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Simultaneous Dual-Target Magnetic
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Abstract

Introduction. Non-invasive magnetic resonance-guided focused ultrasound (MRgFUS) is a new neurosurgical treatment option for tremor-dominant
Parkinson’s disease (TDPD). Outcomes of ablation with dual targeting of two subcortical nuclei to improve functional treatment results are yet to
be explored.

Aim. This study aimed to evaluate the safety and efficacy of MRgFUS with simultaneous unilateral ablation of two cerebral targets in patients with
TDPD.

Materials and methods. A total of 82 TDPD patients (20 women, 62 men; median age 65.0 [52.5; 70,0] years) received unilateral MRgFUS,
i.e. ventrointermedial (VIM) nucleus thalamotomy and/or pallidothalamotractotomy (PTT). Motor symptoms, including tremor, were assessed us-
ing MDS-Unified Parkinson’s Disease Rating Scale Part IIl (MDS-UPDRS-III). VIM, PTT, and VIM + PTT ablation was received by 34, 12, and 36
patients, respectively.

Results. After surgery, MDS-UPDRS-III score improved by 40.1% (30.2; 51.7) without early or late-onset serious complications. Tremor returned
in 18 patients (all after VIM thalamotomy); 9 of them successfully underwent re-treatment 9-12 months after the first procedure. Simultaneous
dual-target (VIM + PPT) intervention was successfully received by 36 patients without any serious complications. A total of 89.3% and 69.7% of
patients remained relapse-free in the dual-target and single-target groups, respectively (p = 0.039).

Conclusion. Simultaneous dual-target (VIM and PTT) MRgFUS showed favorable safety and efficacy profiles and can be considered a symptomatic
treatment option for TDPD patients.

Keywords: magnetic resonance-guided focused ultrasound; Parkinson’s disease, VIM-thalamotomy; pallidothalamotractotomy; tremor
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MeTOI0M (pOKYCMPOBAHHOTO y/IbTPa3ByKa
noa KoutposaeM MPT npu neyeHun nanueHToB
C ApO’KaTeJabHbIMHU (peHOTUIIAMU
0osne3uu [NapkunHcoHa
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AnHoTanug

Beedenue. HeunsasusHas mexHonozus 603deticmeus (oxycuposaHHM ybmpaseykom nod KOKMpoieM MAzHUMHO-Pe30HAHCHOL momozpaguu
(MP-QY3) signsemcs 00HUM U3 HOBbLX Memod08 HELPOXUPYPEUECKOZO JIeHeHUS NPeUMyLeCmBEHHO Opoxamebhblx (peHomunos bonesnu [lap-
kurcona (/J-BI1). BoamosxHocms abnayuoHHoz20 8030elicmeus 00HOBDEMEHHO Ha 08e MullieHu 6 00nacmu nooKopKoBbIX A0ep C Yembio YyUuieHus
(YHKYUOHATILHBIX Pe3YNIbMamos JiedeHus. Hyx0aemes 6 U3yueHuu.

Liens pabomet — oyerums bezonackocmy u apexmugHocmy neuenus nayuenmos ¢ JJ-bIT memodom MP-®YV3 npu 00HospemerHOM 00HOCMOPOH-
Hem g03deticmeuu Ha 08e yepeOpasbHbie MULLEHU.

Mamepuanst u memodst. Memodom MP-®Y3 82 nayuernmanm (20 xenugun, 62 myxuur; meduara éospacma — 65,0 [52,5; 70,0] nem) ¢ J-BIT npo-
6edeH0 00HOCMOPOHHee NiedeHue — manamomomus eexmpourmepmeouansiozo 20pa (VIM) u/unu nannudompaxmomomus (PTT). BeipasxenHocms
dguzamebHblx nposieneHutl, sxouas mpemop, oyexusanu no I uacmu wxanst MDS-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS-III).
Bosdeticmeue Ha VIM ocywecmenero 6 34 ciyuasx, Ha PTT — 6 12, kombunuposanroe gosdeiicmeue VIM u PTT — ¢ 36.

Pesynsmamt. [loce onepayuu y nayuexmos via67eHo yiyuuienue cumnmomos no wkane MDS-UPDRS-II 1a 40,1% (30,2; 51,7) 6e3 pasgumus
PaHHUX U OMOANEHHbIX cepbésHblx 0Cn0xKHeHull. Y 18 nayuenmos Habmodancs peyudus mpemopa (8ce ciyuau nocie VIM-manamomomuu),
9 U3 HUX YCNEWHO BbINOHEHbI N0BMOPHble 803delicmeus uepe3 9-12 mec nocse nepgozo neuerus. O0HospemeHHoe 803delicmeue Ha 2 MullieHu
(VIM u PPT) ycnewro nposedero y 36 nayuermos, 6e3 cepb€anblx ocnoxHeHuil. B peaynemame komourayuu 2 muuiereti bespeyuougHoe meyeHue
J-BIT a npomsxenuu 200a umeno mecmo y 89,3% 6oneHslx, 6 mo epems kak 6 nodepynne ¢ abnsyueti 1 muwenu — y 69,7% (p = 0,039).
3axnwouenue. OdrospemenHoe o3delicmeue Ha dse muwienu (VIM u PTT) memodom MP-®YV3 moxem paccmampusamscs kax 00uH u3 6apuanmos
JleueHus cumnmomos y nayuenmos ¢ JI-BI1 npu 6nazonpusmuom npogpu.ie GesonacHocmu makux Meuamencm.

Kniouesvie cnosa: goxycuposanblii yivmpassyk nod konmponem MPT; 6onesuw [lapkurcona; VIM-manamomomus; nainudoma-
JIAMOMPAKmMomoMus; mpemop

druueckoe yTBepK/eHHe. ViccneoBaHe TPOBOAMIIOCH IPU J0OPOBOIBHOM HHGOPMUPOBAHHOM COI/IACKHH TaLKeHTOB. [Ipo-
TOKOJI MICC/Ie/JOBaHNUsI 000peH JIOKaIbHBIM 3THYECKUM KOMUTETOM Balkupckoro rocyapCcTBeHHOrO MeULUMHCKOTO YHHIBEp-
cuterta (mportokon N2 8 ot 21.10.2021).
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Kondnukr unTepecoB. ABTOpHI eKapUpYIOT OTCYTCTBHE SBHBIX U IOTEHIMAbHbIX KOH(IMKTOB HHTEPECOB, CBS3aHHbIX
¢ nyO/nMKalyeil HacTosmel cTaTby.
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Introduction

Parkinson’s disease (PD) is one of the most common progres-
sive neurodegenerative disorders. The incidence of PD is 5 to
35 per 100,000 person-years [1-4]. In the next 20 years, the
prevalence of PD is expected to double [5], and, without any
new effective treatment options, this might lead to a signifi-
cant increase in social and economic disease burden [6].

Medication therapy to manage symptoms of neurotrans-
mitter imbalance in the brain is indicated to patients with
tremor-dominant Parkinson disease (TDPD). If there no al-
ternative medication treatment options, patients are usually
administered functional neurosurgery with deep brain stimu-
lation (DBS) or stereotactic ablation: radiofrequency ablation,
gamma knife, or magnetic resonance guided focused ultra-
sound surgery (MRgFUS) [7-14]. Before widespread introduc-
tion of DBS, destructive surgery with an efficacy of 50-80%
was the leading treatment option for PD symptoms [11, 15].
Since the end of the 20t" century, DBS has become the lead-
ing neurosurgery option for PD [16-18]. Recently, ablative
treatment methods have become popular again due to the
introduction of MRgFUS, which allows managing movement
disorders with high accuracy and avoiding any surgical inci-
sions, anesthesia, long hospitalization, and pain [11, 19-21].

MRgFUS involves a combination of two procedures: high-in-
tensity focused ultrasound and MRI, which are used to plan
the target point and conduct thermometry in real time. Bond
et al. in 2017 were one of the first to describe successful
treatment of PD-associated tremor by MRgFUS in the ventral
intermediate thalamic nucleus in 27 patients [22]. Among the
authors who evaluated long-term results of MRgFUS in pa-
tients with PD, A. Sinai et al. reported the longest follow-up
in 26 TDPD patients after VIM-ablation (median follow-up
36 months, range 12-60 months) [23]. Treatment resulted in
100% improvement in tremor in 23 patients and 90% improve-
ment in 3 patients. In 2 patients tremor returned completely
and in 8 patients there was partial return of tremor. This
study demonstrated that unilateral MRgFUS VIM-thalamot-
omy in TDPD patients was effective and safe and provided
long-term response. Heading to the premotor cortex, several
important tracts (pallidothalamic, cerebellothalamic, and ves-
tibulothalamic) converge in the VIM nucleus, and this makes
it an optimal candidate for managing tremor and justifies
intervention in this area [15, 24].

Attempts to perform MRgFUS ablation of the subthalamic
nucleus (STN) were described by R. Martinez-Fernandez et
al. However, analysis of their results showed that this inter-
vention, compared with other targets, was associated with a
higher incidence of adverse effects (such as ballism, chorea,
paresis, speech disturbances, and gait disturbances) with a
similar efficacy [25]. With such adverse effects developing
after subthalamotomy (with some of them persisting for up
to one year or more), many medical centers prefer to target

Focused ultrasound treatment for Parkinson’s disease

the VIM nucleus, which has become the key target for the
treatment of essential tremor and the most common target
for tremor in PD.

No effect on hypobradykinesia and muscle rigidity is a dis-
advantage of targeting the VIM nucleus [26]. Meanwhile,
targeting the pallidothalamic tract (PTT) at the level where
the Forel’s fields H1 and H2 converge was shown to reduce
tremor, rigidity, and hypobradykinesia by an average of 70—
93% while leaving the thalamus intact [20]. M.N. Gallay et al.
assessed MRgFUS pallidothalamic tractotomy results in 51
patients with late-stage TDPD and complications of levodo-
pa treatment (dyskinesia and fluctuations) [27]. They found
percentage reductions of 84% for tremor, 70% for rigidity, and
73% for hypokinesia with almost complete suppression of
levodopa-induced dyskinesia. This study showed that palli-
dothalamic tractotomy is very promising for the treatment of
TDPD and complications of levodopa treatment.

Numerous studies have been conducted to evaluate MRgFUS
with ablation of one target, while the feasibility, safety, and
efficacy of simultaneous dual targeting are barely represent-
ed in available literature. A single study published in 2023
described 3 TDPD patients who received stepwise dual-target
MRgFUS with VIM and PTT ablation [28]. All patients tolera-
ted the two treatment steps adequately without any compli-
cations.

Aim. Our study aimed to evaluate the safety and efficacy
of simultaneous unilateral dual-target MRgFUS in TDPD pa-
tients.

Materials and methods

Treatment with a MRgFUS system (ExAblate 4000, Insightec)
was received by 82 patients (20 women and 62 men) with
TDPD. Median patients’ age was 65.0 [52.5; 70] years. Mean
age was 64.5 (55; 70.5) for men and 63.0 (61.0; 72.0) for women
with no statistically significant gender differences (p = 0.95,
Wilcoxon’s test). This prospective study included patients
who received MRgFUS treatment at V.S. Buzaev International
Medical Center from May 05, 2020 to July 29, 2023.

PD was diagnosed based on the PD diagnostic criteria of the
International Parkinson and Movement Disorder Society [29];
the stage was determined using the Hoehn-Yahr function-
al scale [30]; and disease severity was assessed using the
Movement Disorder Society Unified Parkinson’s Disease Ra-
ting Scale (MDS-UPDRS), Part III (MDS-UPDRS-III) [31, 32].
A total of 37 and 28 patients had Hoehn and Yahr Rating
Scale stage 2 and 3, respectively. Median MDS-UPDRS-III
score before treatment was 54 (43; 65).

Eligibility criteria for the neurosurgical intervention:
1) idiopathic PD lasting for 2 years or more;
2) age over 30 years;
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3) persistence of tremor when using standard levodopa
agents (at least 500 mg) or side effects with required doses
of standard levodopa agents;

4) on-medication fluctuations (on-off phenomenon) or dys-
kinesia;

5) tremor intensity score at rest and/or hypokinesia score
of > 3-4;

6) no significant cognitive impairment (i.e. total Montreal
Cognitive Function Assessment Scale score of at least 20)
and no psychotic disorders;

7) bone ultrasound permeability factor of > 0.35;

8) no current treatment with anticoagulants and/or antiplate-
let agents, no brain tumors or vascular malformations;

9) no contraindications to MRI, such as claustrophobia or
incompatible implants.

All patients were informed about DBS but did not consider
it for several reasons (fear of a device in the brain; difficul-
ties with access to medical centers that adjust DBS parame-
ters due to remoteness of patients’ place of residence, etc.).
During the screening period for MRgFUS, all patients also
underwent brain MRI with the SWI/SWAN sequence, which
has a certain diagnostic value in PD [33, 34].

We described MRgFUS in detail before [12]. In all cases,
unilateral intervention was performed; the side of inter-
vention was chosen as a joint decision with the patient
and their relatives, considering severity of their symptoms
or dominant limb. Median bone ultrasound permeability
factor was 0.48 (0.41; 0.58); median treatment duration was
97.2 (73.6; 126.4) min; median number of sonications was
11 (9.5; 13.0).

We chose two targets for MRgFUS: VIM and PTT. The VIM
nucleus was used in first patients because this target was
approved earlier (in 2018) [12]. After PTT tractotomy was
approved in November 2021, targets were selected for each
patient in accordance with their clinical status (presence
of severe muscle rigidity, hypokinesia, or disabling tremor)
[35]. Of 82 treated patients, 34 received VIM, 12 PTT, and
36 VIM + PTT thalamotomy. A total of 51 and 31 patients
received left-sided and right-sided interventions, respectively.

After treatment, all patients were followed up according to
the approved protocol with clinical neurological examination
and brain MRI at Months 1, 3, 6, and 12.

Statistical analysis was performed in x86_64-apple-darwin17.0
platform under macOS Monterey v. 12.0.1 in R v. 4.2.1 soft-
ware package distributed under open license. Continuous nu-
merical variables were tested for normal distribution using
the Shapiro-Wilk test. Non-parametric methods were used
in case of a relatively small number of observations and no
normal distribution. Dependent groups were compared using
the paired Wilcoxon test, and independent groups were com-
pared using the Wilcoxon test. If there were more than two

groups, the Kruskal-Wallis comparison method was used.
Spearman correlation analysis was performed. Data were
evaluated visually using graphs plotted using functions built
into R. Time to return of symptoms was analyzed by Kaplan—
Meier survival methods using survival v. 0.4.9 and survminer
v. 0.4.9 packages.

Results

Positive MDS-UPDRS-III response to MRgFUS was achieved
in all TDPD patients. Median score before and after surgery
was 54 (43; 65) and 31 (24; 39), respectively, p < 0.00001
(Fig. 1). No statistically significant differences were found in
treatment results between men and women (p = 0.68).

Evaluation of MRgFUS results by target (Fig. 2) showed
greater improvement with PTT or VIM + PTT targets
(p < 0.001, Kruskal-Wallis method). Improvement was
32.0% (24.5; 40.2) in the VIM group, 50.0% (40.3; 57.5) in the
VIM + PTT group, and 40.1% (37.2; 58.7) in the PTT group;
differences were statistically significant (p < 0.001, Krus-
kal-Wallis test). If tremor persisted after a sufficient PTT
lesion, the patient received a second ablation intervention
in another target. Fig. 3 shows a TDPD patient’s MRI scan
after MRgFUS treatment in both PTT and VIM.

Statistically significant differences were found in percentage
improvement (vs. baseline MDS-UPDRS-III score) between
patients with isolated PTT and VIM ablation (p = 0.000024,
Wilcoxon’s test). However, no statistically significant differ-
ences were found between PTT + VIM and PTT ablation
groups (p = 0.9245). Median improvement in MDS-UPDRS-III
score was 47.9% (38.8; 57.6) and 32% (24.2; 40.2) in patients
with and without PTT thalamotomy, respectively. Median ab-
solute improvement in MDS-UPDRS-III was 29 (21; 34) and

Before exposure After exposure

100 . Wilcoxon, p=11e-12
L]
75 Al
5 L
= [ s
2. 0
g_ 50 ;{" . >
4 B ialy
= L= - s
’ AL .. “_-- - ‘ . b
25 S S
t‘ :"
Left Right

Fig. 1. MRgFUS treatment response (score, before and after)
in TDPD patients.

*p < 0.00001, Wilcoxon’s test.
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Fi%{. 2. Percentage improvement achieved in TDPD patients after
MRgFUS (MDS-UPDRS, part III) vs. baseline by different targets.

*p < 0.001, Kruskal-Wallis method.

135 (10.2; 21) in patients with and without PTT ablation,
respectively (p < 0.0001, Wilcoxon’s test).

A total of 73 patients received MRgFUS without any adverse
effects. During the procedure, few patients developed com-
plications related to the procedure itself: headache (n = 4),
which resulted in procedure discontinuation in 1 case; in-
creased blood pressure (n = 5); transitory obtundation
(n = 1); arterial hypotension in response to medication

Focused ultrasound treatment for Parkinson’s disease

Fi_[g. 3. Patient’s MRI scan 2 h after simultaneous right-sided
PTT + VIM ablation (axial and coronary planes).

Ablation lesions are shown with arrows.

administration during installation of the stereotactic frame
(n = 2). No complications were observed after the end of
treatment.

Several complications were observed in the early period after
MRgFUS due to edema in the treatment target: apraxia within
month 1 occurred in 6 out of 48 patients in the group with
PTT ablation and 2 out of 34 in the group without PTT ab-
lation (p = 0.32, x* method): 2 patients had dysarthria, 1 had
decreased flow of speech, and 1 had numbness of the tip of
the tongue. Most of these symptoms improved by follow-up
month 6. One year after surgery, apraxia persisted in 2 and
2 patients with and without PTT ablation, respectively.
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Fig. 4. Kaplan-Meier curve for symptom return depending on PTT targeting.
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Median follow-up in TDPD patients after MRgFUS was
376 days (107.5; 612). Return of tremor (less pronounced
compared with hyperkinesis before surgery) was recorded
in 18 patients, including 5 and 13 patients with and without
PTT ablation, respectively. Nine patients (2 women and 7 men;
median age 63 (41; 69) years) of 18 received repeat treatment.
All 9 patients did not receive PTT thalamotomy after specif-
ic targeting the VIM nucleus. During re-treatment, 5, 3, and
1 patient received PTT ablation, repeat VIM ablation, and
PTT + VIM ablation, respectively. As a result, all patients
achieved a satisfactory result without return of tremor through-
out the entire follow-up period. In other 9 patients with tremor
return, the symptoms were not significant enough to be an in-
dication for re-treatment, and they remained being followed up.

We evaluated long-term treatment results after MRgFUS
in men and women; no significant gender differences were
found (p = 0.64; Kaplan-Meier method). However, when long-
term treatment results were compared between single-target
and dual-target treatment, long-term results were statistical-
ly significantly better in patients who received PTT + VIM
(p = 0.039, Fig. 4).

Discussion

Treatment of TDPD patients is still a major challenge
[1-3, 35]. The efficacy of conventional treatment with various
groups of medications decreases over time, which is compli-
cated by the development of persistent adverse effects [2, §].
To date, DBS has been the best treatment option providing a
significant reduction in tremor and other PD symptoms [10,
16-18]. However, DBS limitations include its invasive nature,
complexity, implantation of the device into the body, insuffi-
cient availability, and the need for constant follow-up in large
specialized medical centers in order to monitor the parame-
ters of the generator.

References / Cnycok MCTOYHMKOB

1. innapuomkun C.H., ViBanosa-Cmonenckas WL.A. JlpoxaTesnibHble rUNepKU-
Hesbl. PykoBozicTBO Ang Bpaueit. M.; 2011.

[llarioshkin S.N., Ivanova-Smolenskaya [.A. Trembling hyperkinesis. Guide for
doctors. Moscow; 2011.

2. bornanos PP, boraanos AP, Kotos C.B. TakTuka BesieHUS MalMeHTOB C Ha-
yasibHbIMK TposiBneHusamy Gonestu [Tapkuncona. Jokmop.Py. 2012;(5):15-21.
Bogdanov RR., Bogdanov AR., Kotov S.V. Early Parkinson’s disease: ap-
proaches to patient management. Doctorru. 2012;(5):15-21.

