronal progenitors (test 1: 25 days
after the 6-OHDA administration in the SNpc), at the end of
the tDCS course (test 2: 3 weeks after NT), and at 3 months af-
ter NT of ventral mesencephalic neuronal progenitors (test 3).

Fig. 3 shows the distance traveled in the OF test by the con-
trol animals from groups C1 and C2 that did not receive a cell
graft. 6-OHDA administration resulted in a statistically signif-
icant decrease in motor activity, which was observed in all the
tests: 13.990+0.881 and 6.387 £ 1.112 (ANOVA, p (pA)=0.0005)
in test 1, 13.469+1.572 and 6.439+1.406 (pA=0.0007) in test 2,
and 13.076+1.406 and 6.404+1.575 (pA=0.0013) in test 3
in groups C1 and C2, respectively.

Fig. 4 shows changes in motor activity of the model rats follow-
ing neuronal progenitor transplantation into the dorsolateral
caudate nucleus. It should be noted that by the time of test 2,
a part of the rats (group T+tDCS) had undergone a tDCS
course. Fig. 4 shows that locomotor activity remained at the
level recorded before cell administration in group T+S receiv-
ing dexdomitor for sham tDCS (5.946+1.011 and 5.233 £1.229;
pA=0.9436), in contrast to the significantly decreased in
the rats without sedation (3.006+0.601 and 6.996+1.178;
pA=0.0227). In the rats after tDCS, the distance traveled in
the OF test more than doubled: 14.069£1.094 and 5.635+1.511
(pA=0.0014). The motor activity at 3 months after NT re-
mained unchanged in all the groups with the graft compared
with the test 1 results.

The BM test at 3 weeks after NT also revealed significant dif-
ferences between groups Cl and C2, most of which were the
refusal of the 6-OHDA-injected rats to walk along the beam and
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Fig. 3. Motor activity assessment by the OF test in the rats.
*pa<0.05 compared with group C2.
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Fi%. 4. Distance traveled in the OF test by the model animals after
NT. *pa<0.05 compared with test 1.

distinct (pA=0.01) signs of anxiety-related behaviors (Fig. 5, A).
Therefore, it was not possible to process the numerical values of
the number of stumbles using statistical methods. The ventral
mesencephalic neuronal progenitor administration and tDCS
course had no effect on the rats' movement along the beam.
However, while groups T and T+S exhibited anxiety-related be-
haviors, which scores were significantly different compared with
group Cl1 (8.00 and 7.83 vs 2.67 scores; pA=0.0005 and pA =0.001,
respectively), group T+tDCS had significantly lower scores and
no statistically significant differences with group C1 (4.71 and
2,67, pA=0.139). This parameter was also significantly different
compared with groups T and T+S (pA=0.017 and pA=0.029,
respectively). In test at 3 months after NT, the difference in
these parameters between the groups leveled off, which is con-
sistent with the data of the OF test (Fig. 5, B).
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Fig. 5. Anxiety-related behavior score in the BW tests at 3 weeks
(A) and 3 months (B) after NT.

*pa<0.05 compared with group C1; “pa<0.05 compared with
group T+tDCS.

Previous morphologic studies of grafts have shown de-
creased staining for tyrosine hydroxylase on the side of
6-OHDA injection [12, 13], indicating damage to SNpc neu-
rons. Also, by month 3, 3% to 5% of dopaminergic neurons
were detectable in the graft, and we did not observe migra-
tion of cells expressing mature neuronal markers outside
the graft area.

The animals subjected to tDCS had larger graft sizes com-
pared with the controls (Fig. 6). Previously we showed the zo-
nal structure of grafts in animals without tDCS exposure [13]
with predominant localization of NSE+-cells (mature neurons)
in the central zone and formation of glial sheath around
the graft. Due to tDCS the graft morphology changed: af-
ter the stimulation there was a shift of NSE staining to the
marginal zone of the graft, which was located outward.
The graft size in the striatum was significantly greater
(p=0.002, Mann-Whitney test) after tDCS. In the control
group, the median area of NSE* staining was 1.695 [1.45; 1.89]
mm? and it was 4.04 [3.08; 6.03] mm? as a result of tDCS. The
central regions in the group after tDCS comprised HNA* cells
with low NSE expression. The stimulation was likely to pro-
voke division of some cells in the early stages of differentia-
tion, which should be further investigated. The detection of
SYP may indicate the synaptogenesis in the graft by month 3.
We have previously shown an increase in SYP expression as
neurons mature [13]. The more pronounced staining for SYP
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Fig. 6. Localization of transplanted neurons in the control group
(day 24 of differentiation) and after tDCS at 3 months following
the transplantation.

A — shift of NSE* cells (shown in red) to the mar%inal zone of
the graft (arrows), the central zone is indicated by asterisks;
B — graft size; C — increase in SYP (shown in green) and NSE
(shown in red) colocalization areas caused by tDCS (arrows). Cell
nuclei were counterstained with DAPI (shown in blue).

and overlap with NSE+ structures may reflect the effect of
tDCS on the formation of synaptic contacts with transplanted
neurons.

Thus, the morphologic study showed the effect of tDCS on
development and morphologic characteristics of the graft and
cell migration within the graft area. No pathologic changes
in the structures surrounding the graft were detected. tDCS
appears to have an effect on both differentiation and migra-
tion as well as integration of graft neurons, which should be
further studied.

Discussion

NT is one of the promising therapies for PD. Alleviation of
motor symptoms in PD is its main expected behavioral ef-
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fect. This effect has been mostly shown in studies on NT
of embryonic ventral mesencephalic dopaminergic neurons
[22, 23]; however, the injection of such cells raised ethical con-
cerns and caused severe graft-induced dyskinesias. Another
source of cell grafts with autologous dopaminergic neurons is
iPSCs obtained via reprogramming fibroblasts using expres-
sion of peptide pluripotency factors in them [24], followed
by in vitro differentiation of iPSCs into neurons according to
different protocols [11]. The following parameters serve as
criteria of morphofunctional correspondence of dopaminer-
gic neurons differentiated from iPSCs to native dopaminergic
neurons: survival of transplanted neurons, intensity of neu-
rite growth from the graft, formation of a diffuse network of
dopaminergic terminals in the striatum, dopamine release,
their bioelectrical activity, as well as recovery of lost mo-
tor functions in animals with a PD model [25]. Our studies
using a similar differentiation protocol have previously shown
the development of dopaminergic neurons and the formation of
their outgrowths in the graft by month 3-6 [12, 13]. Transplan-
tation of neuronal progenitors in animals with PD models has
shown certain advantages over fetal cell transplantation, but the
positive results achieved are still not well reproducible [25, 26]
due to a number of factors: the type and quality of transplanted
cells, the PD model used, and individual characteristics of re-
cipient animals. Optimizing these factors will improve treatment
efficacy and stability of behavioral effects.

An independent promising therapeutic approach in neu-
rodegenerative diseases is the use of non-invasive neuro-
modulation methods [14, 27]. They include various forms
of low-intensity transcranial electrical stimulation; direct
current stimulation is the most studied, and its effects on
neuroplasticity in the motor cortex are polarity-dependent.
In this study, we focused on cathodal polarity, in which the
resting membrane potential is hyperpolarized (in contrast to
anodal polarity, in which the resting membrane potential is
depolarized) [28]. Cathodal tDCS using standard protocols
reduces cortical excitability and can induce homosynaptic
long-term depression in case of sufficiently long stimulation
duration. Apart from duration and intensity, the stimulation
repetition is a crucial factor in cathodal tDCS efficacy, af-
fecting the duration of the neuroplastic effect. The mecha-
nisms underlying the beneficial effects of tDCS are not yet
fully understood; animal models, especially those involving
rodents, facilitate their studying, testing the method safety,
and optimizing stimulation parameters [29-31]. When se-
lecting stimulation parameters, we were guided by the liter-
ature data because we have not previously conducted such
study [15, 16, 32].

tDCS was shown to have a beneficial effect on differentia-
tion and survival of transplanted cells [15, 16]. In our previ-
ous studies [12, 13] we found that functional maturation of
transplanted neurons occurred within 3 months after trans-
plantation, and the greatest changes in the expression of cell
differentiation proteins were observed within 1 month and

continued up to 3 months after transplantation, which de-
termines the possible time frame of the tDCS effect on the
graft in terms of neuronal maturation improvement. It should
be noted that in some experiments [12], the graft contained
a mixed glioneuronal culture, and part of the cells yielded
an astrocyte population. Researchers discuss possible mecha-
nisms for the tDCS effect on astrocytes [33], which may have
a significant impact on both the host astroglia response in
transplantation and donor astrocytes when mixed cultures
are used. Thus, combining tDCS and NT may be a promising
approach for PD therapy.

The observed increase in graft size and changes in graft
morphology may indicate the direct effect of tDCS on the
transplanted cells, their maturation and integration into the
recipient's striatum. That being said, the tDCS effects on the
graft behavior and development may be caused by a number
of factors: the effect of the striatum, neocortex, and other
brain structures, involved in the motor activity regulation in
animals, on neurons via changing the balance between ex-
citatory and inhibitory inputs [34], the effect on glial cells,
including anti-inflammatory effects [35], increased expres-
sion of BDNF [36] involved in plastic changes in the nervous
system, etc.

Although animal models are a powerful tool in identifying
neurobiological mechanisms of tDCS action, finding a current
generator, which is easy to use and allows for a wide range of
stimulation parameters, can be challenging and/or expensive
[37]. In most cases, Russian researchers use foreign devices,
for example, Alpha-Stim (Electromedical Products Interna-
tional, Inc.), when studying the effects of tDCS. Such devices
are designed for tDCS procedures to treat anxiety, insomnia,
depression, and pain. They are effective, safe, easy to use,
and received necessary regulatory approvals. However, some
design features limit their use in laboratory setting: the wave-
form of the generated pulses, frequency range, current range,
and pulse duration.

Experimental conditions for studying transcranial electrical
stimulation require a much wider range of stimulating cur-
rent parameters: eg, a current in the form of sinusoidal pulses
with a constant component or a noise-like signal. The tech-
nical limitations of transcranial electrical stimulation devices
dictated the need to develop an original device designed pri-
marily for laboratory use and free from the disadvantages of
existing and commercially available devices. Specialists from
the Bauman Moscow State Technical University designed and
engineered a prototype of such stimulator. The Beta-Stim
device is a programmable stable current generator with the
frequency range from DC to 80 Hz, an arbitrary (set by the
experimenter) form of the signal, and a current range from
1 pA to 1 mA. It was designed for experiments on small ro-
dents. The device is easy to operate. It is built with many
freely available Russia-produced components, free from li-
cense and patent restrictions.

Annals of clinical and experimental neurology. 2024; 18(4). DOI: https://doi.org/10.17816/ACEN.1199 51



OPUTWUHAIBHBIE CTATBIA. SkcnepumeHTanbHasa HeBpoNOrus

HepoTpaHcnnaHTaums U TpaHCKpaHUanbHas aneKkTpoCTUMYNALMS NpK NapKUHCOHM3ME

In this study, 6-OHDA-induced Parkinson's syndrome was
modeled in Wistar rats. This model is most convenient for
studying the potential of NT of dopaminergic neuronal pro-
genitors into the caudate nuclei of the rat brain. NT is known
to temporarily worsen symptoms in the early postoperative
period [38], which seems to explain the decreased motor ac-
tivity in group T detected 3 weeks after reoperation. The
motor activity later returned to the preoperative levels. The
maintained level of motor activity in group T+S might be
linked to the anti-inflammatory effect of dexdomitor used for
sedation. NT was combined with a tDCS course. We observed
positive effects of tDCS on motor activity and emotional state
in group T+tDCS. The rats from groups T+S, C2, and T
showed signs of anxiety-related behavior, which allows to rule
out the possibility of a dexdomitor effect on this parameter.
Behavioral testing 3 months after NT did not reveal any dif-
ferences between the groups, which may indicate that our
chosen mode for tDCS has short-term effects.
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A Genetic Perspective on Ischemic Stroke:
Recent Advances and Future Directions
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Abstract

Objective. This narrative review aimed to explore the multifaceted nature of ischemic stroke (IS) and its underlying genetic factors, emphasize the
role of genetics in early detection and prevention, and acknowledge the complex influences on stroke prevalence across various countries.
Methods. An extensive overview of the causes, mechanisms, and genetics of IS was conducted by reviewing several studies and recent findings.
The role of specific genes in monogenic stroke disorders, implications of polygenic influences, recent advances in genetic evaluation, and methods
for early IS detection were synthesized and discussed.

Results. IS was influenced by genetics, underlying medical conditions, and lifestyle. Specific genes, including NOTCH3, HTRAL, COL3A1, and mtDNA,
are involved in monogenic stroke syndromes and predominantly affect younger populations. Polygenic disorders, studied using genome-wide associa-
tion study and sequencing techniques, play a prominent role in susceptibility to IS. Genetic evaluation has become instrumental in risk prediction,
influencing clinical practices and potential therapeutic interventions. Early detection methods, such as enhanced imaging techniques and blood
biomarkers, are crucial for managing IS outcomes.

Conclusion. Ischemic stroke is a complex disorder with a significant global impact. Understanding its genetic basis promises to improve early
detection and effectively establish preventative measures. Although genetic evaluation and innovative detection techniques offer promise, focusing
on lifestyle modifications and managing underlying health conditions remains paramount for reducing the incidence and severity of IS. Continuous
research and technological advancements are essential for developing personalized medical approaches and improving global healthcare strategies.
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['eHeTHUecKue acreKThbl UIIEMUYECKOT0 UHCY/IbTA:
[OCJIeJHUEe OOCTUIKEeHHMS U HampaB/ieHU
hccaeJOoBaHUN

Praveen Kumar Chandra Sekar, Ramakrishnan Veerabathiran

Bonwnuya u nayuro-uccnedogamensckuti ucmumym Yemmunada, Hayuno-o0pazosamenshas akademus Yemmunada,
Kenambakxam, Tamunnao, MHous

AxHoTanusg

Lienw danrozo HappamugHozo 0630pa — onucamb MHOZO(axmopHocmb uwemuyeckozo uxcyisma (MH) u eenemuueckue (akmopol e2o pazgumus,
noduepkHymb posb 2eHemuKu 6 parHeti duazHocmuke u npodunakmuke MK, a makse oceemums KoMNIEKCHOe 8IUSHUE HA PACNPOCTMPAHEHHOCTTY
UHCYTbMA 6 PA3HbIX CMPAHAX.

[Tposedén 0630p uccredosanuli u nocnedHux 0aHHbLX 0718 BCECMOPOHHE20 OCBELEHUS NPULUH, MEXAHU3MOB U 2eHemuueckux acnekmos paseumus M.
B cmamve obobujaiomes u obcyxdaiomes pob cneyuuueckux 2eHos 8 passumuu MoHozeHHbLx 3abonesautl, ces3anHslx ¢ MH, nocredcmeus
nosuzeHHblx 3a601e8anutl, nocniedHue docmusxeHus eHemuyeckux uccnedosanuli u Memodst paneii duaziocmuku MU,

Ha paseumue MW enusiom zexemuueckue hakmopbi, conymemayiowyue 3aboneganus u o0pas xusnu. Cneyudpuueckue zenst (NOTCH3, HTRAI,
COL3A1) u zenst mumoxordpuanshoti JJHK 3adeiicmeoganbt 6 MOHozeHHbIX 3a001€8aHUAX, C8A3aHHbIX ¢ M U NOpaxaiowyux npeumyujecmeeHHo
Mmonodvix nodeil. [lonuzeHHble 3a6071€8aHUS, U3YUeHHble NOCPEICMBOM NOJHOZEHOMHOZ0 NOUCKA ACCOYUAUULL U CEKBEHUPOBAHLLS, UZPAIOM BAXHYIO
ponb 6 npedpacnonoxexxocmu K passumuto MH. [exemuueckue uccnedoeaHus cmaHosames 3(QexmusHblMU UHCMPYMEHMAMu NPOHO3UPOBAHUS
PUCKO8, 671USISL HA KIUHUMECKYIO NPAKMUKY U NOMeHYUATbHble mepanesmuueckue emewamesnscmed. Takue memodb! panxeil 0uazHOCMUKL, Kax cne-
YUAU3UPOBAHHble MOOAIBHOCTU Heliposu3yau3ayuy u uccredogaHue GLOMApKepos KPoBL, U2paiom KJUesyko posib 8 yyuuienuu ucxodos M.
3axmouenue. I — komniexcHoe 3ab0nedanue, Hecyujee 3HauumebHoe 27100abHoe Gpems. [IoHuMaHUe 2eHemuuecKuX (Gakmopos, 6AuUsIOULX
Ha €20 passumue, NOMOKem yNyuwiums parHiolo duazHocmuky u agdexkmusHo eredpumb npopunaxmuueckue mepsl. Hecmomps Ha mo umo
eeHemuueckue Uccedo8aHus U UHHOBAYUOHHble Memodsl QuazHoCMuKu 8cengiom Hadexdy, Koppekyus 00pasa KusHu U JieueHue OCHOBHbIX 3d-
bonesanuti coXparsiom c80é nepeocmenexHoe 3HaueHue 8 CHuxeHuu uacmomsl u msxecmu UM, Henpepoignas uccnedosamensckas desmers-
HOCIb U MeXHoMI02uUeckue QOCMUKeHUS — KoY K paspabomke UHOUBUOYAbHbLX N00X0008 K JeUeHulo U YlyuuleHuio 2n00a1bHblx cmpameaul
30pagoOXpaHEHUS.

Kniouesvle cnoea: uwiemuueckutl UHCYJlbm, 2eHemuKda, JieueHue, CueHaibHvle nymu, namod)usuwloeu,q

BrarogaprocTu. ABTOpBI BhipaxkaioT 6arofapHocTb cotpyaHukam HayuHo-obpasoBarenbHoit akanemun YeTTrHaza 3a mo-
CTOSIHHYIO HOAZEPKKY ¥ MOTHBALLIO.

Wcrounnk ¢uHaHcHMpoBaHus. ABTOPbI 3asIBISIOT 00 OTCYTCTBUU BHEUIHUX MCTOYHMKOB (DMHAHCUPOBAHUSA TIPU MPOBE/IEHIH
UCCIIeI0BAHUS.

KOHCl)JII/IKT I/IHTEPECOB. ABTOphI 3adBUIN 06 OTCYTCTBI/II/I ABHBIX U NTIOTEHLUAJTbHBIX KOH(l)J'II/IKTOB I/IHTepeCOB, CBA3aHHBIX C Hy6-
JIMKaLMel HacToALIEeH CTaTbhy.
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Introduction

Stroke is a multifaceted disorder with a range of contribut-
ing factors, including lifestyle choices such as smoking, un-
derlying conditions such as dyslipidemia, hypertension, and
diabetes; and a genetic component [1]. The most prevalent
form of stroke is ischemic stroke (IS), which occurs when the
blood supply to the brain is obstructed, often due to blood
clots. It is the second leading cause of death and disabili-
ty, with a substantial global impact [2]. Particularly in eco-
nomically disadvantaged nations such as India, IS exerts a
heavy toll [3]. Worldwide, stroke remains a significant cause
of mortality and morbidity, with staggering statistics indi-
cating that 1.5 million lives are claimed by stroke annually,
while 2.5 million new cases are documented in China alone
[4]. Among these, IS was predominant, accounting for 62.4%
of all stroke cases.

One notable characteristic of IS is the development of arterial
plaques, which may result in severe complications, including
heart attack and stroke. However, genetic factors have often
been overlooked. However, they are crucial for human devel-
opment, particularly when discussing early-onset stroke [5].
Specific genetic abnormalities follow Mendelian inheritance
patterns, leading to monogenic diseases often associated with
distinct and uncommon stroke subtypes [6]. IS comprises
various subtypes, including small-vessel disease, cardioem-
bolism, and large-vessel atherosclerotic IS [7]. Among these
subtypes, large artery stroke exhibits the highest hereditary
factor, accounting for nearly 40% of cases, with cardioembolic
IS closely trailing in 33% of the ISs.

In contrast, only 16% of strokes originating from small vessel
disease are hereditary [8, 9]. Genetic factors are more likely
to play a role in the development of diseases affecting both
small and large blood vessels rather than being significant
contributors to the causes of cardioembolic IS. However, the
prevalence of single-gene disorders related to stroke is esti-
mated at approximately 1%. These disorders predominantly
affect younger individuals. However, the accuracy of these
data cannot be guaranteed. Several monogenic disorders
involve specific genes, including NOTCH3, HTRA1, COL3Al,
mtDNA, and TREX], as well as interleukins (IL), such as tu-
mor necrosis factor-o (TNF-a), IL-1B, and IL-6, all of which
can contribute to the occurrence of IS. As research advances,
polygenic disorders are emerging as a significant area of in-
terest in IS genetics, accounting for approximately 38% of all
ISs [10]. Studies conducted in previous years has provided
valuable insights, but current research focuses on identify-
ing modern risk factors and genetic markers that can facili-
tate early stroke risk detection and implementing preventive
strategies.

Furthermore, when considering age-standardized mortal-
ity rates due to IS for the mentioned countries between
2020 and 2030, it is evident that some countries, such as

Genetic perspective on ischemic stroke

South Africa (2.64%), Cyprus (4.16%), China (2.19%), Por-
tugal (7.18%), Ethiopia (1.83%), Mongolia (2.38%), Ecuador
(5.43%), Cabo Verde (8.17%), and Mauritius (10.90%) have
experienced an increase in mortality rates, while Comoros
(9%) has seen a decrease [11]. These trends highlight the
intricate interplay of factors, such as evolving lifestyles,
disparities in socioeconomic status, healthcare accessibili-
ty, and demographic shifts in shaping the prevalence of IS
in different regions.

This narrative review aimed to explore the multifaceted
nature of IS and its underlying genetic factors, emphasize
the role of genetics in early detection and prevention, and
acknowledge the complex influences on stroke prevalence
across various countries.

Causes and mechanisms of ischemic stroke

Thrombotic IS is a common subtype of stroke that arises
when a clot forms within an artery inside the brain. This
blockage can be triggered by a thrombus or an embolus [12].
A significant contributor to thrombotic IS is atherosclerosis,
which is characterized by plaque buildup along blood vessel
walls. The rupture of this plaque can lead to the formation
of a blood clot at the rupture site, culminating in thrombotic
IS [13].

On the other hand, embolic ISs arise when a blood clot or oth-
er debris (embolus) forms elsewhere in the body, typically in
the heart or major arteries. These emboli can travel through
the bloodstream and eventually reach the brain, where they
may become lodged in a small blood vessel, impeding blood
flow and causing embolic IS. Familiar sources of emboli in-
clude blood clots originating in the heart, often associated
with conditions such as atrial fibrillation or detachment of
plaque particles from larger arteries [14].

In IS, reactive oxygen species (ROS) are responsible for the
cerebral damage because they can deplete adenosine triphos-
phate and interfere with the ability to produce energy [15].
It involves a series of biochemical reactions that lead to
neuronal death, disintegration of cell membranes, and ionic
imbalance, which causes cell depolarization and glutamate
release. These reactions are caused by disrupted levels of
Ca?, K*, and Na* [16]. Excess levels of glutamate trigger the
activation of N-methyl-D-aspartate receptors. This activation
can be detrimental to cell health and cause damage to the
central nervous system.

Furthermore, it can also lead to the release of more gluta-
mate, which leads to excitotoxicity and activates the death
signalling pathway through oxidative and nitrosative stress,
mitochondrial dysfunction, and blood-brain barrier dysfunc-
tion. A subsequent cascade of injuries occurs as a result of
ischemia-induced injury [17]. Figure 1 illustrates the IS mech-
anism.
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Fig. 1. Mechanism of IS.

Genetics of ischemic stroke

Notably, in cases of early onset, genetic factors are important
in the development of IS. Several genes have been linked
to IS, including NOTCH3, HTRAI, COL3AI, and some genes
of mitochondrial DNA (mtDNA). The hereditary form of IS
known as CADASIL is associated with the NOTCH3 gene.
Additionally, IS has been linked to mutations in HTRAI. More-
over, TNF-a. polymorphisms and a range of tandem repeats
in the IL-1 receptor antagonist gene have been linked to an
increased risk of IS. Moreover, there is evidence of a genetic
predisposition to small-vessel IS. Multiple environmental and
genetic factors contribute to the development of IS. However,
the precise genetic mechanisms underlying IS and its sub-
types remain to be elucidated.

Monogenic disorders
Monogenic disorders are a class of hereditary illnesses

caused by mutations in a single gene. These disorders are
often referred to as Mendelian. Inheritance of a mutant or

od :
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faulty copy of a particular gene from one or both parents
often defines these illnesses.

NOTCH 3

NOTCH3 (Notch Receptor 3) is a protein-coding gene located
in Chr19 with a 33-exon count and codes for 2321 amino ac-
ids. Cerebral autosomal dominant arteriopathy with subcor-
tical infarcts and leukoencephalopathy (CADASIL), a genetic
disorder, is the most frequent monogenic trigger for IS. Au-
tosomal dominant inheritance and NOTCH3 gene mutations
are the causes of CADASIL [18]. Consequently, the walls
of the tiny blood vessels in the brain accumulate the pro-
tein NOTCH3. This can cause vessels to become narrow and
stiff, leading to an increased risk of IS. It is diagnosed using
molecular genetic testing or skin biopsy, with immunohis-
tochemistry and electron microscopy revealing the typical
features [19]. The NOTCH3 protein is a transmembrane
protein with a single pass. Most vascular smooth muscle
cells express this protein. The NOTCH3 protein comprises
an extracellular domain (NOTCH3ECD) and an intracellular
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domain. The protein undergoes three cleavage stages when
a specific ligand (either Jagged or Delta) binds to NOTCH-
3ECD. The intracellular domain eventually reaches the nu-
cleus, which functions as a transcription factor. NOTCH3
mutations in CADASIL, a genetic disorder affecting the
brain and blood vessels, can lead to an unequal number of
cysteine residues in the mutant EGFr proteins. This typically
results in 5 or 7 cysteine residues that can significantly af-
fect protein function and cause symptoms of illness. There
may be an issue with the formation of disulfide bridges in
EGFr, which could lead to protein misfolding. Additionally,
this issue may be related to increased multimerization of
NOTCH3 with cysteine. A.P. Pan et al. reported 914 patients
(median age of 60 years) with CADASIL of whom 65.2% had
documented cerebrovascular events (i.e., CADASIL-Stroke
patients) between September 2018 and April 2020. It is es-
sential to investigate these findings further to understand
their underlying mechanisms and potential implications for
human health [20].