3. Jlesun O.C., Wnnapuowkun CH., Aprembes [I.B. [lnarHoctuka GonesHu
[lapkuncona. B ku.: Unnapuowkun C.H., Jlesun O.C. (pen.) PykoBozcTBo
10 IMarHOCTUKe M JieueHuio 6oesnu [lapkuHcona. M.; 2017:34-98.

Levin O.S., lllarioshkin S.N., Artemiev D.B. Diagnosis of Parkinson's disease.
In: llarioshkin S.N., Levin O.S. (eds.). Guidelines for the diagnosis and treat-
ment of Parkinson’s disease. Moscow; 2017:34-98.

4. Simon D.X., Tanner C.M., Brundin P. Parkinson disease epidemiology, pa-
thology, genetics, and pathophysiology. Clin. Geriatr. Med. 2020;36(1):1-12.
DOL: 10.1016/j.cger.2019.08.002

5. Dorsey E.R., Sherer T., Okun M.S., Bloem BR. The emerging evidence of
the Parkinson pandemic. J. Parkinsons Dis. 2018;8(s1):3-8.

DOL: 10.3233/JPD-181474

In recent years, MRgFUS has been widely used to treat tre-
mor-dominant Parkinson disease [12]. We reported our pos-
itive experience with MRgFUS in the treatment of 82 TDPD
patients with a mean follow-up duration of 1 year or more,
an improvement of MDS-UPDRS-III score of 40.1%, and no
serious early or long-term complications. Here, we present a
unique experience of dual-target MRgFUS in PTT and VIM.
In 18 patients, tremor returned (all cases after VIM nucle-
us ablation); 9 of them successfully underwent re-treatment
6—9 months after the first procedure.

A thorough analysis of cases when tremor returned after
MRgFUS and an assessment of treatment results in other
centers allowed us to introduce MRgFUS PTT ablation (after
its approval in 2021) in this category of patients in our clini-
cal practice. According to our data, PTT ultrasound ablation
in TDPD patients resulted in a greater improvement in early
and long-term results compared with conventional VIM nu-
cleus ablation, which is consistent to results of other authors
[27]. Simultaneous dual-target (i.e. VIM and PTT) MRgFUS,
which is reported in our publication, is a global priority since
we have not found any previous studies on this topic, except
for 3 cases of stepwise treatment [28].

Overall, an analysis of the early and long-term treatment
results with MRgFUS showed that our data were compara-
ble with efficacy and safety data in other studies [19-23,
27, 28]. In our opinion, simultaneous unilateral MRgFUS
treatment can be considered an effective treatment option
for patients with medication-resistant TDPD. To make a
final decision on whether to include this method in the
list of recommended treatment options for PD, determine
precise criteria for patient selection, understand outcome
variability, and assess the possibility of conducting bila-
teral interventions, multicenter studies in large cohorts of
patients are needed.

6. Kaltenboeck A., Johnson S.J., Davis M.R. Direct costs and survival of medi-
care beneficiaries with early and advanced Parkinson’s disease. Parkinsonism
Relat. Disord. 2012;18(4):321-326.

DOL: 10.1016/j.parkreldis.2011.11.015

7. ViBanos I1.1., 3y6arkuna W.C., Byrosckas [I.A., Kosxokapp T.. Pagnoxu-
PyprudecKoe JiedeHre Pe3UCTEHTHOTO K MeJIMKaMeHTO3HOM Tepanny TPeMo-
pa nipu Gonesuu Iapkuncona. Hetipoxupypeus. 2021;23(1):16-25.

Ivanov P, Zubatkina LS., Butovskaya D.A., Kozhokar T.I. Radiosurgical treat-
ment of medically refractory Parkinson’s tremor. Russian journal of neurosur-
gery. 2021;23(1):16-25. DOI: 10.17650/1683-3295-2021-23-1-16-25

8. Vnnapuomkun C.H. CoBpeMeHHbIe MOAXOMbI K JieyeHio GonesHy [TapKuH-
coua. Hepenote 6onesnu. 2004;(4):14-21.

lllarioshkin S.N. Modern approaches to the treatment of Parkinson's disease.
Nervous diseases. 2004;(4):14-21.

9. Kostiuk K., Lomadze V., Vasyliv N. Stereotactic thalamotomy and contra-
lateral subthalamotomy in treatment of Parkinson's disease. Georgian Med.
News. 2017;(272):12-17.

10. Tyma A.O., TiopuukoB B.M., Kauees A.A. CoBpemeHHbIe BO3MOXKHOCTH
XUPYpruyeckoit HeHpoOMOAyMAUMU. AHHANb! KAUHUYECKOU U 3KcnepumeH-
manvHoli Hesponoauu. 2018;12(5S):32-37.

10 AHHasibl KIIMHUYECKOV 1 aKCriepumMeHTabHow Hespoorum. 2024. T. 18, Ne 2. DOI: https://doi.org/10.17816/ACEN.1085



ORIGINAL ARTICLES. Clinical neurology

Gushcha A.O., Tyurnikov VM., Kashcheev A.A. Modern aspects of sur-
gical neuromodulation. Annals of Clinical and Experimental Neurology.
2018;12(5S):32-37. (In Russ.). DOL: 10.25692/ACEN.2018.5.4

11. Xonseun AV, Anrukos AJl., ampeir BK. QyHkuponasbHas Heipoxupyp-
ISl B JIeYEeHMH HEPBHbIX U TICMXUUeCKKX 3abonesanuit. CI16.; 2018.

Kholyavin AL, Anichkov A.D., Shamrey VK. Functional neurosurgery in the
treatment of nervous and mental diseases. St. Petersburg; 2018.

12. Tamumosa PM., Habnymwmea [LW., Vinapuomkns CH. u mp. Iepsbiit
B Poccuyt OMbIT JIeueHyst TALMEHTOB C 3CCEHLMAIbHBIM TPEMOPOM METOZ0M
¢oxycrpoBaHHOrO ybTpasByka nox KoHTporneM MPT. Aunanst knunuueckoli
u akcnepumernmanyHoti Heeponoeuu. 2022;16(2):5-14.

Galimova R.M., Nabiullina D.L, lllarioshkin S.N. et al. First use of MRI-guided
focused ultrasound to treat patients with essential tremor in Russia. Annals
of Clinical and Experimental Neurology. 2022;16(2):5-14.

DOL: https://doi.org/10.54101/ACEN.2022.2.1

13. Christian E., Yu C., Apuzzo M.L. Focused ultrasound: relevant history
and prospects for the addition of mechanical energy to the neurosurgical
armamentarium. World Neurosurg. 2014;82(3-4):354-365.

14. Dobrakowski PP, Machowska-Majchrzak AK., Labuz-Roszak B. MR-guided
focused ultrasound: a new generation treatment of Parkinson's disease, es-
sential tremor and neuropathic pain. Interv. Neuroradiol. 2014;20(3):275-282.
15. Ohye C., Hirai T., Miyazaki M. Vim thalamotomy for the treatment of
various kinds of tremor. Appl. Neurophysiol. 1982;45(3):275-280.

16. Tamanes A.A., Tomckuit A.A., loppybekas AA. u fip. DbdexTrBHOCTD
JIBYCTOPOHHEH 37IEKTPOCTUMYJIALIMK BHYTPEHHEr0 cermeHTa O/IEAHOTO 1apa
B JIeYeHHH CerMeHTapHO} 1 reHepanu30BaHHO# GpopM auctoHud. Meduyun-
cxuti anpasum. 2017;1(2):47-55.

Gamaleya A.A., Tomsky A.A., Poddubskaya A.A. et al. Efficacy of bilateral
pallidal deep brain stimulation in treatment of patients with segmental and
generalized dystonia. Medical alphabet. 2017;1(2):47-55.

17. Xabaposa E.A., [Tumunenko [1U., Jenncosa HIL, Edpemos ®.A. Cpas-
HUTeNbHAA 9DOEKTUBHOCTD HEMpOCTUMYMALMA CyOTaIaMUYecKoro Spa
M CTEepeoTaKCHYeCKUX AeCTPYKTHBHbIX BMELIATebCTB Ha MOZKOPKOBBIX
CTPYKTypax TOJIOBHOTO MO3ra y naLueHTos ¢ 6omestbio [lapkurcona. Hepe-
Hble Gonesuu. 2023;(2):12-18.

Khabarova E.A., Pilipenko P, Denisova N.P, Efremov FA. Comparative effi-
cacy of deep brain stimulation of subthalamic nucleus and stereotactic de-
struction of subcortical brain structures in patients with Parkinson’s disease.
Nervous diseases. 2023;(2):12-18.

18. Tomckuit A.A., bpunb EB., Tamanes A.A. u np. OyHkumoHanbHas Heli-
poxupyprus npu Gonesuu [lapkuncona B Poccun. Auanwl kaunuueckoll
u akcnepumernmansHoti Hegponoeuu. 2019;13(4):10-15.

Tomskiy A.A., Bril’ E.V., Gamaleya A.A., Fedorova N.V,, Levin O.S. Functional
neurosurgery in Parkinson’s disease in Russia. Annals of clinical and experi-
mental neurology. 2019;13(4):10-15.

DOI: https://doi.org/10.25692/ACEN.2019.4.2

19. Fasano A., De Vloo P, Llinas M. et al. Magnetic resonance imaging-guided
focused ultrasound thalamotomy in Parkinson tremor: reoperation after ben-
efit decay. Mov. Disord. 2018;33(5):848—849. DOL: 10.1002/mds.27348

20. Gallay M.N., Moser, D., Magara AE. et al. Bilateral MR-guided focused
ultrasound pallidothalamic tractotomy for Parkinson’s disease with 1-year
follow up. Front. Neurol. 2021;12:601153. DOI: 10.3389/fneur.2021.601153

21. Sperling S.A., Shah B.B., Barrett MJ. Focused ultrasound thalamotomy
in Parkinson disease: nonmotor outcomes and quality of life. Neurology.
2018;91(14):e1275-e1284. DOL: 10.1212/WNL.0000000000006279

Focused ultrasound treatment for Parkinson’s disease

22. Bond AE., Shah BB., Huss D.S. Safety and efficacy of focused ultrasound
thalamotomy for patients with medication-refractory, tremor-dominant Parkin-
son disease: a randomized clinical trial. JAMA Neurol. 2017;74(12):1412-1418.
23. Sinai A., Nassar M., Sprecher E. Focused ultrasound thalamotomy in
tremor dominant Parkinson's disease: long-term results. J. Parkinsons Dis.
2022;12(1):199-206. DOL: 10.3233/JPD-212810

24. Milosevic L., Kalia SK., Hodaie M. et al. Physiological mechanisms of
thalamic ventral intermediate nucleus stimulation for tremor suppression.
Brain. 2018;141(7):2142-2155. DOL: 10.1093/brain/awy139

25. Martinez-Fernandez R., Méfiez-Mir¢ J.U., Rodriguez-Rojas R. et al. Ran-
domized trial of focused ultrasound subthalamotomy for Parkinson's disease.
N. Engl. J. Med. 2020;383(26):2501-2513.

DOI: 10.1056/NEJMo0a2016311

26. Speelman ].D., Schuurman R., de Bie R.M. et al. Stereotactic neurosurgery
for tremor. Mov. Disord. 2002;17(Suppl. 3):84-88. DOIL: 10.1002/mds.10147

27. Gallay M.N., Moser D., Rossi F. et al. MRgFUS pallidothalamic tractotomy
for chronic therapy-resistant Parkinson's disease in 51 consecutive patients:
single center experience. Front. Surg. 2020;6:76.

DOI: 10.3389/fsurg.2019.00076

28. Jui-Cheng C., Ming-Kuei L., Chun-Ming C., Chon-Haw T. Stepwise dual-tar-
get magnetic resonance—guided focused ultrasound in tremor-dominant
Parkinson disease: a feasibility study. World Neurosurg. 2023;171:e464-e470.
DOL: 10.1016/j.wneu.2022.12.049

29. Berardelli A., Wenning GK., Antonini A. et al. EFNS/MDS-ES/ENS [cor-
rected] recommendations for the diagnosis of Parkinson's disease. Eur
J. Neurol. 2013;20(1):16-34.

30. Bhidayasiri R. Parkinson’s disease: Hoehn and Yahr scale. In: Bhidayasiri R.,
Tarsy D. Movement disorders: a Video Atlas. Springer; 2012.

31. The Unified Parkinson's Dsease Rating Scale (UPDRS): status and recom-
mendations. Mov. Disord. 2003;18(7):738-750. DOIL: 10.1002/mds.10473

32. Cmonenuesa WU.I., AMocosa H.A. [IpumeHeHre MexyHapoaHO# Knaccu-
¢uramy yHKIMOHNpoBaHKs B peabrmiTauuy npyu 6onesuu [lapkuHcoHa.
Kpemnesckas meduyuna. 2018;(3):49-54.

Smolentseva L.G., Amosova N.A. The application of the International Classi-
fication of Functioning, Disability and Health in the rehabilitation of Parkin-
son’s disease. Kremlin medicine. 2018;(3):49-54.

33. Vinnapuowkun C.H., Konosanos PH., ®enorosa E.I0., Mockanenko A.H.
HoBble MPT-MeTonuky B AuarHocTuke 6ose3Hu [lapkuHCcOHa: OLleHKa HU-
rpasibHOil AereHepaLuu. AHHAb! KIUHUYECKOL U SKCnepuMeHmansHoll Hegpo-
nozuu; 2019;13(4):77-84.

[llarioshkin S.N., Konovalov R.N., Fedotova E.Yu., Moskalenko A.N. New MRI
diagnostic methods in Parkinson's disease: evaluating nigral degeneration.
Annals of clinical and experimental neurology. 2019;13(4):77-84.

DOL: https://doi.org/10.25692/ACEN.2019.4.10

34. Bornanos PP, Mananuukosa EM., Abpamenko A.C. u zip. Busyanusaus
IobaMUHepruyecKux CTPYKTYp CpeaiHero Mosra npu Gonesuu [lapkuHCOHa.
AHHanbl KuHUYeckol u akcnepumenmanshoti Hegponozuu. 2013;7(3):31-36.
Bogdanov R.R., Manannikova E.I, Abramenko A.S. et al. Visualization of do-
paminergic midbrain structures in Parkinson's disease. Annals of clinical and
experimental neurology. 2013;7(3):31-36.

DOL: https://doi.org/10.17816/psaic229

35. Tzu-Hsiang K., Yu-Hsuan L., Lung C. et al. Magnetic resonance—guided
focused ultrasound surgery for Parkinson's disease: a mini-review and
comparison between deep brain stimulation. Parkinsonism Relat. Disord.
2023;111:105431.

Annals of clinical and experimental neurology. 2024; 18(2). DOI: https://doi.org/10.17816/ACEN.1085 11



OPUrMHANBHBIE CTATbIA. Knuhuyeckas HeBponorus

JleyeHne dhoKycMpoBaHHbIM yNbTpa3BykoM npu 60ne3qn MapkuHcoHa

Information about the authors

Rezida M. Galimova — Cand. Sci. (Med.), Department of neurosurgery,
Bashkir State Medical University, Ufa, Russia; chief, neurosurgeon, In-
telligent Neurosurgery Clinic, International Medical Center V.S. Buzaev
Memorial, Ufa, Russia,

https://orcid.org/0000-0003-2758-0351

Sergey N. Illarioshkin — D. Sci. (Med.), Prof., RAS Full Member, Director, Brain
Institute, Deputy director, Research Center of Neurology, Moscow, Russia,
https://orcid.org/0000-0002-2704-6282

Gulnara N. Akhmadeeva — Cand. Sci. (Med.), Department of neurology, Bash-
kir State Medical University, Ufa, Russia; neurologist, Intelligent Neurosur-
gery Clinic, International Medical Center V.S. Buzaev Memorial, Ufa, Russia,
https://orcid.org/0000-0001-5516-0587

Felix F. Kashapov — neurologist, Intelligent Neurosurgery Clinic, International
Medical Center V.S. Buzaev Memorial, Ufa, Russia,
https://orcid.org/0000-0003-3355-4096

Dinara I. Nabiullina — neurologist, Intelligent Neurosurgery Clinic, Interna-
tional Medical Center V.S. Buzaev Memorial, Ufa, Russia,
https://orcid.org/0000-0003-2570-3709

Shamil M. Safin — D. Sci. (Med.), Prof., Head, Department of neurosurgery,
Bashkir State Medical University, Ufa, Russia,
https://orcid.org/0000-0002-0100-6100

Igor V. Buzaev — D. Sci. (Med.), Prof., Surgery department, Bashkir State
Medical University, Ufa, Russia; cardiovascular surgeon, Intelligent Neurosur-
gery Clinic, International Medical Center V.S. Buzaev Memorial, Ufa, Russia,
https://orcid.org/0000-0003-0511-9345

Dinara R. Teregulova — Cand. Sci. (Med.), neurologist, Intelligent Neurosur-
gery Clinic, International Medical Center V.S. Buzaev Memorial, Ufa, Russia,
https://orcid.org/0000-0001-6283-3735

Yulia A. Sidorova — neurologist, Intelligent Neurosurgery Clinic, International
Medical Center V.S. Buzaev Memorial, Ufa, Russia,
https://orcid.org/0000-0002-0992-0239

Olga V. Kachemaeva — Cand. Sci. (Med.), Associate Professor, Department of
neurology, Bashkir State Medical University, Ufa, Russia; neurologist, Intelli-
gent Neurosurgery Clinic, International Medical Center V.S. Buzaev
Memorial, Ufa, Russia,

https://orcid.org/0000-0001-9949-9582

Author contribution: Galimova R.M. — the concept and design of the study,
data curation, project administration, writing the text of the article; Illari-
oshkin S.N. — the concept and design of the study, discussion of results of
the study, edition of the article; Akhmadeeva G.N. — data and evidence base
acquisition, participation in the development of concept and design of the
study; Nabiullina D.I. — participation in development of concept and design
of the study, data and evidence base acquisition; Kashapov FF. — data analy-
sis; Safin Sh.M. — discussion of results of the study, project administration,
edition of the article; Buzaev I.V. — data analysis, statistical analysis of data,
edition of the article; Teregulova D.R. — data analysis; Sidorova Yu.A. — pri-
mary processing the base of the study; Kachemayeva O.V. — data analysis.
All authors made a substantial contribution to the conception of the work,
acquisition, analysis, interpretation of data for the work, drafting and revis-
ing the work, final approval of the version to be published.

Undopmanus 06 aBropax

Tanumosa Pe3uda MapamosHa — K.M.H., acCCUCTEHT Kad. HeHpOXUpypruu
¥ MeJMLUMHCKON peabuuranumu ¢ kypcom M/TO Bawkupekoro rocypap-
CTBEHHOTO MeJMLMHCKOr0 yHUBepcuTeTa, Yda, Poccus; reHepanbHblil fu-
pekTop KimHMKM WHTensmexkTyanbHON Hefipoxupypruv MexiyHaponHOro
MeznuuuHcKoro nentpa uM. B.C. Bysaesa, Yoa, Poccus,
https://orcid.org/0000-0003-2758-0351

Hnnapuowxkun Cepeeii Huxonaesuu — pM.H., npodeccop, akan. PAH, sam.
IMpeKTopa Mo HayyHo#i paGore, aupextop VHcruryra mosra HayuHoro
ueHTpa HeBposiorud, Mocksa, Pocens, https://orcid.org/0000-0002-2704-6282
Axmadeesa I'ynvHapa HaunesHa — K.M.H., accucTeHT Kad. HeBponorun Barn-
KMPCKOTO TOCYAapCTBEHHOTO MeJMLMHCKOTO yHUBepcuteta, Yda, Poccus;
Bpay-HeBPOJIOL, MaPKUHCOHOMOT KIMHUKY MHTeJIeKTyanbHON Helpoxupyp-
ru MexyHapoaHoro MeuuuHckoro uentpa uM. B.C. Bysaesa, Yda,
Poccus, https://orcid.org/0000-0001-5516-0587

Kawanoe ®enuxc Gapumosuu — Bpau-HeBponor KNMHUKY UHTe/IeKTyalb-
HO# Helipoxupypruu MesxayHapogHoro MeuLMHCKoro Lextpa um. B.C. By-
3aeBa, Yda, Poccus, https://orcid.org/0000-0003-3355-4096

Habuynnuna Jlunapa MnveusosHa — Bpau-HeBporor KIMHUKY HHTeJIEKTyalb-
HOM Heipoxupypruu MexayHapozHoro MexyLuHekoro tentpa uM. B.C. byaa-
eBa, Yoa, Poccus, https://orcid.org/0000-0003-2570-3709

Cacpun lamune Maxmymoeuu — J.M.H., IOLEHT, 3aB. Kad. Helipoxupypruu
¥ MeJMLUMHCKON peabuuranumu ¢ kypcom MO Bawkupekoro rocypap-
CTBEHHOTO MeJIMLIMHCKOTO YHUBepcuTeTa, Yoa, Poccust; 3aB. 0TA. Helipoxu-
pypruu Pecriy6mixaHckoii kmiHndeckoit 6ombruuer um. LT, Kysarosa, Yoa,
Poccus, https://orcid.org/0000-0002-0100-6100

By3aes Hzopv Bsuecnasosuu — A.M.H., ipodeccop Kad. TOCIUTATBHON XU-
pypruM bBalkupckoro rocyapcTBEHHOTO MeAMLMHCKOTO yHUBEpCUTETa,
Yoba, Poccus; iupexTop o passBUTHIO KIMHMKK HHTeIEKTYalbHOI Helipo-
xupypruu MexxayHaponHoro MeuupmHckoro tentpa uM. B.C. Bysaesa, Yoa,
Poccus, https://orcid.org/0000-0003-0511-9345

Tepezynosa [Junapa PasunvesHa — K.M.H., Bpau-HeBposor KnuHUKU UHTeN-
JIeKTyasbHOl Helipoxupypriuv MexyHapoAHOro MeIMLMHCKOTO LieHTpa
uM. B.C. Bysaesa, Yoa, Poccus, https://orcid.org/0000-0001-6283-3735
Cudoposa FOnus Anexcanoposia — Bpau-HeBpO/Or KIMHUKK MHTeNIeKTyab-
HOM Helipoxupypruu MexayHapoziHoro MexyLuHckoro tentpa uM. B.C. byaa-
eBa, Yoa, Poccus, https://orcid.org/0000-0002-0992-0239

Kauemaesa Onvea Banepvesia — K.M.H., foueHT Kad. HeBposoruy Baukup-
CKOr0 ToCyAapCTBeHHOI0 MeJIMLIMHCKOr0 YHYBepeuTeTa, Yéa, Poccus; Bpau-
HeBpoior KNMHMKK MHTeNIeKTyanbHoi Hepoxupypruy, MexayHapoziHoro
MenuiuHCKoro teHtpa um. B.C. Bysaesa, Yéa, Poccus,
https://orcid.org/0000-0001-9949-9582

Bknap aBTopos: [anumosa PM. — cospjaHve KOHLENLUMK U An3aiiHa uccre-
7I0BaHUs, KypUPOBaHUe [aHHbIX, PYKOBOACTBO Hay4HO-UCCIE/I0BATENbCKON
TpYNIOH, HamycaHue Tekcta cratey; Manapuowxur C.H. — ydactue B pas-
paboTke KOHLEMLMK U /iH3aiiHa UCC/IefoBaHus, 00CysK/eHHe Pe3y/IbTaToB
VCCTIe/I0BAHMS], PEIaKTHPOBaHKe TeKcTa pykonucy; Axmadeesa IH. — cHop
IaHHBIX ¥ I0Ka3aTesIbHOM 6asbl HCCIIe/J0BAHNS, yUacTye B pa3paboTKe KOH-
UeMiyMK U u3aiiHa uccnefoBanus; Habuynnuna JLM. — yyactve B paspa-
GOTKe KOHUENLUU U Jju3aliHa uccienoBaHus, cOop IaHHbIX U JI0KasaTelb-
HO¥ 6asbl uccnenoBanus; Kawanos @.9. — aHann3 JaHHBIX WCC/Ie/I0BAHNUS,
Capun IILM. — obcyx[eHe pe3yIbTaToOB WCCEA0BAHUS, PYKOBOACTBO
Hay4HO-UCCIIe/IOBATENbCKON TPYINON, pefakTHpOBaHWe TeKCTa PYKOIHCH;
bysaes M.B. — aHanu3 JaHHbIX UCCIeI0BAHNS, IPOBe/ieHe CTaTUCTHUECKON
06paboTKy, pefakTUpoBaHUe TekceTa pykomucy; Tepezynosa JILP — aHanus
naHHbix uccnefosanus; Cudoposa FO.A. — nepsuunas obpaGoTka okasa-
TenbHO} Gasbl uccnenosanus; Kauemaesa O.B. — aHanu3 JaHHbIX UCCTIEZ0-
BaHKs. Bce aBTOPBI BHEC/IM CYILIECTBEHHBII BK/IAZ B paspaboTKy KOHLEMNLHY,
TPOBE/IEHKE UCC/IEI0BAHNSA 1 TIOATOTOBKY CTAThH, IPOWIM 1 0f06pwH (-
HAJIBHYIO BEPCUIO [iepeft mybnKaLueit.

12 AHHasibl KIIMHUYECKOV 1 aKCriepumMeHTabHow Hespoorum. 2024. T. 18, Ne 2. DOI: https://doi.org/10.17816/ACEN.1085



ORIGINAL ARTICLES. Clinical neurology
Phenotypes of COVID-19-associated dysautonomia

© Savkov G.E., Petrikov S.S., Rybalko N.V,, Khamidova L.T., Markatuk O.U., Kiselev K.V., Lebedev D.A., Vrabiy UN., Altschuler N.E., @
Popugaev K.A., 2024

Phenotypes of COVID-19-Associated Dysautonomia
in Patients Requiring Veno-Venous Extracorporeal

Membrane Oxygenation

German E. Savkov', Sergey S. Petrikov', Natalia V. Rybalke', Layla T. Khamidova', Olga U. Markatuk!,
Kirill V. Kiselev, Dmitriy A. Lebedev!, Yulia N. Vrabiy!, Natavan E. Altschuler®, Konstantin A. Popugaev'

ISklifosousky Research Institute of Emergency Medicine, Moscow, Russia;
*Moscow Information and Analytical Center in Healthcare, Moscow, Russia,
SRussian State Research Center — Burnasyan Federal Medical Biophysical Center, Moscow, Russia

Abstract

Background. Patients with novel coronavirus infection (COVID-19) receiving veno-venous extracorporeal membrane oxygenation (VV-ECMO) are
typically prone to hemodynamic disorders of various severity. Tachycardia, increased cardiac output, or arterial hypotension affect the effectiveness
of VV-ECMO. One of the possible causes of hemodynamic disorders leading to ineffective VV-ECMO may be dysautonomia (DA), which refers to
an imbalance of sympathetic and parasympathetic divisions of the autonomic nervous system (ANS). The development of DA in various critical
conditions was described previously. Dysautonomia also develops in COVID-19 (COVID-19-associated DA), but it was studied only in stable non-ICU
patients. The presented study focuses on COVID-19-associated DA in critical COVID-19 patients requiring VV-ECMO support.

The study was aimed at determining COVID-19-associated DA phenotypes, their impact on VV-ECMO effectiveness and disease outcomes.
Materials and methods. The study included 20 patients: 12 (60%) females, 8 (40%) males. The patients had an average age of 55 years. All the
patients underwent 24-hour Holter monitoring with spectral analysis of heart rate variability (HRV) assessing low-frequency component of the
spectrum (LF), the high-frequency component of the spectrum (HF), the LF/HF ratio on days 1, 3, and 5 of VV-ECMO. Diagnostic criteria for
COVID-19-associated DA was a decrease in LF/HF < 2.28 or an increase in LF/HF > 6.94. The diagnostic criteria of predominant tone of sympathetic
nervous system (sympathetic tone) was an increase in LF/HF > 6.94, while a decrease in LF/HF < 2.28 indicated predominant parasympathetic tone.
Low sympathetic tone was determined by a decrease in LF < 15%, and an increase in LF > 40%. Low parasympathetic tone was determined by
a decrease in HF < 15%, and an increase in HF > 25%. The criteria used were based on the results of previous studies.

The following parameters were registered in the study population: VV-ECMO weaning, duration of respiratory and VV-ECMO support, length of
stay in the intensive care unit (ICU) and in hospital, and disease outcomes.

Results. COVID-19-associated DA was diagnosed in all the patients. LF/HF median value was 0.1. HRV spectrum parameters changed significantly
over time: on day 5 of VV-ECMO support LF and HF values significantly decreased. The patients were divided into three groups according to the DA
phenotype: group 1 (n =4 [20%]) with normal sympathetic tone and high parasympathetic tone (nShP phenotype); group 2 (n = 14 [70%]) with low sym-
pathetic tone and high parasympathetic tone (IShP phenotype); group 3 (n = 2 [10%]) with low sympathetic tone and normal parasympathetic tone (ISnP
phenotype). The latter group was excluded from further statistical analysis due to the small sample size. In group 2, the mean HR was significantly
higher compared with group 1. In group 1, VV-ECMO weaning was successful in 50% of cases, whereas in group 2 it was successful in 7.2% (p = 0.04).
Conclusions. To determine a dysautonomia phenotype, it is necessary to continuously monitor DA status in COVID-19 patients during VV-ECMO.
Tachycardia in COVID-19 patients during VV-ECMO does not exclude the ANS imbalance with a significant predominance of parasympathetic tone
over the sympathetic tone. It is this COVID-19-associated DA phenotype that is significantly associated with the unfavorable outcomes.

Keywords: COVID-19; novel coronavirus infection; dysautonomia; autonomic nervous system;, extracorporeal membrane oxygenation
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AnHoTanug

Axmyansrocm. [Ipu npogedeHuu 8eHO-8eHO3HOL KCMPAKOPnOpanbHoli MemOpanHoli okcuzenayuu (68-9KMO) y nayuenmos ¢ Ho80li KOPOHa-
supycHoil uncpexyueti (COVID-19) munuunp! 2emoduHamuueckue Hapywlenus pasHoti cmeneHu msxecmu. Taxukapous, yeenuuenue cepoeuHozo
8bI0pOCa LU apmepuanbias eunomensus éaugiom Ha apexkmusrocms 66-9KMO. O0Hol U3 B03MOXHBIX NPUYUH HAPYUIEHUL! 2eMOOUHAMUKL,
npugodawux x Heappexmusrocmu 68-9KMO, moxem cmamsy ducasmoxomus (JA) — ducbananc cumnamuueckozo u napacumnamuteckozo om-
denos sezemamusHoli Hepeoli cucmembt (BHC). Panee onucarno passumue JJA npu pasnuunbix kpumuueckux cocmosnusx. [lpu COVID-19 makxe
passusaemcs JJA (COVID-19-/JA), Ho obsekmom uccnedosanuil, e usyuaguiux, ObLiu UCKIOUUMENbHO CMAOU.TbHble, HepEaHUMALUOHHbIe NAUEH-
mol. [Ipedcmasnenroe uccnedosanue nocesujero npodneme COVID-19-/A y nayuermog ¢ COVID-19, Haxo0aujuxcs 8 Kpumuueckom cocmosHu,
mpebyiowjem npogedenus e8-9KMO.

Lens uccredoganus — onpedenenue penomunos COVID-19-JJA, ux enusHus Ha agppekmusrocms 86-DKMO u ucxodet 3a6onesanus.
Mamepuanst u memodel. B uccnedosanue sownu 20 nayuenmos: 12 (60%) xenugur, 8 (40%) myxuun. Cpednuii ospacm — 55 nem. Ilayuenmam
npoeoouIU CYMOUHOe XOIMePOBCKoe MOHUMOPUPOBAHUE C OUEHKOL CNeKmpasIbHbIX Napamempos eapuabesbocmu cepledHo20 pUmma: HusKo-
uacmomuozo (LF) u avicoxouacmomuozo (HF) komnonenmos 3anucy, omHouenus LF/HF na 1, 3, 5-e cymku nposedenus 68-9KMO. Kpumepuem
COVID-19-JA senanocy chuxenue LF/HF menee 2,28 unu nosviwenue LF/HF 6onee 6,94. Kpumepuem npeo6nadaroujezo moHyca cuMnamuueckozo
omdena BHC aenanoce ysenuuenue LF/HF 6onee 6,94, napacumnamuueckozo — cHusxenue LF/HF menee 2,28. Kpumepuem nonuxenHozo moxyca
cumnamuueckozo omdena BHC sensnoce cHusxenue LF meree 15%, nosviuenHozo — yeenuuerue LF 6onee 40%. Kpumepuem nousxenHozo mowyca
napacumnamuueckozo omdena BHC senanoce ciuxenue HF menee 15%, nosvienrozo — ysenuuenue HF 6onee 25%. Hcnonvayemvie kpumepuu
Obl/IU OCHOBAHbL HA PE3YNIbMAMAX PaHee NPo8eoEHHbLx pabom.

Y nayuenmos uxcuposanu pakm omnyuenus om 88-5KMO, dnumensocmy pecnupamopHoii mepanuu u 88-9KMO, dnumensrocmy npebbisanus
8 OMOeieHuUU PEGHUMAYUU U UHMEHCUBHOL Mepanuu u cpoK 20CNUManu3ayuy, ucxodsl 3a0071e8aHus.

Pesynomamot. COVID-19-/IA Gbina duaciocmuposana 6o écex Habmodenusx. Meduana LF/HF cocmasuna 0,1. [Tapamempet 6apuabensHocmu
cepdeuH020 pumma 00cmoeepHo U3MeHAUCh 6 OuHamuke: Ha 5-e cym 66-9KMO docmosepHo cHuxanucy napamempst LF u HF. B 3agucumocmu
0m MOHyca CUMNAMUUeCK020 U napacumnamuueckozo omoenos BHC nayuenmet Obisiu pasdenervt Ha mpu epynnel: 1-a (n = 4; 20%) — deromun
C HOPMAJIbHbIM MOHYCOM CUMNAMUUECK020 0Mdend U 8bICOKUM MOHycoM napacumnamuveckoeo omdena BHC; 2-9 (n = 14; 70%) — ¢penomun
C NOHUKEHHBLM MOHYCOM CUMNAMUUECKO20 0MOeNd U 8bICOKUM MOHycoM napacumnamuyeckozo omdena BHC; 3-1 (n = 2; 10%) — ¢henomun
C NOHUXEHHbLM MOHYCOM CUMNAMUUECK020 0mOeNa U HOPMAJbHBLM MOHYCOM napacumnamuueckozo omoena BHC (sma epynna 6bina uckio-
ueHa u3 dabHetiweli cmamucmuueckoti 06pabomku, nockobKy 967191aCk ManouucienHotl). Bo 2-ii epynne cpednsas uacmoma cepdeubix co-
Kpaujenutl 0bia 0ocmosepHo 8viuiie N0 cpasHeruio ¢ 1-ii epynnoii. B 1-ii zpynne omayuenue om 88-9KMO Gvino yenewro 6 50% cyuaes, moeda
kak 80 2-ii — 8 7,2% (p = 0,04).

Botgodot. ITpu nposedenuu 88-DKMO y nayuenmos ¢ COVID-19 Heobxodum npoonéusii mowumopune JJA 0ns onpedenenus eé geromuna.
Hanuuue maxuxapduu y nayuenmos ¢ COVID-19 npu nposedenuu 88-9KMO He uckmiouaem nanuuus ducbanarca BHC c cyujecmeenHbim npeod-
Jnadaxuem moxyca napacumnamuyeckozo omoena BHC nad cumnamuueckum. Mmenro maxoti penomun COVID-19-JA docmosepHo accoyuuposar
¢ passumuem HebaazonpusmHozo ucxooa.

Knrouegvie cnosa: COVID-19; Hosas kopoHasupycHas uHgekyus; oucagmoHoMus; 6e2emamugHas HepeHas cucmemad; IKCmpaxop-
NOpanbHAs MeMOPAHHAS OKCUZEHALUS
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Introduction

Materials and methods

Viral pneumonia caused by a novel coronavirus infection
(COVID-19) leads to the development of acute respira-
tory distress syndrome (ARDS) in 8-15% of patients [1].
According to the current clinical guidelines, a veno-ve-
nous extracorporeal membrane oxygenation (VV-ECMO)
should be initiated when a COVID-19 patient develops
ARDS causing progressive refractory gas exchange im-
pairment despite the use of lung-protective mechanical
ventilation, adequate sedation, myorelaxation, and prone
positioning [2].

COVID-19 patients requiring VV-ECMO are prone to hemo-
dynamic disorders of various severity degrees: hypo- and
hypertension, refractory tachycardia, which can affect the
VV-ECMO effectiveness, causing a mismatch in minute
volume between intrinsic and artificial blood circulation
[3, 4]. Hemodynamic disorders in such patients may be
caused by DA due to imbalance of sympathetic and para-
sympathetic divisions in the autonomic nervous system
(ANS) [5]. DA develops in patients with critical conditions
caused by a wide range of diseases. DA has also been
described in COVID-19 patients (COVID-19-associated DA)
[6-8]. Previously published studies on COVID-19-associa-
ted DA are mostly based on the data obtained from sta-
ble non-ICU patients. We were unable to find studies on
COVID-19-associated DA in critical ICU-patients requiring
VV-ECMO in available literature. Our study focuses on
this issue.

The study was aimed at determining COVID-19-associated
DA phenotypes, their impact on VV-ECMO effectiveness
and disease outcomes.

Inclusion criteria:

o aged 18 years and older;

o confirmed COVID-19 diagnosis;

* ARDS with refractory gas exchange impairment;
¢ need for VV-ECMO support.

Exclusion criteria:

¢ atonic coma;

o persistent or paroxysmal atrial fibrillation;

¢ sinoatrial block, sick sinus syndrome; atrioventricular
block;

* high-grade premature ventricular contractions (Lown
grade 1Va, IVb, V);

+ artificial cardiac pacemaker;

* dysautonomia diagnosed prior to COVID-19.

All patients were provided with the full range of necessary
medical care approved by the temporary guidelines of the
Ministry of Health of the Russian Federation on preven-
tion, diagnosis and treatment of COVID-19, valid in the
period of the treatment [9].

On admission, patients underwent chest computed to-
mography (CT) using Aquilion Prime CT scanner (Toshi-
ba) with subsequent assessment of lung injury severity.
In case of respiratory dysfunction, the patients were pro-
vided with respiratory support using SV300 ventilator
(Mindray), non-invasive ventilation (NIV) with high-flow
oxygen and mask ventilation, and invasive mechanical
ventilation. Sedation and myorelaxation as indicated to
patients were performed by prolonged intravenous infu-
sion of propofol at a dose of 4-12 mg/kg per hour and
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rocuronium bromide at a dose of 0.3-0.6 mg/kg per hour.
If COVID-19-associated DA was suspected, we initiated
intravenous or enteral administration of B-blockers (es-
molol, metoprolol at appropriate doses) and intravenous
infusion of dexmedetomidine (DMM, central a-sympatho-
mimetic) at a dose of 0.7-1.4 ug/kg per hour. This therapy
strategy was proposed by A. Rudiger et al. for managing
dysautonomia symptoms in sepsis and was called decate-
cholaminization [20]. Myocardial contractility and volemic
status were evaluated on transthoracic echocardiogram
(TTE) using MyLab 70 ultrasound system (Esaote).

Indications for VV-ECMO [10]:

o ratio of arterial oxygen partial pressure and fraction of
oxygen in inspired air (PaO,/Fi0,) < 150 mm Hg, or

» Pa0,/Fi0, < 60 mm Hg > 6 hours, or

» Pa0,/Fi0, < 50 mm Hg > 3 hours, or

» pH < 720 and arterial partial CO, pressure (PaCO,) > 80 mm
Hg > 6 hours, or

* Pa0,/Fi0, > 150 mm Hg with pH < 7.20 and PaCO, > 80 mm
Hg > 6 hours.