HTRAI

HTRA1 (High-Temperature Requirement A Serine Pepti-
dase 1), situated on chr10g26, comprises nine exons and
encodes the p-serine protease HTRA1, which consists of
480 amino acids. Cerebral autosomal recessive artery dis-
ease with subcortical infarcts and leukoencephalopathy
is a rare hereditary condition among the general popula-
tion. It primarily affects the brain and the blood vessels.
Patients with CARASIL typically experience difficulty in
walking, early onset dementia, hair loss, and lower back
pain. CARASIL: besides the symptoms above, patients with
CARASIL may experience visual problems, muscle weak-
ness, and urinary incontinence. CARASIL has been reported
in three cases: a mutation in the HTRAI gene, p. Arg302end,
and the p. Ala252Thr mutation in a sibling [21, 22]. It is
a serine protease essential for several cellular functions,
including transforming growth factor (TGF) signaling [23].
Abnormal TGF-p signalling is thought to play a role in
the emergence of CARASIL. Studies have shown that
when mutations occur in CARASIL, the function of HTRAI
is often disturbed.

TGF-binding protein-1 (LTBP-1) is a matricellular factor
that plays a significant role in TGF-bioactivation and acts
as a physiological substrate for HTRA1. This discovery may
have important implications for our understanding of this
complex biological process [24]. Down-regulation of the TGF
pathway is essential for CARASIL development. It has also
been found that LTBP-1 is a significant substrate of HTRA1
in this process. Furthermore, it as been shown that LTBP-1
is a crucial protein in this pathway, and there is currently
no cure for CARASIL. Treatment aims to reduce symptoms
and enhance quality of life. Individuals with a family history
of CARASIL must seek genetic counseling before planning
to have children [25].

Genetic perspective on ischemic stroke

COL3AI1

The COL3AI (Collagen Type III Alpha 1 Chain) gene on
Chr2g32.2 comprises 51 exons and codes for a protein pro-
alphal chain of type Il collagen consisting of 1466 amino
acids. Vascular Ehlers—Danlos syndrome (EDS), also known
as EDS type 1V, is caused by COL3AI1 mutation. Individuals
with EDS type IV often exhibit unique facial features and
premature aging of the limb extremities (acrogeria), making
them susceptible to vascular and digestive ruptures and uter-
ine perforations during pregnancy. This condition is caused
by a genetic mutation that affects collagen III production.
Collagen III is a vital protein that helps regulate the behavior
and function of cells by binding to integrated cell surface re-
ceptors. In addition, they provide structural support to tissues
and play crucial roles in angiogenesis, cell differentiation, and
wound healing. Collagen III is critical for maintaining healthy
cellular function and promoting optimal physiological pro-
cesses. Heterozygous mutations in COL3A1 give rise to this
condition, resulting in compromised connective tissues, par-
ticularly the skin, blood vessels, and organs, which may lead
to potential weakness. The prol(Ill) triple-helix domain is of-
ten altered by substituting glycine residues with conventional
triplet repeats.

Another typical mutation is in-frame exon skipping, which oc-
curs in approximately 25% of cases owing to splice site changes.
Insertions or small in-frame deletions can occur in rare cas-
es. Procollagen 1II is a homotrimeric protein synthesized from
regular and mutant 1(Il) chains. As a result, 1, 2, or 3 mu-
tant chains were found in approximately 88% of homotrimers.
Thirteen distinct subtypes of EDS and mutations in 20 genes
have been identified. This highlights the genetic complexity
of this condition and the need for further research to under-
stand and treat each subtype [26]. Although there is no cure
for EDS type IV, patients with this condition can benefit from
regular medical monitoring and symptom management.

TREX1

The TREXI (Three Prime Repair Exonuclease 1) gene on
chr3.48 consists of three exons that encode a protein.
Three-prime repair exonuclease 1 comprises 314 amino acids.
Retinal vasculopathy with cerebral leukodystrophy (RVCL) is
inherited in an autosomal dominant manner, affecting both
the retina and the central nervous system [27]. It is a minor
hereditary vascular disease affecting the cerebral cortex.
Hereditary vascular retinopathy, Cerebroretinal vascular dis-
ease, and hereditary endotheliopathy, retinopathy, nephropa-
thy, and stroke are the three significant illnesses covered by
RVCL [28]. Heterozygous frameshift mutations affecting the
C terminus of TREXI, which encodes a 3-5' exonuclease, lead
to renal failure, vascular retinopathy, and focal neurologic
symptoms, including ischemia events and cognitive deterio-
ration. TREX1 mutations result in RVCL and systemic mani-
festations (RVCL-S) [29].
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A malfunctioning gene leads to the production of a truncat-
ed form of TREXI. Typically located within cells in the en-
doplasmic reticulum (ER), a network of membranes crucial
for protein synthesis and release, the normal TREX1 protein
is affected in RVCL-S due to one mutant copy of the TREXI
gene, with mutations occurring in the gene's final quarter.
This region encodes a portion of the protein required to
maintain it in the ER compartment. Mutations in this region
allow the protein to escape the ER and become mislocalized
throughout the cell. Mislocalized TREX1 protein specifically
affects and eventually destroys the lining of blood vessels,
disrupting brain and ocular function in an unknown way.
According to the autosomal dominant inheritance pattern,
most individuals inherit RVCL-S from an affected parent.
Disease onset and severity can differ significantly even
within the same family. A 50% chance exists for an individ-
ual with RVCL-S to pass on the TREXI pathogenic variant
to their progeny [30].

Both males and females are equally susceptible to RVCL-S,
typically in middle-aged individuals (35-50 years). Initial
signs often involve eye issues such as increased 'floaters'
or 'blind patches." Cases of RVCL-S have been identified
in various countries, including Spain, Turkey, the United
Kingdom, the United States, Australia, Japan, the Nether-
lands, China, France, Germany, Italy, Mexico, Switzerland,
and Taiwan [31].

mtDNA

Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS) Mitochondrial disorders,
a diverse group of illnesses, result from gene mutations
producing the proteins necessary for proper mitochondrial
function. These disorders vary significantly in clinical pre-
sentation, biochemical features, and challenging diagnosis
and management [32]. Among the mitochondrial diseases
with the highest prevalence are those caused by mutations
in the mtDNA, including MELAS. They may not necessarily
represent genuine ISs but may arise from mitochondrial
cytopathy, mitochondrial angiopathy, or a combination of
both. Human mtDNA comprises two strands of DNA and
contains 37 genes. These genes encode 13 structural pep-
tide subunits of the oxidative phosphorylation system and
numerous other molecules, making mtDNA an essential
component of cellular respiration and energy production
[33]. This medical condition is characterized by various
symptoms, including episodic headaches, stroke-like epi-
sodes, short stature, lactic acidosis, vomiting, seizures, and
skeletal myopathy. These symptoms typically occur before
the age of 40 years and can be debilitating [34]. mtDNA
has a single-base pair mutation rate that is much higher
than that of the nuclear DNA. Therefore, mtDNA is more
susceptible to changes in its genetic code over time, which
has important implications in genetic and evolutionary re-
search. Although this difference in mutation rates is not

yet fully understood, scientists believe it may be due to the
lack of efficient DNA repair mechanisms in the mitochon-
dria compared to the nucleus.

ROS damage is widely accepted as the main factor leading
to mtDNA mutagenesis. Continued mutations increase mi-
tochondrial dysfunction and ROS generation, perpetuating
a harmful cycle [35]. Additionally, mtDNA is vulnerable to
chemical damage because histone proteins do not shield it.
Furthermore, mutations in polymerase are the most com-
mon cause of inherited mitochondrial diseases [36]. MELAS
disorders caused by mutations in oxidative phosphorylation
components impair adenosine triphosphate synthesis and in-
crease ROS generation. Mutations in mtDNA can have severe
consequences for cellular health. Mutations in mitochondrial
DNA can result in reductions in transfer RNA (tRNA) and
proteins involved in oxidative phosphorylation. This may
result in reduced adenosine triphosphate production, which
may increase ROS production and cause oxidative stress. Ox-
idative stress can result in apoptosis, tissue damage, and mu-
tations in mtDNA. Mitochondrial dysfunction can also disrupt
calcium ion (Ca?*) metabolism, leading to cell enlargement
and death. Therefore, it is essential to understand the mech-
anisms underlying mtDNA mutations and their effects on cell
health [37].

Hereditary hemorrhagic telangiectasia

People with Osler-Weber—Rendu disease, an autosomal
dominant condition that does not occur very often, tend
to bleed, and abnormal blood vessel growth and devel-
opment can be seen all over the body. It can affect the
arms, fingers, conjunctiva, trunk, and gastrointestinal tract.
Symptoms may not appear until the late stages of life or
later (approximately 90% of patients show signs by age 40)
[38]. Patients with Osler—-Weber—Rendu disease and their
relatives can undergo genetic testing to determine wheth-
er the relevant genes, such as the chromosome 12 activin
receptor-like kinase type 1 (ALK-1) gene and the endoglin
gene (ENG) in chromosome 9, have mutations [39], both of
which encode TGF-beta (TGF-B) superfamily receptors that
are essential for the healthy formation of blood vessels.
The ALK-1 gene, associated with hereditary hemorrhagic
telangiectasia (HHT) type 2, and the ENG gene, linked to
HHT type 1, are commonly recognized as the most fre-
quently implicated genes in HHT. Other genes are less reg-
ularly associated [40]. Both type III and type I TGF recep-
tors, ALK-1 and endoglin, occur only in vascular endothelial
cells. Endoglin enables the phosphorylation of type I TGF-B
receptors, specifically ALK-5 and ALK-1, when TGF binds
to type Il TGF-B receptors on endothelial cells. Endoglin
and ALK-1 directly bind to BMP-9 and BMP-10, and their
interaction with the type Il BMP receptor results in aberra-
tion [41]. Phosphorylation of ALK-5 and ALK-1 activates the
downstream proteins Smad2/3 and Smad1/5, respectively.
Subsequently, these activated Smad proteins detach from
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Fig. 2. Role of interleukin gene in IS.

the type I TGF receptor, combine with Smad4, and enter
the nucleus to modulate the transcription of specific gene
promoters associated with angiogenesis.

Genes involved in the mechanisms of IS
Interleukin genes

Research has indicated that proinflammatory cytokines play
a vital role in the development of atherosclerosis. A lympho-
cyte medium termed an IL, mediates the connection between
immunological cells and white blood cells. It belongs to the
same class of cytokines as the blood cell growth factors. It
is also essential for information transmission, immune cell
activation and control, T and B cell activation, multiplication,
differentiation, and inflammatory response [42]. Some ma-
jor interleukins associated with IS are IL-6, IL-1B, and TNF-a.
Figure 2 shows the involvement of the interleukin genes in IS.

IL-1B causes a variety of biological reactions that help the
body respond to damage or infection, such as fever, sleep-
iness, appetite loss, acute phase protein synthesis, vaso-
dilatation, adhesion, generation of chemokines, molecular
upregulation, and the pro-coagulant condition, as well as
the creation and release of growth factors, matrix metallo-
proteinases, and hematopoiesis. IL-1, IL-1a, and IL-1b con-
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tain 2 molecules. The IL-I gene complex, which contains
three related genes: ILIa, IL1b, and IL-b, is found on chro-
mosome 14. Five alleles exist within IL-1: IL-1RN1, IL-1RN2,
IL-1RN3, IL-1RN4, and IL-1RN5. Among these, IL-1RN2 is
considered a genetic risk factor for IS, a condition closely
associated with coronary artery disease, and polymorphism
is considered a genetic risk factor. Reduced blood flow in
IS can cause nerve cell damage and inflammation. IL-1B, a
potent proinflammatory cytokine, causes blood—brain bar-
rier dysfunction by activating enzymes that break down
arachidonic acid and release prostaglandins and leukot-
rienes. These compounds increase the blood—brain barrier
permeability, causing vasogenic brain edema, potentially
leading to pressure buildup and brain damage. They also
cause cytotoxic brain edema through reduced oxygen and
glucose after stroke, leading to cytotoxic brain edema [43].
The interaction between vasogenic and cytotoxic edema
can increase cranial pressure, harm brain tissue, and cause
cerebral herniation. IL-1f promotes the expression of ad-
hesion molecules in endothelial cells. Ischemia triggers an
inflammatory response by attracting immune cells to the
affected area, causing them to migrate to this area [44].

IL-6-driven inflammation is a mechanism that drives va-

rious types [45]. IL-6 mediates cellular communication via
two different mechanisms: classic and trans-signalling [46].
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The conventional /L-6 signaling pathway involves binding of
IL-6 to its transmembrane receptor, IL-6R. The cleavage of
transmembrane IL-6R gives rise to a naturally occurring sol-
uble form known as sIL-6R. sIL-6R can bind to IL-6, enabling
IL-6 responsiveness in cells lacking the transmembrane IL-6R.
Upon binding to membrane-bound IL-6R or sIL-6R, IL-6 induc-
es the oligomerization of gp130, initiating the Janus kinase/
signal transducer and activator of transcription pathway. Nu-
merous cytokines and growth factors alter gene expression
by sending signals via Janus kinase and signal transducer and
activator of transcription pathways from the cell surface to
the nucleus. A soluble antagonist of gp130 effectively inhibits
IL-6/sIL-6R activity by binding to the IL-6/sIL-6R complex.
This antagonist specifically discriminates between trans-sig-
naling, where IL-6 affects cells lacking IL-6R, and the conven-
tional signaling pathway involving membrane-bound IL-6R,
as it only interferes with trans-signaling and does not affect
the traditional signaling pathway [47].

Macrophages in the immune system produce TNF-q, which
plays a role in various physiological functions. TNF-« is locat-
ed in the primary histocompatibility complex class III region
of Chromosome 6. Depending on the situation and the spe-
cific pathways activated, TNF-o can exhibit both pro- and an-
ti-inflammatory effects [48]. Studies have mainly concentrat-
ed on the G308A mutation in the etiology of IS concerning
TNF-o. gene polymorphisms. TNF-oo mutations in the gene's
promoter region may alter the transcriptional activity of the
gene [49]. This genetic variation can increase the activity
of the TNF-a gene, resulting in the excessive production of
TNF-o within the body.

Increased concentrations of TNF-a in blood have signif-
icant implications. It disrupts the blood flow to the brain,
leading to damage and inflammation. Microglia are the
brain cells involved in this condition, and activated astro-
cytes release significant amounts of TNF-a. Excessive TNF-o
is deemed harmful because it affects transmission and plas-
ticity, contributing to the core symptoms observed in patients
with IS. TNF-a plays an essential role in the brain; on one
hand, when it binds to its receptors, it triggers a pathway
called NF-xB activation. This activation can lead to neuro-
toxic and neuroprotective responses. G308A variation in
the promoter region of TNF increased TNF production and
promoted IS progression. Elevated TNF-a levels can affect
transmission and plasticity, leading to cognitive impairment
in IS patients. Furthermore, the interaction of TNF-o. with its
receptors can trigger NF-kB activation, which has complex
and context-dependent effects on brain cells and influenc-
es neurotoxicity and neuroprotective responses. The diverse
outcomes of TNF-o signaling in the brain depend on factors
such as the stage of neuronal development, the type of brain
cell involved, and the specific receptor subtypes engaged [50].

Table 1 illustrates the functions of all the genes related
to the disorder.

Polygenic disorder

IS is significantly influenced by polygenic disorders that arise
from the interaction of multiple genes. Various sequencing
techniques, including Mendelian sequencing, genomew-
ide association studies (GWAS), whole-exome sequencing
(WES), and whole-genome sequencing (WGS), play a crucial
role in studying IS. Mendelian sequencing is used to detect
monogenic disorders that can result in recognizable clinical
manifestations, including IS. Researchers are making rapid
advancements in identifying polygenic variations associated
with these conditions. One of the primary tools employed
in this pursuit is GWAS [51]. Uncovering the connections
between genetic variations and complex traits or disorders
is invaluable. GWAS is essential for understanding the ge-
netic underpinnings of IS in the context of polygenic dis-
eases. A study found a correlation between hereditary im-
balances detected through GWAS and unfavorable outcomes
three months after a IS [52]. Although monogenic disorders
contribute to only approximately 7% of IS cases, they can
lead to recognizable clinical symptoms, including IS. GWAS
can assist in identifying the genetic elements responsible for
these disorders and their association with IS [53]. Thousands
of genetic variations that affect human disease susceptibility
and its characteristics have been revealed. Nonetheless, un-
derstanding how these genetic variations, particularly those in
non-coding regions, influence the development of related dis-
eases and traits continues to pose a substantial challenge [54].

A compelling discovery in IS genetics is the link between the
7q21 region near the histone deacetylase 9 (HDACY) gene
(polymorphism rs12524866) and the LAA subtype of IS. This
finding marked a significant breakthrough as it was the first
widely replicated genetic association with this particular
IS subtype [55]. Subsequent studies and additional patient
data from Europe, America, and Australia consistently con-
firmed this genetic relationship. Furthermore, ongoing GWAS
investigations have uncovered additional genetic variations
associated with LAA stroke. Notably, variations on chromo-
some 6p21.1 and genes MMPI12 (rs12122539) and TSPAN2
(rs13107327) have been associated with this IS subtype [45].
Furthermore, a genetic variation located on chromosome
14q13.3 in proximity to PTCSC3 has been documented to be
associated with LAA stroke in the Chinese Han population
[56]. Genetic variation near ABCCI (rs74475935) has also
been linked to IS in European and African populations [57],
as shown in Table 2. These findings collectively demonstrate
the power of GWAS in unraveling the intricate genetic com-
ponents that increase the risk of IS within the realm of poly-
genic disorders.

WES and WGS are increasingly employed in daily diagnostics
and are more efficient and promising techniques. WES has been
applied to investigate young IS patients with familial clustering
of stroke, whereas WGS has been applied to analyze families
where a monogenic cause of stroke seems likely [58]. According

62 AHHarbl KITMHNYECKOH 1 aKcriepumeHTanbHov Hesposorum. 2024. T. 18, Ne 4. DOI: https://doi.org/10.17816/ACEN.1064



REVIEW ARTICLES. Review

Genetic perspective on ischemic stroke

Table 1. IS-associated genes related to disorder and their function

led AT Chromosome  Number of Ami_no

Gene number exons acid

NOTCH3  Notch receptor 3 19 2321 33

HTRA1 il B2 10 480 9

peptidase 1

coLgar  Collagentypelll 2 1466 51
alpha 1 chain

TREX1 Three prime repair 3 314 3
exonuclease 1

IL-1B Interleukin-1p 2 7 269

IL-6 Interleukin-6 7 5 212

TNF-at Tumor necrosis 6 4 933

factor-ou

to a recent article, the introduction of massive parallel sequenc-
ing methods, such as WES and WGS, has led to the detection
of an increasing number of gene-disease associations. Regularly
reassessing data, updating gene panels, and incorporating re-
cent detailed information on the phenotype can improve the
diagnostic yield of WES and WGS tests in stroke patients [59].

Genetic disorder related to stroke

A genetic syndrome is a collection of distinct genetic disor-
ders or medical conditions that exhibit shared characteristics
due to abnormalities or mutations in one or more genes. Typ-
ically, these syndromes affect various organ systems, leading
to physical, developmental, and intellectual difficulties. These
genetic syndromes may either be inherited from parents or
arise from spontaneous genetic mutations.

Familial moyamoya
Moyamoya disease is an uncommon genetic disorder that af-

fects the blood vessels of the brain, particularly the internal
carotid arteries and their branches. This disorder can result in

Role Disorder Mutation Source
Receptor for De novo
membrane- CADASIL . [19]

; mutation
bound ligands
Stimulate synovial
cells to increase the Homozygous
production of MMP1 bl mutation [24]
and MMP3
i the conr Autosomal
. EDS dominant [26]
of cortical .
mutations
development
Inhibits Retinal
the autonomous .
triaqerin vasculopathy «Truncating [31]
ggering with cerebral mutation
of autoimmunity leukodystrooh
within cells ystrophy
Potent . .
proinflammatory CY“’“’X'C Chroplc [43]
. brain edema deletion
cytokine
Potent inducer Blood—brain Gain-
of the acute phase . . of-function [45]
barrier dysfunction X
response mutations
Stimulate cell
proliferation Neurotoxicity ~ G-A mutation  [48]

and induce cell
differentiation

symptoms such as transient ischemic attacks (mini-strokes),
strokes, and seizures. Occasionally, delicate blood vessels that
form as a response to narrowed arteries can develop protru-
sions (aneurysms) or bursts, leading to brain bleeding [60].
Moyamoya's disease can affect individuals across various age
groups, and the types of ischemic events experienced may
vary by age. This condition predominantly results in brain
ischemic events in children, whereas it can give rise to both
ischemic and hemorrhagic events in adults [61].

Ehlers-Danlos syndrome

EDS encompasses a spectrum of inherited connective tissue
disorders that can potentially affect various organ systems,
including blood vessels. Among the different subtypes of
EDS, the vascular subtype is notably associated with an el-
evated risk of cerebrovascular complications such as stroke
and intracranial aneurysms. These neurological aspects of
EDS, including IS and cerebrovascular disease, have garnered
increased attention in recent years [62]. Although the pri-
mary molecular defect in EDS does not typically target the
nervous system directly, there has been a growing focus on
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Table 2. IS
Gene Chromosome Polymorphism p
HDAC9 7921 rs12524866 1.47E-08
MMP12 6p21.1 rs12122539 1.54E-08
TSPANZ 6p21.1 rs13107327 8.75E-09
ABCC1 16p13.11 rs74475935 3.01E-05
PTCSC3 14013.3 rs2415317 1.37E-05

its neurological symptoms, encompassing conditions such as
IS and cerebrovascular disease. EDS is also associated with
neurological issues such as musculoskeletal pain, fatigue,
headaches, muscle weakness, and paresthesias [62].

Methylmalonic acidemia

Methylmalonic acidemia is a genetic disorder that follows
an autosomal recessive pattern and affects amino acid me-
tabolism. This genetic disorder is marked by a deficiency in
the conversion of methylmalonyl-coenzyme A (CoA) to succi-
nyl-CoA. It has been associated with an increased risk of IS,
particularly affecting the bilateral globus pallidi [63]. Methyl-
malonic acidemia is a hereditary disorder transmitted with-
in families and falls into the "inborn errors of metabolism."
Typically, this condition is identified during the initial years
of a person's life'.

Fabry disease

Fabry disease is associated with an increased risk of IS, par-
ticularly in younger individuals. The disease is an X-linked
lysosomal storage disorder caused by a mutation in the
a-galactosidase A enzyme, leading to a deficiency of this
enzyme. Progressive accumulation of globotriaosylceramide
within the endothelium of blood vessels is thought to play a
primary role in vasculopathy and the risk of IS in patients
with Fabry disease. It accounts for approximately 1-5% of
all stroke cases, with stroke being a primary manifestation
of some hereditary disorders [64]. Males affected by the
classic phenotype experience acroparesthesia, hypohidro-
sis, and corneal opacities as children, and in their third

"Noonan syndrome.
URL: https://medlineplus.gov/genetics/condition/noonan-syndrome (accessed: 20.11.2023).

Odds ratio

(95% Cl) Assaociation Source
1.1 , '
(1.08-1.14) Associated with LAA [55]
1.09 _ _
(1.06-1.12) Associated with LAA [45]
1.10 . '
(1.07-1.12) Associated with LAA [45]
1.373 _ _
(1.182-1.594) Associated with CG-type IS stroke [56]
594 Associated with LAA [57]

(1.199-1.620)

or fifth decade of life, they may experience stroke, cardiac
hypertrophy, or renal failure. Certain female heterozygotes
exhibited no symptoms, whereas others experienced symp-
toms comparable to those of males. Regardless of sex, indi-
viduals with Fabry disease may experience transient cere-
bral ischemia and stroke as part of the natural progression
of the illness, even at a young age [65].

Vascular diseases related to stroke

Cerebrovascular diseases encompass a spectrum of condi-
tions that affect blood flow to the brain, with notable as-
sociations with atrial fibrillation, hypertension, and diabetes.
Both hypertension and IS are strongly associated with an
increased risk for cognitive impairment. Hypertensive indi-
viduals face a 3.9 times higher risk of cerebral hemorrhage
than non-hypertensive individuals, with a 2.8 times higher
relative risk in the case of aneurysmal subarachnoid hemor-
rhage [66]. Chronic hypertension exerts detrimental effects
on cerebral vessels and tissues, leading to atrophy, silent in-
farctions, micro hemorrhages, and white matter lesions [67].
This physiological mechanism reinforces a correlation be-
tween hypertension and cognitive impairment. Diabetes, as
an independent risk factor for atherothrombotic IS, mainly
affects women and contributes significantly to the risk of IS,
second only to hypertension. It is a primary risk factor for ce-
rebral small vessel disease, demonstrating a substantial asso-
ciation with symptomatic recurrence after a first lacunar-type
cerebral infarction [68, 69]. Atrial fibrillation and atrial flutter,
often linked to cardioembolic IS, are crucial and controlla-
ble risk factors. Cardioembolic infarction is recognized as the
most severe subtype of IS [70]. In individuals over 70 years
of age, approximately 5% show atrial fibrillation, and in the
absence of organic heart disease, there is a 3- to 4-times
higher risk of IS [71].
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Impact of genetic evaluation

Genetic evaluation influences multiple facets of IS, including
drug discovery, risk prediction, and clinical practice. Across
diverse ancestries, distinct genetic regions associated with
stroke have been identified, providing pivotal insights for fu-
ture biological investigations of IS etiology and proposing po-
tential therapeutic targets for intervention. The primary role
in vasculopathy and risk of IS in patients with Fabry disease
is believed to be due to the progressive accumulation of glo-
botriaosylceramide within the endothelium of blood vessels.
Fabry disease accounts for approximately 1-5% of all stroke
cases, and in some hereditary disorders, stroke is a primary
manifestation [72].

Polygenic scores derived from genetic variations associated
with vascular risk factors accurately predict outcomes across
individuals with diverse ancestries. These scores are valuable
in forecasting genetic susceptibility to IS and demonstrate
predictive efficacy independent of clinical risk variables [73].
Genetic studies have successfully established connections
between monogenic disorders and stroke, prompting some
experts to advocate the incorporation of IS gene panels in
risk assessment and broader stroke research. Identifying new
biomarkers for the genetic basis of IS and distinctive targets
for gene therapy may advance gene therapy and enhance
tailored IS care [74].

Advances in stroke genetics

Exploration of the genetic underpinnings of stroke has un-
dergone significant advancements in recent years, particu-
larly in the domains of hemoglobinopathies, thrombophilia,
and disorders affecting small vessels and cardioembol-
ic pathways. Researchers have identified genetic variations
associated with increased susceptibility to cardioembolic IS,
shedding light on the fundamental processes underlying clot
formation in the heart and subsequent embolism in the brain
[75]. There is growing emphasis on understanding the impact
of genetic variables on cerebral microvascular function and
small vessel integrity in minor vessel disorders. This focus
has yielded crucial insights into the genetic susceptibility
of minor artery disorders and the intricate pathophysiology
governing them [76]. Notable strides have been made in ge-
netic research related to hemoglobinopathies to elucidate the
connection between abnormal hemoglobin variations and the
risk of stroke. For individuals with hemoglobinopathies pre-
disposed to stroke, the identification of specific genetic mark-
ers has facilitated risk assessment and formulation of tailored
treatment plans [77]. Similarly, substantial progress has been
made in understanding the genetic components contribut-
ing to thrombophilia, a condition characterized by abnormal

Genetic perspective on ischemic stroke

blood clotting that can lead to stroke. This knowledge directly
informs therapeutic strategies and preventive measures, en-
abling healthcare professionals to better manage individuals
at risk of stroke due to thrombophilia [78].

Early detection of IS

Several promising approaches have emerged for IS detec-
tion and diagnosis. A groundbreaking, nonlinear, modified
Laplacian pyramid technique was introduced to improve the
early identification of IS in computerized tomography scans.
This approach plays a crucial role in facilitating accurate
and prompt IS detection, thereby expediting the initiation
of appropriate treatment [79]. Furthermore, there has been a
significant exploration of blood biomarkers for their potential
utility in the early detection of IS. One notable example is
the stroke chip study, which rigorously assessed a panel of
biomarkers. It aimed to differentiate between genuine strokes
and conditions that mimic strokes and distinguish among
various stroke subtypes [80]. Additionally, the application of
computer-aided detection techniques, such as segmentation
and texture feature analysis, has shown promise for the ear-
ly identification of IS. When applied to magnetic resonance
imaging, these methods aid in recognizing stroke lesions and
determining the necessity for thrombolysis [12]. Together,
these innovative approaches and studies contribute coher-
ently to ongoing efforts to enhance IS's early detection and
management of IS.

Conclusions and future prospects

In conclusion, IS remains a significant cause of mortality and
morbidity worldwide, and distinct genetic and environmen-
tal factors underlie its development. Several polygenic and
monogenic disorders have been associated with an increased
risk of stroke, and current research continues to identify
new genetic markers and risk factors. Genetic evaluation has
emerged as a critical tool in facilitating early detection and
prevention strategies for IS. As the understanding of the ge-
netic underpinnings of IS progresses, the focus on genetic
syndromes associated with stroke and the exploration of in-
novative techniques continue to offer possibilities for early
detection and targeted treatments. These advances hold sig-
nificant promise for globally reducing IS's incidence and ad-
verse impact. However, while improvements in diagnosis and
treatment have shown promising results, preventative mea-
sures such as lifestyle modifications, early risk factor identi-
fication, and timely intervention remain crucial in reducing
the global burden of IS. Therefore, continued research efforts
to uncover the multifaceted interactions and mechanisms un-
derlying IS are essential for developing effective preventive
and therapeutic strategies.
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Primary Progressive Aphasia:
Variants and Main Language Domains
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Abstract

Language is one of the higher brain functions and the primary method of communication, so it plays a key role in human social functioning. Primary
progressive aphasia, as a slowly progressive neurodegenerative disease with a clinical predominance of different speech and language disorders, is
a promising model for a more detailed study of topographic distribution of language disorders. This review presents data on different clinical vari-
ants of primary progressive aphasia and the corresponding clinical and neuroanatomical correlates that have significantly expanded the modern
understanding of the neural network language organization.
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Introduction

Primary progressive aphasia (PPA) is a group of neurodegen-
erative disorders characterized by predominantly progressive
language impairment. PPA usually manifests at the age of
50-60 years and affects both men and women equally. In ad-
dition to language disorders, other cognitive, behavioral, and
motor disorders may develop over time. However, aphasia
is the most disabling symptom, at least during the first two
years of the disease [1].

Neurodegenerative aphasia was first described by Arnold Pick
in 1892 [2], but the term PPA was introduced only in 1987,
when it was proposed to differentiate PPA from Alzheimer's
disease (AD) as a distinct disease entity [3]. Initially, PPA was
considered to be a single syndrome with a central symptom
of anomia, but over time, three clinical syndromes have been
identified such as non-fluent (nfPPA), semantic (svPPA), and
logopenic (IvPPA) variants. This classification has been used
since 2011, when the current diagnostic criteria for PPA were
established, describing specific clinical and neuroimaging
signs of each variant [1]. The Figure shows examples of PPA
from the authors' clinical practice.

Atrophy localization in primary progressive aphasia variants.

Primary progressive aphasia

In recent decades, there have been significant advances in our
understanding of the neurobiological mechanisms underlying
language behavior and diseases that manifest with language
impairment. At the same time, the study of PPA has played
an important role in developing new concepts of language,
initially and primarily based on studying stroke and other
focal lesions. The localization of neurodegeneration and atro-
phy in PPA is unique and significantly different from the ana-
tomical distribution of lesions in vascular disease. The speech
deficits in PPA are also very diverse. Together, these findings
identify novel correlations between brain regions and cogni-
tive impairment and provide new directions for studying the
neuroanatomical basis of language.

Non-fluent variant

NfPPA is characterized by apraxia of speech and agramma-
tism with relatively preserved understanding of single words
and functions of objects [1]. Patients' speech becomes lacon-
ic and interrupted, with frequent stumbling, fluctuating rate,
and decreased speaking activity. Patients with this variant
tend to use simple sentences with minimal words. Spoken
language understanding is less affected.

A — non-fluent variant (patient age 49 years, disease duration 5 years); B — semantic variant (patient age 72 years, disease duration 6 years);

C — logopenic variant (patient age 64 Kears, disease duration 4 years).
y for each of the variants are outlined in red.

The most characteristic areas of atrop
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Neuroimaging of nfPPA is primarily characterized by atro-
phy of the left posterior frontal/insular regions (Figure, A),
although the process starts affecting other brain regions over
time [1, 4]. NfPPA usually develops in patients with fronto-
temporal degeneration, more commonly with 4R tau inclu-
sions, less commonly with 3R tau or TDP-43, while up to
10% of cases may have an atypical presentation of AD [5, 6].
A positive family history is reported in one third of cases. There
are nfPPA cases with mutations across all three major fronto-
temporal dementia genes such as C9orf72, MAPT, GRN [6].

Agrammatism is characterized by misused prepositions, in-
consistent endings or verb forms. This affects not only the
grammatical structure of single words, but also that of sen-
tences that are misconstrued by using nouns instead of adjec-
tives, participles, or verbal adverbs. As the disease progres-
ses, patients start using more laconic sentences and even-
tually develop so-called telegraphic speech. Agrammatism
is found in both spoken and written language and include
transposed letters and syllables, incorrect use of endings,
and joined-up spellings of prepositions. Despite preserved
comprehension of isolated words, patients have difficulty un-
derstanding syntactically complex structures such as passive
voice or complex sentences [6]. Overall speech rate is re-
duced by more than 3 times compared to healthy controls [7].

Apraxia of speech is associated with poor complex motor plan-
ning and manifests as a disruption in speech rhythm and into-
nation. The disorder is most evident when people are asked to
repeat a complex word or a phrase several times; people with
apraxia repeat the word or phrase differently each time. The
nfPPA is often associated with hypokinetic or mixed hypoki-
netic-spastic dysarthria [8]. It should be noted that in addi-
tion to nfPPA, there is a condition called primary progressive
apraxia of speech (PPAS), in which patients present with an
isolated apraxia of speech. In PPAS, apraxia of speech is the
only manifestation without signs of aphasia, which is the main
feature that distinguishes it from nfPPA. However, in some
cases PPAS may progress to nfPPA over time.

In addition to language disorders, the clinical picture may
include motor, behavioral, and other cognitive disorders. In
nfPPA, behavioral disturbances occur less frequently and la-
ter than in other types of PPA, but symptoms such as apa-
thy, agitation, depression, reduced empathy, eating disorders,
and disinhibition may develop over time [9, 10]. Among non-
speech cognitive impairments, impaired regulatory functions
are more typical for nfPPA, with memory and visuospatial
functions remaining intact for a long time [6].

Atrophy in nfPPA most commonly affects the opercular part
of the left inferior frontal gyrus and left premotor cortex,
with possible involvement of associated cortical and subcor-
tical regions such as the anterior insula, prefrontal cortex,
supplementary motor area (SMA), basal ganglia and supram-
arginal gyrus [1, 10].

In addition, nfPPA is characterized by the involvement of the
left inferior frontal gyrus, which plays an important role in reg-
ulating the motor-phonological network and ensuring the cor-
rect use and comprehension of grammatically or syntactically
complex structures in spoken and written language. Atrophy of
this region correlates with the overall severity of aphasia and
agrammatism in patients with nfPPA [11-13]. In addition to
the left inferior frontal gyrus, the severity of agrammatism and
aphasia in nfPPA is also associated with damage to thalamus
and putamen [11], while a decrease in fluency is associated
with the volume of the anterior insula [14].

In contrast to agrammatism, apraxia of speech most often
correlates with damage to the left premotor cortex and SMA.
The SMA plays a role in movement initiation and speech
motor control, and its atrophy is associated with reduced
articulation rate in PPA [15]. The left superior lateral pre-
motor cortex is involved in planning complex actions and is
thought to determine the sequence of syllables in speech. In
nfPPA patients, its atrophy is associated with the severity of
speech impairment based on the Apraxia of Speech Rating
Scale [13]. Focal atrophy of the left superior lateral premotor
cortex is associated with PPAS. PPAS conversion to nfPPA is
attributed to atrophy involving the left inferior frontal gyrus
and subcortical structures [11, 16]. Some studies show that
atrophy of the regions associated with agrammatism occurs
before its clinical manifestation and may predict which pro-
portion of PPAS patients will progress to nfPPA over time.

In addition to apraxia of speech, patients with PPAS and
nfPPA develop nonverbal oral apraxia. In this type of apraxia,
people are unable to consciously purse their lips, blow, or cough.
In nfPPA and PPAS, nonverbal oral apraxia is associated with
bilateral involvement of prefrontal and premotor cortex and
SMA [17]. Ideomotor apraxia, which is common in nfPPA,
is also associated with left premotor cortex atrophy [18].

Predominant damage to certain regions and the connections
between them appear to explain the clinical heterogeneity of
nfPPA; for example, predominant damage to the motor com-
ponent is reported in premotor cortex atrophy and agramma-
tism in prefrontal cortex degeneration, whereas simultaneous
damage to all regions results in early mutism [19-22].

Genetic variants of nfPPA may differ from sporadic variants
in the pattern of atrophy. A small study showed that nfPPA
patients with GRN mutations had a more posterior pattern of
atrophy with bilateral involvement of the lateral parietal lobe,
less involvement of the left frontal lobe, and more extensive at-
rophy of the frontoinsular regions of the right hemisphere [23].

In addition to grey matter, nfPPA also involves degenera-
tion of white fibers connecting the frontal lobes, subcortical
structures, and parietal regions. Atrophy is shown to progress
from the inferior frontal gyrus to the SMA via the frontal
oblique fasciculus. The severity of its damage is associated
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with the severity of apraxia of speech [24], as well as with
impaired speech fluency, while damage to the arcuate and
superior longitudinal fasciculi is associated with impaired
syntactic structure of speech [25, 26].

Semantic variant

Compared to other variants of PPA, svPPA is characterized
by the greatest clinical, pathomorphological, genetic, and
neuroimaging homogeneity. Anomia and impaired semantic
knowledge of objects are the main clinical features of svPPA.
In addition, patients may have dyslexia, dysgraphia, and im-
paired object knowledge. However, fluency and repetition are
spared [1]. The atrophy affects the temporal pole, usually the
left one (Figure, B). However, in about one-third of cases, at-
rophy of the right hemisphere predominates, with more se-
vere behavioral disturbances and prosopagnosia in the clinical
picture [6]. Pathological studies show that the vast majority of
svPPA patients have a frontotemporal degeneration with an
abnormal accumulation of TDP-43 type C [5, 6]. Cases with
TDP-43 type A or B, tauopathy, or Alzheimer's degenera-
tion are less common. Hereditary forms are less typical for
svPPA than for nfPPA. Genetic mutations are found in ap-
proximately 2—-4% of cases, a positive family history is report-
ed in 2-17% of patients, and most cases are sporadic [27, 28].

Although naming disorders are present in all variants of PPA,
they are most severe in svPPA patients. The diagnosis of
svPPA should consider that at early stages, knowledge of less
common concepts and objects may be impaired, while knowl-
edge of more familiar and general concepts may be spared.
As svPPA progresses, the comprehension of familiar and rou-
tine words is also impaired. Patients often tend to replace
rare words with familiar terms (e.g., they may say an animal
when presented with a picture of a giraffe) or use nonspecific
words (this, thing, something). In contrast to nfPPA, nouns
present the greatest difficulty. Since the anomia is based on
a loss of word knowledge, a choice of 4 prompt words usu-
ally does not help patients with naming tests, in contrast to
other PPA variants. In addition to verbal deficits, patients
also have impaired ability to perform nonverbal semantic
tasks such as identifying colors, sounds, smells, celebrity
faces, and object functions, suggesting a widespread loss
of semantic knowledge in this variant [29-31]. In addition
to anomia, patients may have mild dysgraphia and dys-
lexia, manifested by misspelled words or unpronounceable
consonants. In contrast, impaired repetition, syntax, or
grammar are not typical for svPPA, and sentence compre-
hension is usually better than that of single words (due
to additional context).

Despite severe semantic deficit, episodic and autobiographi-
cal memory are usually spared or relatively spared, although
they are often difficult to test because of language and speech
disorders. Behavioral disturbances are more typical for svPPA
than for other variants, occur earlier, and are more severe [6].

Primary progressive aphasia

Disinhibition, egocentrism, loss of empathy for close ones,
compulsive behavior, and personality changes are frequently
observed. Reduced insight is often reported.

In most cases, svPPA begins with atrophy of the left tem-
poral pole [1], which is a semantic hub for storing, process-
ing, and retrieving verbal semantic information. Interes-
tingly, the study of svPPA has greatly aided in the identifi-
cation of this function of the left temporal pole. Structural
and functional neuroimaging data showed that disruption
of multiple connections of the left temporal pole with re-
gions of the semantic evaluation network and other corti-
cal regions is associated with anomia and impaired single
word comprehension due to semantic deficit, and that left
temporal pole atrophy correlates with the severity of na-
ming disorders [32-34].

As noted above, approximately 30% of svPPA patients have at-
rophy that develops from the right rather than the left tempo-
ral pole [32]. In this case, the first symptoms include non-ver-
bal semantic impairment, such as the inability to recognize
familiar faces, images, and objects [35], since the right tempo-
ral pole is responsible for encoding predominantly non-verbal
semantic stimuli and contributes to recognizing familiar visu-
al images [36]. In addition, verbal semantic functions may be
spared in such patients at the early stages of the disease, or
such disorders may be less severe than in those with left-sided
onset of the disease. Right-sided svPPA is characterized by
more severe and earlier behavioral disturbances, which may
complicate differential diagnosis with the behavioral variant of
frontotemporal dementia. This is because the right temporal
pole and right fusiform gyrus play an important role in the
perception of emotions, empathy, and recognition of familiar
faces [29, 37, 38], and atrophy of the right fusiform gyrus, the
right inferior temporal gyrus, and bilateral atrophy of the tem-
poral poles and amygdalae correlate with the impaired model
of perception of other mind [39].

As the disease progresses, the atrophy of the temporal poles
becomes more symmetrical, leading to a decrease in differ-
ences in clinical manifestations between different forms of
svPPA. Left-sided svPPA gradually presents with behavioral
and non-verbal semantic deficits, and right-sided svPPA de-
velops language and speech disorders [32, 40]. In addition
to contralateral progression, atrophy also affects regions as-
sociated with the anterior temporal pole, extending to more
posterior parts of the temporal lobe and orbitofrontal areas
[41]. Damage to the middle parts of the left superior and
middle temporal gyri in svPPA, which are thought to be re-
sponsible for connecting semantic regions with parietal and
posterior temporal regions, correlates with the severity of
anomia, impaired single word comprehension, and dyslex-
ia [32, 33]. Moreover, svPPA is characterized by atrophy of
the hippocampus and parahippocampal gyri [4], which may
complicate the differential diagnosis with AD. However, in
contrast to the latter, hippocampal atrophy is asymmetric
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and predominantly affects anterior rather than posterior
regions [42]. In addition to the right temporal lobe, other
brain regions are involved in the development of emotional
disturbances in svPPA. Impaired emotion recognition cor-
relates with atrophy of the orbitofrontal cortex, which is
normally involved in processing emotional information from
the temporal poles and regulating complex social behavior
[38]. In addition to the right temporal lobe and orbitofrontal
cortex, the decline in emotional memory also correlates with
decreased volume of the right frontal pole [43]. Structural
abnormalities are not restricted to the grey matter of the
brain, as in nfPPA. In svPPA, lesions are found in the ventral
white matter tracts of the frontotemporal regions, usually
the anterior part of the inferior longitudinal fasciculi and
uncinate fasciculi [25, 44].

Logopenic variant

Key features of IvPPA include impaired word selection in
spontaneous speech and naming, and impaired repetition of
long phrases and sentences, while the motor component of
speech and semantic knowledge are spared and no agram-
matism is observed [45]. In addition, phonological speech
errors are typical for IvPPA. Histologically, in contrast to the
other two variants, the vast majority of [vPPA patients have
Alzheimer's degeneration; less frequently (in 5-40% of cases),
variants of frontotemporal degeneration with accumulation of
tau protein or TDP-43 can be observed [5, 46-48]. In [vPPA as-
sociated with frontotemporal degeneration, hereditary forms
can also occur, most commonly with mutations in the GRN
gene [49, 50].

Although naming disorders are important clinical manifesta-
tions of both svPPA and IvPPA, their underlying mechanisms
are very different. Anomia and impaired repetition of long
phrases in IvPPA develop as a result of atrophy of other
brain regions such as posterior parts of the temporal lobes,
middle temporal gyrus, angular gyrus and the precuneus of
the left hemisphere [51, 52]. This is because semantic in-
formation is transmitted from the anterior temporal pole to
the left temporoparietal junction, where it is re-coded into
phonological form and sent to the motor speech areas of
the frontal lobes. This region is also responsible for short-
term phonological storage (i.e., the “phonological loop”) [53].
Therefore, despite the presence of anomia due to the dis-
rupted connection between motor and semantic language
areas, in [vPPA, unlike svPPA, single word comprehension is
spared and no atrophy is observed in the left temporal pole
responsible for the storage of verbal semantic information
[52]. Impaired phonological memory leads to the main clin-
ical manifestations of IvPPA, such as speech pauses when
searching for words, phonological paraphasias when naming
words (especially long ones), difficulty repeating long unfa-
miliar sentences or a series of numbers or words. However,
repetition of single words or short phrases is usually unaf-
fected or less affected.

Differential diagnosis between IvPPA and nfPPA tends to be
the most difficult because of the similarity in clinical presen-
tation (impaired fluency, pronunciation errors). Speech pauses
in IvPPA are caused by difficulty finding words and alter-
nate with fluent speech. Speech production rate is moderate-
ly reduced, not markedly as in nfPPA; patients can replace
a forgotten word with its description; and they are well
helped by prompts to the first syllable of the word, both
in oral speech and in naming tasks [45, 54]. Sound er-
rors in [vPPA consist mainly of substitution, deletion, or
insertion of single existing phonemes, whereas in nfPPA
they are phonetic, with initial mispronunciation of sounds
[55]. As with nfPPA, there may be a slight decrease in the
understanding of complex syntactic structures, but this is
due to impaired phonological storage rather than a lack of
understanding of grammatical structures [56]. Some stu-
dies suggest that difficulties in the diagnosis of IvPPA and
in the differential diagnosis between IvPPA and nfPPA are
due to drawbacks of existing diagnostic criteria [57, 58].
For example, nfPPA patients without apraxia of speech
may meet the core criteria for both nfPPA and IvPPA. In
this regard, it is proposed to slightly modify the existing
criteria so that one of the mandatory signs of IvPPA would
be the lack of agrammatism and language comprehension
disorders [59]. Other researchers point to the lack of sen-
sitivity of the criteria at the early stages and suggest to
make them less stringent, allowing for some difficulty with
single word comprehension and emphasizing the absence
of any decline in fluency, except for isolated pauses for
searching for words [60].

In addition to aphasia, IvPPA is characterized by mild to mod-
erate non-verbal cognitive impairment, such as visuospatial
impairment, dyscalculia, executive function and memory im-
pairment, which may be primarily due to Alzheimer's dege-
neration [61-63]. Over time, global aphasia with significant
impairment of other cognitive functions is common and, in
the absence of a medical history, differential diagnosis with
the amnestic variant of AD may be challenging [56, 62, 64].
Slow progression is less common, with minimal increase in
symptoms and grey matter atrophy [65].

In IvPPA, various behavioral disturbances may also devel-
op, although they are less severe than in svPPA and nfPPA.
Anxiety, irritability, depression, and apathy are more typical,
while disinhibition or decreased empathy are less common
[10, 66]. Some studies show that behavioral disturbances in
IvPPA occur only at the late stages, when the severity of
aphasia reaches a high level [67].

LvPPA is characterized by atrophy of the left posterior per-
isylvian and parietal regions such as the inferior parietal
lobule, the temporoparietal junction, and the posterior parts
of the temporal lobe (Figure, C), which play an important
role in phonological storage [1]. Over time, atrophy may
progress to the frontal areas of the brain and the hippocam-
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pus, which is associated with additional symptoms of other
variants of PPA [68]. The pattern of atrophy also seems to
depend on the pathomorphological variant of the disease.
In one of the studies, atrophy was more severe in IvPPA
with positive AD markers compared with IvPPA without AD
markers in the left superior parietal region, inferior tem-
poral gyrus, and more ventral parts of the superior and
middle temporal gyri [46]. In general, less studies have been
performed to evaluate neuroimaging markers of [vPPA com-
pared with other variants because IvPPA is often consid-
ered together with other variants of AD without focusing
on language disorders. Available studies of clinical and neu-
roimaging correlations have shown that naming disorders
are associated with atrophy of the middle parts of the left
temporal gyrus [33, 52], repetition disorders correlate with
damage to the left angular, supramarginal gyri, and poste-
rior parts of the superior temporal gyrus [51], and the rate
of phonological speech errors increases with the severity
of atrophy of the supramarginal gyrus and inferior parietal
lobule [69]. In IvPPA, white matter damage is less severe
than in nfPPA and svPPA, affecting only the temporopari-
etal regions [25].

Primary progressive aphasia

Conclusion

Different variants of PPA represent a unique model to study
speech function because their clinical diversity affects almost
all speech domains. The selectivity of focal network damage al-
lows a more precise determination of the structures and func-
tionally related regions involved in different aspects of speech.
Current insights on the function of the language network not
only contribute to fundamental ideas about how information
is processed in the central nervous system, but also have im-
mediate practical implications. A deep understanding of the
neuroanatomy of language and speech is necessary to perform
neurosurgical procedures in functionally significant regions,
such as tumor removal. The network model of language can
also be used to rehabilitate aphasic patients by selecting the
optimal target for navigated transcranial magnetic stimulation
or transcranial direct current stimulation. Despite significant
advances in the understanding of the neuroanatomy of lan-
guage in recent years, further comprehensive studies of the
language network using the latest neuroimaging and neuro-
physiological techniques are needed to identify alternative
compensatory options for patients with language disorders.
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Abstract

Disability due to Parkinson’s disease (PD) is increasing faster than for any other neurodegenerative disorder. A multidisciplinary approach to reha-
bilitation of patients with PD is recommended including various types of physical training. Because of its general beneficial effect, aerobic endurance
training is necessary for all people to maintain their health. Aerobic exercise in PD is also used for rehabilitation of motor and non-motor symptoms.
This article justifies the choice of aerobic exercise intensity, shows challenges in selecting intensity based on maximum oxygen consumption due to
the influence of clinical and behavioral factors, difficulties in assessing the effectiveness of therapy due to the wide range of training intensity and
amount in the studies. The article summarizes types of exercises used in rehabilitation of patients with PD (walking, Nordic walking, training with
a bicycle ergometer and treadmill, aquatic exercises) and their benefits for patients with different courses of the disease. For patients with freezing of
gait, bicycle ergometer is a piece of equipment of choice for aerobic stationary training, and Nordic walking is a preferred type of outdoor training.
The author shows the role of aerobic training in the treatment of non-motor symptoms such as depression, cognitive changes, and sleep disorders.
A question about the use of aerobic training in patients with Hoehn-Yahr grade 4-5 of PD remains open. Further studies are needed to evaluate
training protocols, assess rehabilitation effectiveness and evaluate physical training in the advanced PD.
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AspoOHas (usnuecKas Harpyska B peaOMIMTaIl[UN

naiueHToB ¢ 0ose3nbio [lapkuHcoHa
0.B. I'ycepa

Cubupckuti 2ocydapcmeennbiii Meduyurckuti yHugepcumem, Tomck, Poccus

AnHoTarug

Bonestv [apkuncona (BI1) s6nsemcs 3a6071e8aHuUeM ¢ CaMbLM 8bICOKUM NPUPOCIMOM UHBAUOHOCMU Cpedu HelipodezeHepamusHoti namosnozu. Pexo-
MeHO08aH MybmMUOUCUUNTUHAPHDILE n00X00 K peabusumayuu nayuewmos ¢ BT, sxouaiowuil paznuuHble munb guauteckux mpeHuposok. Aapob-
HAS MPEHUPOBKA HA BbIHOCIUBOCTY, BCedcmaue obweykpenasiouezo deticmeus, Heo0Xoduma 0ns noddepxanus 300poess 6ceM M100IM. A3podHyio
Hazpysky npu BT npumensiom makoxe 0715 peabuaumayuu MOMOPHbLX U HEMOMOPHbLX CUMIMOMO8. B cmamve 060cH08aH 6b100p uHMeHcugHOCMU
aspoBHOLI HAZPY3KL, NOKA3AHb! MPYOHOCMU 8 N00GOpe UHMEHCUHOCMU NpU OnpedeieHul MaKCUMATbHOZ0 NOmpelieHus KUCI0pO0d U3-3a NUSHUS
KJIUHUYECKUX U NnoeedeHueckux (akmopos nayuemos, C0KHOCMU oyeHku apghekmusHocmu mepanuu ecriedcmeue Wupokozo 0uanasoa npeo-
CIMag/eHHbIX 8 UCCTIe008AHUAX NOKA3amesell UHMeHcusHocmu U 00séma Hagpysku. B cmamve 0000ujeHb! munbl cOpmUBHO-NPUKIAOHbIX YNpax-
HEHUL] Ha BbIHOCIUBOCTb, BCMpeauUXCa npu peabusumayuu nayuenmos ¢ bIT (xodeba, ckandunasckas xo0b0a, MpeHUPOBKU HA BeN0IP2OMempe
U mpedmuJie, ynpaxHeHus 8 600e), U UX NpeuMyuecmea npu pasHom meuexuu 6onesHu. Hanpumep, ong nayuexma c 3acmbi8auem annapamypoi
8b100pa 018 aspoOHOLE CMALUOHAPHOL MPEHUPOBKU A6/ISEMCS. 8ETI0IP20MEMp, d MPEHUPOBKU HA YIILLe NPpeonoumumeibibl 8 8Ude CKAHOUHABCKOL
X00b0bl. ABMOPOM NOKA3GHO 3HAUeHUe aIpoOHOL Hazpyaku 0718 mepanuu HeMOMOPHbIX CUMNIMOMOB: 0enpeccuitl, KOZHUMUBHbIX USMEHEHUL] U Hapy-
wenus cHa. OmKpsimbLM 0CMAgmes 80npoc 0 NpuMeHeHUU aspobHoLl Hazpysku y nayuenmos ¢ BI1 4-5-ii cmaduu no Hoehn-Yahr. Tpebyiomes darne-
Heliuue Uccned08anus no nPOMOKoIy HAZPY3KU, OyeHKe dQpekmusHoCmU peabunumayuu U npUMeHeHUIo Hazpy3ku Ha paseéprymoti cmaduu BT
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Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative
disease the pathogenesis of which is based on progressive
degeneration of dopamine-producing cells in the substantia
nigra of the brain. Excessive accumulation of a protein called
a-synuclein with the formation of Lewy bodies is the cause
of the pathological changes at the cellular level [1, 2]. Famil-
ial PD accounts for 5-15% of all cases but genetic studies
in these families helped understand the pathogenesis of the
disease [3-5].