Contraindications for VV-ECMO [10]:

o patients over 70 years;

 duration of mechanical ventilation prior to VV-ECMO
> 10 days;

¢ inability of cannulla placement;

* contraindications to anticoagulant therapy;

* concomitant incurable end-stage diseases.

DA was diagnosed by heart rate variability (HRV) pa-
rameters obtained during 24 h Holter monitoring using
CardioMem CM 3000 Digital Recorder (GE). Holter mon-
itoring allowed to assess heart rate (HR), low-frequency
component of the HR variability spectrum associated with
sympathetic tone (LF), high-frequency component associ-
ated predominantly with parasympathetic tone (HF), and
LF/HF ratio.

Reference values for the monitored parameters [11-14,
28-31]:
1) average 24 h HR: 60-80 bpm;
2) LF percentage in total frequency spectrum: 15-40%;
) HF percentage in total frequency spectrum: 15-25%;
) LF/HF: 2.28-6.94.

=

Altered LF/HF ratio may indicate an ANS imbalance. HRV
spectrum analysis allows to determine the dysautonomia
phenotype based on the assessment of the sympathetic
and parasympathetic tones. The LF/HF ratio below the ref-
erence values indicates the predominant parasympathetic
tone [31], above the reference values — the predominant
sympathetic tone [31].

Patients underwent 24 h Holter monitoring with the as-
sessment of the above parameters on days 1, 3 and 5 of

VV-ECMO. Data containing significant errors making more
than 20% of the Holter recording and confounding HRV
assessment were excluded from further analysis. The fol-
lowing parameters were registered in the study population:
the results of the VV-ECMO weaning, duration of respira-
tory therapy and VV-ECMO, length of stay in the ICU and
in hospital, and disease outcomes.

Statistical data were processed using Statistica 12 soft-
ware (StatSoft). Data per group were compared using
the Mann-Whitney method, qualitative inter-group
variables were compared using Fisher's exact test, in-
tra-group parameters (dependent variables) were as-
sessed using Wilcoxon test.

Results

The study was conducted in the ICU of the infectious dis-
eases department in Sklifosovsky Research Institute of
Emergency Medicine, Moscow, Russia from September
2021 till February 2022. The study included 20 patients
(12 (60%) females and 8 (40%) males) with COVID-19-asso-
ciated ARDS requiring VV-ECMO. The average age of the
patients was 55 years. Table 1 presents general charac-
teristics of the patients included in the study at their ICU
admission prior to VV-ECMO.

COVID-19-associated DA was diagnosed in all the patients.
Table 2 presents HRV parameters reflecting the ANS
balance.

The obtained data demonstrate significant changes of
sympathetic and parasympathetic tones in COVID-19 pa-
tients. So, LF and HF values significantly decreased on day
5 of VV-ECMO. These data indicate the need to monitor
HRV in COVID-19 patients during at least the whole period
of VV-ECMO support.

Depending on COVID-19-associated DA phenotype, name-

ly, on sympathetic and parasympathetic ANS activity, the

patients were divided into three groups:

5) group 1, n = 4 (20%): normal sympathetic tone and
high parasympathetic tone (nShP);

6) group 2, n = 14 (70%): low sympathetic tone and
high parasympathetic tone (IShP);

7) group 3, n = 2 (10%): low sympathetic tone and nor-
mal parasympathetic tone (ISnP).

Since group 3 included only 2 patients, the analysis data
would be considered not eligible for formal analysis.
Therefore, data from group 3 were removed from further
analysis and interpretation of its results. Only data from
groups 1 and 2 were compared. These groups were statisti-
cally similar by age, gender, severity of condition at admis-
sion and at the time of VV-ECMO start, and concomitant
diseases (Table 3).
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Table 1. General characteristics of patients included in the study at their ICU admission prior to VV-ECMO

Parameter
Age, years, Me (Qs; Qs)
Gender, n (%)
males
females
Concomitant diseases, n (%)
arterial hypertension
diabetes mellitus
chronic heart failure
General data, Me (Qy; Qs)
time from disease onset to admission, days
time from admission to VV-ECMO start, days
time from disease onset to VV-ECMO start
Respiratory support, n (%)
NIV
invasive mechanical ventilation
Gas exchange parameters (with respiratory support), Me (Qs; Q)
P/f
Sp0,, %
Lung injury CT score, n (%)
CT-3
CT-4
Complications, n1 (%)
bacterial inflammation
Sepsis
septic shock

Note. Me — median; Q: — lower quartile; Qs — upper quartile.

Table 2. Changes in HR and HRV parameters, Me (Q;; Q;)

Parameter 1

n 20

24 h HR, bpm 84.50 (77.50; 97.75)
LF, % 5.60 (2.02; 9.22)
HF, % 53.50 (31.13; 70.57)
LF/HF 0.1 (0.04; 0.23)

Note. *p < 0.05 compared with day 3 of VV-ECMO.

VV-ECMO duration, days
3
20
83.50 (75.00; 98.75)
8.99 (2.92; 12.75)
53.30 (45.88; 61.60)
0.12 (0.05; 0.3)

Annals of clinical and experimental neurology. 2024; 18(2). DOI: https://doi.org/10.17816/ACEN.1017

Value

55.00 (38.25; 60.00)

8 (40)
12 (60)

13 (65)
3 (15)
2 (10)

14.50 (11.00; 25.00)
1.50 (1.00; 3.00)
17.50 (15.00; 28.75)

9 (45)
11 (55)

94.00 (89.25; 96.00)
92.00 (62.75; 110.00)

4 (20)
16 (80)

11 (55)
3 (15)
1(5)

5
19
84.00 (65.00; 101.00)
2.98* (1.13; 6.48)
29.95* (15.18; 43.23)
0.1 (0.03; 0.18)
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Table 3. General characteristics of patients in group 1 and group 2

Parameter

n
Age. years. Me (Qs; Qs)
Gender. n (%)
males
females
Concomitant disease. 11 (%)
arterial hypertension
diabetes mellitus
chronic heart failure
Respiratory support at admission. 11 (%)
NIV
invasive mechanical ventilation
Respiratory support at VV-ECMO start, n (%)
NIV
invasive mechanical ventilation
Lung injury CT score. n (%)
CT-3
CT-4

Group
1 2
4 14
46.50 (37.50; 58.50) 57.50 (40.20; 62.00)

1 (25) 6 (42.8)
3 (75) 8 (57.2)
3 (75) 10 (71.4)
1 (25) 2 (14.2)

0 2(14.2)
2 (50) 6(42.8
2 (50) 8 (57.2

0 2 (14.2)
4 (100) 12 (85.7)
2 (50) 1(7.1)
2 (50) 13 (92.9)

Table 4. Comparative HR and HRV analysis in group 1 and group 2 on day 1 of VV-ECMO, Me (Q;; Q;)

Parameter Group

2
n 14
24 h HR, bpm 74.00 (65.00; 82.25) 86.50* (79.75; 97.25)
LF, % 24.67 (17.55; 31.24) 5.30** (2.06; 7.52)
HF, % 54.42 (36.54; 57.14) 56.00 (41.96; 74.20)
LF/HF 0.47 (0.43; 0.58) 0.09** (0.03; 0.12)

Note. *p < 0.05; **p < 0.001 compared with group 1.

Results of comparative HR and HRV analysis in group 1 and
group 2 on day 1 of VV-ECMO are presented in Table 4.

According to the presented data, HR in group 2 was sig-
nificantly higher compared with group 1. Considering low-
er sympathetic tone in group 2 patients, such HR values
make a data paradox.

The groups were statistically similar by the duration of
VV-ECMO, mechanical ventilation, length of ICU and hos-
pital stay, and the frequency of outcomes, except for the
frequency of weaning patients from VV-ECMO (Table 5). In
group 1 VV-ECMO weaning was successful in 50% patients,
while in group 2 — in 7.2% patients (p = 0.04). From all
the patients included in the study, a patient from group 2
was the only survivor. This fact suggests an importance of

the said inter-group difference. However, statistical analy-
sis revealed no significant difference in mortality between
the groups.

There were no significant differences across the groups in
myocardial contractility and volemic status based on TTE
results (see Table 6). Importantly, the TTE results in both
groups were within normal range.

Taking into account the data on the p-blockers and DMM
effectiveness in the managing DA symptoms using decat-
echolaminization strategy, as well as the potential influ-
ence of sedatives and myorelaxants on the ANS balance,
we performed a comparative analysis between the groups
by the frequency of using these agents by all study time
points (Table 7).
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Table 5. Comparison of groups by outcomes

Parameter

n

Mechanical ventilation duration, days Me (Qs; Qs)
VW-ECMO duration, days Me (Q1; Qs)
Length of ICU stay, days Me (Qs; Qs)
Length of hospital stay, days Me (Q1; Qs)
VWV-ECMO-weaning n (%)
Survived n (%)
Deceased n (%)

Note. *p < 0.05 compared with group 1.

Table 6. Comparison of the groups by TTE parameters

Parameter

n

Left ventricular ejection fraction, %

Left ventricular end-diastolic volume, ml
Left ventricular end-systolic volume, ml
Left ventricular stroke volume, ml

Inferior vena cava collapsibility > 50%

Me (Qs; Qs)
Me (Qs; Qs)
Me (Qs; Qs)
Me (Qs; Qs)

n (%)

Phenotypes of COVID-19-associated dysautonomia

Table 7. Comparison of groups by frequency of using sedatives, myorelaxants, and B-blockers, n (%)

Indicated agent

n
[3-Blockers
{3-Blockers and DMM
Propofol
Myorelaxants

Note. *p < 0.05 compared with group 1.
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group 1
4

Group
1 2
4 14
20.50 (6.00; 35.00) 11.00 (6.75; 13.25)
6.00 (6.00; 7.50) 8.50 (5.00; 12.25)
16.50 (8.00; 32.50) 12.00 (7.75; 16.50)
21.50 (8.00; 35.00) 12.00 (7.75; 16.50)
2 (50) 1*(7.2)
0 1(7.2)
4 (100) 13 (92.8)
Group
Normal
1 2
4 14
55-65 58.50 (52.75; 68.75) 62.50 (53.00; 66.25)
55-149  109.50 (100.75; 149.00)  104.50 (95.50; 112.50)
18-40 44.50 (32.75; 66.00) 39.00 (33.50; 48.50)
50-70 74.00 (57.25; 84.75) 68.00 (60.75; 73.50)
1 (25) 6 (42.8)
VV-ECMO duration, days
3 5
group 2 group 1 group 2 group 1 group 2
14 4 14 4 14
8 (57.2) 2 (50) 8 (57.2) 2 (50) 6 (42.8)
3(21.4) 2 (50) 5(35.7) 2 (50) 7 (50)
11 (78.5) 0 8* (57.2) 1 (25) 9 (64.2)
9(64.2) 0 7 (50) 1 (25) 7 (50)
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The presented data indicate that group 2 patients signifi-
cantly more often received intravenous propofol infusion
only on day 3 of VV-ECMO (p = 0.04). The frequency of
using PB-blockers, DMM, myorelaxants, and propofol on
day 1 and day 3 of VV-ECMO in both groups is statistically
similar. Moreover, DA phenotype was determined on day
1 of VV-ECMO, when the frequency of using agents that
might affect the ANS was similar in both groups.

Discussion

The main objective of the presented study is to define the
problem of dysautonomia in ICU patients in general and in
COVID-19 patients requiring VV-ECMO as one of the most
demanding ICU patient populations in particular. Based on
the data obtained, we could emphasize two basic points.
First, dysautonomia was present in all the patients with
severe COVID-19, advanced ARDS, and the need for VV-
ECMO. Second, based on the tone of the sympathetic and
parasympathetic divisions of the ANS, we distinguished
three COVID-19-associated DA phenotypes: nShP; IShP
and ISnP. In our opinion, such a methodological approach
to the DA issue in critically ill patients is innovative and
extremely practical. It may lead to conceptual changes
in the management of patients with critical conditions.
It clarifies the necessity to monitor the ANS status, to pre-
vent the development of hemodynamic disorders, and to
apply targeted management taking into account the per-
sonal phenotype of DA.

The DA issue is not new for intensive care practice. Dis-
autonomia is a frequent and typical manifestation of CNS
failure in neurological ICU patients. HRV analysis data in
patients with traumatic brain injury indicate DA develop-
ment with predominant sympathetic tone in 8-20% cases
[15]. HRV analysis in patients with aneurysmal subarach-
noid hemorrhage demonstrates a pronounced increase in
sympathetic tone [16]. High sympathetic tone is also typ-
ical for acute stroke patients [17]. In patients with com-
bined trauma and sepsis, sympathetic tone also predomi-
nates significantly more often [18, 19].

Based on the results of these studies, the concept of de-
catecholaminization was developed, which subsequently
successfully proved its effectiveness in ICU patients [20].
This concept is based on the combined use of DMM and
esmolol. Combination of these agents inhibits the sym-
pathoadrenal response developing in critical conditions.
Septic shock treatment with DMM allows to reduce plas-
ma concentrations of adrenaline by 40% [21]. Esmolol
reduces mortality almost 2-fold (from 80.5% to 49.4%) in
patients with septic shock and the need for high-dose
vasopressor support.[22] All the decatecholaminization
studies indicate that the combination of DMM and esm-
olol is effective in patients with DA associated with high
sympathetic tone.

Subsequent studies have shown the heterogeneity of DA
manifestations in ICU patients. For example, the predomi-
nance of sympathetic tone in sepsis, reflecting the activa-
tion of compensatory mechanisms to maintain homeosta-
sis at the onset of bacterial inflammation, is subsequently
replaced by the predominant parasympathetic tone. In this
case, the severity of septic shock correlates with an in-
crease in parasympathetic tone [23]. HRV analysis in sta-
ble non-ICU COVID-19 patients indicates predominance of
parasympathetic tone [24]. Our study also demonstrated
a significant and substantial predominance of parasym-
pathetic tone over sympathetic tone in critical COVID-19
patients requiring VV-ECMO.

COVID-19 is known to cause both morphologic and func-
tional damage to the central nervous system, where the
ANS regulatory centers (paraventricular structures, the
olfactory tract, the hippocampus) have been damaged ear-
lier and more severely than the others [25]. It is the ANS
regulation centers failure, as well as involvement of the va-
gus nerve in the COVID-19 pathogenesis, that might be the
reason for the COVID-19-associated DA and, consequently,
the predominance of parasympathetic tone.

The outcomes of VV-ECMO in COVID-19 patients are sig-
nificantly and substantially worse compared to other ICU
patients [26]. We believe that it is COVID-19-associated DA
that plays an important, if not leading, role in those patho-
logic processes that trigger unfavorable disease outcomes
in extremely severe COVID-19 patients. However, it remains
unknown whether it is COVID-19-associated DA that causes
severe disease course or it is an epiphenomenon.

Our study identified three COVID-19-associated DA pheno-
types, which is a unique interpretation of the DA issue in
the ICU patients. The most common IShP phenotype is sig-
nificantly associated with failure to successfully complete
VV-ECMO. On the contrary, successful VV-ECMO weaning
was significantly more frequent in patients with nShP phe-
notype. Failure to wean the patient from VV-ECMO means
inability to compensate for gas exchange impairment as
a result of persisting hypoxemia, which eventually leads
to the development of multi-organ dysfunction and lethal
outcomes. In this regard, matching in minute volume be-
tween intrinsic and artificial blood circulation is one of
the goals of intensive therapy, which allows to achieve
adequate parameters of gas exchange and to avoid the de-
velopment of multi-organ dysfunction and, consequently,
an unfavorable outcome.

According to the data obtained, there were no significant
inter-group differences in the frequency of using p-block-
ers and DMM for decatecholaminization. It is the con-
cept of decatecholaminization proposed as an effective
management strategy for DA with high sympathetic tone
that is hypothetically promising for matching in minute

20 AHHarsbl KITMHNYECKOM 1 aKcriepumeHTabHov Hesposorum. 2024. T. 18, Ne 2. DOI: https://doi.org/10.17816/ACEN.1017



ORIGINAL ARTICLES. Clinical neurology

volume between intrinsic and artificial blood circulation
due to reduction of a patient's cardiac output. However,
our study showed that patients with COVID-19-associa-
ted DA and the need for VV-ECMO predominantly deve-
lop a DA phenotype with a depressed sympathetic tone,
while the parasympathetic tone is dramatically elevated.
At the same time, there is a lack of application of the
decatecholaminization strategy for COVID-19-associated
DA management. This also explains why the course of
the disease associated with high parasympathetic tone is
more severe, outcomes are unfavorable, and management
methods are lacking.

An interesting result of the study is that patients with IShP
phenotype significantly more often received prolonged in-
travenous propofol infusion on day 3 of VV-ECMO. A more
pronounced ANS imbalance and worse outcomes in this
group suggest that the use of propofol for pharmacologi-
cal sedation should be avoided in this cohort of patients.
Propofol is likely to adversely affect the ANS balance,
thereby intensifying DA and worsening the disease out-
comes. However, the lack of significant difference between
these two groups on day 1 of VV-ECMO in the frequency
of the propofol use (and the use of other agents theoreti-
cally affecting the ANS) suggests that the COVID-19-asso-
ciated DA phenotype is independent of propofol.

Another unique finding of the presented study is a sig-
nificantly higher HR in the IShP group compared with the
nShP group. In our opinion, this phenomenon is worthy
of a separate description and further study. To define this
phenomenon, we propose a term 'the ANS paradox' refer-
ring to a condition in which patients with IShP phenotype
develop persistent tachycardia or an overt tendency to
tachycardia. The main issue of the 'ANS paradox' is that
tachycardia leads to obvious complications (such as per-
sistent hypoxemia in patients with VV-ECMO support),
while pharmacological heart rate lowering with p-adreno-
blockers and central a.-adrenomimetics leads to even great-
er ANS imbalance and, consequently, to more severe DA. It
is noteworthy that statistical analysis of TTE parameters in
patients of both groups revealed no significant differences.
Normal TTE values indicate that tachycardia is not associa-
ted with hypovolemia or a hyperdynamic circulation.

A major issue to be addressed in future studies is the
choice of optimal therapy for DA with an IShP phenotype.
Controlled hypothermia could become such a therapy op-
tion. It is well known that moderate hypothermia reduces

Phenotypes of COVID-19-associated dysautonomia

a patient's cardiac output by developing bradycardia and
depressing metabolism. This leads to matching in minute
volume between intrinsic and artificial blood circulation
under VV-ECMO without affecting adrenoreceptors and,
consequently, without worsening of the already distorted
ANS imbalance [27].

The presented study has a number of limitations. First, it
is a monocenter study. Second, the study included only
20 patients. From a formal point of view, this is a small
sample size. However, given the unique study population
and the phenomenon under investigation — COVID-19-as-
sociated DA in VV-ECMO — the volume of clinical mate-
rial is perceived as sufficient and unparalleled in world
practice. Third, the main method of DA diagnostics is the
analysis of Holter ECG monitoring. Critically ill patients
received a large number of drugs that influenced the ANS
tone: sedatives and narcotic drugs, -blockers and central
a-sympathomimetics. Although for most of these drugs
(with the exception of propofol) the frequency and dura-
tion of use in the groups were similar, we still suspect that
the use of these drugs may have influenced our findings.
Because of the above limitations, further studies are need-
ed to address the issue of DA in the ICU patients requiring
VV-ECMO.

Conclusion

1. COVID-19-associated DA is observed in all COVID-19
patients receiving VV-ECMO support, making prolonged
monitoring of ANS status with HRV analysis mandatory.

2. COVID-19-associated DA has three phenotypes: pheno-
type with normal sympathetic tone and high parasympa-
thetic tone (nShP); phenotype with low sympathetic tone
and high parasympathetic tone (IShP); phenotype with
low sympathetic tone and normal parasympathetic tone
(ISnP). In terms of VV-ECMO effectiveness and the possi-
bility of weaning, the IShP phenotype is the worst.