Clinically, PD is manifested by motor symptoms such as trem-
or, rigidity, slowness of movements, and postural instability.
The resulting motor disturbances make the patient to consult
a doctor. Dystonia and dyskinesia are associated with further
speech and motor impairment. Patients with advanced PD
develop freezing of gait [6]. Apart from motor symptoms,
patients may have non-motor dysfunctions, which can bother
them long before the onset of the motor symptoms'. These
include depression, orthostatic hypotension, constipation,
urinary disorders, weight loss, fatigue, sleep disorders, smell
and taste disorders, delirium, hallucinations, pain, etc. [6-8].
The incidence of PD increases with age. PD occurs in 1.6—
1.8% of people 65 years of age and older. The average age of
onset is 61 years. However, 13% of cases are diagnosed before
the age of 50 years [1, 9]. In all countries, disability due to
PD is increasing faster than for any other neurodegenerative
disorder.

In 2022, World Health Organization (WHO) launched Parkin-
son’s disease technical brief justifying the relevance of in-
creasing PD morbidity and disability and necessary solutions?

" The American Parkinson Disease Association. Common Symptoms of Parkinson’s
Disease [updated 15 Apr 2023].

URL: https://www.apdaparkinson.org/what-isparkinsons/symptoms/#nonmotor

(assessed on 11/19/2023).

2 WHO. Launch of WHO’s Parkinson disease technical brief. 2022 June 14 [updated 02
May 2023]. URL: https://www.who.int/news/item/14-06-2022-launch-of-who-s-parkinson-
disease-technical-brief (assessed on 11/19/2023).

The technical brief includes respecting the patient’s rights to
timely diagnosis and treatment and an integrated approach
to symptom management. Disease management is considered
from a multidisciplinary perspective. Physical rehabilitation
is an important part of the treatment. Various techniques are
used for rehabilitation such as endurance, strength, balance,
and flexibility training, external signal stimulation, dual tasks,
etc. The superiority of any method has not been shown.
Physical activity is also considered a preventive factor for
PD, which reduces the risk of its occurrence, along with the
use of tobacco, coffee, or calcium channel blockers [1, 10].

This review aimed to assess the effects of aerobic training
and different types of aerobic physical exercise on health of
PD patients.

Methodology

The search for article titles and abstracts was conducted in
two open databases (i. e. PubMed and eLIBRARY.RU) and
included available free full-text articles published before
06/07/2023 in English or Russian without restrictions on pub-
lication date. Literature search strategy is presented in the
table below.

Search in eLIBRARY.RU database gave no articles for these
keywords; search in PubMed database with literature refer-
ences gave 115 articles with subsequent exclusion of non-rel-
evant articles.

Aerobic exercise

The 2020 WHO guidelines for patients with neurodegen-
erative disease, including PD, define a beneficial minimum
amount of physical activity [11]. People with PD, like all
other patients and healthy people, need 75 to 150 minutes
of vigorous-intensity regular aerobic physical activity per
week or 150 to 300 minutes of moderate-intensity regular
aerobic physical activity per week. To provide additional
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Characteristics of a literature search
Keyword

Databasa

Language

Document type

Inclusion criteria

Parkinson’s disease AND aerobic load OR aerobic exercises OR endurance

PubMed, eLIBRARY.RU
English, Russian

Peer-reviewed empirical and theoretical papers

Population: patients with Parkinson’s disease; Intervention: aerobic physical activity;

Comparison is necessary for empirical papers

Exclusion criteria

health benefits, moderate-intensity aerobic physical activ-
ity may be increased to more than 300 minutes per week
or vigorous-intensity aerobic physical activity may be in-
creased to more than 150 minutes per week. This amount of
physical activity is necessary to strengthen the cardiopul-
monary system, bones and muscles and decrease the risk of
non-infectious disease and depression [11]. In this context,
aerobic training in patients with PD is considered general
beneficial physical activity. Required intensity of aerobic ex-
ercise is most often determined by heart rate (HR): 60-75%
and 75-90% of the maximum heart rate correspond to me-
dium (moderate) and vigorous intensity of physical activity,
respectively. In several studies, intensity was determined by
calculating necessary percentage of maximum heart rate
[12, 13]. In other studies, heart rate reserve or maximum
oxygen consumption (Vo,max) were used [14]. In some stud-
ies, intensity varied during the training course from medium
to high, which makes it difficult to assess the effectiveness
of therapy [14].

Measuring oxygen consumption during exercise is the gold
standard for determining endurance exercise intensity. During
physical exercise on a treadmill or bicycle ergometer, oxygen
consumption is linearly related to load power until Vo,max is
reached. Further increase in power is maintained for a short
period due to anaerobic metabolism, which is caused by the
accumulation of lactate. However, the linear relationship is
conditional due to the influence of a person’s gender, height,
and age on Vo,max. Several corrections are used for these
factors [15]. The influence of common external factors such
as lack of training and insufficient muscle mass is obvious;
however, they cannot be taken into account by introducing
one or another correction into the formula.

Given that patients with PD suffer from motor impairments,
often do not have training skills and, like most people today,
lead a sedentary lifestyle, determining Vo,max to calculate
the intensity of aerobic activity in this population is challeng-
ing. The “gold criterion” for diagnosing the required intensity
of aerobic exercise may be applicable mainly for professional
sports. The key benefits of aerobic exercise include cardio-
vascular fitness, both for primary and secondary prevention
of cardiovascular disease. The more time a person engages
in moderate-intensity and high-intensity aerobic exercise, the

Thesis papers, conference materials, articles in other languages

better their cardiovascular prognosis [16]. Interpretation of
results and data on the effectiveness of aerobic exercise ther-
apy for PD are inconsistent, since the studies were performed
with different amounts of physical activity (i.e. course dura-
tion and frequency of training per week) and a wide range of
training intensity (60-80% of maximum heart rate, 50-80%
of reserve heart rate or 60-80% of Vo,max). Exercise with
too high intensity, i. e. greater than 11 MET (1200 kgm/min,
or 200 W3), is not recommended for people who use exercise
solely for health maintenance and disease prevention.

Aerobic training has a general beneficial effect on metab-
olism. Aerobic exercise was shown to reduce postprandial
lipogenesis, muscle insulin resistance, high blood pressure,
and metabolic syndrome [17]. The effect of aerobic exercise
on metabolism is important for patients with PD because
concomitant arterial hypertension and metabolic syndrome
can lead to rapid PD progression [17]. Regular aerobic exer-
cise were shown to improve calcium metabolism and bone
mineral density. The prevalence of osteoporosis in patients
with PD is high. The pathogenesis of osteoporosis is as-
sociated with inhibition of osteoclast differentiation, de-
creased mineralizing ability of osteoblasts with high doses
of levodopa, decreased muscle mass due to age-related sar-
copenia and insufficient physical activity due to hypokinesia
and physical inactivity, as well as low levels of vitamin D
due to intestinal dysfunction, decreased sense of smell,
taste and appetite [18].

Moderate to high intensity aerobic endurance exercises are
used in patients with PD. According to the 2022 Report of
American Physical Therapy Association, this intensity has
high strength and quality of evidence for aerobic training
in patients with PD [19]. In addition to its general effect on
the body, training of this intensity has a specific effect. Aer-
obic physical activity alleviates disease symptoms in patients
with PD. This physical activity is associated with improved
Vo,max, motor skills, functional parameters, and quality of
life [20]. Studies are being conducted to investigate effects of
physical activity on motor and non-motor symptoms of PD
and elucidate possible mechanisms underlying these effects.
Study results showed improvements in motor symptoms,

31 Watt is equivalent to 6.1 kilogram meters per minute (kgm/min), 1 kgm =1 J.
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mobility, decreased freezing of gait, improved forward and
backward walking, and positive effects on cognitive function
[19-21].

A study in patients with PD was conducted to evaluate the ef-
fectiveness of aerobic exercise with a bicycle ergometer with
increasing exercise intensity from medium to high during the
course [21]. Intensity was assessed by heart rate reserve. The
reference group of patients with PD performed stretching ex-
ercise. The authors evaluated the effect of physical activity
on the brain using magnetic resonance imaging (MRI) data.
During the study, a decrease in brain atrophy rate and an
improvement in cognitive function were seen in the main
group. Therefore, aerobic exercise was shown to support the
stimulation of functional and structural neuroplasticity. MR,
clinical and psychological testing data indicated a slowdown
in PD progression.

A similar conclusion was reached in laboratory studies.
An experimental study of neurotoxin-induced parkinsonism
in animals indicated a specific targeted effect of aerobic exer-
cise on the brain [22]. Physical exercise increased dopamine
release, affected synaptogenesis, improved regional cerebral
circulation, and increased endogenous levels of neurotroph-
ic substances in the brain (brain and glial neurotrophic fac-
tors), which may reduce striatal dopamine loss [21, 23, 24].
Studies of continuous moderate-intensity aerobic exercise
were published, indicating an increase in dopaminergic stim-
ulation after a treatment course [25].

Epidemiological and experimental data based on immune
markers suggest that aerobic exercise reduces disease pro-
gression rate. However, there are still no valid immune bio-
chemical markers for PD progression, so there is no evidence
to support the modifying effects of aerobic exercise on the
brain of patients with PD. Possible modification effects re-
main incredibly complex but future studies of aerobic activity
are planned to elucidate them and consider aerobic exercise
as replacement therapy during the washout period of specific
dopaminergic medications or in the delayed treatment initia-
tion setting [26].

Exercises for rehabilitation of motor functions

To perform the required amount of physical activity, different
types of exercises can be used. Usually, walking of necessary
intensity is used. For the purpose of the studies, physical
activity intensity during walking is measured by Vo,max or
heart rate.

In walking training, additional equipment is used such as a
treadmill or a modified treadmill with no load to lower body [26].
In addition to improving aerobic capacity, treadmill training
improved balance and strength [26, 27]. A modified treadmill
with no load to lower body is used for patients with severe
pain, which is one of non-motor PD symptoms, and in patients

Aerobic exercise in Parkinson's disease

with mental changes such as excessive fear. This equipment is
used at the advanced stage of PD and in patients with orthos-
tatic hypotension [10, 28].

In PD patients, gait impairment has dopaminergic origin,
non-dopamine origin, and causes directly related to walking [29].
The latter type of disorders includes freezing of gait, i. e. a disa-
bling phenomenon when the patient is in a state of short-term
episodic absence or noticeable decrease in the forward move-
ment of their legs, despite their intention to walk. For patients
with freezing of gait, bicycle ergometer is a piece of equip-
ment of choice for aerobic stationary training [30]. In ad-
dition, despite postural instability, PD patients demonstrate
stability when riding a bicycle or exercising on a bicycle er-
gometer [29, 30].

At early stage of the disease, aerobic exercise is prescribed
regardless of the time when the patient takes drug therapy.
As the disease progresses, with many years of levodopa use
it becomes impossible to complete the task, and training is
carried out in the “on” state [21]. When the effect of high-in-
tensity training on a treadmill and a bicycle ergometer were
compared in the general population of patients with PD, no
significant differences were found in improvement of aerobic
abilities using different equipment [10].

A comparison of physical exercises carried out over a year
and aimed at developing various physical parameters showed
the superiority of aerobic exercise with a treadmill over dance
therapy (tango) and stretching in motor symptoms and wal-
king speed forward and backward, with the results maintain-
ing for 3 months after therapy. Stretching therapy was less
effective, although it improved motor function and backward
movement speed. No changes in any parameters were re-
ported after tango classes [27]. Another study compared the
effectiveness of general and specific aerobic treadmill train-
ing, resistance training, and stretching. Only stretching and
strength training increased muscle strength. Aerobic capacity
assessed by Vo,max increased only after a course of treadmill
training; 6-minute walk test results improved after low- and
high-intensity treadmill training, stretching, and strength
training [31].

Walking is the most common type of aerobic activity. Walk-
ing training in patients with PD has general beneficial and
specific effects. Walking is considered an independent reha-
bilitation method as it reduces the severity of motor symp-
toms and improves step length, walking speed, mobility, and
balance. Modified Scandinavian (Nordic) walking can be a
walking option for patients with PD [32]. The exercise power
for Nordic walking is 6.6-7.7 MET (700 kgm/min, or 110 W)
compared with 3.3-5.0 MET (450 kgm/min, or 75 W) for sim-
ple walking. A comparative study that involved stretching,
Nordic walking, and simple walking showed the best rehabili-
tation results with Nordic walking, which was associated with
an improvement in motor characteristics such as step length,
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speed, gait variability, and postural stability [33]. Another
study compared Nordic walking training in healthy people
and patients with PD. Gait variability was assessed using a
wearable accelerometer-based device placed on the ankle of
the patient’s most affected lower extremity in 60-120 min
after administration of a dopaminergic agent vs. the ankle of
the non-dominant leg of a healthy control subject. A course
of training was associated with an improvement in spatiotem-
poral characteristics of walking. Step length and rhythmicity
in the main and control groups became almost similar [34].

Freezing of gait impairs patients’ mobility, significantly in-
creases the risk of falling, and interferes with daily activi-
ties, reducing patients’ quality of life. It occurs more often
during step initiation and turning 35, 36]. In physical therapy
management of PD, specific rehabilitation options such as
external signal stimulation (sound, light, tactile) can be used
[21]. During Nordic walking, impacts of poles on the ground
or floor act as an element of stimulation, thus enhancing
aerobic exercise [37]. Use of Nordic walking poles moves the
muscles of the upper half of the body, which makes it easier
to initiate a step due to better coordination.

Aquatic exercises are another aerobic activity option for pa-
tients with PD. M. Avenali et al. compared the effectiveness
of deep-water exercises, Nordic walking, and dance therapy
(samba) in patients with PD [36]. After a course of deep-wa-
ter exercises, walking function in the 6-minute walk test and
quality of life improved with, however, no effect on motor
performances assessed by means of MDS-Unifed Parkinson’s
Disease Rating Scale, part III (UPDR-SIII). Deep-water exer-
cises were effective in most severe patients at the advanced
stage of the disease, although in patients with freezing of gait
better results were shown with dance and Nordic walking.

Rehabilitation of non-motor functions

Besides motor symptoms, patients are also bothered by
non-motor symptoms of PD, which have a negative impact
on their quality of life. Unfortunately, not all authors assessed
this important aspect of the patient’s health when conduct-
ing aerobic training. The effects of aerobic training on sleep
quality, cognitive level, and depression were evaluated most
frequently [37-39]. In addition, non-motor symptoms were
not planned as a primary endpoint in the studies [26]. There-
fore, patients were not included in the studies based on the
severity of their non-motor symptoms. Therefore, it is diffi-
cult to compare rehabilitation results for non-motor symp-
toms in the main and control groups. The motor rehabili-
tation course may have been not long enough to alleviate
some non-motor symptoms, and the study results may have
erroneously suggested that physical therapy had no effect on
non-motor symptoms.

Depression is a very common symptom in various stages of PD.
Its incidence rate is 2-90% [40]. Patients with PD and depres-

sion have worse quality of life. However, they are usually not
screened for depression and do not receive treatment [41].
An analysis of depression treatment in patients with PD over
the past 10 years showed that exercise is the most popular
method of therapy [42]. Results of studies to evaluate aero-
bic exercises in PD with depression were inconsistent: some
studies showed a positive effect of aerobic exercises, while
others found no effect [14, 24, 42, 43].

Cognitive impairment in patients with PD is heterogeneous in
severity and rate of progression. The symptoms range from
cognitive deficits and mild cognitive impairment to dementia.
Authors showed improvements in attention, memory, con-
scious actions, and information processing speed in healthy
adults after 4 months of aerobic training with intensity
Vomax = 70% [44]. In patients with PD and mild cognitive
impairment, memory and conscious actions improved only
after 2 years of aerobic exercise therapy [45]. Other authors
found no benefit from aerobic exercise in improving cognitive
symptoms in PD [14, 46, 47].

Sleep disorders are another common symptom in patients
with PD. This non-motor symptom is seen in 40-80% of pa-
tients. Sleep disorders in patients with PD have a complex
nature [48-50]. Early PD symptoms such as interrupted sleep
and difficulty falling asleep are common in the general elder-
ly population. These disturbances may be related to normal
aging processes. PD is characterized by more pronounced
sleep fragmentation and daytime sleepiness. Drug treatment
for insomnia has limited options in PD. Transcranial magnetic
stimulation is not effective [26]. Exercise has a positive effect
on sleep; however, it is difficult to evaluate the effectiveness
of aerobic exercise therapy [14, 51]. Patients with sleep dis-
turbances are usually administered with mixed physical reha-
bilitation programs. Therefore, a positive effect (if any) may
be related to an improvement of other training qualities but
not endurance [51].

Time of initiation is important for physical therapy. Patients
often already have Hoehn-Yahr grade 2-3 of PD at first pre-
sentation, and, in this case, they are late with starting physi-
cal therapy. In early stages of PD (Hoehn-Yahr grade 1-2),
physical exercise as a treatment option has a pronounced
protective effect with a significant slowdown in neurodegen-
erative process rate [1]. Individual training programs are an
option of choice for all patients. The predictive model for
aerobic exercise selection includes patient phenotype and
exercise parameters. A common limitation of all studies exa-
mining the effects of physical exercise was the exclusion
of patients with Hoehn-Yahr stages 4 to 5 [19].

Conclusion

Aerobic training for patients with PD is recommended as a
general beneficial activity, used along with other types of
physical exercises for rehabilitation of patients with motor
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and non-motor symptoms. Further studies on rehabilitation
protocols and evaluation are needed. A question about the
use of aerobic training in patients with Hoehn-Yahr grade
4-5 of PD remains open; however, aerobic exercise of proven
required intensity is unlikely to be performed by this cate-

References / Cnucok MCTOYHMKOB

1. Ellis T.D., Colén-Semenza C., DeAngelis T.R. Evidence for early and reg-
ular physical therapy and exercise in Parkinson's disease. Semin. Neurol.
2021;4(2):189-205. DOL: 10.1055/s-0041-1725133

2. Braak H., Ghebremedhin E., Riib U. et al. Stages in the development of
Parkinson’s disease-related pathology. Cell Tissue Res. 2004;318(1):121-134.
DOI: 10.1007/500441-004-0956-9

3. Zia A., Pourbagher-Shahri A.M., Farkhondeh T., Samarghandian S. Molec-
ular and cellular pathways contributing to brain aging. Behav. Brain Funct.
2021;17(1):6. DOL: 10.1186/512993-021-00179-9

4. Sliter D.A., Martinez J., Hao L. et al. Parkin and PINK1 mitigate STING-in-
duced inflammation. Nature. 2018;561(7722):258-262.

DOI: 10.1038/s41586-018-0448-9

5. Borsche M., Kénig LR., Delcambre S. Mitochondrial damage-associated
inflammation highlights biomarkers in PRKN/PINK1 parkinsonism. Brain.
2020;143(10):3041-3051. DOL: 10.1093/brain/awaa246

6. Balestrino R., Schapira AHV. Parkinson disease. Eur J. Neurol.
2020;27(1):27-42. DOL: 10.1111/ene.14108

7. Chen J., Liu J. Management of nonmotor symptoms in Parkinson disease.
Journal of Innovations in Medical Research. 2022;1(5):18-33.

DOI: 10.56397 /jimr/2022.12.03

8. Kalia L.V,, Lang A.E. Parkinson's disease. Lancet. 2015;386(9996):896-912.
DOI: 10.1016/s0140-6736(14)61393-3

9. Virameteekul S., Phokaewvarangkul O., Bhidayasiri R. Profiling the most
elderly Parkinson’s disease patients: does age or disease duration matter?
PLoS One. 2021;16(12):e0261302. DOL: 10.1371/journal.pone.0261302

10. Jopowicz A., Wisniowska J., Tarnacka B. Cognitive and physical interven-
tion in metals’ dysfunction and neurodegeneration. Brain Sci. 2022;12(3):345.
DOI: 10.3390/brainsci12030345

11. WHO guidelines on physical activity and sedentary behaviour. Geneva; 2020.
12. Marusiak J., Fisher B., Jaskolska A. et al. Eight weeks of aerobic inter-
val training improves psychomotor function in patients with Parkinson’s
disease — randomized controlled trial. Int. J. Environ. Res. Public. Health.
2019;16(5):880. DOI: 10.3390/ijerph16050880

13. Schenkman M., Moore C.G., Kohrt W.M. et al. Effect of high-intensity
treadmill exercise on motor symptoms in patients with de novo Parkinson
disease: a phase 2 randomized clinical trial. JAMA Neurol. 2018;75(2):219-226.
DOI: 10.1001/jamaneurol.2017.3517

14. van der Kolk N.M., de Vries N.M., Kessels R.PS. et al. Effectiveness of
home-based and remotely supervised aerobic exercise in Parkinson's disease:
a double-blind, randomised controlled trial. Lancet Neurol. 2019;18(11):998—
1008. DOL: 10.1016/s1474-4422(19)30285-6

15. Grippi M.A. Pulmonary pathophysiology. Philadelphia; 1995.

16. Bo B., Guo A,, Kaila SJ. et al. Elucidating the primary mechanisms of
high-intensity interval training for improved cardiac fitness in obesity. Front.
Physiol. 2023;14:1170324. DOI: 10.3389/fphys.2023.1170324

17. Luthra N.S., Christou D.D. et al. Targeting neuroendocrine abnormalities
in Parkinson’s disease with exercise. Front. Neurosci. 2023;17:1228444.

DOI: 10.3389/fnins.2023.1228444

18. Figueroa C.A., Rosen ClJ. Parkinson’s disease and osteoporosis: basic and
clinical implications. Expert. Rev. Endocrinol. Metab. 2020;15(3):185-193.
DOL: 10.1080/17446651.2020.1756772

19. Osborne J.A., Botkin R., Colon-Semenza C. et al. Physical therapist man-
agement of Parkinson disease: a clinical practice guideline from the Ameri-
can Physical Therapy Association. Phys. Ther. 2022;102(4):pzab302.

DOI: 10.1093/ptj/pzab302

20. Zikereya T., Shi K., Chen W. Goal-directed and habitual control: from
circuits and functions to exercise-induced neuroplasticity targets for the
treatment of Parkinson’s disease. Front. Neurol. 2023;14:1254447.

DOI: 10.3389/fneur.2023.1254447

Aerobic exercise in Parkinson's disease

gory of patients. The amount of aerobic exercise to achieve
a modifying effect on motor symptoms remains unclear. It is
not known whether high-intensity aerobic training has bene-
fits compared with moderate-intensity training, and there is a
lack of studies on the treatment of non-motor symptoms [20].

21. Johansson M.E., Cameron L.G.M., Van der Kolk N.M. Aerobic exercise
alters brain function and structure in Parkinson's disease: a randomized con-
trolled trial. 2022. Ann. Neurol. 2022;91(2):203-216. DOL: 10.1002/ana.26291
22. Cui W, Li D, Yue L., Xie J. The effects of exercise dose on patients with
Parkinson’s disease: a systematic review and meta-analysis of randomized
controlled trials. J. Neurol. 2023;270(11):5327-5343.

DOL: 10.1007/s00415-023-11887-9

23.Fan B, Jabeen R., Bo B. et al. What and how can physical activity prevention
function on Parkinson’s disease? Oxid. Med. Cell. Longev. 2020;2020:4293071.
DOI: 10.1155/2020/4293071

24. Sujkowski A., Hong L., Wessells RJ., Todi S.V. The protective role of exer-
cise against age-related neurodegeneration. Ageing Res. Rev. 2022;74:101543.
DOI: 10.1016/j.arr.2021.101543

25. Sacheli M.A., Murray D.K., Vafai N. et al. Habitual exercisers versus sed-
entary subjects with Parkinson's disease: multimodal PET and fMRI study.
Mov. Disord.2018;33(12):1945-1950. DOI: 10.1002/mds.27498

26. Schootemeijer S., van der Kolk N.M., Bloem B.R., de Vries N.M. Cur-
rent perspectives on aerobic exercise in people with Parkinson’s disease.
Neurotherapeutics. 2020;17(4):1418-1433.

DOI: 10.1007/s13311-020-00904-8

27. Rawson K.S., McNeely M.E., Duncan RP. et al. Exercise and Parkinson
disease: comparing tango, treadmill, and stretching. J. Neurol. Phys. Ther.
2019;43(1):26-32. DOIL: 10.1097/npt.0000000000000245

28. Berra E., De Icco R., Avenali M. et al. Body weight support combined with
treadmill in the rehabilitation of Parkinsonian gait: a review of literature and
new data from a controlled study. Front. Neurol. 2019;9:1066.

DOI: 10.3389/fneur.2018.01066

29. Chen R., Berardelli A., Bhattacharya A. et al. Clinical neurophysiology of
Parkinson’s disease and parkinsonism. Clin. Neurol. Pract. 2022;7:201-227.
DOI: 10.1016/j.cnp.2022.06.002

30. Aerts M.B., Abdo W.E, Bloem B.R. The “bicycle sign” for atypical parkin-
sonism. Lancet. 2011;377(9760):125-126. DOIL: 10.1016/S0140-6736(11)60018-4
31. Saluja A., Goyal V., Dhamija RK. Multi-modal rehabilitation thera-
py in Parkinson's disease and related disorders. Ann. Indian Acad. Neurol.
2023;26(Suppl 1):15-25. DOL: 10.4103/aian.aian_164_22

32. Harro C.C., Shoemaker MJ., Coatney C.M. et al. Effects of Nordic walk-
ing exercise on gait, motor/non-motor symptoms, and serum brain-derived
neurotrophic factor in individuals with Parkinson's disease. Front. Reh. Sci.
2022;3:1010097. DOIL: 10.3389/fresc.2022.1010097

33. Warlop T., Detrembleur C., Lopez M.B. et al. Does Nordic walking restore
the temporal organization of gait variability in Parkinson’s disease? J. Neuro-
eng. Rehabil. 2017;14(1):17. DOL: 10.1186/s12984-017-0226-1

34. Wréblewska A., Gajos A., Smyczyniska U., Bogucki A. The therapeutic ef-
fect of Nordic walking on freezing of gait in Parkinson’s disease: a pilot study.
Parkinsons. Dis. 2019;2019:3846279. DOL: 10.1155/2019/3846279

35. Terashi H., Ueta Y., Taguchi T. et al. Clinical features of Parkinson’s
disease in patients with early-onset freezing of gait. Pakinsons. Dis.
2022;2022:4732020. DOI: 10.1155/2022/4732020

36. Peyré-Tartaruga L.A., Martinez FG., Zanardi A.PJ. et al. Samba, deep wa-
ter, and poles: a framework for exercise prescription in Parkinson's disease.
Sport. Sci. Health. 2022;18(4):1119-1127. DOL 10.1007/s11332-022-00894-4

37. Avenali M., Picascia M., Tassorelli C. et al. Evaluation of the efficacy of
physical therapy on cognitive decline at 6-month follow-up in Parkinson dis-
ease patients with mild cognitive impairment: a randomized controlled trial.
Aging Clin. Exp. Res. 2021;33(12):3275-3284. DOL: 10.1007/s40520-021-01865-4
38. Costa V., Suassuna A. de 0.B., Brito T.S.S. et al. Physical exercise for treat-
ing non-motor symptoms assessed by general Parkinson’s disease scales:
systematic review and meta-analysis of clinical trials. BMJ Neurol.Open.
2023;5(2):e3000469. DOIL: 10.1136/bmjno-2023-000469

Annals of clinical and experimental neurology. 2024; 18(4). DOI: https://doi.org/10.17816/ACEN.1074 81



0630PbI. Hay4Hblit 0630p

AspobHas (huanyeckas Harpyska npu 60nesHn NapkuHcoHa

39. Tollar J., Nagy F, Hortobagyi T. Vastly different exercise programs similar-
ly improve Parkinsonian symptoms: a randomized clinical trial. Gerontology.
2019;65(2):120-127. DOL: 10.1159/000493127

40. Buono VL., Palmeri R., Salvo S. D. et al. Anxiety, depression, and quality
of life in Parkinson’s disease: the implications of multidisciplinary treatment.
Neural. Regen. Res. 2021;16(3):587-590. DOIL: 10.4103/1673-5374.293151

41. Pagonabarraga J., Alamo C., Castellanos M. et al. Depression in major
neurodegenerative diseases and strokes: a critical review of similarities and
differences among neurological disorders. Brain Sci. 2023;13(2):318.

DOI: 10.3390/brainsci13020318

42. Liu Y., Ding L., Xianyu Y. et al. Research on depression in Parkinson dis-
ease: a bibliometric and visual analysis of studies published during 2012-2021.
Medicine (Baltimore). 2022;101(31):e29931.

DOI: 10.1097/md.0000000000029931

43. Jiang X., Zhang L., Liu H. et al. Efficacy of non-pharmacological interven-
tions on depressive symptoms in patients with Parkinson’s disease: a study
protocol for a systematic review and network meta-analysis. BMJ Open.
2023;13(5):¢068019. DOL: 10.1136/bmjopen-2022-068019

44. Smith PJ., Blumenthal J.A., Hoffman B.M. et al. Aerobic exercise and neuro-
cognitive performance: a meta-analytic review of randomized controlled tri-
als. Psychosom. Med. 2010;72(3):239-252. DOL: 10.1097 /psy.0b013e3181d14633
45. David FD., Robichaud J.A., Leurgans S.E. et al. Exercise improves cog-
nition in Parkinson's disease: the PRET-PD randomized, clinical trial. Mov.
Disord. 2015;30(12):1657-1663. DOI: 10.1002/mds.26291

46. Sacheli M.A., Neva J.L., Lakhani B. et al. Exercise increases caudate do-
pamine release and ventral striatal activation in Parkinson's disease. Mov.
Disord. 2019;34(12):1891-1900. DOL: 10.1002/mds.27865

Information about the author

Olga V. Guseva — Cand. Sci. (Med.), exercises treatment doctor, Physiothera-
py department, assistant professor, Division of advanced-level therapy with
a course in rehabilitation, physiotherapy and sports medicine, Siberian State
Medical University, Tomsk, Russia,

https://orcid.org/0000-0001-8659-9832

47. van der Kolk N.M., de Vries N.M., Penko AL. et al. A remotely super-
vised home-based aerobic exercise programme is feasible for patients with
Parkinson’s disease: results of a small randomised feasibility trial. J. Neurol.
Neurosurg. Psychiatry. 2018;89(9):1003—1005.

DOL: 10.1136/jnnp-2017-315728

48. Thangaleela S., Sivamaruthi B.S., Kesika P. et al. Neurological insights
into sleep disorders in Parkinson’s disease. Brain Sci. 2023;13(8):1202.

DOI: 10.3390/brainsci13081202

49. fxosnesa O.B., Monyskrop ML, Jlawenko EA., Jiesun O.C. CyGbeKTrBHbIE
¥ 00bEKTHBHBIE BAPUAHTHI JIHEBHOM COHMMBOCTH Tpu GonesHu [lapKuHCOHA.
JKypran wnesponoauu u ncuxuampuu um. C.C. Kopcakoea. Cneygbinycku.
2019;119(9-2):44-50.

lakovleva O.V,, Poluéktov M.G., Liashenko E.A., Levin O.S. Subjective and
objective subtypes of excessive daytime sleepiness in Parkinson’s disease.
Zhurnal Nevrologii i Psikhiatrii imeni S.S. Korsakova. 2019;119(9-2):44-50.
DOL: 10.17116/jnevro201911909244

50. Nopoununa K.C., Mnnapuoukun CH., loponnna O.b. BiusiHue mapacom-
HUI Ha KIMHUYecKre W (QyHKLMOHA/bHblE XapaKTEepPUCTHKU JKCTpamupa-
MUJHBIX paccTpoiicTs. JKypHan Hesponoeuu u ncuxuampuu um. C.C. Kopcaxosa.
2021;121(9):13-18.

Doronina K.S., lllarioshkin S.N., Doronina O.B. The influence of parasom-
nia on clinical and functional characteristics of extrapyramidal disorders.
Zhurnal Nevrologii i Psikhiatrii imeni S.S. Korsakova. 2021;121(9):13-18.
DOL: 10.17116/jnevro202112109113

51. Amara A.W., Memon A.A. Effects of exercise on non-motor symptoms in
Parkinson’s disease. Clin. Ther. 2018;40(1):8-15.

DOL: 10.1016/j.clinthera.2017.11.004

Undopmanus 06 aBrope

Iycesa Onvza BnadumuposHa — Kauj, Mell. HayK, Bpad 10 JieueGHoi pus-
Ky/IbType OTZeseHust (usnoTepanuy, AOLEHT Kad. rocruraibHON Tepa-
vy ¢ Kypcom peaGunuranuy, GU3HOTEPANuU U CIIOPTUBHONW Me/MLIMHbI
CubKpCKOro rocyAapCeTBEHHOTO MeMLIMHCKOro yHuBepenteta, Tomck, Poceus,
https://orcid.org/0000-0001-8659-9832

82 AHHarbl KITMHNYECKOH 1 aKcriepumeHTanbHov Hesposorum. 2024. T. 18, Ne 4. DOI: https://doi.org/10.17816/ACEN.1074



REVIEW ARTICLES. Review
Detecting a-synuclein salivary gland tissues in Parkinson's disease

© Khacheva KXK., Illarioshkin S.N., Karabanov A.V., 2024 m

Sensitivity and Specificity of the Diagnostic
Method for Detecting o-Synuclein
as a Histological Marker for Parkinson's Disease
in Salivary Gland Tissues:

a Systematic Review and Meta-analysis
Kristina K. Khacheva, Sergey N. Illarioshkin, Alexey V. Karabanov

Research Center of Neurology, Moscow, Russia

Abstract

Immunohistochemistry of a-synuclein (a-syn), a marker for Parkinson's disease, in salivary gland (SG) biopsy specimens has been actively studied
as a method of verification and early diagnosis. This systematic review and meta-analysis aim to analyze characteristics of study designs and
evaluate pooled sensitivity and specificity.

The review included publications that were found by keyword search and met inclusion criteria. The meta-analysis of comparative studies was
conducted using a univariate random-effects model to calculate pooled specificity and sensitivity.

The systematic review and meta-analysis included 16 and 13 clinical studies, respectively. Antibodies against modified a-syn, double detection, and
incisional biopsy specimens of SGs were the most common approaches used in the studies. There is a need for clinical studies with quantitative data
analysis. Approximately 15% of patients experienced adverse events, which were more common in case of fine-needle aspiration biopsy specimens
of SGs. Pooled sensitivity and specificity (regardless of the anti-a-syn antibody type and SG size) were 76.6% and 98.0%, respectively. Sensitivity
(76.3%) and specificity (99.3%) were higher when antibodies against phosphorylated a-syn and major SGs were used.

The most promising variant of the method involved double detection using antibodies against modified a-syn and markers of nerve fibers in incisional
biopsy specimens of major SGs and quantitative data analysis. The meta-analysis revealed a possibility of developing this diagnostic method and
implementing it into routine practice owing to its high sensitivity and specificity. Further studies employing quantitative data analysis are required
to gain deeper insight into the method's role in verifying Parkinson's disease and informing the severity of neurodegeneration and disease prognosis.
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0B30PbI. HayyHblit 0630p
[leTexums a-CUHYKNENHA B TKaHW CIOHHbLIX Xené3 npu 6onesHu MapkuHcoHa

AHanu3 4yBCTBUTE/JBHOCTH U CHeLU(PUIHOCTU
METO/a JAeTeKIUU O.-CUHYK/JIeruHAa B TKaHU
C/IIOHHBIX >Ke/Ié3 B KaueCcTBe JUarHOCTUYEeCKOro
THCTOJIOTHYECKOro MapKepa 00/ie3HU
[lapkuHCOHA: ccTeMaTHYeCcKHii 0030p

1N ME€TddHA4d/In3
K.K. Xauesa, C.H. Unnapuomkun, A.B. Kapadanos

Hayunvui yenmp nesponozuu, Mockea, Poccus

AnHoTanug

Hmmynozucmoxumuueckoe uccsiedosanue mapkepa Oonestu [IApKUHCOHA a-Cunykieuna (a-syn) @ Guonmamax crionHbix xenés (CXK) — odun u3
aKMUBHO U3y4aeMbix Memodos eepudukayuu u pareli duazHocmuku sabonesanus. Leav cucmemamuueckozo 0630pa u MemaaHau3a — npoawa-
Ju3Uposams ocoberHocmu dusatinos kaunuueckux uccedosanuil (KH) u oyenumy 0bsedunénHylo uyscmeumensHoCMb U cneyuchuuHocms memoda.
B 0630p sxmouanucy nybnukayuu, HaiideHHvle N0 3a0aHHbIM KJIOUEBbIM CI08AM U COOMBEMCM8YiouyUe Kpumepusm ekiouerus. Memaananus
npogoduics monvko 01 cpasumensHolx KM ¢ ucnonbaosanuem yHusapuaHmHoii Modesu cyuaiiHolx Qexmos ¢ yenvio gbiuucenus 0ozedu-
HEHHOLI cneyuduuHocmu U 4yscmeumensHOCMLL.

B cucmemamuueckuti 0630p ekmiouenst 16 KV, 6 memaananuz — 13 KH. Haubonee uacmo 6 KM ucnons3osanu awmumena (AT) k moducpuyupo-
BaHHOMY 0-Syn U 080LiHYI0 demekyulo, a makxe uHyu3uoHHvie Guonmamet CK. Boisgnena Heobxodumocms nposedenus KU ¢ konuuecmsenHol
oyeHKoti pe3ynemamos. Jons nayuenmos ¢ HexenamenbHbLMU S6JEHUAMU COCMASUAA 0KONIO 15%, OHU uauje ommeuanucs Npu UCNONb30BAHUU
morkouzonbHotl buoncuu CK. ObsedunénHas uyscmeumensiocms u cneyucpuurocmy memoda (bes yuéma euda AT k a-syn u pasmepa CK)
cocmasunu 76,6 u 98,0% coomsememeenHo. [pu ucnonw3zosaruu AT mosvko k docopunuposanromy a-syn u kpynivix CX nokasawst 00mvuiue
uyecmaumensHocms (76,3%) u cneyucpuurocmo (99,3%).

Haubonee nepcnexmugHbiym eapuakmom memoduku sensemcs 0soiinas demekyus ¢ AT k MOOUDUYUPOBAHHOMY @-Syn U MAPKePAM HEPBHbIX 80-
JIOKOH 8 UHYU3UOKHOM Mamepuane kpynHolx CK ¢ konuuecmeeHHoL oyenkoli pesynsmamos. Memaananu3 npodeMoHCMPUpo8an 603MOXHOCMb
paseumus u HedpeHus Memoda 8 KIUHUKY Kak OUuazHOCMUUECKO20 U3-3d €20 BbICOKOL uyscmeumenbiocmu u cneyucpuurocmu. Heo6xodumbl
danvHetiwue KM ¢ konuuecmeenHol oyeHKoti 0715 nosyueHus noHO20 npedcmassieHus 0 3HauUMocmu Memoda He mosvko 074 eepupukayuu 6o-
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Introduction

Postmortem histology with a-synuclein (a-syn) detection
in the substantia nigra is the gold standard in diagnosing
Parkinson's disease (PD) [1]. The a-synuclein protein is pre-
dominantly expressed in the nervous system and located in
presynaptic terminals, where it is involved in vesicle trans-
port, regulation of dopamine release, and intracellular cal-
cium homeostasis [2].

Exogenous and endogenous factors that trigger o-syn modifi-
cation and aggregation, as well as molecular processes directly
causing accumulation of a-syn aggregates have yet to be eluci-
dated. To date, there have only been assumptions about poten-
tial effects of polymorphisms in risk genes, chemicals, physical
forces (eg, brain injuries), and radiation on the activation of oxi-
dative stress and neuroinflammation, inducing o.-syn aggrega-
tion [3]. Modified (phosphorylated or nitrosylated) a.-syn dis-
rupts intracellular transport and neurotransmission, increases
oxidative stress due to mitochondrial dysfunction, and causes
microglial activation. These processes underlie neuronal dys-
function, which results in clinical manifestations of PD as the
o-syn aggregates continue to accumulate [4]. Thus, despite
a large number of unexplored factors and processes contribut-
ing to the PD pathogenesis, a key role in PD development was
attributed to modified o-syn that can be used as a histological
marker for PD [4, 5].

More than 20 years ago H. Braak et al. hypothesized the gut-
brain axis in PD and formation of a-syn aggregates in the
peripheral nervous system long before their appearance in
the substantia nigra and typical motor symptoms of PD [6].
Clinical studies showed that such aggregates are detected by
histological evaluation of specimens not only of the brain but
also of other organs with abundant peripheral innervation,
which explains non-motor symptoms of PD that are associ-
ated with peripheral nervous system dysfunction and tend to
predate motor impairments [5, 7]. Findings of these studies
suggest a possibility of antemortem histological diagnosis of
sporadic PD by detecting its main marker, pathological a.-syn,
in biopsy specimens of skin, intestine, and salivary glands
(SG) [5, 8, 9].

A systematic review of English-language articles came to the
conclusion that biopsy and histology of the skin and SGs
could be potential diagnostic tools in PD, whereas intestinal
biopsy and histology were excluded due to the low rate of
aggregate detection, safety concerns, and high complexity of
sampling [9]. However, other researchers highlight a number
of limitations to skin biopsy as a diagnostic tool [10, 11].
A relatively high rate of detecting a-syn aggregates during
skin examinations is highly dependent on sampling sites and
requires examining multiple biopsy sites to obtain adequate
results. Furthermore, most skin examinations use a frozen
section technique, a less common and accessible laboratory
procedure worldwide compared with paraffin sections [10].

Detecting a-synuclein salivary gland tissues in Parkinson's disease

Some researchers believe that main issues of using SG
specimens for a-syn detection can be linked to frequent
sampling of surrounding tissues (muscles, adipose tissue,
lymph nodes) in addition to SG tissues [9]. It should be
noted that the mentioned drawbacks are associated with
fine-needle aspiration biopsy (FNAB) of minor SGs, which
is a minimally invasive procedure that obtains only a small
volume of tissue (7-34 mm? according to the studies) [12,
13]. However, utilization of major SGs and incisional biopsy
(IB), which obtains an SG tissue volume of 84-390 mm? via
a small (< 1 cm) incision, significantly mitigates the issue
of insufficient study material [14-17]. Currently, there are
no Russian meta-analyses of studies examining characteris-
tics of various immunohistochemistry (IHC) techniques for
SG biopsy specimens and safety data. The only similar me-
ta-analysis was conducted by foreign researchers approxi-
mately 5 years ago and did not include Russian studies [9].

Our systematic review and meta-analysis of Russian and for-
eign clinical studies aimed to evaluate pooled sensitivity and
specificity of IHC in terms of detecting modified a.-syn in SG
tissues. Furthermore, we assessed safety and analyzed char-
acteristics of study designs to determine the most promising
technique.

Methodology

This systematic review included all clinical studies (in
English and Russian) on a-syn detection in SG tissues of
patients with verified PD (both antemortem and postmor-
tem). PubMed and Google Scholar were searched using the
following keywords: “6onesun Ilapkutcona,” “Guomcus,”
“crioHHas kenesa,” “cunyknewH,” “Parkinson's disease,”
“biopsy,” “salivary gland,” and “synuclein”. We did not con-
sider articles without full-text access due to the inability
to analyze study designs and findings. We did not include
duplicate publications and articles concerning only histo-
logical examination of SG biopsy specimens in PD patients
that did not have statistical analysis or data analysis. For
the meta-analysis we pooled articles that met the above
criteria and selected comparative studies involving PD pa-
tients and controls.

We took into account data on the number of participants and
their diagnoses, methods of diagnosis verification, use of vari-
ous tests to assess the condition of PD patients, studied speci-
mens and sampling techniques, IHC markers, data analysis (qu-
alitative/semiquantitative/quantitative), number and charac-
teristics of adverse events (AE) caused by an intervention,
as well as data to evaluate sensitivity and specificity. We dis-
regarded data concerning o-syn aggregates in specimens of
patients with other neurodegenerative disorders to calculate
pooled sensitivity and specificity because such patients could
not be assigned either to a control group (due to the high
likelihood of a-syn detection in their specimens compared with
healthy volunteers) or a group of PD patients.
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Keywords:“Parkinson's
disease,"“biopsy,”
“salivary gland,”
and “synuclein”

(in Russian)

- Review articles (n = 6)

» Duplicate publications (n = 2)

» Articles on other topics
mentioning the keywords
in the text (n=2)

+ Studies with animal models
of PD(n=1)

«+ Studies testing technique
variants without description
of findings (n=1) Articles found

in Google Scholar

(n=12)

v

-

Included in the review
(n=2)

Non-comparative studies (n=1) g |

Included
in the meta-analysis
(n=1)

Fig. 1. Study selection for systematic review and meta-analysis.

Statistical analysis

Statistical analysis and data processing were performed us-
ing the Python programming language, SciPy module', and
MetaDiSc 2.0, a software to perform test accuracy meta-ana-
lysis [18]. We calculated medians, interquartile ranges (IQR),
and percentages. We used a univariate random-effects model,
which is suitable for analyzing a small number of heteroge-
neous studies, to calculate pooled specificity and sensitivity,
diagnostic odds ratio (DOR), false positive rate (FPR), positive
likelihood ratio (PLR), and negative likelihood ratio (NLR).
Heterogeneity was measured using the [ test (range from 0%
to 100%) that describes the percentage of variability between
the studies.

General characteristics of study designs and participants

We analyzed 16 publications that met the inclusion criteria:
of them, 14 articles (87.5%) were published in English between

"Python SciPy scientific computation library. URL: https:/scipy.org

Keywords:
“Parkinson's disease,”

“biopsy,"“salivary

gland,"synuclein” . Duplicate publications (n=3)

« Articles on other topics mentioning
the keywords in the text (n=36)
« Studies without description of

findings (n=9)
- Studies with animal models of PD
(n=2)
« Articles without full-text access (n=9)
Articles found « Studies without IHC (n=25)
in Google Scholar
(n=228)

Articles found
in PubMed (n =7)

'

Included in the review (n = 14); of them, 7 are from
PubMed, and 7, from Google Scholar

Included in the meta-analysis
(n=12)

Non-comparative studies (n = 2)

2010 and 2023 and included in PubMed [14-17, 19-28] (Table,
Fig. 1). All the studies were open and non-randomized. The
comparative studies involving controls who underwent the
same procedures as a study group accounted for 81.2% (n=13)
[13-15, 17, 19-27]. Their findings were used for 2x2 tables
and meta-analysis of sensitivity and specificity. The findings
of non-comparative studies were used to analyze safety and
examine characteristics of different techniques.

The total number of participants in 16 clinical studies was
762. Of them, 712 underwent all examinations, including
SG biopsy with subsequent IHC. Clinically verified diagno-
sis (PD) was made in 288 patients, of whom 260 underwent
all examinations. In 15 studies, PD was sporadic (idiopa-
thic), while in one study, it was genetic, which was con-
firmed by genetic testing. In 6 studies, PD diagnosis was
made only by the Movement Disorder Society diagnostic
criteria, whereas in 5 studies, by findings of dopamine
transporter single-photon emission computed tomogra-
phy. In 3 studies, patients underwent brain magnetic res-
onance imaging (MRI) and transcranial sonography of the
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substantia nigra [22, 25, 28]. Hoehn and Yahr stages of
PD were described in 10 (62.5%) publications (median, 2
[IQR, 1.85-2.10]) [17, 21, 23, 24, 28]. The mean PD duration
(6.51£3.70 years) was indicated in 15 studies [12, 13, 15,
19-21, 23-28].

Characteristics of immunohistochemistry techniques
for assessment of salivary glands specimens

Minor SGs were sampled in a half of the studies [15, 16, 20,
22, 23, 25-27] (Table). Among the studies with major SG spec-
imens, submandibular (4 studies), sublingual (2), and parotid
(1) SGs were examined. In one study, the exact sampling site
of major SGs was not indicated [12-14, 17, 19, 21, 24, 28].

In 15 (93.7%) studies, antemortem biopsy specimens were
used, whereas in 1, postmortem specimens. In 10 studies, SG
tissues were sampled by IB; in 6 studies, by FNAB. The pub-
lications with FNAB (especially without ultrasound guidance)
demonstrated a high likelihood of sampling material unrelat-
ed to SGs, thus causing to repeat a procedure or exclude a
patient from the study [13, 21]. The small volume of collected
tissues usually allowed only to determine the presence of
a-syn inclusions, and authors could not fully assess the ex-
tent or characteristics of their spread [15, 16, 20, 23, 25, 27].
IB did not have such drawbacks and allowed for sufficient
amount of SG specimens.

Two (11%) studies additionally compared findings of SG his-
tology and neuroimaging (MRI and transcranial sonography
of the substantia nigra) [26, 28]. Both studies did not find any
correlation between the neuroimaging and histology findings.

In 8 studies, motor and non-motor functions of PD patients
were additionally assessed by various tests and question-
naires: the Unified Parkinson's Disease Rating Scale, Non-Mo-
tor Symptoms Scale, Non-Motor Symptoms Questionnaire,
Parkinson's Disease Quality of Life Questionnaire, Montreal
Cognitive Assessment, Mini-Mental State Examination, Ep-
worth Sleepiness Scale, and University of Pennsylvania Smell
Identification Test [13, 16, 20, 21, 23, 25, 26, 28]. Only one
study investigated a potential relationship between clinical
symptoms and histology findings and demonstrated a cor-
relation between the spread of inclusions of a-Syn phospho-
rylated at serine 129 (pS129-a-syn) and severity of non-motor
symptoms, sleep disorders, and emotional disorders [28]. This
study did not find any correlation with Hoehn and Yahr stages.

In all the studies, IHC examination for various a-syn forms
in SG tissues was performed: pS129-a-syn (11 studies; 68.7%
of all the studies), nitrosylated a-syn (2 studies; 12.5%), and
a-syn without posttranslational modifications (7 studies; 43.7%).

Seven (43.7%) studies used double detection with antibod-
ies (Ab) against a-syn and markers of nerve fibers: tyrosine
hydroxylase (3 studies), PGP 9.5 (2 studies), neurofilaments

Detecting a-synuclein salivary gland tissues in Parkinson's disease

(2 studies), and B-tubulin (1 study) [14, 15, 17, 21, 23, 27, 28].
In all the studies, paraffin-embedded tissues were used for
[HC. The studies in which pS129-a-syn was detected used
3 types of Abs: anti-pS129-a-syn mouse monoclonal Abs
(WAKQO, clone No. pSyn#64; Abcam, clone No. 814, ab184674)
and/or anti-pS129-a-syn rabbit monoclonal Abs (Abcam,
clone No. EP1536Y). The studies were characterized by high
variability of histology and IHC techniques and Ab clones.
The highest number of true-positive results (>70% of positive
results in all PD patients) was observed in the studies using
double detection and nitrosylated a-syn and pS129-a-syn.

In 5 (31.2%) studies, semiquantitative analysis was used to
assess the spread of o-syn inclusions; in 9 (56.2%) studies,
qualitative analysis was used, taking into account only the
presence or absence of inclusions. Only 2 (12.5%) studies
employed quantitative analysis [22, 28]. In the former study,
Image] software was used to measure the spread, and the
authors calculated ratios of pS129-a-syn and unmodified
a-syn inclusions to nerve fibers labeled with anti-S100 Abs
and to the total specimen area. Calculations revealed that
the ratio of unmodified a-syn to nerve fibers was lower in PD
patients compared with controls due to nerve fiber degenera-
tion, whereas the presence of pS129-a.-syn and its high ratio
relative to nerve fibers was characteristic of PD patients only
[22]. In the latter study, measurement was performed with
a software written in Python 3.9 using the Open CV library
for calculations and scikit-image for image processing. The
authors calculated the absolute value of the pS129-a--syn in-
clusion area and the ratio of the inclusion area to the area of
nerve fibers labeled with anti-PGP 9.5 Abs. pS129-a.-syn was
detected in all PD patients, and the ratio directly correlated
with the results of the clinical condition assessment and se-
verity of non-motor symptoms [28].

In all the studies, o-syn inclusions in various modifications
were detected in SG specimens of PD patients. PD patients
with true-positive results (ie, inclusions of modified o-syn)
accounted for more than 70% in 8 (50%) studies, 6 of which
(46.1%) were comparative [12, 13, 17, 19, 22, 24, 25, 28]. Among
these 8 studies, the studies with IB and [HC of major SG spec-
imens accounted for 62.5% and 75%, respectively.