3. COVID-19-associated DA is characterized by the 'ANS
paradox’: tachycardia associated with IShP phenotype. The
use of decatecholaminization strategy (DMM and esmolol),
widespread in modern intensive care, in patients with this
DA phenotype is pathophysiologically incorrect. In this re-
gard, further studies are needed to manage the ANS tone
in patients with the 'ANS paradox' and the DA phenotype
with predominant parasympathetic tone. Controlled hypo-
thermia may become such a method of intensive therapy.
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Abstract

Introduction. Cerebral small vessel disease (CSVD) is one of the leading causes of vascular and mixed cognitive impairment (CI). Treatment options
for CSVD-associated CI are limited. Repetitive transcranial magnetic stimulation (rTMS) is a promising non-drug treatment option.

The aim of the study was to evaluate the effects of 10 rTMS sessions of the left dorsolateral prefrontal cortex (DLPFC) on cognitive functions in
CSVD patients.

Materials and methods. The study included 30 patients with CSVD and moderate CI randomized to the active (DLPFC stimulation; n = 20) and
control (vertex stimulation; n = 10) groups. Both groups received 10 sessions of high-frequency rTMS. The DLPFC target was selected based on
the individual paradigm fMRI data with a focus on executive functions. Cognitive function was assessed using the Montreal Cognitive Assessment
Scale (MoCA), the Trail Making Test (TMT), the Tower of London Test, and the Rey-Osterritz Complex Figure Test before, immediately after, and
3 months after the stimulation. Adverse events were assessed using standardized questionnaires.

Results. The active group showed a significantly better effect compared to the control group according to MoCA, TMT A and B, The Tower of
London Test, delayed recall on the Rey-Osterrieth Complex Figure Test immediately after the stimulation and MoCA, TMT A and B and The Tower
of London 3 months after the stimulation. Adverse events in the study were mild and did not affect treatment adherence.

Conclusion. rTMS is a promising, safe, and well-tolerated treatment option for mild cognitive impairment in CSVD. However, additional research is
needed to make recommendations for its clinical use.

Keywords: repetitive transcranial magnetic stimulation; non-invasive brain stimulation; mild cognitive impairment; vascular cognitive
impairment; cerebral small vessel disease
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Introduction

Cerebrovascular disease is the second most common cause
of cognitive impairment after Alzheimer's disease [1]. Ce-
rebral small vessel disease (CSVD) is a leading cause of
vascular cognitive impairment [2, 3]. Currently, treatment
options for vascular cognitive impairment are limited [4].

Mild cognitive impairment (MCI) is a decline in cognitive
function that exceeds that of normal aging but does not
meet the clinical criteria for dementia [5]. In the popula-
tion aged 65 years and older, the MCI prevalence is equal
to or greater than that of dementia and may reach 42% [6].
However, MCI not only deteriorates quality of life [7], but
is also an independent risk factor of dementia; 20-30% of
cases of mild cognitive impairment progress to dementia
within 6 years [1].

Repetitive transcranial magnetic stimulation (rTMS) is
a non-invasive brain stimulation method increasingly
used to treat neurological disorders [8]. The mechanism
of the therapeutic rTMS effect is usually associated with
TMS-induced synaptic plasticity [9].

r'TMS is best studied for treatment of Alzheimer's cog-
nitive impairment. A meta-analysis included 12 stu-
dies (n = 231) with different rTMS protocols, including
multi-target stimulation and stimulation of the dorso-
lateral prefrontal cortex (DLPFC). A statistically signif-
icant improvement in cognitive function was found in
the active stimulation group compared to the control
group. The effect was greater in milder forms of Alzhei-
mer's disease [10]. The most compelling evidence for ef-
ficacy was obtained using a multi-target rTMS protocol
combined with target-specific cognitive training, called
r'TMS-COG. In the international expert recommenda-
tions, this protocol was assigned a level of evidence C [8].
A randomized, placebo-controlled study showed a sta-
tistically significant effect of high-frequency rTMS of
the left DLPFC on memory in elderly patients with am-
nestic MCI [11].

A relatively large number of studies evaluated the use of
TMS in Alzheimer's disease and amnestic MCI (as a pre-
dementia stage of Alzheimer's disease). The use of TMS
in vascular cognitive impairment has been less stud-
ied. Most studies evaluated the diagnostic use of TMS,
while only few studies evaluated the therapeutic effect
of rTMS [12-14]. Two studies investigated the effect of a
single rTMS session on the left DLPFC. I. Rektorova et al.
showed that executive functions (EF) measured with the
Stroop test improved after 1 rTMS session [12]. S. Sed-
lackova et al. found no statistically significant differences
between stimulation of DLPFC and M1 (control target)
[13]. One of more recent studies showed the effect of
supplementary motor area rTMS on cognitive functions

in CSVD patients with MCI [14]. There are no studies on
the efficacy of multiple sessions of the left DLPFC rTMS
in CSVD patients.

It is important to explore the potential of personalized
targets for rTMS due to the structural and functional he-
terogeneity and interindividual anatomical variability of
the cerebral cortex. One way of personalization is to use
structural neuroimaging to construct a 3D model of the
head and then to overlay functional neuroimaging data
such as resting-state fMRI and task fMRI [15]. For exam-
ple, functional connectivity-based personalization is being
actively studied in depression [16-19]. Task fMRI-guided
navigated TMS is actively used in studies with healthy
volunteers [20], but is rarely applied in clinical practice
(J.P. Szaflarski et al. reported its use in patients with post-
stroke aphasia [21]).

The aim of this study was to evaluate the immediate and
delayed effects of 10 sessions of fMRI-guided high-fre-
quency rTMS of the left DLPFC on cognitive functions in
CSVD patients with MCL.

Materials and methods

This randomized, double-blind, placebo-controlled, parallel
study was conducted at the Research Center of Neurology.

Inclusion criteria:

* Age of 45 to 80 years,

» (CSVD diagnosed according to STRIVE guidelines (2013) [22],

* MCI diagnosed using VASCOG criteria [23],

* No changes in treatment for cognitive impairment or use
of other central nervous system agents for 1 month before
rTMS, during rTMS, and for 3 months after the stimulation.

Exclusion criteria:

 Contraindications to rTMS and/or MR],

» History of stroke (except lacunar one),

History of epilepsy or epileptiform discharges on EEG,
Use of antidepressants and antipsychotics,
Decompensation of severe somatic disease,

Mental disorder or alcohol and/or drug abuse.

The study was conducted in accordance with the Dec-
laration of Helsinki and approved by the local ethics
committee of the Federal State Budgetary Scientific
Institution “Research Center of Neurology” (Protocol
No. 12-4/16 dated 14 December 2016). Prior to enroll-
ment, all patients signed an informed consent form.

Design of the study
After enrollment, all patients were randomized using

sealed envelope method in a 2:1 ratio to active stimulation
(left DLPFC) or control stimulation (vertex area).
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Prior to stimulation (T0), cognitive functions were as-
sessed, and patients underwent task fMRI. Subsequently,
10 rTMS sessions (5 sessions per week) were performed.
Cognitive functions were reassessed immediately (T1) and
3 months (T2) after the rTMS treatment. The investigator
performing the initial clinical assessment for eligibility and
repeated cognitive assessments at each stage was blinded
to the stimulation protocols.

Cognitive function tests

The Montreal Cognitive Assessment Test (MoCA) was
used to assess general cognitive status. Additional tests
were used to assess EF and visuospatial functions [24].
EF was assessed using the Trail Making Test (TMT),
with the TMT-A subtest assessing psychomotor speed
and the TMT-B subtest assessing divided attention, and
the Tower of London test assessing cognitive control.
Visuospatial functions were assessed by copying the
Rey-Osterrith Complex Figure Test (ROCF), and non-
verbal memory was assessed by delayed recall of the CF
30 min after copying [25].

Neuroimaging

All patients had structural MRI and task fMRI on a 3T
Magnetom Verio (Siemens) for determination of the stim-
ulation target. The anatomical structure was visualized
using a 3D-T1 gradient echo with multiplanar reconstruc-
tion (3D-T1 MPR) sequence consisting of 176 sagittal
slices (TR = 1940 ms; TE = 308 ms; interslice interval =
0.5 mm; field of view = 250 mm; matrix = 256x256; slice
thickness = 1 mm). The paradigm fMRI used an axial
T2* gradient echo sequence (TR = 3000 ms; TE = 30 ms;
slice thickness = 3 mm).

The paradigm had a block design and consisted of 4 acti-
vation blocks and 4 rest blocks, with each block lasting
30 s. Before the start and at the end of each activation
block, subjects were verbally instructed to start or stop
the task. They were asked to count silently starting from
1 and skipping multiples of 3. When the next activation
block began, the patient repeated counting from 1 [26].
Before the MRI, the patient was trained to perform the
task outside the scanner under the supervision of the
investigator.

SPM12 for MATLAB R2018a (Mathworks) was used for
preprocessing and statistical analysis of individual fMRI
data to determine the stimulation target!. The first level
analysis used a regressor with a value of 1 in the acti-
vation block, 0 in the rest block, and a T-contrast corre-
sponding to the regressor with a voxel-wise significance

' Statistical Parametric Mapping; Wellcome Centre for Human Neuroimaging, UCL Queen
Square Institute of Neurology, London, UK. URL: http://www fil.ion.ucl.ac.uk/spm

fMRI-guided rTMS in cognitive impairment

threshold of 0.001 without correction. The data obtained
were co-registered with the structural data and uploaded
to the navigation system. The rTMS target was positioned
within the left DLPFC (corresponding to the middle fron-
tal gyrus) according to the visually detectable maximum
activation.

Transcranial magnetic stimulation

The navigation system of the NBS eXimia Nexstim stim-
ulator (Nexstim Plc) was used for fMRI-guided naviga-
tion rTMS. The target for active stimulation was located
in the DLPFC while the control group used the vertex
detected by visible anatomical landmarks. For rTMS, a
Magstim Rapid 2 stimulator (Magstim Company Ltd.)
was used with a figure-of-eight coil calibrated for na-
vigation. Stimulation was performed at an intensity of
100% of the resting motor threshold of m. abductor pol-
licis brevis, determined using the Rossini-Rothwell al-
gorithm [27]. In both groups, high-frequency rTMS was
performed with a stimulation frequency of 20 Hz, 2-se-
cond trains with a 28-second intertrain interval, 2400
stimuli per session, for a total of 10 sessions. Patients
completed standardized TMS tolerability questionnaires
(adverse events (AEs) during stimulation and within
24 hours after the stimulation).

Statistical analysis

MATLAB R2018a (Mathworks) was used for statistical
analysis. Normal distribution was tested using the Sha-
piro-Wilk test. The data were non-Gaussian distributed,
so non-parametric methods were used. The Friedman test
was used to determine changes in cognitive test scores
between the 3 intra-group measurements. The Wilcoxon
test was used for paired intra-group comparisons. The
Mann-Whitney test was used to compare quantitative
characteristics between groups (comparison of effects).
The Fisher's test (for binary characteristics) and the Fish-
er-Freeman—Halton test (for 3 levels of the Fazekas scale)
were used for comparing qualitative parameters. Changes
were considered significant at p < 0.05.

Results

Patients

A total of 96 patients were screened for the study, of which
30 patients were included into the final analysis (Figure 1).
There were no statistically significant differences in gen-
der, age, severity of neurological symptoms, or cognitive
test scores between two groups (Table 1).

All patients underwent paradigm fMRI with a target iden-
tification in the left DLPFC. Figure 2 shows the stimulation
target localization for the active group.
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Enrollment Assessed for eligibility (7 = 96)

| > Excluded — not meeting inclusion criteria
| (n=63)

Randomized (n = 33)

Allocation
Allocated to intervention — Allocated to intervention —
received allocated intervention (n = 21) received allocated intervention (n = 12)
l Follow-up l
Lost to follow-up (logistics reasons) (n=1) Lost to follow-up (logistics reasons) (n = 2)
Analysis
Analysed (n = 20) Analysed (n =10)

Puc. 1. Biok-cxema 0TG0pa MAIMEHTOB.
Fig. 1. Flow chart.

Table 1. Demographic, clinical, and neuroimaging characteristics of patients

Parameter Ac(t;v: g:)t;up cu?}:ﬂ'?g;’““ p
Sex (male), n (%) 10 (50%) 2 (20%) 0.24
Age, years, Me [Q1; Q3] 60 [57.5; 66.5] 58 [57.5; 69.0] 0.94
Gait disorder, nn (%) 14 (70%) 6 (60%) 0.69
Pseudobulbar palsy, n (%) 5 (25%) 2 (20%) 1.00
White matter hyperintensity (Fazekas scale) 0.73
Fazekas | 2 (10%) 0

Fazekas I 9 (45%) 4 (40%)

Fazekas Il 9 (45%) 6 (60%)

White matter lacunes, n (%) 12 (60%) 4 (40%) 0.44
Lacunes in subcortical structures, n (%) 6 (30%) 5 (50%) 0.43
Brainstem lacunes, 11 (%) 9 (45%) 4 (40%) 1.00
Juxtacortical microbleeds, n (%) 5 (25%) 3 (30%) 1.00
Subcortical microbleeds, n (%) 11 (55%) 3 (30%) 0.26
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Fig. 2. Localization of stimulation target within the left DLPFC in
the active group.

Assessment of the intra-group effect

In the active group, using the Friedman test, a statistically
significant effect of time point was reported for MoCA test
(p <0.001), TMT-A (p = 0.012), TMT-B (p < 0.001), the Tower
of London (p < 0.001), and delayed CF recall (p = 0.009)

Table 2. Intra-group effect of rTMS, Me [Q;; Q;]

Test Time points

TO
MoCA, score T1
T2
TO
TMT-A, sec T1
T2
TO
TMT-B, sec T
T2
TO
The Tower of London Test, score T
T2
TO
Complex Figure, copying, score T
T2
TO
Complex Figure, delayed recall, score T
T2

fMRI-guided rTMS in cognitive impairment

test. For CF copying, the effect was not statistically signif-
icant (p = 0.929). In the control group, the effect of time
point was not statistically significant for all tests (MoCA,
p = 0.119; TMT-A, p = 0.368; TMT-B, p = 0.347; the Tower
of London, p = 0.187; copying and recall of CF, p = 0.867
and p = 0.792, respectively).

In a pairwise comparison using the Wilcoxon test, a statis-
tically significant improvement was reported immediately
after the stimulation and 3 months after the stimulation for
the MoCA, TMT-B, and Tower of London tests, while for the
TMT-A and delayed CF recall, a statistically significant im-
provement was reported only immediately after the stimula-
tion, and no significant changes were observed when copying
the CF (Table 2). In the control group, no statistically signif-
icant changes were observed in any of the tests used, either
immediately or 3 months after the stimulation (Table 2).

Comparison of inter-group effects

When comparing the effects between the active and con-
trol groups, the active group showed a statistically signifi-
cant greater effect on the MoCA, TMT-A, TMT-B, and the
Tower of London tests immediately and 3 months after
the stimulation. For delayed recall of CF, the active group
showed a statistically significant greater effect only imme-

Active group Control group

(n=20) p (n=10) p

24 [22; 26] - 22 [22; 24] -
26 [24; 28] <0.001 25 [22; 25] 0.094
26 [19.5; 27] 0.001 23 [21; 24] 0.329

69 [51.0; 91.5] _ 56 [47; 76] -
53 [42.5: 72.5] 0.009 57 [52; 86] 0.91
58 [41; 87.5] 0.08 57 [52; 86] 0.093

162 [126.0; 256.5] - 168 [135; 243] -
138 [106.5;219.5]  0.007 186 [109; 207] 0.071
119 [82; 173] 0.032 169 [138; 244] 0.889

12.5 [8.75; 16] - 12 [11; 14]. -
13[11.0; 18.5] 0.002 12 [11; 16] 0.083
14 [12.5, 16.5] 0.044 101[9; 13] 0.724

32 [27.5; 35] - 34 [33; 34] -
34 [27.5; 36] 0.279 33 [32; 35] 0.656
33 [28; 36] 0.612 27 [25; 31] 0.380

16 [8; 21.75] - 15.5 [7; 21.5] -
20 [10.25: 26.75] 0.003 17.5 [15.5; 26] 0.102
16 [9.75; 26.75] 0.690 14 [12; 21] 0.500

Note. T0, baseline testing; T1, testing immediately after the stimulation; T2, testing 3 months after the stimulation; p for T1 and T2 was calculated as a pairwise comparison for T1/T0 and

T2/T0, respectively.
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Table 3. Effect sizes of rTMS (difference in cognitive test scores between T1 and T0. T2 and T0) and comparison of active

and control groups. Me [Q;; Qj]

Test Time point

T

MoCA
0 T2
TMT-A M
- T2
T1

TMT-B
T2
T1
The Tower of London Test T
Complex Figure. copyin m
p gure. copying T
' T
Complex Figure. delayed recall T2

Active group Control group

(n = 20) (n=10) p
2[1; 3] 11[0;2] 0.044
2 [0; 3] 11[0; 1] 0.044
-9 [-22.5; -3] 7[-4;12] 0.007
-5[-26.5; 7.5] 7[-4; 21] 0.041
-15[-54; 6] -5[-10; 9] 0.014
—46 [-56.5; —18.5] -5[-10; 9] 0.006
2 [2;3.5] 11[0;1]. 0.019
3[2; 5] 11[0; 3]. 0.046
0[-1; 3.5] 0[-1;1] 0.275
0[-1.5; 3] 0[-1;1] 0.270
3[0.75; 5.5] 1.5[-0.5; 2.5] 0.043
1.5 [-1.75; 4] 0.5 [-0.5; 4] 0.480

Note. T0. baseline testing; T1. testing immediately after the stimulation; T2. testing 3 months after the stimulation. A negative value indicates a decline in the test scores. A positive score indicates
an improvement for all tests except TMT. where improvements are indicated by a negative score and declines are indicated by a positive score.

diately after the stimulation. For copying CF, no statistically
significant difference was found between the active and
control groups (Table 3).

Tolerability

Data from 270 sessions were analyzed (180 sessions in
the active group and 90 sessions in the control group).
No serious adverse events were reported during rTMS in
any group. Pain at the site of stimulation was observed in
11.7% of all rTMS sessions in the active group and in 9%
of all rTMS sessions in the control group. Pain severity
on the numerical rating scale was 1 in 61.9% of cases,
2 in 28.6%, 3 in 4.75%, and 5-6 in 4.75% in the active group
and it was 2 in 62.5% of cases, 3 in 25%, 6 in 12.5% in
the control group. Other discomfort sensations at the site
of stimulation (muscle contractions, burning, itching, etc.)
were observed in 15.5% of all sessions in the active group
and in 2.2% in the control group. Patients reported somno-
lence in 11.7% of sessions in the active group and 17% of
sessions in the control group. Headache within 24 hours
of stimulation was reported in 3.9% of all sessions in the
active group and 8.9% in the control group. When com-
paring the incidence of AEs between the active and con-
trol groups, there was no statistically significant difference
for headache during (p = 0.539) and after the stimulation
(p = 0.08), as for the somnolence (p = 0.26), and the statis-
tically significant difference was found only for non-pain-
ful discomfort (p < 0.001).

Discussion

Our paper showed that 10 sessions of fMRI-guided rTMS
of the left DLPFC significantly improved cognitive func-
tions in CSVD patients with MCIL. The active group showed

the significantly greater effect compared to the control
group, both at the general cognitive level and in specific
domains (EF and non-verbal short-term memory), and this
effect persisted across a range of tests for 3 months after
the stimulation. The proposed rTMS protocol for MCI had
a good safety and tolerability profile.

In our protocol, the left DLPFC was used as a stimulation
target. The choice of the target area was based on the
available data on the role of this area in vascular cognitive
impairment [28, 29], as well as on previous studies show-
ing the efficacy of stimulation of the left DLPFC in cogni-
tive impairment of various etiologies [30]. The activity of
the frontal lobes plays a key role in the EF, and in CSVD
early decline in EF is observed [28]. Loss of frontal-parie-
tal connectivity in white matter involvement is current-
ly considered an important factor in the pathogenesis of
cognitive impairment in CSVD [29]. A significant loss of
interhemispheric and frontal connectivity in CSVD has
been demonstrated by structural connectivity studies [28].