There were 100% of positive results in 3 (18.75%) studies,
2 of which (15% of all comparative studies) were comparative
[24, 25, 28]. Among these 3 studies, 2 studies were conducted
using major SG specimens [24, 28].

In 5 (31.2%) studies, rare a-syn inclusions were detected in
controls without PD. In half of these studies, unmodified
a-syn without any phosphorus or nitrogen residues was used
as the main marker [13, 17, 20, 23, 26]. Such cases were at-
tributed to potential early (preclinical) PD or defects of IHC
staining [13, 17, 22]. Such assumption is supported by the
fact that Lewy bodies are found during postmortem exa-
mination in approximately 10% to 20% of people older than
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60 years without any signs of parkinsonism or dementia [29)].
Unmodified a-syn detected in controls (2 studies) is shown to
be a relatively common and normal finding in the peripheral
nervous system of healthy individuals without neurodege-
neration [17, 23].

Accumulation of modified o-syn was observed in some pa-
tients with other neurodegenerative disorders. Positive re-
sults (presence of pS129-a-syn and nitrosylated o-syn) were
characteristic of patients with Alzheimer's disease and de-
mentia with Lewy bodies in 4 studies [16, 21, 23, 26].

In 3 studies, o-syn aggregates were found in 43.8%, 50%, and
89% of patients with idiopathic rapid eye movement sleep
behavior disorder 21, 23, 26]. Idiopathic rapid eye movement
sleep behavior disorder without other symptoms is consid-
ered a prodromal phase of neurodegeneration and eventually
progresses into clinically established PD in 80% of cases [21].
Thus, positive results in this group are likely to be caused by
an early stage of synucleinopathy.

Safety analysis was based on 15 studies with in vivo assess-
ment of a-syn inclusions in SG specimens. AEs were reported
in 4 (26.6%) studies, 3 of which were conducted using FNAB
(50% of all studies with FNAB), and 1 of which, using IB (10%
of all studies with IB). The total number of patients with AEs
was 77 (14.8% of all the participants [n=520] who under-
went IB in 15 studies). No severe AEs were observed. The
most common AEs were transient edema, minor hemorrhage,
and pain at the biopsy site. Moderate throat pain and minor
hemorrhage at the biopsy site (in case of FNAB) were less
common. All the AEs were transient and mild and resolved
without any medical or surgical intervention.

Sensitivity and specificity of immunohistochemistry
techniques for o-syn detection in salivary glands

Of 16 clinical studies for the meta-analysis, we selected 13
comparative studies that compared the rates of detecting
modified and unmodified a.-syn using Abs in minor and major
SG specimens of patients with PD and controls without neu-
rodegenerative disorders [13-17, 19-26]. The total number
of participants undergoing biopsy was 685; of them, PD was
clinically diagnosed in 223 patients.

Pooled sensitivity across the 13 comparative studies with a
control group, regardless of anti-o-syn Abs and specimens
(i. e., all the studies using minor and major SG specimens),
was 0.749 (95% CI, 0.575-0; *=52%); specificity, 0.984 (95%
Cl, 0.855-0.999; I* =0.0); DOR, 188.33 (95% CI, 15.42-2299.96);
FPR, 0.016 (95% CI, 0.001-0.145); PLR, 48.02 (95% CI, 4.6-
501.25); NLR, 0.255 (95% CI, 0.14-0.46) (Fig. 2).

Pooled sensitivity across the 8 comparative studies [13, 14,
17, 19-23] using only anti-pS129-a.-syn Abs was 0.66 (95% CI,
0.476-0.800; I2="70.6%); specificity, 0.974 (95% ClI, 0.840-0.996;

2=0.0); DOR, 71.4 (95% CI, 8.81-578.76); FPR, 0.026 (95% CI,
0.004-0.160); PLR, 24.96 (95% CI, 3.67-169.50); NLR, 0.349
(95% CI, 0.211-0.578) (Fig. 3).

Pooled sensitivity across the 5 comparative studies [13, 14, 17,
19, 21] using anti-pS129-a-syn Abs and major SG specimens
was 0.761 (95% CI, 0.608-0.993; =55.6%); specificity, 0.993
(95% CI, 0.197-1.000; *=0.0); DOR, 460.08 (95% CI, 0.75-
281555.50); FPR, 0.007 (95% CI, 0-0.803); PLR, 110.67 (95% CI,
0.196-62405.980); NLR, 0.241 (95% CI, 0.139-0.420) (Fig. 4).

Thus, the highest sensitivity (76.3%) and specificity (99.3%)
were observed with major SG specimens and IHC for pS129-
a-syn. Nevertheless, even with a lack of detailed description
of techniques, biopsy sensitivity and specificity in terms of
PD marker detection were 75% and 98.4%, respectively.

Discussion

The systematic review that included 16 studies with 260 pa-
tients who underwent SG biopsy and IHC examination of
a-syn inclusions (a marker for PD) demonstrated relatively
high significance of the method in idiopathic PD diagnosis.
The majority of the studies analyzed and compared findings
with those of controls. In over 80% of the studies, ICH in-
volved Abs against modified forms of a-syn, whereas 50%
of the studies employed the most effective method: double
detection. Most studies used only qualitative data analysis.
Semiquantitative analysis was less common, whereas quan-
titative analysis was described only in 2 recent studies. The
majority of studies employed standard and effective histo-
logical and IHC techniques, which are straightforward to
replicate in anatomical pathology laboratories and have no
constraints on their extensive utilization. Nevertheless, at the
outset of the method's investigation, the absence of quanti-
tative techniques for analyzing the extent of a-syn inclusion
spread may impede further research and the integration of
the method into clinical practice.

Regardless of qualitative or quantitative data analysis, the
[HC effectiveness in PD verification using Abs against modi-
fied o-syn was relatively high: true-positive results exceeded
70% in half of all studies with or without controls and in 46%
of the comparative studies. In one fifth of all studies, the
positive results accounted for 100%.

In vivo biopsy safety was satisfactory: there were approx-
imately 15% of patients with mild AEs across all the stud-
ies. AEs were more common in the studies using FNAB than
those with IB.

The meta-analysis revealed that the pooled sensitivity and
specificity of the method for detecting the PD marker in SG
specimens (regardless of the anti-o-syn Abs and SG size) were
76.6% and 98%, respectively. We observed a decrease in sensi-
tivity (66%) and specificity (97%) when analyzing the studies
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A

Study TP Total (TP + FN) Sensitivity 95% ClI
Cers6simo M.G. et al. (2011) 3 0.67 [0.09; 0.99]
Folgoas E. et al. (2013) 16 0.19 [0.04; 0.46]
Gao L. et al. (2015) 13 0.69 [0.39; 0.91]
Adler C.H. et al. (2016) 19 S — 0.74 [0.49; 0.91]
Vilas D. et al. (2016) 12 — i 0.67 [0.35; 0.90]
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Fig. 2. Pooled sensitivity (4) and specificity (B) across all the comparative studies for methods of detecting o-syn in SGs of PD patients

and controls, re%ardless of anti-a.-synuclein Abs.
Here and in Fig.

that used anti-pS129-a-syn Abs and did not specify the SG
size. The studies that used anti-pS129-a-syn Abs and major
SG specimens demonstrated greater sensitivity (76.3%) and
specificity (99.3%) compared with the rest. This can be linked
to the higher likelihood of detecting aggregates in specimens
with more abundant monoaminergic innervation, as well as
to significantly higher prevalence of a-syn forms with post-
translational modifications among patients with neurodege-
nerative disorders compared with healthy individuals [31].
The latter conclusion is evidenced not only by the literature

and 4: TB, true-positive result; TN, true-negative result; FP, false-positive result; FN, false-negative result.

data but also by the pooled PLR of 110.6, indicating that like-
lihood of detecting modified a-syn using biopsy and IHC is
100-fold higher in PD patients than in healthy individuals.
The fact that PLR was significantly higher than the generally
accepted value of 10 allows us to assume the high diagnostic
ability of the method in terms of detecting the studied PD
marker. The meta-analysis revealed that the DOR of anti-
pS129-a-syn Ab detection in major SG specimens was high
(460.08), which suggests the potentially high effectiveness in
differentiating participants by the presence or absence of PD.
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Fig. 3. Pooled sensitivity (A) and specificity (B) across the comparative studies for methods of detecting a-syn in SGs of PD patients and

controls using anti-pS129-a.-syn Abs.

It should be noted that there was no significant fluctuation
in the pooled specificity values (from 0.974 to 0.993) owing to
the sequential exclusion of the studies, depending on the Ab
and specimen types.

Interpreting sensitivity data with regard to clinical practice,
we can conclude that 76% of patients who underwent IHC
for pS129-a-syn inclusions in major SG are highly likely to
get confirmed diagnosis of PD, previously established by the
Movement Disorder Society diagnostic criteria. Based on
the specificity data, the likelihood of false-positive results in
healthy individuals is only 0.7%. However, we cannot rule out
that participants with false-positive results are at risk of de-
veloping PD, and detection of modified a.-syn inclusions may
indicate the onset of neurodegeneration, which apparently
starts in the nervous tissue decades before the typical clinical
manifestations [32].

Our study is the first Russian meta-analysis, assessing the

diagnostic significance of IHC in a-syn detection. The for-
eign meta-analysis of the English-language articles did not

92

include Russian studies and some early publications with
the findings of postmortem I[HC examination of SG speci-
mens sampled by IB [9]. Overall, the pooled sensitivity of
the 5 comparative studies in our study and the 3 studies
in another meta-analysis were comparable in terms of the
pooled specificity: 0.99 in our meta-analysis and 0.96 in the
2019 meta-analysis [9]. The difference between the pooled
sensitivity values in this study compared with those in the
previous meta-analysis was 10.3% (76.3% vs 66%, respec-
tively). The difference is probably due to the slightly larger
number of studies in our analysis.

Despite the advantages of this meta-analysis and its value
for critical evaluation of the diagnostic IHC, our study has
limitations. First, the original studies included in the analysis
had small sample sizes and some heterogeneity, which could
have to some extent impacted our findings. Second, some
publications did not meet the inclusion criteria due to the
lack of full-text access, therefore some clinical studies and
their results that could impact the sensitivity and specificity
were not assessed.
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Fig. 4. Pooled sensitivity (4) and specificity (B) across the comparative studies for methods of detecting a-syn in SGs of PD patients
and controls using anti-pS129-c-syn Abs and major SG specimens.

Conclusion high; however, comparative analysis with other methods

of PD diagnosis is required. Further studies with quan-
The meta-analysis results demonstrate a possibility of de- titative data analysis are needed to gain greater insight
veloping a diagnostic method of modified a-syn detection into the method's role in verifying Parkinson's disease
in major SG specimens and its implementation into clini- and informing of neurodegeneration severity and disease
cal practice. The sensitivity and specificity were relatively prognosis.
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Cellular and Molecular Mechanisms Underlying
Transcranial Magnetic Stimulation: Experimental
Data for Evaluating Changes in Nervous Tissue
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Abstract

Transcranial magnetic stimulation (TMS) is a non-invasive method for targeted modulation of the electrical activity of brain neurons with a mag-
netic field. Although TMS efficacy was demonstrated in the treatment of several neurological and mental disorders, changes in nervous tissue at
the cellular and molecular levels with different duration and intensity of stimulation have been relatively understudied by cellular neurobiology
methods. Aim. The aim of this review was to evaluate and summarize new experimental data on the fundamental mechanisms underlying the action
of TMS and its potential in modulating structural and functional changes in nervous tissue. This article summarizes recent data on the effects of
different TMS protocols on the mechanisms underlying synaptic plasticity, neurogenesis, and neuronal differentiation. Separate sections summarize
the neuroprotective effects of this method and glial microenvironment response. Studies to investigate the mechanisms of TMS will contribute to the
development of more effective and reliable treatment protocols.
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Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive
method for targeting the electrical activity of neurons. It is
used to stimulate nerve cells with short magnetic pulses that
cause depolarization of the pre- and postsynaptic membrane.
In the brain, a magnetic field induces an electric current that
affects the electrophysiological parameters of neurons in the
stimulated area [1-3].

TMS is widely used in current clinical practice for diagnosis,
treatment, and rehabilitation of patients with various neu-
rological and mental disorders. According to the European
guidelines [4], this method was shown to be effective in the
management of treatment-resistant depression [5-7], neuro-

pathic pain [8-10] (level of evidence A) and in rehabilitation
of patients with post-stroke motor deficit [11, 12] (level of evi-
dence B). Statistically significant improvement was observed
in Parkinson’s disease [13, 14], spasticity in multiple sclerosis
[15], migraine [16], etc.

In research practice, TMS is used to assess the excitability of
the motor cortex, changes in cognitive processes over time,
and functional brain mapping [3].

The method is usually well tolerated by patients. Compliance
with safety recommendations minimizes the occurrence
of such serious adverse effects as epileptic seizures (inci-
dence rate less than 1 per 60,000 sessions) [17, 18]. Other
side effects, such as pain at the stimulation site, are more
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common but in most cases they do not affect the tolerability
of the procedure [19].

Studying TMS effects on brain structures is challenging
because the type of the effect is difficult to be assessed in
non-motor areas of the cortex. Therefore, it is difficult to pre-
dict and interpret the results obtained by activating a set of
neural networks. Simultaneous electroencephalography [20],
functional magnetic resonance imaging, cognitive testing, and
other methods [21] can only partially address detection issues.

While clinical effects of TMS are recognized, changes in neu-
ral tissue at the cellular and molecular levels with different
duration and intensity of stimulation have been poorly stu-
died by cellular neurobiology. Experiments in laboratory ani-
mals are complicated due to a mismatch between the size of
the coil and a stimulated area of the brain. Targeted expo-
sure and correlating experimental data with clinical results
are difficult.

Fundamental studies to evaluate neural morphology, func-
tional activity, and cellular environment in response to a
magnetic field with different parameters would significantly
improve the efficacy of this method.

Aim. The aim of this review was to evaluate and summarize
new experimental data on the fundamental mechanisms un-
derlying the action of TMS and its potential in modulating
structural and functional changes in nervous tissue.

This review included experimental studies mainly from
the last 5-7 years that assessed structural and functional
TMS-induced changes in the cellular elements of the nervous
tissue using neuromorphology and neuroimaging methods.
The search was carried out in the PubMed and Google Schol-
ar databases.

General aspects of TMS

Most studies investigating the cellular mechanisms of TMS
in laboratory animals involved stimulation of a hemisphere
or the whole brain of rats and mice. Due to their small size,
focal stimulation in rodents is difficult; however, it can be
achieved by using mini-coils of different design (including
ferromagnetic cores) or shielding materials [22, 23]. Early
studies showed that local stimulation was achievable in rats
using clinically used figure-eight coils. Such coils for rats
allowed generating unilateral motor evoked potentials of a
single limb, thus indicating the possibility of fairly local ef-
fects without significant changes in coil design [22]. Another
approach to achieve a local effect is to reduce magnetic field
intensity [24], which, however, is criticized due to difficulties
in translating experimental results to humans.

Differences in brain size, magnetic induction intensity, and
electrical field interaction with nerve tissue make translation

of preclinical results difficult, although computer modeling
can facilitate the selection of similar stimulation conditions
[25] and analysis of electric fields generated in cell cultures
[26]. Additional limitations of TMS in animal studies include
the use of anesthesia in some cases.

However, the advantages of studying the effects of TMS
in experimental animal models are also obvious: controlled ex-
perimental conditions, homogeneity of the study sample, use
of genetic models of diseases, use of the entire arsenal of mo-
dern neuroimaging methods, including in vivo microscopy, and
neuromorphological studies to assess off-line effect (Table 1).

TMS can be classified into single-pulse, paired-pulse, and re-
petitive TMS (rTMS). In the latter case, a series of pulses with
different frequency and intensity is generated. rTMS can be
roughly classified into low-frequency stimulation (0.2-1.0 Hz),
which reduces neuronal excitability, and high-frequency stim-
ulation (5 Hz or more), which has an excitatory effect [2].

Low-frequency rTMS most often uses continuous delivery
of single pulses, while high-frequency rTMS typically uses a
train of stimuli lasting 2-10 s separated by pauses of 20-50s.

In addition to these conventional rTMS types, there are
several other approaches, one of which uses 6-pattern, i.e.
intermittent theta-burst stimulation (iTBS) or continuous
theta-burst stimulation (cTBS) [3]. iTBS was shown to in-
crease cortical excitability within 1 h of exposure while ¢cTBS
decreased it [27, 28].

Two groups of effects can be seen with TMS: online (during
stimulation) and offline (after its completion).

A burst of action potentials is the most common online effect
of single-pulse TMS at the neuronal level. The alternating
magnetic field from the stimulator coil generates an induced
electric field in the brain followed by an electrical current
[29], with some neurons exhibiting combined activity. In this
case, after the initial excitation, a long phase is observed,
which combines periods of inhibition and excitation [30]. This
phenomenon is likely to be caused by delayed activation of
neighboring inhibitory interneurons. Not all neurons, even
in the center of stimulation, respond to TMS. This hetero-
geneity in susceptibility to magnetic pulses may be due to
differences in the local orientation of nerve cells relative to
the TMS-induced electric field. The effect at the organism
level also varies depending on coil orientation, with neural
populations being recruited differently [31, 32].

According to modern concepts, the effects of TMS are most
often associated with a neuroprotective effect, stimulation
of neuro- and synaptogenesis, and optimization of synaptic
transmission processes in the structures of the central ner-
vous system [33, 34]. Pattern stimulation protocols and rTMS
are used to induce an offline effect [35, 36].
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TMS-induced changes in nervous tissue

Table 1. Summary of experimental methods to assess TMS effects

coil

in vitro

Cell cultures;
online, offline effects; cell,
intercellular interactions

Object, assessed effects,
level of organization

Electrophysiology,
fluorescence imaging,
immunomorphology,

biochemistry, molecular and
biochemical methods

Key study methods

Excitation and synaptic

Fear +
transmission
Proliferation, differentiation, .
and migration
Intercellular, glioneuronal N
interactions
Synaptogenesis +

Development of new clinical
stimulation protocols

In response to rTMS, neuronal excitability changed due to a
shift in the ionic balance around the population of stimulated
cells. Depolarization dominates in the mechanism of excit-
ability modulation, which resembles the induction of synaptic
plasticity. However, hyperpolarization also plays an important
role by influencing the membrane potential [37, 38].

Acute slices, onling; cell,
individual brain structures

Electrophysiology,
fluorescence imaging
of fast processes

coil

in vivo in silico

Mathematical model,

Animal, online, offline; o
online; structures and

structures and systems

systems
Electrophysiology, behavior
(motor and cognitive tests),
in vivo microscopy,
immunomorphology,
molecular and biochemical
methods
Simulation of
conditions and analysis
+ v of magnetic and electric
fields in an object
during stimulation
- +
+/— +
- +
- +/—- +

Effects of TMS on synaptogenesis and synaptic
transmission mechanisms

The functional effects caused by rTMS continue for a cer-
tain time after stimulation [39]. In addition to its effects on
the metabolic cell profile and synaptic transmission, rTMS
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causes changes in synaptic architecture. The most common
theory suggests that this phenomenon is similar to synap-
tic plasticity mechanisms, such as long-term depression or
potentiation, which are induced by stimulation of neuronal
activity at different frequencies [40, 41]. According to mod-
ern concepts, the molecular mechanisms underlying structur-
al and functional rearrangements of neural networks under
the influence of TMS are associated with NMDA receptors
on the postsynaptic membrane. For example, rTMS induced
phenomena similar to long-term potentiation, thus trigger-
ing rearrangement of the actin cytoskeleton, which finally
led to structural dendrite remodeling [42]. During long-term
potentiation, dendritic spines first rapidly enlarge and deform
due to increased actin polymerization and branching, and at
following stages, proteins responsible for the functioning of
postsynaptic densities and receptor clustering are attracted
to the synapse area [43].

The effects of TMS on synaptogenesis and synaptic trans-
mission processes were best studied in the motor areas of the
cerebral cortex and hippocampus.

AD. Tang et al. used two-photon imaging to track the plas-
ticity of dendritic spines in the fifth layer of the motor cortex
in mice of different ages. The study showed that a single train
of subthreshold iTBS on the motor cortex increased the rate
of dendritic spine loss 21 h after the session regardless of
mice age and resulted in a significant decrease in the density
of these structures 45 h after the session [44].

Meanwhile, a recent study showed that 5-day high-frequency
rTMS (15 Hz) treatment increased total spine density in M1
L2/3 apical and basal dendrites 24 h post-stimulation in ju-
venile mice [45].

r'TMS of hippocampal cell cultures was reported to induce
clustering of postsynaptic AMPA receptors [42]. Data by M.
Lenz et al. showed that high-frequency rTMS (10 Hz) in vitro
affected synaptic transmission of predominantly excitato-
ry synapses located on the proximal dendrites of cultured
CAl pyramidal neurons. AMPA receptor stimulation and
retrograde membrane depolarization activated voltage-ga-
ted sodium and calcium channels and removed a reversible
magnesium block from NMDA receptors [46]. This led to a
local increase in calcium levels, rapid dendrite depolariza-
tion, generation of so-called “proximal area of dendritic plas-
ticity” and a calcium-dependent increase in AMPA levels on
the postsynaptic membrane of the dendritic spine. Moreover,
selective pharmacological inhibition of NMDA receptors or
-1 subunit of calcium channels (L-VGCC) inhibited the rTMS
effect on the proximal dendrites [47].

Dysfunction of neural networks may be explained by an im-
balance of excitation and inhibition, so TMS effects on inhi-
bitory synapses of neuronal circuits should be also considered.
A study by M. Lenz et al. showed that 10 Hz magnetic stimu-

lation affected Ca®'/calcineurin-dependent oligomerization
of gephyrin [48], a postsynaptic scaffold protein that me-
diates stabilization and clustering of ionotropic glycine and
y-aminobutyric acid (GABA-A) receptors. The main cluster
of GABA-A receptors is located on the soma and axonal hill-
ocks of hippocampal neurons [49]. Long-term potentiation of
excitatory synapses (described above) was associated with
gephyrin-mediated Ca**/calcineurin-dependent restructuriza-
tion of inhibitory synapses. These structural and functional
changes require activation of voltage-gated L-type sodium
and calcium channels and NMDA receptors, and they were
not observed when calcineurin protein phosphatases were
pharmacologically blocked [50]. Accordingly, 10 Hz stimula-
tion was associated with destabilization of gephyrin, GABA-A,
and glycine receptor clusters and a decrease in the activity
of inhibitory synapses.

A. Thomson et al. illustrated the excitatory effect of iTBS us-
ing SH-SY5Y cells (a human neuroblastoma cell line) pre-in-
cubated with Fluo-4 AM, a fluorescent calcium indicator, as a
synaptic plasticity model. A protocol similar to iTBS was as-
sociated with increased fluorescent response to the addition
of KCI (depolarization-induced neuronal activation), while a
protocol similar to ¢cTBS was associated with decreased fluo-
rescent response compared with control [51].

Phosphorylation of ribosomal S6 in neurons is known to be
a marker of NMDA-dependent signaling pathway activation
and induce synaptic and cellular changes that underlie plas-
ticity. High-frequency TMS (400 Hz) was associated with acti-
vation of mTORCI signaling pathway, which phosphorylates
threonine at position 389 of S6 protein, thus activating rpS6
kinase. There was a more than 3-fold increase in rpS6 phos-
phorylation 15 min, 2 h, and 4 h after completion of high-fre-
quency TMS. These effects were eliminated by treatment
with rapamycin, which blocks the activation of this signaling
pathway [52].

In a study with high-frequency (400 Hz) TMS in mice, there
was an increase in the content of phosphorylated ribosom-
al protein S6 in the islands of Calleja and the paraven-
tricular nucleus of the hypothalamus, ventromedial-lateral
posterior nuclei of the thalamus, piriform cortex, and cen-
tral nucleus of the amygdala [53]. A group of rpS6 phos-
pho-mutant mice did not show any long-term potentiation
and excitatory post-synaptic currents after high-frequency
TMS (100 Hz) [54].

In hippocampal cell cultures, low-intensity TMS (1.14 T, 1 Hz)
caused dendritic sprouting and an increase in synaptic con-
tact density, while high-intensity TMS (1.55 T, 1 Hz) had a
destructive effect, leading to a decrease in the number of
processes and synapses. The authors showed that low-inten-
sity low-frequency TMS (1.14 T, 1 Hz) could induce dendritic
and axonal growth in cultured hippocampal neurons by ac-
tivating brain-derived neurotrophic factor (BDNF)/extracel-
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lular signal-regulated kinase (ERK) signaling pathway, which
resulted in increased expression of postsynaptic density pro-
tein (PSD95) and synaptophysin [55], as well as postsynaptic
membrane thickening [56].

According to other data, a protocol similar to iTBS (2-second
trains of stimuli every 10 s, total exposure time 180 s) stimu-
lated PSD95 and synaptophysin transcription, while low-fre-
quency TMS did not have any similar effect [57].

Low-intensity TMS is associated with remodelling of abnor-
mal neural connections into a topographically more appro-
priate position. Ephrin-A2/A5 double knockout mice lack
key signals for axonogenesis and, therefore, have impaired
topography of the visual pathways. Two-week low-intensi-
ty rTMS (10 mT; 10 min/day) reduced the number of ab-
normal projections in subcortical [58] and cortical visual
circuits [59].

The metabolic profile of neurons pre-treated with TMS
showed depleted pools of aspartate, phenylalanine and iso-
leucine, which was explained by the authors by the need to
replenish the tricarboxylic acid cycle. Low-frequency TMS
was associated with an increase in GABA synthesis and spon-
taneous release (which may be associated with decreased
levels of pyroglutamate and alanine). The content of serine

TMS-induced changes in nervous tissue

and glycine also decreased significantly after 1 Hz and 10 Hz
stimulation, which is likely to be due to increased synthesis
of proteins such as BDNF, c-fos, and various neurotransmitter
receptors [60].

The cellular and molecular changes that are associated with
synaptic plasticity and develop after TMS were illustrated
by very few studies in animals and cell cultures with in-
consistent results (Table 2). The most significant improve-
ment in synaptic plasticity was found when high-frequency
TMS (10 Hz) was used in cell cultures; however, there is
no commonly accepted position regarding the intensity of
the effect. Low-intensity TMS using various protocols led
to positive effects in neuronal cultures but did not improve
synaptogenesis at the organism level. Additional studies are
needed to clarify the effects of TMS protocols, especially
regarding the intensity of magnetic stimulation. An analysis
of recent literature showed that fundamental experimental
studies overall confirmed that some TMS protocols induced
processes similar to long-term depression, while others in-
duced long-term potentiation. However, delayed effects of
TMS are often variable and depend not only on exposure
parameters but also on previous neuronal activity and sev-
eral other factors. The long-term effects of TMS may be
mediated by a combination of different types of plasticity,
including metaplasticity [61].