Along with the EF scores, nonverbal memory and overall
cognitive level improved. However, no statistically signi-
ficant changes in visuospatial functions (CF copying test)
were found in our study, which may be due to the pre-
dominant role of the posterior parts of the cerebral cortex,
such as the parietal and occipital cortex, for this domain
[31]. Further studies are required to evaluate the efficacy
of r'TMS in cortical regions other than DLPFC or multisite
TMS for the treatment of visuospatial deficits in MCI.

In our study, we analyzed individual paradigm fMRI data
to determine target localization. fMRI-guided TMS is con-
sidered one of the potential methods to increase the effi-
cacy of rTMS [32-34]. Comparing different approaches to
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target detection (using a 10-20% electrode positioning sys-
tem, using structural MRI, fMRI, or a target in Talairach
space), determination of a significant effect of rTMS of
the right DLPFC on fMRI reaction time requires a 10-fold
smaller sample size compared to using the 10-20% system
[33]. A recent meta-analysis showed that fMRI-guided na-
vigation for rTMS in healthy volunteers had a higher online
effect compared to other methods of target selection [20].

Our choice of paradigm is primarily based on the switch-
ing task, but also involves other components of EF and
limits the effect of learning [35].

Limitations of target selection using individual paradigm
fMRI data include the low reproducibility of fMRI results at
the individual level [36]. It is unclear what impact this may
have on clinical efficacy. However, we did not compare our
method with other methods of target selection. Therefore,
we cannot conclude on the advantage of a personalized
approach and its appropriateness for real clinical practice.

It should be noted that the effect of rTMS on some of
the tests persisted for at least 3 months after treatment.
M. Sabbagh et al. reported a positive effect after TMS-
COG treatment that was more significant 12 weeks after
r'TMS compared to that after 7 weeks, which is consis-
tent with the data obtained in this study [37]. Given the
progressive nature of cognitive impairment in CSVD, this
suggests that rTMS may have an effect on the course of
the disease. However, this statement requires further in-
vestigation in separate studies. It is also useful to study
the effect of repeated rTMS courses or maintenance ses-
sions after the main treatment. The latter approach has
been shown to be effective in other conditions, such as
depression and pain syndromes [38, 39].

One of the most promising areas for future research is
the development of effective combined protocols for rTMS
and cognitive training. The potential enhancement of neu-
romodulation effects by combining it with various meth-
ods of cognitive interventions is being actively studied in
several neurological and mental disorders [40]. This ap-
proach has been shown to be effective in Alzheimer's dis-
ease [38] and requires further study in vascular cognitive
impairment.
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Immunomorphologic Assessment of Changes
in Functional Astroglial Proteins in a Kainate-Induced
Hippocampal Sclerosis Model

Dmitry N. Voronkov', Anna V. Egorova'?, Evgenia N. Fedorova'?, Alla V. Stavrovskaya',
Ivan A. Potapov!, Anastasiya K. Pavlova, Vladimir S. Sukhorukov'?

'Research Center of Neurology, Moscow, Russia;
*Pirogov Russian National Research Medical University, Moscow, Russia

Abstract

Introduction. Astrocytes are involved in mediator metabolism, neuroplasticity, energy support of neurons and neuroinflammation, and this deter-
mines their pathogenetic role in epilepsy.

Aim. This study aimed at evaluating region-specific changes in the distribution of functional astroglial proteins in reactive astrocytes in a kain-
ate-induced model of mesial temporal lobe epilepsy.

Materials and methods. The localization and expression of functional astroglial proteins (i.e. aquaporin-4, connexin-43, EAAT1/2, and glutamine
synthetase) in the hippocampus CA3 region, dentate gyrus, and stratum lucidum layer were evaluated by immunofluorescence 28 days after in-
tra-hippocampal administration of kainic acid to animals.

Results. Changes were heterogeneous in different hyppocampus subregions. Astrocytes of the stratum lucidum associated with mossy fibers showed
the highest vulnerability and decreased content andjor disturbed localization of the channels and transporters that form membrane complexes in
the processes. Disturbances in homeostatic functions of astrocytes aggravated the adverse processes both on the side where the toxin was injected
and in the contralateral hippocampus.

Key words: hippocampal sclerosis; kainic acid; astrocytes
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Changes in functional astroglial proteins in a model of hippocampal sclerosis
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Introduction

About a third of epilepsy cases are drug-resistant [1]; there-
fore, mechanisms of epileptogenesis and new therapeutic
targets are the most important objectives of translational
neuroscience. At the molecular and morphological levels,
epilepsy is characterized by neurodegeneration, abnormal
neuroplasticity, impaired neurogenesis, changes in the topol-
ogy of neuronal connections, neurotransmitter imbalance,
abnormal functional ability of several receptor complexes,
and modified molecular structure of ion channels [2].

Hippocampal sclerosis (HS) with neuronal death in sever-
al hippocampal regions is the most common histological
diagnosis in adult patients who undergo surgery for fo-
cal structural drug-resistant epilepsy [3, 4]. Glutamatergic
excitotoxicity caused by excessive release of glutamate
during epileptic activity is considered to be the leading
cause of neuronal death in HS [5]. Participating in homeo-
stasis and regulating levels of extracellular glutamate, as-
troglia is directly involved in excitotoxic reaction cascades.
By modulating synaptic transmission, astrocytes provide
energy support to neurons and participate in neuroinflam-
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mation and synaptic plasticity [6]. Impairment of astrocy-
tic functions is a key cause of epileptogenesis [7].

In HS, there are several patterns of damage that are asso-
ciated with astrogliosis (astrocyte proliferation and hyper-
trophy) of various severity. International League Against
Epilepsy (ILAE) type 1 HS is the most common (i.e. 60-
80% of cases); it is associated with severe damage in CA1l
and CA3 regions and affects CA2 and dentate gyrus (DG)
[4]. Type 2 HS is mostly associated with damage in CAl,
while in type 3 HS hilus (also known as CA4) neurons are
affected most significantly. Pre-operative seizure burden
and outcome after hippocampal resection positively cor-
related with the degree of gliosis, in particular in the CA3
region [8].

No pronounced neuronal death is found in up to 20% of
cases of temporal lobe epilepsy. This is explained by re-
active changes in astroglia, which, according to A. Grote
et al., does not precede types 1-3 HS but is a separate
condition [9]. Relationship between reactive changes in as-
troglia and damage to hippocampal neurons has not been
elucidated yet.

Epileptogenesis in temporal lobe epilepsy is associated
with abnormal invasion of mossy fibers (i.e. DG granular
cell axons) into the molecular layer of the DG and for-
mation of new excitatory synapses. Reorganization of the
hippocampal neural network results in oversynchroniza-
tion and generation of epileptic discharges [10], where
dysfunction of glial cells plays a key role.

Administration of kainic acid (KA), an agonist of kainate
receptors (i.e. a subtype of ionotropic glutamate recep-
tors), is a common chronic model of temporal lobe ep-
ilepsy that reproduces pathomorphological signs of HS.
Besides increased excitability of CA3 glutamatergic pyra-
midal neurons and suppression of GABA release, effects
of KA, depending on its interaction with presynaptic,
postsynaptic or glial kainate receptors, include “reactive”
plasticity of DG granular neurons, pro-inflammatory glial
responses, and changes in the release of neurotrophic fac-
tors and gliotransmitters (signaling molecules that ensure
communication between glial cells and control the excit-
ability of neurons) [11].

Astrocytes are involved in regulation of glutamatergic
neurotransmission; they control levels of extracellular glu-
tamate using EAAT1 (GLAST) and EAAT2 (GLT-1) trans-
porters and participate in the metabolism and detoxi-
fication of glutamate using a gliospecific enzyme called
glutamine synthetase (GS) [12]. Astrocytes form so-called
“tripartite synapses” by encompassing with their processes
the area of the synaptic contact between neurons, which
allows astrocytes to modulate neurotransmission. Astro-
cytes also release gliotransmitters, such as purines, D-ser-

ine, and various glutamate receptor ligands, which affect
neuronal excitability [6]. Neuronal group activity is regu-
lated by interastrocytic networks formed with gap junction
proteins connexins (Cx30, Cx43), which are involved in the
transport of small molecules and organization of the glial
network, regulation of glutamate transport, and diffusion
of energy metabolites and gliotransmitters [6, 13]. Factors
that cause neuron hyperexcitability include disturbed wa-
ter balance in the nervous tissue, which is regulated by
a water channel protein called aquaporin-4 (AQP4) [12,
14]. Localized in the distal parts of astrocyte processes,
AQP4, as well as Cx43, is associated with redistribution of
ions and water in the intercellular area; it affects levels of
neurotransmitters and regulates the volume of astrocytic
perisynaptic sheaths. AQP4 and Cx43 are also involved in
migration of astrocytes and regulation of the motility of
their processes [13], which suggests their importance in
gliosis and tissue remodeling.

Structural and functional characteristics of neuro-glio-vas-
cular interactions in brain structures are determined by
regional characteristics of astroglia [12]. The glioarchitec-
ture of the hippocampus, as well as other brain structures,
is closely related to its synaptic organization. Astrocytes of
different hippocampus regions and layers have morpholog-
ical, neurochemical, and functional heterogeneity [15, 16].
Region-specific characteristics are likely to be associated
with normal functioning of the structures and determine
astrocyte response to pathological processes; reactive as-
troglia maintains a regional profile of homeostatic gene
expression [17]. Genes that determine regional specificity
of hippocampal astroglia include sicla2 (EAAT2), slcla3
(EAAT1), Gjal (Cx43), Glul (GS), and Agp4 [16, 18]. Dysreg-
ulation of several groups of genes can affect specific as-
troglial subpopulations [19]. Relationship between AQP4,
Cx43, and EAAT1/EAAT?2, taken together with macromo-
lecular complexes they form on astrocyte membranes [20],
require a joint assessment of changes in these functional
proteins in HS.

Therefore, data from modern experimental studies showed
a significant contribution of astroglia to epileptogenesis;
however, the role of astroglia in the pathogenesis of HS
has not been sufficiently studied yet.

Aim. This study aimed at evaluating region-specific chang-
es in the distribution of functional astroglial proteins in
reactive astrocytes in kainate-induced HS.

Materials and methods

The study was performed in 10 male Wistar rats aged
3.5 to 5.0 months weighing 300 to 350 g, which were ob-
tained from Stolbovaya Laboratory Animals Breeding
Facility of Biomedical Technology Research Center. The
animals were kept in a vivarium with constant access to
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water and food. The experiment was carried out in com-
pliance with bioethics standards for experiments with lab-
oratory animals according to the European Convention for
the Protection of Vertebral Animals Used for Experimental
and Other Scientific Purposes (CETS No. 170). The study
was approved by the Ethics Committee of Research Center
of Neurology (Protocol No. 5-3/22, dated 06/01/2022).

Stereotactic injections

Zoletyl-xylazine anesthesia was used for anesthesia
after premedication with atropine (Dalkhimfarm JSC)
0.04 mg/kg s.c. for 10-15 minutes. Then, a mixture of
zolazepam hydrochloride and tiletamine hydrochloride
(0.3 mg/kg, Zoletil-100, Virbac) was administered i.m.
followed by xylazine hydrochloride (3 mg/kg, Xyla, De
Adelaar) i.m.

KA solution (Sigma) 0.5 pg in 3 pL of normal saline was in-
jected using an RWD stereotaxic manipulator into the CA1
region of the rostral hippocampus on the right (n = 5) ac-
cording to the coordinates (AP = -3.0; ML = 2.0; DV = 2.8)
in the rat brain atlas'. The same volume of normal saline
was injected on the left. Sham-operated (control) rats (n = 5)
were administered bilaterally with 3 uL of normal saline.

Immunofluorescence staining

Twenty-eight days after KA injection, the animals were de-
capitated using a guillotine; their brain was removed, dis-
sected in the frontal plane, and fixed for 24 hours in 4%
neutral formalin. After soaking in a 30% sucrose solution,
samples were placed in O.C.T. (Tissue-Tek), and a series of
frozen frontal sections (12 wm thick) was prepared at the
level of the frontal third of the hippocampus. The sections
were heated in a steamer in citrate buffer pH 6.0 (Leica)
for 15 min. Staining was performed according to the rec-
ommendations of the primary antibody manufacturers. The
following antibodies were used: antibodies to NeuN (Abcam,
ab104224) and synaptophysin (SE, Sigma, S5768) neuronal
proteins; antibodies to astrocyte proteins, i.e. EAAT1 (GLAST,
Abcam, ab181036) and EAAT2 (GLT1, Abcam, ab203130)
glutamate transporters, GS (Sigma, G2781), Cx43 (Abcam,
ab11370), AQP4 (Sigma, HPA014734), vimentin (Vim, Abcam,
ab92547), and gliofibrillar protein (GFAP; Abcam, ab207165).
Microglia was detected using anti-IBA1 antibody (GeneTex,
GTX635399). Primary antibodies were incubated with the
sections in a humidified chamber for 18 hours at room tem-
perature. Corresponding anti-murine or rabbit Ig antibod-
ies (Invitrogen) labeled with Alexa Fluor 488 or Alexa Fluor
555 fluorochromes were used to detect binding. Sections
were mounted in Fluoroshield medium (Abcam) containing
4'6-diamidino-2-phenylindole (DAPI) to stain cell nuclei.

' Paxinos G., Watson Ch. The Rat Brain in Stereotaxic Coordinates. Amsterdam; Boston,
2005.

Changes in functional astroglial proteins in a model of hippocampal sclerosis

Morphometry

From each animal, 6-12 sections were examined at the lev-
el of the rostral third of the hippocampus, which were tak-
en at equal intervals along the rostrocaudal axis. Sections
were documented using a Nikon Eclipse Ni-U microscope
(x20), and average tissue fluorescence intensity (adjusted
for background staining) in gradations of brightness of the
8-bit image was evaluated using Image] software.

Besides regions (sectors) of the hippocampus (CA1, CAZ,
CA3, DG), staining for neuronal and glial proteins allowed
differentiating the layers of the CA3 region: stratum la-
cunosum-moleculare, stratum radiatum, stratum lucidum,
stratum pyramidale, stratum oriens. The granular cell layer
(str. granulare) and the polymorphic layer (hilus, stratum
polymorphe) were detected in the DG [21].

Measurements were performed in the CA3 region as a
whole and in the stratum lucidum separately, as well as in
the polymorphic layer of the DG of the right (ipsilateral to
the damage) and left (contralateral) hippocampus for the
animals administered with KA and on the right (on the
side of administration of 0.9% NaCl) for control animals.
Areas of interest were manually segmented in the images.
To estimate the area of AQP4* vessels using local thresh-
old segmentation in Image], the area of the vessels was
isolated in relation to the area of the visual field. Gray lev-
el co-occurence matrix (GLCM) image texture analysis was
used to assess Cx43 distribution in the tissue. GLCM con-
trast is inverse to changes in the homogeneity of marker
distribution. The use of GLCM for histological images was
reported earlier [22].

Statistical analysis

Mean values were calculated for each animal. Statistical
analysis was carried out using GraphPad Prism 7.0. Two-
way analysis of variance (ANOVA) with Tukey’s post-hoc
test was used to identify between-group differences. Data
were presented as M + SD, where M is mean and SD is
mean-square deviation. If results of Shapiro-Wilk test de-
viated from normal distribution (data for SF), Wilcoxon
test was used to compare the hemispheres. Data for SF
were presented as median (Me) and interquartile range
[Q,; Q,]. Differences were considered significant at p < 0.05.

Results

Neuronal damage in CA3 was seen in all animals that re-
ceived KA (Fig. 1, A). Assessment of staining intensity for
NeuN neuronal marker showed a significant (p < 0.001)
decrease (to 60.63% * 22.11% vs. control) in the pyramidal
layer of the CA3 region on the side where the toxin was
injected but not on the opposite side (to 89.8% * 16.8% vs.
control). Neuronal damage was also detected in the CAl
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Control

50°pm

KA, 0.5 g

Fig. 1. Administration of KA into the hyppocampus resulted in neuronal damage in the CA3 region and glia activation in the DG.

A, detection of NeuN neuronal marker (stained with red), CA3, x 10;
B astrocyte activation, GFAP (stained with green), DG, x 20;

C, microglia hypertrophy, IBAI (stained with green), CAB x 4(;

D, expression of vimentin (stamed with green %

region; however, due to the proximity of the needle track
and glial activation caused by mechanical damage, this
region of the hippocampus was excluded from the analysis
in our study. No significant staining for NeuN was seen in
the DG. Staining intensity for SF in the stratum lucidum on
the side where the toxin was injected (Me = 73.44 [67.76,
87.15]) was significantly (p < 0.05, Wilcoxon test) higher
compared with the contralateral hippocampus (Me = 68.12
[56.67; 77.81]).

In both CA3 and DG of the hippocampus, pronounced glio-
sis, increased staining for GFAP, hypertrophy and deforma-
tion of astrocyte processes were seen (Fig. 1, B), as well as
activation of microglia (Fig. 1, C). Some astrocytes in both
CA3 and DG expressed Vim, which is typical for immature
and reactive astrocytes, with the highest staining intensity
for Vim seen in the DG. It is of note that Vim*-astrocyte
bodies were changed to the highest extent (Fig. 1, D).

Therefore, KA caused activation of astrocytes both direct-
ly in the area of maximum neuronal damage (in the CA3
region) and in the polymorphic layer of the DG, without
neuronal loss in the latter.

The boundaries of the stratum lucidum, which is formed
predominantly by the axons of DG granular neurons, were
detected by both SF staining and glial marker identifica-
tion (Fig. 2), with the exception of relatively uniform stain-

by reactive astrocytes of the
CA3 pyr, pyramidal layer of CA3; DG pol, polymorphic layer, DG gr, granular

ﬁ)olymorghlc layer of the hlppocam us, x 20.
ayer, * damage area. Nuclei staine with DAPI (blue).

ing for AQP4. The greatest differences in staining between
CA3 layers were visually noted for EAAT1 and Cx43, with
the stratum lucidum having their lowest content.

Besides a dramatic increase in immunofluorescence inten-
sity for GFAP (p < 0.001) in the CA3 region (without con-
sidering layers, compared with the sham-operated control),
the side of KA administration demonstrated increased lev-
els of Cx43 (p < 0.001) and GS (p < 0.001) and significantly
decreased staining for AQP4 (p < 0.001) (Fig. 2, 3).

Together with a decrease in immunofluorescence intensity
for AQP4 in the CA3 region, the bodies of glial cells were
more clearly identified and a decrease in staining intensity
of blood vessels were seen, which indicates AQP4 redis-
tribution in the cells and a decrease in its content in the
astrocyte endfeet. This was confirmed by percentage area
of stained vessels in the CA3 in the visual field: it was
significantly (p = 0.022) reduced from 0.99% * 0.48% in the
control group to 0.55% * 0.15% on the side of KA adminis-
tration. Similar changes were found in the DG.

The increase in total fluorescence intensity (Fig. 3) for
Cx43 in CA3 was predominantly due to glial cells in
the stratum oriens and stratum lacunosum molecularis.
Changes in the distribution of Cx43 in the tissue was
confirmed by assessing the “contrast” of the image, i.e. a
parameter inverse to homogeneity of marker distribution
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Control

100 ym

KA, 0.5 g

Changes in functional astroglial proteins in a model of hippocampal sclerosis

100 pm

Fig. 2. Changes in expression and localization of astrocyte functional proteins in hippocampal CA3 layers after administration of KA.
A, identification of GS localization (stained with green) and SF (stained with red) in hippocampus layers, x 10;

B, EAAT1 detected, x 10;

C, Cx43 detected (stained with green), nuclei further stained with DAPI (stained with blue), x 20;

D, AQP4 detected, x 10.

so, stratum oriens; pyr, stratum pyramidalis; sl, stratum lucidum; sr, stratum radiatum;, slm, stratum lacunosum molecularis.

in the sample. This parameter significantly (p = 0.021)
increased threefold (214.49 + 116.51) in CA3 compared
with control (70.97 + 2.41) on the side where KA was in-
jected. Demonstrated decrease in the uniformity of Cx43
distribution appeared to reflect Cx43 redistribution in as-
trocyte processes. It is of note that large Cx43* staining
clusters around vessels were seen in animals treated with
KA, which may be due to increased expression of Cx43 by
endothelial cells or impaired distribution of Cx43 in the
astrocyte endfeet.