Table 2. Effects of TMS on synaptogenesis and synaptic transmission mechanisms

Effects of TMS TMS type Frequency, Hz Effect Reference
15 Density of dendritic spines on pyramidal neurons increased [45]
1 Dendritic sprouting and synaptic contact density increased through (55, 56]
activation of BDNF/ERK pathway ’
10 Synaptic potentiation of predominantly excitatory synapses on proximal [46]
. ) ) dendrites of cultured CA1 pyramidal neurons induced
Positive Low intensity
10 Structural and functional plasticity of inhibitory synapses induced [48]
400 NMDA-dependent pathways upregulated via mTORC1 pathway [52]
400 NMDA-dependent pathways upregulated through S6 increased [53]
6,67/10 Neuron connections remodelled [58, 59]
Low intensity 50 Density of dendritic spines decreas;dhafter 45 h; loss rate increased after [44]
Negative
High intensity 1 Number of processes and synapses decreased [56]
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Neuroprotective and regenerative effects of TMS

Studies in experimental neurological disease models showed
anti-apoptotic and restorative effects of low-intensity TMS,
which were mediated by profound changes in regulatory cas-
cades in neurons. In one study, rTMS treatment was applied
at a frequency of 10 Hz, 10 min per day during 14 days to
mice with spinal cord transection at the T9-T11 level; pro-
teomic analyses showed a decrease in the levels of several
pro-apoptotic proteins, such as annexin A2, thus contributing
to neuron survival and remyelination. This study also demon-
strated that TMS with these parameters was associated with
increased proliferation of progenitor nerve cells of the spinal
cord and increased levels of NEUM, CDC42, and RHOG pro-
teins, which are known to cause increased axon growth and
branching [62].

Another study showed that in middle cerebral artery occlu-
sion TMS reduced neuronal death in the blood supply area by
affecting apoptosis regulator proteins, enhancing anti-apop-
totic Bcl-2 expression, and inhibiting pro-apoptotic Bax ex-
pression [63]. A study in a genetic Alzheimer's disease model
showed that high-frequency TMS (25 Hz) reduced neuronal
loss and apoptosis of hippocampal cells due to activation of
PI3K/Akt/GLT-1 pathway, which is associated with decreased
excitotoxicity [64].

However, TMS can also have detrimental effects on cells. Ex-
periments on primary neuron cultures showed that 10 and
100 Hz modes with continuous stimulation were associated
with an increase in the number of apoptotic cells [65].

In a study in a culture of primary hippocampal neurons,
r'TMS (40% and 60% of the maximum power of the stimu-

lator) increased the expression of catalase and aconitase
(i.e. iron-containing proteins that are involved in antioxidant
protection) and increased neuron survival. It is interesting
that high-intensity TMS accelerated their damage [66].

Therefore, different experimental models demonstrated that
several TMS modes suppressed molecular mechanisms that
underlie neuronal damage and death such as apoptosis, exci-
totoxicity, and oxidative stress. Continuous and high-intensi-
ty TMS exacerbated cell damage (Table 3).

Effects of TMS on neurogenesis and neuron
differentiation

E. Ueyama et al. assessed BrdU incorporation into prolifer-
ating cells and showed that 14-day 25 Hz rTMS enhanced
neurogenesis in the hippocampus of intact mice [67]. Studies
in models of spinal cord damage showed that neural stem
cells resting near the central canal of the spinal cord differ-
entiated into astrocytes [68, 69] and oligodendroglia under
the influence of TMS [62]. TMS effects on the proliferation,
differentiation, and migration of neuronal precursors in neu-
rogenic niches was best studied in vivo in stroke models in
order to justify its use in patient rehabilitation.

In an ischemic brain injury model, 10 Hz rTMS promoted
the proliferation of neuronal precursors in the subgranu-
lar zone of the hippocampus of experimental rodents. In
TMS-treated animals, expression of BDNF, TrkB, p-AKT,
and anti-apoptotic Bcl-2 was increased while expression of
pro-apoptotic Bax was significantly decreased [63]. BDNF
plays a critical role in promoting neuronal survival by spe-
cifically binding to tropomyosin receptor kinase B (TrkB).
This binding results in auto-phosphorylation and dimeriza-

Table 3. Effects of TMS on mechanisms underlying neuroprotection and regeneration

Effects of TMS TMS type Frequency, Hz Effect Reference
Levels of several pro-apoptotic proteins decreased, those of proteins
10 . . o ; [62]
affecting axonogenesis and antioxidant enzymes increased
Expression of anti-apoptotic Bcl-2 increased and expression
10 . [63]
of pro-apoptotic Bax suppressed
Positive Low intensity
25 Neuronal loss and apoptosis of hippocampal cells reduced [64]
Not specified Expression gf aco.mtgse and catalasp, which are involved [66]
in antioxidant defense, increased
Negative High intensity 10/100 Number of apoptotic cells increased [65]
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tion of the TrkB receptor, thus triggering the activation of
phosphatidylinositol 3-kinase PI3K. The PI3K/Akt signaling
pathway is the main TrkB-mediated survival pathway that
protects against apoptosis [70]. In a similar experiment with
a similar frequency of stimulation, a significant increase in
the expression of miR-25 (i.e. microRNAs that are involved
in the differentiation and proliferation of neural stem cells)
was shown in the subventricular zone [71]. High-frequency
r'TMS (20 Hz) also stimulated BDNF and pERK1/2 expres-
sion, which confirmed the influence of the BDNF/ERK sig-
naling pathway on increased proliferation of neural stem
cells in the hippocampus [72, 73]. The authors highlighted
the similarity of the changes with the effects of antidepres-
sants and electroconvulsive therapy.

Therefore, one of the mechanisms underlying the effects of
TMS includes the enhancement of neurogenesis and repair
processes due to stimulation of BDNF production, which pro-
motes the survival of stem cells and neuronal differentiation,
as well as the formation of new synapses. The neuroprotec-
tive effect of BDNF was shown in animal models of Alzhei-
mer’s disease [74, 75].

However, besides BDNF effects, other mechanisms were in-
vestigated. For example, N. Liu et al. found that the prolifera-
tion of neural stem cells in vitro after high-frequency rTMS
was associated with a dose-dependent increase in expression
of microRNAs of miR-106b~25 cluster (miR-106b, miR-93,
miR-25), which are involved in cell cycle regulation [76].

In addition to enhancing neurogenesis in neurogenic nich-
es, TMS was shown to have an effect on the migration of
neurons to the damage area. For example, rTMS (10 Hz ev-
ery 24 hours for 5 days) was associated with an increase
in the levels DCX-positive neuronal precursors in the cor-
tex in a hemorrhagic stroke model. In an in vitro experiment
with neurospheres, the same authors showed an increase
in the percentage of Sox2 and Ki67+ cells, which suggested
increased proliferation of neural stem cells associated with
TMS (10 Hz every 24 hours for 72 hours) [77].

The study showed an increase in proliferation and a role of
chemokine receptors in 10 Hz rTMS effects on the migration
of neural stem cells from the subventricular area to the per-
ifocal area of ischemic infarction. TMS was also associated
with improved behavioral parameters of rats in this experi-
ment [78].

Similar conclusions were made after staining with Nestin/
SOX2 and Nestin/beta3-tubulin: rTMS increased the pool of
neuronal progenitors in the peri-infarction area of the cere-
bral cortex in post-stroke setting. The number of immature
neurons in the peri-infarction area was higher in animals ex-
posed to r'TMS; the authors concluded that cells migrated to
the peri-infarction area due to the direction of 3-tubulin*
processes [79].

TMS-induced changes in nervous tissue

Although most studies showed that TMS was associated with
a improvement in neurological deficit in stroke models, it is
still unclear whether TMS promotes the integration of newly
formed nerve cells in the perifocal area of the infarction or
recovery occurs due to other TMS-stimulated mechanisms
such as the prevention of neuronal death, or the reorganiza-
tion or restoration of neuronal connections.

There is little data on TMS effects on human neuron differen-
tiation, although they are of particular interest in the context
of the development of cell therapy methods. For example, a
study in human neurons derived from induced pluripotent
stem cells in vitro showed effects of different TMS protocols
on neuron differentiation and maturation: high-frequency
TMS promoted the differentiation of neuronal precursors
into glutamatergic neurons, while iTBS enhanced synapto-
genesis, suggesting its effect on neuron maturation [57].

The influence of TMS on differentiation of transplant-
ed neural stem cells remains almost not studied. ]J. Peng
et al. showed that animals with transplanted human neural
stem cells who received TMS (10 Hz) demonstrated better
functional recovery after ischemic infarction compared with
animals with no TMS exposure; this was associated by the
authors with the activation of the BDNF/TrkB signaling path-
way that we discussed previously [80].

In these studies, the effect of TMS on neurogenesis both in
the dentate gyrus of the hippocampus and the subventricular
area was repeatedly demonstrated using immunohistochemi-
cal markers of neuronal precursor proliferation and neuronal
differentiation. The vast majority of studies used high-fre-
quency TMS protocols, most commonly 10 and 20 Hz. The
stimulating effect of high-frequency TMS on the migration
of progenitor cells to peri-infarction areas was consistently
demonstrated. We can assume that TMS influences neuro-
genesis mainly through activation of the BDNF/TrkB path-
way and effects on transcripts of genes that regulate the cell
cycle.

Effects of TMS on glial cells

Although several studies did not reveal any direct effects of
r'TMS on glial cell cultures, changes in all types of neuroglia
were repeatedly shown when pathological conditions were
simulated. There is growing evidence that glial cells may ac-
tively participate in the neuroprotective effect of TMS [81].

Besides the direct response of gliocytes to TMS, which re-
mains controversial, glia changes in mixed cultures or tissue
can be also explained by increasing electrical activity of neu-
rons, which cause a response in glial cells.

Closely interacting with neurons, astrocytes participate in
the regulation of synaptogenesis. Addition of astrocyte-con-
ditioned medium or their co-culturing with nerve cells in-
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creased the number of functional excitatory synapses formed
in the culture, while removal of astrocytes had the opposite
effect [82]. Thrombospondins (TSPs) are factors that are se-
creted by astrocytic glia and associated with the regulation of
synaptogenesis [83]. For example, TSP1/B-integrin signaling
pathway controls the excitation/inhibition ratio in the spinal
cord by upregulating glycinergic receptors and downregulat-
ing surface expression of AMPA receptors. Astrocyte-mediat-
ed TSP1/a23-1 signaling in the striatum was shown to mod-
ulate the activity of excitatory synapses [84].

Astroglia also controls the number of synapses through
phagocytosis. Synaptic elimination is mediated by the trans-
membrane protein Megf10, which is expressed by astrocytes
[85]. Astrocytes were shown to phagocytize synapses via the
Megf10 and Mertk pathways in both developing and adult
brains [86]. ]. Lee et al. also confirmed that astrocytic Megf10
mediated the elimination of excitatory synapses in the CAl
region of the adult hippocampus [87].

Clustering of AMPA receptors at postsynaptic terminals of
excitatory synapses, which may be astrocyte-dependent, is
one of the mechanisms underlying synaptic plasticity, which
is also seen with TMS. One of the mechanisms regulating
the clustering process is mediated by ephrin A3 of astrocytic
processes and its receptor EPHA4, which is expressed by den-
dritic spines [88, 89]. To support the connection between neu-
roplasticity and astrocyte response, we can mention a study
by N. Monai et al. They showed that direct current-stimulated
astrocyte response affected long-term potentiation of neuro-
transmission, was associated with fluctuations in Ca?* levels,
and depended on adrenergic receptors [90].

TMS (1 Hz for 10 min) increased STIM1 and ORAI3 protein
expression in astrocytes; STIM1 protein acts as a sensor for
Ca?* stores depletion in the endoplasmic reticulum, while
ORAI3 is a Ca* influx channel. This study demonstrated de-
creased expression of several inflammatory response genes
in astrocytes associated with frequencies of 1 and 10 Hz [91].

A recent study in a mixed culture exposed to high-frequency
TMS showed that astrocytes released a neurotrophic factor
that induced the neuronal expression of ERK1/2 gene, asso-
ciated with synaptic plasticity and neuronal activation, and
immediate-early c-fos gene, thus confirming the bidirectional
interaction of astroglia and neurons after stimulation [92].

High-frequency TMS and a very low-intensity magnetic field
(0.5 mT) induced a transient increase in the expression of the
astrocytic marker GFAP in vivo in mice after ischemic injury
and reperfusion, which may indirectly indicate the recruit-
ment of astrocytes to the damaged area (continuous 50 Hz
exposure for 7 days) [93]. Similar data were obtained in a
murine model of spinal cord injury. 1 Hz magnetic stimulation

with 5-min sessions on 14 consecutive days induced GFAP
expression by astrocytes and ERK1/2-dependent migration
into the lesion areas [94].

A number of articles highlighted the role of microglia in the
response of nervous tissue to TMS. In microglia-depleted tis-
sue cultures, CAl pyramidal neurons did not show any local
depolarization of the postsynaptic membrane associated with
10 Hz TMS. Depletion of microglia in vivo had no significant
effect on baseline synaptic transmission. In experiments with
TMS, control mice with intact microglia showed spontaneous
depolarizations of post-synaptic membranes (mEPSCs) in ex-
citatory synapses in the medial prefrontal cortex vs. no such
potentials in mice with depleted microglia [95].

S. Chen et al. showed that high-frequency TMS (20 Hz) was
associated with an improvement in the cognitive functions
of mice on day 28 after temporary occlusion of the middle
cerebral artery. The volume of white matter lesions reduced,
levels of pro-inflammatory cytokines decreased, and microg-
lia switched to the M2 phenotype [96].

Oligodendrocyte proliferation was evaluated in several stud-
ies. Their results were inconsistent. G. Liu et al. reported
stimulation of oligodendrocyte proliferative capacity [57]
and induction of progenitor cell differentiation into oligoden-
drocytes in a study with high-frequency rTMS. A study by
C.L. Cullen et al. did not confirm these effects [97]. Effects of
iTBS and c¢TBS on oligodendrocytes were evaluated in Plp-
CreER:Tau-mGFP and Pdgfra-CreERT2 transgenic mice. iTBS
was shown to increase the number of newly formed oligoden-
drocytes [98].

Information about the effects of TMS on glia is currently in-
sufficient, and this aspect requires further investigation. The
neuroprotective effect of glial cells on ischemic and damaged
tissues was shown indirectly. TMS modulates glia to create
anti-inflammatory environment by switching microglia and
astrocytes to a pro-inflammatory phenotype. A special role
is played by TMS-induced release of glial cell neurotrophic
factor from astrocytes, which leads to an increase in ERK1/2
expression in neurons. ERK1/2 activation is required for the
BDNF cascade, which results in increased dendritic density
and proliferation of neuronal progenitors. However, studies
to investigate the effects of r'TMS on glial cells are extremely
scarce, so additional research is needed in this topic.

Conclusion

The effects of TMS discussed in the review, which are as-
sociated with the regeneration and restoration of nervous
system functions, cell differentiation, and stimulation of
synaptic plasticity, can substantiate the use of this meth-
od in cell therapy of neuropsychiatric disorders. However,
many questions remain unresolved. The effect of TMS on
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the differentiation and maturation of neuronal precursors
is little studied. Isolated effects of TMS on glial cells remain
a controversial issue.

Many studies in cell cultures were conducted using frequen-
cies that are not relevant for clinical practice. Special atten-
tion should be paid to standardizing the intensity of stimula-

TMS-induced changes in nervous tissue

tion, since in affects glial and neuronal responses. It should
be remembered that results obtained in cell cultures do not
always correlate with the response at the organism level.

Further studies to evaluate the mechanisms of TMS would
contribute to the development of more effective treatment
protocols with this method.
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Complication of COVID-19:
Mild Encephalopathy Syndrome
with Reversible Splenial Lesion
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Abstract

A syndrome of mild encephalopathy with reversible splenial lesion (MERS) was described in a post-COVID-19 male patient. The clinical
manifestations included neuropsychiatric and visual abnormalities; when focusing separately on an object (one eye closed), the left eye perceived
it as normal, but the right eye perceived it as multiple images moving diagonally into the distance. T2, FLAIR, and ADC magnetic resonance
imaging (MRI) showed a splenial lesion that resolved rapidly without using corticosteroids. The patient was diagnosed with cerebral polyopia
because he saw images arranged in ordered rows after focusing on an object. Differential diagnoses included astigmatism, palinopsia, and
polyopic visual hallucinations. Monocular polyopia is explained by anomia associated with the patient's partial split-brain syndrome (the splenial
lesion, neuropsychiatric abnormalities); involvement of the pathways from the frontal eye fields to the brainstem structures responsible for
initiating extraocular eye movements. The association of neurological complications with prior COVID-19, rapid resolution of symptoms, and MRI
lesions without initiating immunosuppressive therapy suggested endotheliopathy as the cause of COVID-19 complications.
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CASE REPORTS
Encephalopathy syndrome with polyopia as COVID-19 complication

OcnokHeHHe KOPOHABUPYCHOM MH(MEKITUU:
CUHIPOM YMepEeHHO# 3HIedaonaTuu
C 00paTUMBbIM MOPa’KEHHEM
Ba/IMKa MO30JIMCTOTO TeJla

T.B. MarBeesa', PT. laiidyrnunos!, [.I11. Kamanosa!, I.A. @acaxosa’

'Kasanckuti 2ocydapcmeentblti meduyunckuii yHusepcumem, Kasanb, Poccus;
*IJenmpanbHas 2opodckas kaunuveckas 6onvHuya N° 18, Kasaws, Poccus

AnHoTanug

Onucan cundpom ymeperHoli SHyepanonamuu ¢ 00pamuMbLM NOPAXKeHUeM 8AIUKA MO30NUCMO20 Med Y Myxuukbl, nepenécuieco COVID-19.
Knunuueckumu nposenenusmu 3a6oesanus Obiiu Heliponcuxuueckue OMKJIOHEHUS U HAPYUIeHUe 3peHUs — npu pasdesbHotl (okycuposke 630pa
Ha 00sexme (00uH 21a3 3akpsim) Jesbitl 2713 6OCNPUHUMAI €20 Kak 00bIuHO, NPABbLll — KaK MHOXKECMB0 yX00Suyux 80ab no duazoHany usobpa-
enutl. Ha maznumHo-pesonarcroti momozpamme (MPT) 6 pexumax T2, FLAIR, ADC 3achuxcuposaro Gbicmpo pezpeccupyroujee 6e3 Ha3HaueHus
2J0koKopmuKoudo8 00pazosaxue 8 eauke Mo301ucmoz0 mend. Budenue nayuenmom uzoBpaxenuil 6 ude ynopsoouenHsix padog nocie Quk-
cayuu 830pa Ha 00sekme no36oUI0 UaZHOCMUPO8AMY Y Hezo yepedpabuyio nonuonuio. JJucdepenyuanshbiii duazios nposoduscs ¢ acmue-
MAMU3MOM, NanuHoNCuetl, 3pumeHblMU NONUONUHECKUMY 2a L oYuHAyUSMU. MOHOOKYApHAS noauonus 00sACHeHa aHoMuetl, ConpsxEHHOL
C UMEIOWUMCS Y nayueHma CUHOPOMOM UaCMUUHO «pACU4enIEHHO20 MO32a» (04az2 6 6aILKe MO30JUCMO20 MeJd, HelpOnCUXU4ecKue OMKNOHeHUS);
3aUHMepecosaHHoCMbi0 nymeti om N06HbIX NoJell 271a3a K CmpyKmypam cmeosd, OmeemcmeeHHbIX 3 UHULUAYUIO IKCMPAOKYSPHbLX 08UKeHUL!
2nas. Accoyuayus Hegponozuueckux ocnoxHenuti ¢ neperecénnvim COVID-19, Gvicmpeiil pezpecc cumnmomos 3abonesanus u usmeneuii ha MPT
0e3 Ha3HAUEHUS UMMYHOCYNPECCUBHOL! Mepanuu no3eouo 8 kauecmee 2exe3a ocioxrenus COVID-19 npednonoxums sHdomenuonamuio.

Kniouegvle cnoea: sanux mo3onucmozo mend; cum)pom MERS; nonuonus; CuH@pOM «pacwenﬂéHHoeo MO032a», AHOMUA

JTHYecKoe YTBEpKAEeHue. I/ICCJ'IE,ZIOBBHI/IE IIpOBOAXJIOCH IIpU ,E[O6pOBOJ'IbHOM VIH(bOpMPIpOBaHHOM COrmacuu mnmanyeHTa, B TOM
qucsie Ha I'IY6JII/IK8LII/IIO KJIMHUYECKOro ciayydad.

Wcrounuk ¢uHaHCHpOBaHUS. ABTOpbI 3asB/AIOT 00 OTCYTCTBUM BHEIIHUX MCTOYHUKOB (MHAHCUPOBAHHUS MPU HAMUCAHUH
JJAHHOH CTaTbH.

KoHdnuKT nHTEpecoB. ABTODHI I€KIAPUPYIOT OTCYTCTBUE SABHBIX U MOTEHLMAIbHBIX KOHGIMKTOB HHTEPECOB, CBS3aHHbIX
c ny6n1/1}<au1/1e1?1 HAaCTOSILEH CTAThU.

Anpec nns xoppecnongennuu: 420101, Poccus, Kasanb, yn. Maeniotosa, a. 2. LIIKB N2 18. E-mail: gaifutdinov69@mail.ru.
laiidytauHoB PT.

Jna putuposanus: Marseesa T.B, laiidyrauxos PT., Kamanosa .11, ®acaxosa IA. OcnoxkHeHHEe KOPOHAPOBUPYCHOMN HH-
(ekuun: CHHAPOM yMepeHHO# sHIledanonaTiy ¢ 00paTHMbIM MOPaKEHUEM BaliKa MO30JIUCTOrO TeJa. AHHANb! KIUHUYeCKOL
u axcnepumenmanbHoli Heeponozuu. 2024;18(4):110-116.
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Introduction some coronaviruses [6, 7]. SARS-CoV-2 enters the brain by

the neurogenic route via the axons of olfactory cells and

Neurological complications of the novel coronavirus in-
fection (COVID-19) are common, ranging from headache
to clinical symptoms and signs of encephalitis, meningitis,
encephalomyelitis, acute stroke, Guillain-Barré syndrome,
neuropathies, etc. [1-5]. This suggests that their origin is
complex and unclear. The possibility of direct cell infection
by coronaviruses is under discussion. Angiotensin-convert-
ing enzyme 2 and membrane-bound serine protease matrip-
tase-2 are thought to be viral receptors and entry points for

then spreads transsynaptically to various brain structures
[8]. The hematogenous spread of the virus is mediated by
infected monocytes and macrophages, which contributes
to the damage of brain vessel endothelium [9], affecting
the function of the neurogliovascular unit (neuron-astro-
cyte—vessel). This includes an increased permeability of
the blood-brain barrier, leading to extravasation of plas-
ma components into the vascular wall and perivascular
space, inflammation, loss of autoregulatory function of the
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brain, smooth muscle involvement, and ultimately occlusion
of the vascular lumen at the final stage of the disease [10].

Angiotensin-converting enzyme 2 receptors are found in ske-
letal muscles, arterial and venous endothelial cells, arteri-
al smooth muscle cells of many organs and the brain [3, 11,
12]. The somatic manifestations and other complications of
COVID-19 can be explained by the effects of the viral toxin as
well as by inducing effect of the pathogen, leading to a system-
ic inflammatory response syndrome. A cytokine storm is one
of its components. High levels of proinflammatory cytokines
(interleukin-1B, -2, and interleukin-2, -4, -10, -18 receptors, in-
terferon-y, C-reactive protein, tumor necrosis factor-o, granu-
locyte colony growth factor, etc.) have been reported in severe
COVID-19 [2]. However, a retrospective cohort study conducted
by M.L. Ciampa et al. in patients hospitalized with COVID-19
did not confirm these data [13]. The difficulty in assessing the
role of cytokines in the development of COVID-19 is that cy-
tokines have different functions due to their biological activity.
In COVID-19, most conclusions are based on a quantitative as-
sessment of cytokines without considering their functional pur-
pose as substances that activate (stimulate) or suppress (inhib-
it) the immune response. Considering these factors, the role of
cytokines in the development of COVID-19 needs to be clarified.

SARS-CoV-2, like dengue virus, is thought to infect the endo-
thelium directly, resulting in extensive vascular involvement
that occurs 3-6 days after disease onset [14, 15]. Endothe-
liopathy in COVID-19 increases the release of multimeric
von Willebrand Factor (VWF) and platelet adhesion, and de-
creases levels of anticoagulant proteins on the endothelial
surface. These processes, together with coagulopathy and
infection-induced platelet hyperactivity, trigger blood clot
formation and thrombotic microangiopathy [16]. One of the
mechanisms that lead to the central nervous system damage
in COVID-19 is local hemostasis defects due to an imbalance
between high levels of highly active VWF multimers and low
levels of ADAMTS13 (a disintegrin and metalloproteinase
with thrombospondin motifs 13), which cleaves newly re-
leased highly active VWF multimers. In patients with sepsis
and a significant imbalance between VWF and ADAMTS13,
systemic thrombotic microangiopathy is observed. The im-
balance of systemic coagulation factors in COVID-19 patients
is mild and may manifest locally. However, it may be one of
the reasons for delayed strokes or structural brain lesions
[16]. The SARS-CoV-2 induces autoimmune responses by sev-
eral mechanisms such as molecular mimicry between viral
proteins and host antigens, formation of viral superantigens,
activation of macrophage and monocyte defense mecha-
nisms, and polyclonal activation of B cells [17].

Viral neuroinvasion can contribute to the exacerbation and
progression of acquired, inherited, demyelinating, metabolic,
neurodegenerative, and neuromuscular diseases [2, 18-20].
It is still unclear how the underlying mechanism for a partic-
ular form of the disease can be identified.
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Fig. 1. This is how patient A. saw when he fixes his gaze
on something.

A case report

Patient A., 31 years old, was admitted with complaints of vi-
sual impairment. When looking with both eyes, he saw an ob-
ject as “a set of identical objects arranged in a row” (Figure 1).
When the patient covered his left eye, the right eye's percep-
tion remained distorted. With the right eye closed, the left
eye's perception was normal. The same visual disturbances
occurred when refocusing on a new object. The object and
background were clearly seen. Duration of visual impairment
was approximately 1 minute.

The patient noted gait instability, impaired memory for re-
cent events (did not remember if he took the drug the day
before or at the day of examination). The patient felt con-
stantly anxious, detached from his surroundings, fearful of
the future. It seemed as if “everything was happening not to”
him. This experience was accompanied by general weakness,
sweating, and a blood pressure increase to 160/90 mm Hg.

Visual impairment occurred on day 21 after moderate
COVID-19. After being discharged from COVID-19 depart-
ment, he could not return to work due to his inability to con-
centrate and perform routine tasks. He became more anxi-
ous. Prior to this case, he rarely had acute respiratory viral
infections.