GS distribution also changed differently across hippocam-
pal layers. On the side where KA was injected in the CA3
region, a large number of ovoid GS*-glial cells with intense
staining of the cytoplasm were detected, which were like-
ly to be oligodendroglia. These cells were rare in control
animals. Decreased GS staining was observed in astrocyte
processes in the stratum lucidum (Fig. 3, 4). At the same
time, GS+-reactive astrocytes with hypertrophied process-
es and intensely stained cytoplasm were detected in the
stratum oriens, startum radiatum, and stratum lacunosum
molecularis.

For EAAT1 glutamate transporter, the average intensity in
the CA3 region (without considering the layers) increased
significantly (p = 0.0149) under the influence of KA on
the damaged side, and areas with both increased and de-
creased EAAT1 expression were visually noted, which may

be related to varying degrees of damage to neurons in the
CA3 region.

Immunofluorescence in the stratum lucidum on the side
of KA administration (Fig. 3) demonstrated a significant
decrease in levels of functional astrocyte proteins vs. sh-
am-operated control (i.e. EAAT1, EAAT2, GS and AQP4 but
not Cx43, for which a trend to increased staining was de-
tected; p = 0.053). In the stratum lucidum of the hippocam-
pus of the contralateral hemisphere, immunofluorescence
was also decreased with this effect being the greatest for
GS and AQP4.

Similar to the changes in the stratum lucidum, a less
pronounced decrease in levels of evaluated proteins (i.e.
EAAT1, GS, and AQP4) was also seen in the polymorphic
layer of the DG in the hippocampus (Fig. 3), which is prob-
ably related to the general direction of changes in astrog-
lia in the areas of synaptic contacts of mossy fibers with
neurons. It is noteworthy that opposite changes (increased
immunostaining) were detected only for EAAT2 in the DG
compared with the stratum lucidum. Increased staining in-
tensity for EAAT2 was likely to be related to intense stain-
ing of reactive astrocyte soma (Fig. 4).

Therefore, KA administration led to unilateral damage to
pyramidal neurons of hippocampus CA3 and gliosis; these
reactive changes in astroglia were accompanied with
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Fig. 3. Changes in immunofluorescent staining intensity for functional astrocyte proteins in CA3 of the hippocampus (CA3 total), stratum
lucidum (CA3 sl), and the polymorphic layer of DG (DG pl) after administration of KA.

A, EAAT1 glutamate transporter (GLAST); B, EAAT2 glutamate transporter (GLT-1); C, Cx43; D, GS; E, AQP4; F, GFAP.

sham, sham-operated animals; ipsi, on damage side; contra, contralateral to damage side; *p < 0.05 compared with sham-operated animals;

#p < 0.05 compared with damage side (ANOVA, Tukey’s post-hoc test).

decreased expression of its functional homeostatic pro-
teins in the stratum lucidum, namely in a layer of mossy
fibers both on the side where the toxin was injected and
in the contralateral hemisphere. In the CA3 region, KA-in-
duced damage resulted in increased expression of GFAP,
Vim, GS and Cx43, together with AQP4 redistribution with
a moderate decrease in immunostaining intensity. At the
same time, reactive changes in astroglia of the stratum
lucidum differed from the total CA3 region and were asso-
ciated with a significant decrease in glutamate metabolism
proteins (GS, EAAT1/2) and AQP4, while levels of Cx43
did not change significantly although tended to increase.
Besides changes in Cx43, AQP4, GS and EAAT2 levels,
changes in their cellular localization and distribution in
the tissue were also found, including those associated with
disruption of glio-vascular contacts.

Discussion

Intrahippocampal administration of KA caused gliosis
in the CA3 and DG regions and pronounced changes in
the regional expression of functional astrocyte proteins
to varying degrees in the CA3 region as a whole and in
the stratum lucidum layer in particular. Neuronal damage
was detected in CAl and CA3 on the side where the toxin
was injected, corresponding to type 1 HS [4]. The changes

detected in astroglia were also seen in the contralater-
al hemisphere, where no statistically significant neuronal
damage was recorded.

The stratum lucidum of the hippocampus CA3 region is
represented by mossy fibers, i.e. axons of granular cells of
the DG, which form many glutamatergic “detonator” syn-
apses on the pyramidal neurons of the CA3 region. Their
functional significance in epileptogenesis and mossy fiber
rearrangements observed in epilepsy determine interest
in changes in glial cells in this area [10]. Our data on in-
creased immunostaining for SF in the stratum lucidum are
consistent with literature data [23] that showed increases
SF levels 30 days after KA administration and may indicate
“reactive” plasticity.

Astrocytes of different regions of the hippocampus differ
in their characteristics, which depend, among others, on
the synapses they “serve” [15]. The hilus and stratum lu-
cidum of the hippocampus have relatively high astrocyte
density [24]. Astrocytes in the stratum lucidum change
their intracellular Ca2* levels only in response to burst
activity of neurons and significant increases in glutamate
levels, in contrast to DG astrocytes, which provide fine
regulation of synaptic transmission [25]. Compared with
synapses in other areas of the hippocampus, contacts of
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Fig. 4. Changes in intracellular EAAT2 and GS location in astrocytes after KA administration.

A, intense staining for EAAT2 glutamate transporter (green) in reactive astrocyte bodies of the polymorphic layer, x 40;

B, GS detected (stained with green) and SF (stained with red) in the processes and bodies of reactive astrocytes (arrows) in stratum lucidum and
cells without processes identified (line segments with a dot at the end), x 40.

DG gr, granular layer; DG pol, polymorphic layer; sl, stratum lucidum; s, stratum radiatum.

astrocytes with synaptic buttons on mossy fibers are less
close [25]. It is of note that the stratum lucidum was shown
to have extremely high levels of brain-derived neurotro-
phic factor [26], which is involved in neuroinflammation
and regulation of astroglial morphogenesis [27, 28].

Changes in the levels and localization of AQP4, glial glu-
tamate transporters (EAAT1/EAAT2), GS, and Cx43 in our
study were associated with increased neuronal excitability,
as well as initiation and maintenance of epileptic activity
[7]. Inconsistent changes in the levels of these proteins
in publications of various authors were associated with
differences in measurement methods, evaluated areas, and
timing of KA administration. For example, AQP4 levels in
rat hippocampus were decreased one day but increased
one month post KA-induced status epilepticus [29]. On
the other hand, total content of AQP4 was increased but
its immunostaining in the perivascular endfeet was de-
creased in patients with lobe epilepsy and HS [30]. Our
study showed redistribution of AQP4 in astrocytes and
decreased area of AQP4* perivascular staining, consis-
tent with other authors, and an overall decrease in APQ4
levels. Previously, the kainate model in CAl and CA3
showed decreased AQP4 levels in the perivascular com-
partment both in the latent and late periods of epilep-
togenesis [31]. Subcellular redistribution of AQP4 in the
neuropil but not in the astrocyte endfeet was also shown
in a model of posttraumatic epilepsy [32].

A macromolecular complex of AQP4 with EAAT2 and Kir4
determines possible AQP4 participation in the exchange of
K* and glutamate [29, 33]. Disrupted association of AQP4
and EAAT2 glutamate transporter in astrocytes was sug-
gested to lead to neuronal dysfunction [34, 35]. Evaluation
AQP4 and EAAT? levels in a KA model of epilepsy showed
a decrease in their expression in the early period of epi-
leptogenesis [29], which is consistent with our results for
the stratum lucidum. Changes in the distribution of these
proteins in astroglial processes, which were also shown

in our study, indicated disturbances in the organization
of gliovascular and glioneuronal contacts in the astro-
cyte endfeet. According to publications, EAAT2 (but not
EAAT1) glial glutamate transporter was directly inhibited
by KA [36], and an increase in their levels in the DG that
we found may reflect a compensatory increase in their ex-
pression. Heterogeneous changes in EAAT2 in the stratum
lucidum and DG may be related to astrocyte heterogeneity
in these areas of the hippocampus or different intensity of
their reaction.

Several studies showed an increase in EAAT1 expression
after KA administration, which was considered by the au-
thors as a compensatory reaction [36]. We detected an
increase in EAAT1 levels in CA3, which, however, was not
due to the astrocytes of the stratum lucidum, where, on
the contrary, staining was reduced for both transporters.
Overall, dysfunction of EAAT1/2 transporters in epileptic
foci led to impaired utilization of extracellular glutamate
[37]; however, the changes in the expression of these pro-
teins in patients with temporal lobe epilepsy were often
inconsistent and demonstrated different directions of
changes [38, 39].

GS, an astroglia-specific enzyme of glutamine-glutamate
metabolism, also plays a key role in preventing the ac-
cumulation of toxic glutamate. In patients with mesial
temporal lobe epilepsy, the intensity of GS staining was
reduced in the CA1, CA3, and DG regions of the hippocam-
pus, demonstrating an association with seizure patterns
[40]. We found decreased GS staining intensity in astro-
cyte processes in the stratum lucidum but not in other
layers where GS*-reactive astrocytes had hypertrophied
processes. Previously, GS redistribution in astrocyte pro-
cesses in CAl and CA3 of the hippocampus was shown in
models of temporal lobe epilepsy [40, 41].

Neuronal excitability and synchronization are also largely
regulated by coordinated activity of the astrocytic network
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together with connexins. Cx43 gene knockout led to sei-
zures and motor disorders in animals [42]. Disruption of
connections between astrocytes promotes epileptogenesis
by reducing buffering of K* and Na* followed by inhibi-
tion of glutamate clearance from the synaptic space. The
experiment showed disruption of communication between
astrocytes via Cx43 already at the early stages of epilepto-
genesis [43]. On the other hand, functioning of the astro-
cytic network is required for delivery of energy substrates
[44], and, therefore, reduced astrocyte communication
may inhibit seizure activity and be protective in the later
stages of epileptogenesis [45].

Evaluation of Cx43 levels in hyppocampus specimens from
HS patients showed increased expression of Cx43, which,
however, did not form functional channels [46]. This was
related to subcellular Cx43 redistribution in the perivascu-
lar endfeet together with post-translational protein modi-
fications that affected channel permeability. We observed
similar changes in our study: total content of Cx43 in CA3
increased, and although changes in staining intensity in
the stratum lucidum were not statistically significant, Cx43
redistribution and formation of Cx43 clusters around the
vessels were seen in this layer. Changes in AQP4 and Cx43
expression and localization was previously shown to dis-
rupt BBB permeability [20] and result in negative effects.
It is of note that AQP4 and Cx43 changed their localization
in different directions, while Cx43 was accumulated around
the vessels with AQP4 immunoreactivity decreased. These
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Abstract

Introduction. Traumatic spinal cord and peripheral-nerve injury is associated with release of proinflammatory cytokines and chemokines, which
may stimulate neuronal activity. Adenosine triphosphoric acid (ATP) is an important pain mediator involved in the acute and chronic neuropathic
pain development. Its excessive release from primary injured tissue leads to activation of P2-receptors, which may further start secondary injury
mechanisms. Although the effects of ATP on the peripheral nervous system are relatively well studied, the pathophysiological role of purinergic
signaling after spinalization remains unclear.

The study was aimed at assessing the post-spinalization effects of P2-receptors on the contractile characteristics of rat skeleton muscles.
Materials and methods. The objects of the study were the soleus muscle, the extensor digitorum longus (EDL) muscle, and diaphragm in intact rats
and spinalized rats. Seven days after laminectomy followed by spinal cord transection, animals were anesthetized, exsanguinated, and their muscles
with nerve stumps were isolated. Contractile response parameters were recorded using mechanomyography (MMG). To study effects of ATP on [i-
gand binding, ATP was added to a bath and mechanical responses in the rat muscles were assessed 7 min after. After washing with Krebs—Henseleit
solution, the preparations were incubated with suramin solution for 20 min with subsequent ATP application. Then the mechanical responses in the
muscles were again recorded. Statistical significance was assessed using Student's t-test for independent (unpaired) and paired samples.

Results. We found a significant (p < 0.05) decrease in the modulating activity of AT, as the main endogenous signaling agent, in the cholinergic
synapse of the soleus muscle from 32.4 to 5.8% and from 13.7 to 5.6% for the EDL muscle after the spinalization (spinal cord injury at the Th6-Th7
level) compared with intact animals. No such dramatic changes were observed in the diaphragm.

Conclusions. Abnormal ATP-mediated modulation of neuromuscular transmission demonstrated in this study supports the involvement of purinergic
signaling in the neurotrophic control and functioning of various motor units.

Keywords: spinalization; ATP; P2-receptors; skeletal muscles; post-traumatic movement disorders; synapse; suramin
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AxHoTanusg

Beedenue. Tpasma cnunHoz0 M032d, nepucheputeckix Hepeos conposoxdaemcs 6bidesieHteM NPOBOCNANUMENbHbLX YUMOKUHOB U XeMOKUHOB,
KOMOpble MOZym yCUIUBAMb AKMUBHOCMb Helipoos. Cpedu Meduamopos nospexaexus 0cobo MOKHO 8bldeums adeHo3UHMpPUpOCHOPHYIo Kuc-
nomy (AT®), komopas 806neuera 6 npoyeccs! (OpMUPOBAHUA 0cmpoil U XpOHUUecKoll Hetiponamuueckoli 6o, u upe3mepHoe eé 6bic8000xOeHle
MpasMUPOEAHHOL MKAHbIO BbI3bl6aCM axmusayuio P2-peyenmopos, umo mosxem noausmb Ha MeXAHU3Mbl BMOPUUHO20 NOGPeKOeHUS MKAHELL.
Tpu obujeti usyuenrocmu aghpexkmos AT® Ha nepucpepuueckyio HepsHyio cucmemy namopuauUoI02ULeckas poib NYPUHEPIUUECKO20 CUZHATLHOZ0
36€H NPU CNUHAZIU3AYUU HE pacKpbima.

Llenw uccnedosanus — oyeHka OUHAMUKU COKPAUEHUT CKeNemHbLX Mblliit Kpbicbl npu 6030eiicmeuu Ha P2-peyenmopsl nocne cNUHAIU3AYUL.
Mamepuanot u memodot. O6exmom uccnedosanus ebicmynanu kambano6uoHas Moiuyd, OMuKHbIL paseubamens 00biI020 nanbya u duagppaz-
Ma UHMAKMHBLX KPbIC U JKUBOMHbIX NOCAE CnuHanusayuu. Yepes 7 cym nocsie 1amuHakmomuu ¢ nocnedyioujeli nepepeskoli CNUHHO20 M032a K-
BOMHbLX HAPKOMUBUPOBAILL, 00eCKPOBNUBATU U BbIOENAU MblULbL C KYNIbMAMU HEPB0S. Ilapamempbl COKpAMLUMEbHbLX OMBEMos peucmpuposa-
U MexaHomuozpauueckum memodom. Jns oyenxu adexmos nueardos 6 sanHouky dobasasau AT u uepes 7 Muk 0yeHUBATU MEXAHUYECKUe
omeembl Mbiuiy. [loczie ommetsku pacmeopom Kpebea urky6uposanu ¢ pacmeopom cypamuna 6 meuenue 20 mur ¢ nocredyiouum dobasneHuem
AT® u 6Ho6b peaucmpuposau MexaHuueckue omsemb! Mbiuy. Cmamucmuueckylo 3HauuMocmb OyeHusanu ¢ nomoubio kpumepus Cmolodesma
071 He3agUCUMBIX U NONAPHO CONPSKEHHBLX BbIOOPOK.

Pesynomamot. BoiasneHo sHauumoe (p < 0,05) cHusxenue modynupyloujeil akmugHoCMu 0CHOBH020 3HO02eHHoz0 azewma — AT 6 xonuHepauue-
ckom cunance kambanoguoHot Moyl ¢ 32,4 9o 5,8% u ¢ 13,7 do 5,6% ona dnunrozo paseubamens 6obuI020 Nasbya ecnedcmeue CNUKAIUIALUL
(nospesdenus cnuxHoz0 Mo32a Ha yposHe Th6-Th7) 6 cpasHenuu ¢ usmaxmHsiMu xusomotmu. Ha duadppazme cmonb dpamamuueckux uamexe-
Hul He Habodanoce.

3axmouenue. [IpodemoHcmpuposanHas Hamu aHomansuas mooynayus ATQ wepsHo-Mblieuro20 nepexoda npedocmasnsem dokasamenscmea
606/1E4EHHOCIIU NYPUHEP2UHUECK020 36€HA 6 Hellpompogpuueckuil KOHMPOIb U (YHKYUOHUPOBAHLE PASNUYHIX 0BLU2AMEbHbIX eOUHUL,

Kniouesvie cnoea: cnunanuzayus;, AT®; P2-peyenmopsl, ckenemHble Mbluilpl; mpasmamuyeckuti dgueamenvHuili CUHOpOM;
CcuHanc; cypamuH

druueckoe yrBepkaeHue. [IpoTokos MccenoBanus on00peH DTuuyeckum komutetom Kasarckoro desepaibHOro yHuBepcu-
teta (mpotokon N2 30 ot 28.06.2021).
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Ta, a TaKXKe B paMKax Iporpammbl «CTpaTernueckoe axazeMudeckoe uzepctBo KasaHckoro ¢ezepanpHOro yHHBep-
cureta» ([IPUOPUTET-2030).
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Introduction

Traumatic spinal cord and peripheral nerve injuries are
not unusual among people of working age and can be ac-
companied by severe and often irreversible motor disor-
ders. Traumatic spinal cord injury (SCI) is characterized
by immediate and irreversible tissue loss at the injury site
followed by the secondary injury in adjacent tissues over
time. Traumatic peripheral nerve injury is known to cause
various changes in the expression of intracellular signal-
ing molecules in the spinal cord [1], primarily in response
to increased release of various mediators in activated spi-
nal cord microglia [2], which may play an important role
in the neuropathic pain development and maintenance [3].

Microglia activated by a trauma produces and releases
pro-inflammatory cytokines and chemokines [4], which
can stimulate neuronal activity. Adenosine triphosphoric
acid (ATP) is an important pain mediator involved in the
development of acute and chronic neuropathic pain after
an injury [5]. Its excessive release by injured tissue acti-
vates high-affinity purinergic receptors in microglial cells,
which may further affect the mechanisms of additional
tissue damage, known as secondary injury [3].

Although the effects of ATP on the peripheral nervous
system are relatively well understood, the pathophysiolo-
gical role of purinergic signaling associated with spinaliza-
tion remains unclear. So, the objective of the study is to
evaluate the changes in contractile characteristics of rat
skeletal muscles associated with P2-receptor activity after
spinalization.

Materials and methods

Male Wistar rats aged 9-12 months, weighing 160-240 g,
were used for the experiments. The objects of the study
were the pelvic girdle and lower limb muscles, which are
fundamentally important for motor activity (slow-twitch
muscles [soleus muscle, m. soleus], fast-twitch muscles
[extensor digitorum longus muscle, m. extensor digitorum
longus, EDL], and functionally distinct respiratory muscle
[diaphragm, m. diaphragmal with their corresponding neu-
romuscular synapses) isolated from intact rats and spina-
lized animals.

One week prior to and during the experiments, rats were
housed in individual cages at room temperature of 22°C with
a 12 h/12 h light/dark cycle, access to water and food ad libi-
tum. All manipulations were performed at the same time of a
day. Rats were divided into 2 groups of 12 animals each: the
control group included intact animals and the spinalization
group included animals after spinal cord transection.

The surgery was performed under aseptic conditions and
combined intramuscular analgesia using zoletil (Zoletil 50,

Contractile characteristics of rat skeletal muscles after spinal cord transection

Phrenic motoneurons

Spinalization ' :

m. soleus

m. EDL

o
2 N

Fig. 1. Schematic diagram of spinalization at Th6-Th?7.

Virbac) at a dose of 0.5 mg/kg and xylavet (XylaVET, Phar-
mamagist Ltd.) at a dose of 0.5 ml/kg. After dissection
of Th6-Th7 vertebrae, a laminectomy was performed to
expose the spinal canal with subsequent transection of the
spinal cord at this level (Fig. 1).