The neurological examination on admission to the Neurology
department did not reveal any visual fields deficit in confron-
tation test. No sensory or motor disorders were observed.
Deep tendon reflexes were active and symmetrical. Abdomi-
nal reflexes were absent, plantar reflexes were reduced.
No abnormal signs were detected. Coordination tests re-
vealed slight bilateral dysmetria. Bilateral dysdiadochokinesis
was inconclusive. On Romberg test, the patient swayed slight-
ly. Gait was unsteady, tandem walking was normal. A Mon-
treal Cognitive Assessment Scale score was 27. The patient
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Fig. 2. Axial brain FLAIR MRI of Patient A.

A: day 1 of hospitalization; a single symmetric hyperintense spleni-
al lesion with relatively smooth and clear contours;

B: day 13 of hospitalization; lesion almost completely resolved.

A B

Fig. 3. ADC Map MRI of Patient A.

A:day 1 of hospitalization, low signal intensity in the splenium pro-
jection; B: day 13 of hospitalization; average signal intensity in the
splenium projection.

was unable to accurately redraw the cube and reproduce two
words by heart (but was able to do so when prompted by ca-
tegory). In a ten-word test, the patient could recall only 4 of
10 words after 1 repetition. After the subsequent repetitions,
he could reproduce 7, then 9, 9, and all 10 words. The vol-
ume of a correction task was 583 characters. A concentration
score was 4.85. High attention span, decreased work capacity,
and significant emotional instability were observed.

Laboratory tests showed ALT of 53 U/L (reference: < 37 U/L),
AST of 29 U/L (reference: < 29 U/L), ferritin of 272 ng/mL
(reference: 2-250 ng/mL). Coagulation test was unchanged.
Other parameters were normal. The ophthalmologist's con-
clusion was simple astigmatism of the left eye, bilateral reti-
nal angiopathy.

Magnetic resonance imaging (MRI) of the brain showed a
hydrophilic splenial lesion measuring 12 x 18 x 15 mm with-
out perifocal changes or contrast enhancement, consistent
with cytotoxic lesions of the corpus callosum (CLOCCs;
Figures 2-4).

Encephalopathy syndrome with polyopia as COVID-19 complication
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Fig. 4. Sagittal brain FLAIR MRI of patient A.
A: day 1 of hospitalization; hyperintense splenial lesion; B: day 13 of
hospitalization, decreased intensity of the lesion.

The patient received metabolic therapy. On day 4 of hospi-
talization, visual disturbances resolved. The patient was dis-
charged in satisfactory condition.

Discussion

In our case, the visual impairment could not be explained by
the ophthalmologist's diagnosis of astigmatism, with its main
symptoms being blurred and double vision. The patient clear-
ly saw multiple images of objects arranged in a row.

This visual impairment was classified as cerebral polyopia
because of its dependence on gaze fixation and its spe-
cific character. Polyopia is seeing two or more images ar-
ranged in ordered rows, columns, or diagonals after fixation
on an object [21].

Cerebral polyopia differs from ocular polyopia, which is asso-
ciated with the formation of areas in the optical media of the
eye (cornea, lens) that refract light rays unevenly, resulting
in the projection of multiple object images onto the retina. In
our case, one of the objects could be perceived clearly, while
the other could appear blurred. The visual defect was not
associated with fixation, persisted when one eye was closed,
and did not disappear when the patient was attempting to
look at an object using a needle-hole occluder.

The patient's visual impairment also differed from palinopsia.
Palinopsia is a visual perseveration. Patients continue to per-
ceive or see the image again for a brief time even after the
visual stimulus stops. The virtual image is perceived as real
in the environment and does not disappear when the eyes
are closed. lllusion occurs on the side of the defective visual
field. Palinopsia occurs when the process is located in the tem-
poro-occipital, parietal-occipital regions of the brain and, less
commonly, in the posterior regions of the left hemisphere [22].

Cerebral polyopia is observed in cases of damage to the oc-
cipital or parieto-occipital regions of the brain [23] or to the
parietal region [24]. The neurophysiological mechanism of
polyopia is associated with increased excitability of neurons
in the visual cortex [25]; with recoding of visual receptive
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fields in the primary visual cortex with bilateral lesions in the
occipital lobe [26]; with disruption of connections between
the posterior parietal cortex, where visual-spatial analysis
is performed, and the cortical gaze center, subcortical struc-
tures, and the stem gaze center [24]. Due to the lack of neu-
roimaging data confirming brainstem and hemisphere dam-
age, preservation of visual fields, and monocular character of
the defect, visual impairment is unlikely to be explained by
the above mechanisms.

The dependence of the visual impairment on fixation and
the monocular polyopia associated with an existing object
excludes the possibility of visual polyopic hallucinations with
the virtual image seen [22].

Foveal fixation and stereopsis (the sense of spatial expan-
sion and relief of real objects) are performed by each eye
separately. Perception of an object by a person with normal
binocular vision requires precise alignment of the visual axis
to re-fixate the object in each eye in the same dimension,
which is achieved by extraocular (vergent) movements of the
eyeballs (saccades) [27]. Visual information enters the pri-
mary visual field, the striate cortex or visual area V1, whose
axons form the dorsal and ventral visual pathways. The dor-
sal pathway provides the answer to the question “Where?”,
terminates in neurons located in the posterior parietal re-
gion, and is associated with the spatial orientation of objects.
The ventral pathway provides the answer to the question
“What?”, is associated with the identification of objects, and
is adapted to the structures of the extrastriate visual cortex
(V2, V3, V4, V5 fields). From the parietal region, the infor-
mation reaches the frontal eye fields, which generate a tar-
geted motor effect of the eyeballs in the form of saccades.
At the same time, the role of the frontal eye fields is reduced
to selecting the appropriate saccadic amplitude and trans-
mitting the information through a number of intermediate
structures, including the reticular and paramedian structures
of the brainstem, to the muscles that provide extraocular eye
movements [24, 27]. In our case, the patient clearly saw and
recognized the object, and this suggested the spared ventral
visual pathway. This allowed concluding that the patient's
image perception was associated with a defect in foveal fix-
ation and stereopsis of the object. Given the location of the
process, it can be assumed that pathways from the frontal
fields of the eye to the brainstem were affected. However, we
cannot explain monopolyopia by a disruption of the consid-
ered connections.

In our case, monopolyopia was accompanied with a splenial le-
sion, which suggested the possibility of a partially split-brain
syndrome associated with damage to the callous structures.
This was confirmed by the experiment of Gazzaniga, 1999 [28].
When an object was presented to the left hemisphere, a split-
brain patient gave the correct answer with an emotional re-
sponse. When the same object was presented to the right hemi-
sphere, the patient responded that she saw nothing. In cases of

combined damage to the visual pathways and centers, partial
transection of the posterior corpus callosum resulted in visual
anomia [28]. This is the most likely defect in our patient.

Lesions in the isthmus/splenium and corpus callosum are
associated with confusion, altered mental status, hallucina-
tions, psychosis, mutism, and cognitive impairment [29-31].
This location may explain impaired anterograde memory,
anxiety, fear, emotional instability, impaired auditory short-
term memory (with less words retained and reproduced for
the first sequence of the Luria test); depersonalization and
derealization.

In our case, instability of walking cannot be explained by
cerebellar symptoms. It does not correlate with inconclusive
cerebellar symptoms, normal tandem walking, and unsteady
but not ataxic gait. Instability is one of the corpus callosum
lesion symptoms, with some patients unable to move [28].

There are acute and chronic variants of the split-brain or
disconnection syndrome. Acute symptoms of disconnection
may develop gradually or rapidly, within 4-7 days, and may
partially or completely resolve [32-34], as in our patient.

Prior COVID-19, as well as the corresponding described symp-
toms suggested the diagnosis of mild encephalopathy with
reversible splenial lesion (MERS) associated with COVID-19;
partially split-up brain syndrome in the form of transient
mononuclear cerebral polyopia, visual anomia, and mild neu-
ropsychiatric disorders.

Based on the above-mentioned mechanisms of nervous sys-
tem damage in SARS-CoV-2 infection, the presence of CLOC-
Cs, the absence of toxic infectious manifestations or hemo-
stasis disorders on admission to the Neurology department,
rapid regression of visual impairment without using steroids
(the patient received only metabolic therapy) suggest the
vascular nature of the disease and associates the result-
ing condition with local endotheliopathy, which is possible
in COVID-19 [16, 35] and may be the cause of CLOCCs [29].

MERS is a new disease entity with limited experience in diag-
nosing and understanding clinical manifestations.

We detected and confirmed monocular cerebral polyopia
and visual anomaly in the patient with the splenial lesion.
According to our hypothesis, these syndromes are thought
to develop due to the splenial lesion and partial damage to
the callous pathways and descending visual connections that
pass near the corpus callosum. These syndromes in patients
with lesions of the corpus callosum have not been previously
described, so this information may contribute to the under-
standing of the function of the posterior corpus callosum.

There are almost no reports of MERS in COVID-19, so this
report may be interesting for clinicians and brain researchers.
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Amyotrophic Lateral Sclerosis and Myasthenia
Gravis: Comorbidities and Differential Diagnosis
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Abstract

Amyotrophic lateral sclerosis (ALS) and myasthenia gravis (MG) are both characterized by primarily motor deficit, and their differential diagnosis
may be sometimes challenging. We present a case report of a patient with late-onset ALS, which was initially misdiagnosed for anti-acetylcholine
(anti-AChR) antibody-positive MG. In some cases, ALS has been thought to be triggered by MG. In the presented case report, elevated anti-AChR
antibody titers (positive anti-AchR Ab) had no clinical significance and possibly indicated an immune response to structural changes in the postsyn-
aptic membrane of the neuromuscular synapse in the ALS patient.
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bokoBoii amroTpoduuecKkuii CKjiepo3 1 MUACTEHU S
rpaBHC: KOMOPOHIHOCTh U auddepeHaabHad

IUATHOCTHUKA
E.B. llepeymuna', M.A. Kyrny0aes', P.B. Marskanos', M.B. Bpaxuuxos?, C.M. ®appaxosa’

'Bawkupckuii eocydapcmeenblil Meduyurckuii yusepcumem, Ypa, Poccus;
*Pecnybnukanckas kaunuueckas 6onshuya umenu LT Kysamosa, Yepa, Poccus,

AnHoTarug

Boxosoli amuompoduueckuti cknepos (BAC) u muacmeHus xapaxmepusyiomes uucmo 08U2amesibHbLM HE8PONIO2UYECKUM 0eUUUMOM, U 6 Heko-
mopbix cayuasx ux ougpeperyuanshas duasHocmuka Moxem ebi3viéams mpyoHocmu. Ipedcmaenen ciyuaii no3onezo dedioma BAC, komopi
U3HAUATIBHO Oblsl OULUOOUHO NPUHAM 30 MUACMEHUIO C NOOKUMEbHBLMU GHMUMENAMU K ayemuxonuHossim peyenmopam (AXP). B Hexomopoix
crydasx muacmenus paccmampusaemcs kak mpueeep BAC. B npedcmasnenrom ciyuae nonoxumensHoliii mump awmumen k AXP He umen kau-
HUYECKO20 3HAUEHUS U, BO3MOKHO, YKA3bI8AT HA UMMYHHYIO PEaKYUI0 HA CMPYKMYpHble USMEHeHUs 8 NOCMCUHANMuUeckoli MeMOpaKe HepeHo-
MbllueuHozo cunanca y nayuenma c BAC.

Kntouegvie cnosa: 60xosoti amuompogpuueckuii ckepos; MuacmeHus; amumena K ayemuaxoauHo8bIM peyenmopam; 60nesHs
0suzamesbHO20 HelipoHa
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Amyotrophic lateral sclerosis (ALS) and myasthenia gravis
(MG) are two diseases with motor disorders at the core of
their clinical picture. However, a comprehensive examination
of the clinical manifestations generally allows for a correct
diagnosis to be established already at the screening. ALS is
characterized by progressive mixed asymmetric paresis with-
out oculomotor muscle involvement. The disease is irrevers-
ibly progressive and unresponsive to treatment. Myasthenia
gravis (MG) is predominantly manifested by muscle weakness
and abnormal fatigability. MG is classified by the distribu-
tion of paresis affecting mainly oculomotor, mimic, and bul-
bar muscles, as well as the muscles of upper and lower limb
girdles and proximal limbs. MG course is usually fluctuating
with MG patients quickly responding to acetylcholinesterase
inhibitors (AChEISs).

A number of factors may impede differential diagnosis of
ALS and MG. In some ALS subtypes, the peripheral motor
neurons are primarily affected. At the early stages, only the
bulbar muscles are involved, and there are no clear signs of
tongue atrophy or fasciculation. This clinical picture resem-
bles that of MG. On the other hand, MG may mimic ALS. For
instance, MG with antibodies against muscle-specific tyrosine
kinase (MuSK-MG) is characterized by asymmetric paresis
sparing oculomotor muscles, although with an early onset of
respiratory disturbances. In this subtype of MG, progression
of paresis is rapid leading to atrophy and the patients show
no response to AChEI [1].

Differential diagnosis of MG and ALS is of paramount im-
portance as these two diseases require different treatment
approaches. In MG patients, immunomodulatory therapy may
be beneficial, while in ALS patients, glucocorticoid therapy
fails and the most promising treatment options are associa-
ted with various neuroprotective strategies. We present a
case report of an anti-AchR Ab positive patient who initially
was diagnosed with late-onset MG. A more comprehensive
review of the clinical and instrumental data ultimately led to
the ALS diagnosis.

A case report

Patient N. aged 81 years.

Complaints: difficulty swallowing (both solid foods and li-
quids), impaired chewing, choking, nasality, and decreased
voice pitch, severe generalized muscle weakness, especially
in the neck ("dropping head") and legs.

Medical history. Approximately one year ago, the patient
first observed weakness in the right arm, which subsequently
extended to the whole body. One year later, his close ones
started noticing his slurred speech. One month prior to hos-
pital admission, the patient experienced an acute decline in
his condition, which manifested as acute dysphagia, including
failure to swallow saliva, and weakness in the legs, which
gradually increased over the course of the month.

Concomitant diseases. The patient had a history of basal cell
skin carcinoma of the right anterior thorax which was opera-
ted in 2021; neither radiotherapy or chemotherapy was given;
prostate adenoma (operated in 2021); stage III arterial hyper-
tension > 10 years managed by triple antihypertensive thera-
py with combination of amlodipine, valsartan, and hypothiazid
5/160/12.5 mg. The patient had smoked for 40 years (one pack
of cigarettes per day) and ceased smoking in 2004; worked at
construction sites for a long time, and as a crane operator for
the last 20 years before retirement at the age of 65. No family
history of similar disorders, the patient's father died early in
life because of the trauma, mother had symptoms resembling
parkinsonism (limb tremor, bradykinesia, and muscle rigidity),
we have no information about her diagnosis.

The patient was urgently admitted to the central district hos-
pital. Diagnosis at admission: cerebrovascular disease. The
complete blood count and metabolic panel test results fell
within reference limits; a urinalysis revealed moderate leu-
kocyturia; electrocardiography showed chronic atrial fibril-
lation, which was detected for the first time. Prior to AChEI
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treatment initiation, the patient underwent electromyogra-
phy (EMG) with low-frequency (3 Hz) repetitive stimulation
of the following muscles: m. orbicularis oculi, m. nasalis, m.
digastricus, m. deltoid, and m. abductor digiti minimi. The
EMG results were suggestive of abnormalities in postsynaptic
neuromuscular transmission (muscle action potential (MAP)
decrement 16-32%, post-activation depression and post-ac-
tivation exhaustion, see Figure 1). Consequently, the diag-
nosis was revised to myasthenia gravis. Upon insertion of a
nasogastric tube, the patient started AChEI (pyridostigmine
bromide 180 mg daily) and glucocorticosteroid treatment
(prednisolone 70 mg daily). General weakness, particularly
in the legs, progressively increased with the treatment. Ad-
ditionally, dyspnea developed, which may have been caused
by the side effects of the ongoing treatment, also including
fluctuations in blood pressure, progressive cardiac rhythm
disturbances, and glycemia. The patient stopped walking
without assistance.

To verify the diagnosis and modify the treatment, the patient
was transferred to the Neurology Department of G.G. Kuvatov
Republican Clinical Hospital.

C

Fig. 1. Electromyogram of the patient N.
A — m. deltoideus dextra, primary amplitude decrement (1-5) 35%;
B — post-activation depression; C — post-activation exhaustion.

Amyotrophic lateral sclerosis and myasthenia gravis

At admission to the Neurology Department: height 180 cm,
weight 67 kg (weight loss of 15 kg within 1.5 months), BMI
20.68 kg/m? respiration rate 19 breaths per min, chest ex-
pansion decreased. Lower legs are swollen. Blood oxygen sa-
turation was 91%, with oxygen insufflation increased to 97%.
Cardiac arrhythmia, tachycardia, heart rate 100 bpm. Naso-
gastric feeding. Other physical characteristics without visible
changes.

Neurological examination: normal ranges of eye movement,
no diplopia, the orbicularis oculi muscle strength grade 5;
masticatory muscle hypotrophy with strength down to grade
3; the jaw jerk reflex not exaggerated, symmetric face, mimic
muscle strength sufficient, hypophony, poor velar elevation,
reduced swallowing reflex and palatal and pharyngeal reflex-
es, dysphagia, dysarthria, fibrillations on the tongue without
hypotrophy, tongue movements and strength within normal
range. The snout reflex and the nasolabial reflex were posi-
tive. The strength of the neck extensor muscles is at grade 1
and of the neck flexor muscles is at grade 2 (dropped head
syndrome, DHS). The patient had a clinical picture of se-
vere, predominantly flaccid, asymmetric tetraparesis. Active
movements of the limbs are limited, predominantly on the
right side: muscle strength in the proximal limbs decreased
to grade 1 in the leg and grade 2 in the arm with plegia in the
distal parts. Muscle strength in the left-side limbs decreased
to grade 3, predominantly in the proximal parts. The muscle
tone is decreased. Asymmetric diffuse upper and lower limb
hypotrophy andingle fasciculations in the upper and lower
limb muscles were observed. Tendon reflexes were symmet-
rically reduced, no pathological reflexes elicited. Moderate
muscle fatigability was observed: a grade 0.5-1.0 muscle
strength decrease during muscle strength re-assessments.
Coordination in the left-side limbs within normal range. Gait
assessment was impossible [due to the patient's immobility].
No sensory disturbances. The patient had urinary dysfunc-
tion associated with prostatic hyperplasia. After recommen-
dation of the urologist, the patient was catheterized.

The patient was differentially diagnosed between motor neu-
ron disease and neuromuscular junction disorder. A neostig-
mine test was performed twice with no apparent positive
effect.

MAP decrement assessment by needle electromyography
(EMG) in m. trapezius, m. abducens digiti minimi dextr. per-
formed 12 h after AChEI withdrawal detected no neurophysio-
logical signs of disturbance in neuromuscular transmission.
No significant changes in M-response or decremental re-
sponse were observed during post-tetanic depression and ex-
haustion. Needle EMG results showed a pattern of neurogenic
changes in motor action potentials with greater average du-
ration and amplitude in m. rectus femoris, m. tibialis anteri-
or, m. deltoideus, and m. interosseous 1 (Fig. 2). Detection of
single spontaneous fibrillation potentials and fasciculations
confirms generalized damage to motor neurons in the spinal
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Fig. 2. Needle electromyogram of patient N.

A — m. deltoideus dextra, average duration 13.3 ms (8.9-16.3 ms,
ref. values < 12 ms), average amplitude 1408 uV (459-2164 v,
ref. values < 550 pV), spontaneous activity (single fibrillation and
fasciculation potentials); B — m. interosseous I dextra, average
duration 14 ms (9.9-17.8 ms, ref. values < 10.3 ms), average am-
plitude 4863 pV (2125-8427 uV, ref. values < 750 pV), and mo-
derate spontaneous activity (fasciculation potentials).

cord. The EMG assessment of the tongue muscles detected
a single spontaneous fibrillation potentials and an increased
average amplitude of motor action potentials without any
changes in duration.

To rule out focal lesions in the brainstem area, a brain MRI
was conducted, which revealed the signs of chronic cerebro-
vascular insufficiency (Fig. 3).

Complete work-up of the patientrevealed left kidney cyst,
moderate right kidney pyelectasia, diverticula and pseu-
do-diverticula in the urine bladder, and diffuse pulmonary
sclerosis.

The complete blood count results were within normal range;
urinalysis detected transitory macrohematuria and leukocy-
turia caused by uroinfection due to insertion of urinary cathe-
ter; comprehensive metabolic panel results indicated hypo-
proteinemia (51.0 g/L against ref. values of 66-83 g/L) and
hypoalbuminemia (31.6 g/L against ref. values of 35-52 g/L),
elevated urine acid levels up to 440.9 uM/L (ref. values: 208.3-
4283 uM/L), and other parameters within a range of refe-
rence values. Prostate-specific antigen: 2.450 ng/mL (ref. value
< 6.5 ng/mL). Elevated anti-AChR antibody titers: > 20 nM/L
(ref. values < 0.5 nM/L).

Fig. 3. Periventricular hyperintensity of vascular origin on T2 (4)
and FLAIR (B) MRI scans of the patient's brain.

Based on progressive asymmetric paresis, the absence
of any other symptoms since its onset in the upper right
limb, electrophysiological signs of neuronal damage pres-
ent on threelevels of central nervous system, and the ab-
sence of positive response to AChEI administration, the
diagnosis was established as motor neuron disease (MND).
Amyotrophic lateral sclerosis, spinal onset with asymmet-
ric tetraparesis to the degree of plegia in the distal parts
of the upper right limbs, neck muscles involvement, bul-
bar-pseudobulbar syndrome, and respiratory disturbances.
Insignificant anti-AchR positivity. Concominant diagnosis:
coronary artery disease associated with arrhythmia. Chron-
ic atrial fibrillation and congestive heart failure (ACC/AHA
Stage B, NYHA Class II). Stage III arterial hypertension.
Stage I prostatic hyperplasia.

Following the gradual withdrawal of prednisolone and pyri-
dostigmine bromide, the patient exhibited a slight improve-
ment in blood oxygen saturation levels and respiratory func-
tion.

Discussion

At the district hospital (Level II of healthcare system), the ini-
tial diagnosis for patient N was myasthenia gravis, which was
subsequently revised to amyotrophic lateral sclerosis (ALS).
However, the presence of anti-AChR antibodies raised doubts
about the absence of myasthenia gravis.

The potential association between ALS and myasthenia gra-
vis is manifold. The most straightforward explanation is that
they are capable of mimicking each other, as previously stat-
ed. Nevertheless, clinical cases with combination of these two
diseases are particularly intriguing. In the majority of MG-
ALS comorbidity cases documented in the literature, clas-
sical myasthenia gravis preceded the symptoms indicative
of upper and lower motor neuron damage, which may be
considered a transformation of MG into ALS. Few cases of
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patients with MG followed by ALS have also been previous-
ly described. Epidemiological data analysis showed that MG
patients, who further developed ALS, were of older age, had
two times more frequently a bulbar onset, and a more severe
course of disease [2].

The majority of authors consider MG and ALS coexistence
to be far beyond coincidence. Based on western countries
incidence rates the co-occurrence of both diseases is a really
exceptional event (7.5/10°), while S. de Pasqua et al. reported
higher incidence rates based on their studies (1.87/107) [2]. In
terms of pathogenesis, the immunological dysfunctions in pa-
tients with MG may trigger the ALS development, especially
if there is genetic predisposition. Antibodies to lipoprotein—
related receptor protein 4 (LRP4) can be found both in some
MG subtypes and in ALS, as this protein plays an important
role in the neuromuscular synapse and motor neuron func-
tioning. This mechanism is uncommon and is unlikely in the
present case, as the patient was anti-AChR antibody positive
with elevated anti-AChR antibody titers. On the other hand,
dysfunction of the regulatory T-cells (Tregs) typical for MG
may be considered a trigger to motor neuron damage. Tregs
are shown to suppress proinflammatory cytokine production,
stimulate production of antiinflammatory cytokines and neu-
rotrophic factors, as well as mediate microglia activation, etc.
[3]. In MG, suppressive function of Tregs is compromised [4],
whereas in ALS, Tregs are thought to suppress microglial
activation and production of free radicals [5]. Experimental
studies suggest that decreased blood levels of Tregs are asso-
ciated with rapid disease progression [6].

Neuromuscular synapse dysfunction plays a role in the
pathogenesis of ALS due to a "dying back" phenomenon,
i. e. progressive degeneration of motor axons, muscle dener-
vation and decreased neuromuscular transmission [7]. The
pathogenetic similarities between ALS and MG are support-
ed by electrophysiological studies. In their compound mus-
cle action potential (CMAP) decrement study, D. Zhang et
al. demonstrated a decrease in M-response amplitude in m.
abductor pollicis brevis in ALS patients — the so-called neu-
rogenic decrement [8]. Nowadays, neuromuscular junction

Amyotrophic lateral sclerosis and myasthenia gravis

dysfunction is considered to play a special role in the patho-
genesis of ALS [9].

The patient's history of basal cell skin carcinoma does not
exclude paraneoplastic ALS [10]. However, in the presented
case, cancer was highly differentiated with low immunogenici-
ty, which resulted in a low risk of paraneoplastic response.
The tumor as a source of antigenic stimulation was removed
two years prior to disease onset, and the patient did not re-
spond to immunosuppressive therapy.

The patient with predominantly flaccid tetraparesis was diag-
nosed with late-onset MG and presumptive therapy (AChEI +
glucocorticosteroids) at the district | hospital failed to yield
any positive results. Moreover, administration of glucocor-
ticosteroids had a transient negative effect that leveled off
after their withdrawal. Results of follow-up examination ruled
out MG and were suggestive of ALS. At the same time, the
anti-AChR ab test was positive. A comprehensive analysis of
clinical and electrophysiological data, and review of the pa-
tient's family medical history revealed no signs of neuromus-
cular synapse dysfunction, and the patient was diagnosed
with ALS. The presence of autoantibodies was regarded clini-
cally insignificant. In the presented case, positive anti-AChR
ab test result may indicate an immune response to the AChR
degeneration in the neuromuscular synapse [11, 12]. Several
authors suggested that pathogenesis of certain ALS subtypes
includes autoimmune traits [11], but failure of the glucocorti-
costeroid therapy is inconsistent with this hypothesis.

Thus, MG-ALS co-morbidity is a rare but explainable phe-
nomenon in terms of pathogenesis [13-17]. A case report
presented in this article highlights the importance of a com-
prehensive analysis of the clinical picture in the diagnosis of
neuromuscular diseases. Even the presence of disease-speci-
fic autoimmune antibodies is not sufficient to diagnose MD.
The diagnosis must be supported by other typical manifes-
tations, such as oculomotor muscle involvement, pronounced
muscle fatigability, response to AchRI therapy, cold pressure
test, and muscle action potential decrement by low-frequency
repetitive nerve stimulation.
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