Seven days after the surgery, the animals were anesthe-
tized with sodium ethaminal (40 mg/kg intraperitoneally)
and exsanguinated. M. soleus, m. EDL, m. diaphragma were
isolated with nerve stumps fixed by both tendon ends, im-
mersed in 10 ml beakers filled with Krebs—Henseleit solu-
tion [6].

The nerve stump of the isolated muscle was placed in a
special nerve stump suction electrode for electrical stimu-
lation [7]. Rectangular pulses of 10 V amplitude and 0.5 ms
duration at a frequency of 0.1 Hz were applied for 2 min
using D330 MultiStim System. Contractile force was re-
corded with a force displacement transducer (Linton FSG-
01), the analog signal was digitized and processed using
a Biopack MP100WSW data acquisition system.

The initial load on the myoneural preparations was 1 g
on m. soleus and m. diaphragma and 0.5 g on m. EDL. The
muscle preparations were kept in the solution for half an
hour for adaptation, then the stability of the contractile
responses was assessed twice at 5-minute intervals [8].

To study the effects of purinergic agonists and antagonists,
100 uM ATP was added to the bath and the muscle mechan-
ical responses were assessed 10 minutes after. Further, after
20-minute washout of muscle preparations with Krebs-
Henseleit solution, the electrical stimulation was repeated.
To confirm the ATP effects on synaptic transmission, the
muscles preparations were maintained in 100 pM suramin
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(non-selective P2-receptor antagonist) for 20 min, followed
by the addition of 100 uM ATP (P2-receptor agonist), and
mechanical muscle responses were again recorded. In con-
trol experiments, contractile responses to indirect electrical
stimulation were recorded after 20-minute neuromuscular
tissue incubation with 100 uM suramin [9].

The responses recorded within 2 min (12 contractions)
were averaged and processed as a single value in % of the
baseline results obtained at the beginning of the experi-
ment. Statistical data analysis was performed with SPSS
Statistics software. Conformity to normal distribution was
checked using the Kolmogorov criterion. Statistical signifi-
cance was assessed using multivariate analysis of variance
(MANOVA) for independent and paired samples. The dif-
ferences were considered significant at p < 0.05.

Results and discussion

After the spinalization, contractile responses in m. soleus
and m. EDL changed divergently in contractile force and
in time parameters (Fig. 2; Table 1). In contrast, ampli-
tude-time parameter values in m. diaphragma remain sta-
ble, perhaps due to a higher position of phrenic motor
neurons, which were less affected by spinalization.

Application of 100 pM ATP to muscle preparations of
intact rodents modulates the contractility parameters: a
10-min exposure to ATP decreased the contractile force
of locomotor m. soleus and m. EDL and increased the con-
tractility of respiratory m. diaphragma. ATP had virtually
no effect on the neuromuscular preparations from the spi-
nalized animals. Only m. diaphragma remained sensitive to
the study nucleotide (see Table).

Suramin (100 uM) as a non-competitive inhibitor of P2-re-
ceptors showed no significant effects. In the presence of
suramin (100 pM), exogenous ATP (100 wM) activity was
completely inhibited in all study objects (see Table).

Our findings demonstrate a significant suppression of the
peripheral nervous system activity in the SCI animal mod-
el. Changes in synaptic signaling indicate axon degenera-
tion after the injury of the spinal cord at its upper levels.

Understanding mechanisms underlying suppression of
the peripheral nervous system is important to prevent
functional decline and maintain a high potential for mo-
tor function recovery, especially with cellular therapies
aimed at SCI repair.

Disorders of muscle function caused by SCI can result
from a mechanical injury and from secondary inju-
ry caused by pathophysiological response to the initial
trauma. For example, there are studies demonstrating
abnormally high and persistent ATP release levels in per-

itraumatic tissues in SCI rat models, indicating P2-signal-
ing involvement in the cascade of degenerative events,
known as secondary injury, and neurodegeneration after
the initial injury [10].

This cascade of injury-associated events include extensive
hemorrhage, necrosis of cellular components of the central
and peripheral nervous systems. The subsequent activation
of astrocytes and other cells located in close proximity to
the injury site results in extremely unfavorable conditions
for axon repair. The concurrent activation of the immune
system leads to additional tissue damage at the injury site
by attracting immune inflammatory cells, such as neutro-
phils and macrophages. On the other hand, macrophages
and T-helpers provide trophic support to damaged compo-
nents of the CNS. All of the above processes lead to axon
degeneration and the loss of communication between neu-
rons, which primarily results in various functional muscle
disorders [11].

20 msec

1g
m. soleus

20 msec

03¢g
4/\\MDL

20 msec

06¢g

m. diaphragma

= =

Norm Spinalization

Fig. 2. Traces of single contractile responses of the isolated rat
m. soleus, m. EDL and m. diaphragma evoked by electrical stim-
ulation in controls and in spinalized rats (selected representative
traces are presented).
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Table 1. Parameters of rat muscle contractility evoked by electrical stimulation in different experimental conditions, n = 10-12

Experimental conditions n Parameter Control
M. soleus
CF 100,0+4,2
Normal value 10 CT 0,081 + 0,004
RT/2 0,092 + 0,007
CF 119,8 + 5,1#
Spinalization 10 CT 0,073 £ 0,005
RT/2 0,101 £ 0,009
M. EDL
CF 100,0 £4,5
Normal value 10 CT 0,057 + 0,003
RT/2 0,067 + 0,005
CF 88,7 + 3,8#
Spinalization 10 CT 0,068 + 0,005

RT/2 0,071 + 0,006
M. diaphragma

CF 100,0 £ 3,7
Normal value 12 CT 0,065 + 0,004
RT/2 0,075 + 0,006

CF 103,2 + 4,1
Spinalization 12 CT 0,071 £ 0,005

RT/2 0,074 + 0,003

Contractile characteristics of rat skeletal muscles after spinal cord transection

ATP,100 pM  Suramin, 100 pM Suramin, 100 pM + ATP, 100 uM
67,6 £52* 104,3+3,9 98,5+7,1
0,083 + 0,006 0,080 + 0,004 0,079 + 0,005
0,105+ 0,011 0,090 + 0,006 0,093 £ 0,010
114,0 £ 6,1# 120,2 + 4,3# 121,8 + 6,4#
0,076 + 0,007 0,071 £ 0,006 0,074 + 0,004
0,116 + 0,010 0,098 + 0,008 0,105+ 0,010
86,2 + 3,9* 102,0 £ 6,1 98,7 +5,3
0,056 + 0,005 0,059 + 0,004 0,058 + 0,006
0,069 + 0,004 0,065 + 0,007 0,068 + 0,005
83154 85,9 + 4,8# 83,1 £6,7#
0,069 + 0,006 0,068 + 0,006 0,067 + 0,005
0,073 + 0,007 0,070 + 0,005 0,073 £ 0,004
114,6 £5,2* 98,3+4,7 102,9£6,2
0,066 + 0,003 0,064 + 0,006 0,064 + 0,004
0,075+ 0,005 0,074 + 0,006 0,076 + 0,004
112,7 £ 3,9* 102,0 £4,9 103,8+7,5
0,070 + 0,003 0,069 + 0,004 0,072 + 0,004
0,076 + 0,006 0,074 + 0,005 0,075 + 0,006

Note. *p < 0.05 compared with the control group; #p < 0.05 compared with normal value. CF — contractile force (% from the level in the control group); CT — contractile time, s;

RT/2 — half-relaxation time, sec.

The obtained data demonstrate significant differences in
the mechanisms of contractility control in fast-twitch and
slow-twitch skeletal muscles of warm-blooded animals,
which is consistent with our earlier observations in spinal
shock models [12]. The suppression of P2-receptors af-
fecting muscle contraction associated with such a striking
response to spinalization demonstrates the involvement of
the purinergic signaling in the neurotrophic control and
functioning of various motor units.

Activation of spinal microglia caused by trauma leads to an
increased expression of P2-receptors. For example, P2X4R
levels have been shown to increase in association with SCI,
while P2X4R inhibition has been shown to reduce neuropa-
thic pain [13]. Another ATP-sensitive purinergic receptor,
P2X7, can form a macromolecular pore under repeated or pro-
longed exposure to high concentrations of ATP [14], which is
of paramount importance taking into consideration that ATP
release in peritraumatic regions rises massively. The role of
this receptor is particularly important in understanding SCI
pathophysiology due to its extensive expression in CNS neu-
rons [10]. There are data indicating potential involvement of
other receptor subtypes, namely, P2Y6, P2Y13 and P2Y14, in
the physiological responses of microglia [15, 16].

Despite the severity of the damage, even with exten-
sive SCI at the level of the thoracic segments, electrical

stimulation applied slightly below the level of the injury
allows to register stable rhythmic motor activity in the
lower limbs, which was demonstrated in a number of ani-
mal models [17, 18].

Inhibiting purinergic receptors can improve outcomes
in SCI patients. For example, intraspinal injection of a
P2X7-receptor antagonist into the peritraumatic region
reduced the damage caused by SCI [10]. P2X7R inhibition
also reduced motor neuron loss and promoted subsequent
functional recovery in injured animals.

On the other hand, axon membrane damage caused by
an injury is associated with rapid changes in intracel-
lular ion concentrations. The effects of ATP on spinal
cord neurons cause their excitation leading to a per-
sistent irreversible increase in Ca** levels resulting in
a cell death [10].

Moreover, a number of fundamental animal model stud-
ies demonstrated pathological changes in skeletal muscles
associated with SCI: the massive ATP release from dam-
aged tissues provokes local and generalized inflammatory
process with the release of proinflammatory cytokines (in
particular, interleukins-1 and -6), which mediates muscle
disorders, similar to muscle denervation atrophy [14].
ATP activates ionotropic P2XRs, particularly P2X7, which
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mainly leads to an increase in intracellular Ca** levels and
induces cytoskeletal reorganization, inflammation, apop-
tosis/necrosis, and proliferation, usually in a long-term
perspective [19].

Conclusion

Thus, all the data available by now only outline the ways
to study the mechanisms of the effects we have described.
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Dysphagia in Neurological Disorders
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Abstract

Neurogenic dysphagia is a disorder with impaired swallowing, which is caused by various disorders of the central and peripheral nervous
systems, neuromuscular transmission, or muscles. Dysphagia is one of the most common and at the same time the most dangerous symptoms
of many neurological disorders. Patients with dysphagia often have severe disability, a higher risk of aspiration pneumonia, and significantly
increased mortality rate. Despite the availability of many diagnostic screening methods, clinical scales, questionnaires, and instrumental diagnostic
methods, the issue of neurogenic dysphagia is underestimated, especially in the early stages. As a result, patients do not receive timely treatment
and prevention of dysphagia and associated complications. Validation of available diagnostic scales, development of international protocols and
standards for the diagnosis, treatment, and prevention of dysphagia and associated complications are important to establish a unified and evidence-
based approach for patients with dysphagia.
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[Ipo6aema agucdaruu B HEBPOJIOTUH

C.A. 3aiiuesckas, PX. /lrokmanos, E.C. bepnuukosuy, H.A. Cynonesa

Hayunvui yenmp nesponozuu, Mockea, Poccus

AnHoTarug

Heilpozennas ducpacus — amo paccmpoticmeo, Xapakmepusyioujeecs HapyuleHueM aKma e7omaHus, 8bI36aHHbLM PA3TUYHbIMU 3a00NIeBaHUAMU
YeHmpansHotl U nepughepuueckoli HepeHoli cucmeMbl, HepBHO-MblilieuHol nepedauu unu Muiuiy, Jucgacus sensemes 00HuM u3 Haubosee yacmolx
U 8 Mo e 8pems HauboJiee ONACHBLX CUMNIMOMO8 MHOZUX Hegposiozuteckux 3aboneganutl. layuenml, cmpadaiowue ducazuet, nonyuarom 3a-
uacmyio msxeényio cmenexb UHBANUOHOCY, Y HUX blllle PUCK PA3BUMUS ACNUPAYUOHHOU NHEBMOHUL U 3HAUUMENBHO NOBbIUIEHA CMEPMHOCIb,
Hecmomps Ha bonbwioe Konuuecmeo paspadomanHblX CKPUHUH208bIX Memo008 OUuazHOCMUKY, KIUHUUECKUX WKAJ, ONPOCHUKO8 U UHCMPYMeH-
masbHblx Memodos duazHocmuku npobneme HelipozerHol ducchazuu, ocoberHo Ha panHux cmadusx, yoesnsemcs HeOOCMAMOUHOE BHUMAHUE, 6
pe3ysibmame tezo nayueHmbl He NOJYYAIOM CB0EBPEMEHHOE JleueHue U NPoGuAaKmMuUKy ducazuu u conymemeyiouux ocnoxHenuti. Banudayus
UMEIOUUXCS QUAZHOCTUUECKUX WK, pA3padomka MexAyHapoOHsLX nPOMOK0/I08 U cMaHOapmos uazHOCMuKu, eueHus u npoguaaxmuku ouc-
(hazuu u ACCOYUUPOBAHHbIX OCTOKHEHUL! aKMyaIbHbl U 8aAXHbL 0715 CO30AHUS YHUDUUUPOBAHHOZO U HAYHHO-000CHOBAHHO20 N00X00A K NALUeH-
mam, cmaskueanouumcs ¢ ucazuetl.

Knroueswle cnosa: neiipozennas oucgazus; opoapuneeansias oucgazus; acnupayuoHHas NHeBMOHUS, KaXeKCusl

UcTouHUK ('l)PIHaHCPIpOBaHPIH. ABTOpr 3asBJAI0T 00 OTCYTCTBUU BHEIIHUX NCTOYHUKOB q)HHaHCI/IPOBaHI/IH I1pu IpoOBeZIEHN
Hccen0BaHus.

KoHdnuKT nHTEpecoB. ABTODHI 1eK/IapUpPYIOT OTCYTCTBYE SBHBIX U OTEHIMANbHBIX KOHGIMKTOB HHTEPECOB, CBSI3aHHbIX
¢ my6uKaiueil craTby.

Anpec nns xoppecnonaenuuu: 125367, Mockga, Bonokonamckoe mmocce, . 80. ®TBHY HIIH. E-mail: sona-zait@mail.ru.
3aiinesckas C.A.
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Introduction

According to the International Statistical Classification
of Diseases and Related Health Problems, 10% revision
(ICD-10), dysphagia is a disorder characterized by difficulty
in swallowing, i.e. disturbed transfer of food and/or liquid
from the oral cavity through the pharynx and esophagus
into the stomach. Over 30% of hospitalized patients were
estimated to have one or another type of dysphagia [2].
A total of 400,000 to 800,000 new cases of dysphagia se-
condary to neurological disorders are diagnosed annu-
ally, and the incidence of neurogenic dysphagia among
patients over 60 years of age is 46% [3-5]. Dysphagia is
more prevalent in patients with stroke (in 8.1-80% of cases),
Parkinson’s disease (11-81%), or traumatic brain injury
(27-30%) [6]. Dysphagia also occurs in patients with demen-
tia (in up to 85.9% of cases), Huntington’s disease (90.5%),
multiple sclerosis (25.4%), and in children with neuromus-
cular disease (47.3%) [7-10]. Chronic dysphagia leads to
malnutrition, dehydration, and aspiration pneumonia; it is
associated with longer hospital stay, increased anxiety, and
risk of death [1]. An informed decision about treatment, re-
habilitation, prevention, and improving the quality of life of
patients with neurogenic dysphagia involves understanding
the physiology and pathophysiology of the act of swallow-
ing, the etiology and clinical features of dysphagia, develop-
ment of international approaches to diagnosis, and patient’s
management by an interdisciplinary team of specialists.

Physiology of normal swallowing

International Classification of Functioning, Disability and
Health describes swallowing as “functions of clearing sub-
stances, such as food, drink and saliva, through the oral
cavity, pharynx and oesophagus into the stomach at an
appropriate rate and speed” . Current understanding of the
swallowing mechanism has been established on the basis
of numerous scientific studies that were performed mainly
in mammals. Owing to these studies, we know that the act
of swallowing is a complex process that consists of three
successive phases and involves the organized functioning
of approximately 50 pairs of skeletal muscles and 5 pairs of
cranial nerves (V, VII, IX, X, XII), which is mediated by the
cerebral cortex and the nuclei of the brain stem [3, 11, 12].

The first (i.e. oral transit) phase is a preparatory voluntary
step of swallowing, which consists of two stages. First, food
is crushed and mixed with saliva due to contraction of the

muscles of the tongue, orbicularis oris, masticatory and
cheek muscles. This is followed by the stage of holding
food or liquid over the lower part of the mouth by stim-
ulating receptors around the soft palate, palatine arches,
and root of the tongue. The back of the tongue and the
velum palatinum are raised to prevent the bolus from en-
tering the pharynx prematurely. During the second stage,
the distal part of the tongue elevates, while its proximal
part descends, pushing the bolus along the hard palate
toward the oropharynx.

The second (i.e. pharyngeal) phase is a reflex phase, during
which the food bolus moves from the oropharynx into the
esophagus. When the food bolus reaches the pharynx, the
velum palatinum rises, which seals off the nasopharynx
and prevents nasal regurgitation, and the tongue rises to
the back wall of the pharynx to prevent regurgitation of
the bolus into the oral cavity. The oral and nasal cavities
are closed, thus creating the pressure to move the bolus
through the pharynx. At the same time, the pharyngeal
constrictor muscles contract to push the bolus into the
esophagus. As the velum palatinum rises, the hypoglos-
sal-laryngeal complex moves upward and forward due
to the contraction of the larynx muscles, ensuring clo-
sure of the larynx lumen with the help of the epiglottis.
The vocal cords close once the adductor muscles of the
larynx are activated. With this mechanism, the larynx
and lower respiratory tract are protected from aspira-
tion of the bolus passing through the pharynx. The total
duration of the oral and pharyngeal swallowing phases
is 0.6 to 1.0 seconds.

The muscles of the upper esophageal sphincter (UES)
finally relax (their tonic activity is normally constantly
maintained outside swallowing), and the third (esoph-
ageal) phase of swallowing begins. It is longer (from
10 seconds or longer), is controlled by both the somatic
and autonomic nervous systems, and involves transit of
the food bolus through the esophagus toward the stomach
due to the peristaltic wave caused by contraction of the
striated and smooth muscles of the esophagus [3, 12, 13].

Key centers involved in the act of swallowing include the
anterior part of the insular cortex and the frontoparietal
operculum, including the lower part of the primary motor,
somatosensory, and premotor cortex [3, 11]. The primary
motor and somatosensory cortex was shown by functional
magnetic resonance imaging to be simultaneously activat-
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ed during swallowing or oral sensory stimulation, likely
functioning synchronically. The primary motor cortex is
assumed to initiate and execute swallowing because elec-
trical stimulation of this area causes rhythmic swallowing
movements. There are efferent projections from the pri-
mary motor cortex to the muscles involved in swallow-
ing, including the mylohyoid, pharyngeal, and esophageal
muscles. The somatosensory cortex is activated when var-
ious types of sensory information enter the oral cavity,
larynx, pharynx, or esophagus [11].

In adults, functional magnetic resonance imaging that
was performed during swallowing showed cortical activa-
tion of the insula, cingulate cortex, supplementary mo-
tor area, premotor cortex, auditory cortex, inferior frontal
gyrus, parieto-occipital and prefrontal cortex, tegmentum,
putamen, thalamus, globus pallidus, cerebellum, corpus
callosum, basal ganglia, caudate nucleus, and inferior
parietal lobe [11, 14]. These structures are considered to
be interconnected through two main functional circuits,
i.e. cerebellar and insular loops. The cerebellar loop in-
cludes functional connections between the inferior frontal
gyrus, secondary sensory cortex, corpus callosum, basal
ganglia, thalamus, and between the sensorimotor cortex
and cingulate cortex and cerebellum. The cerebellar loop
modulates swallowing movements and coordinates swal-
lowing-related events such as respiration. The insular
loop includes connections between the premotor cortex
and posterior parietal cortex, the sensorimotor cortex and
the cingulate gyrus and insula. The insular loop synchro-
nizes swallowing movements and integrates sensorimotor
information in the cerebral cortex. The insula, known as
the primary gustatory cortex, is activated during painful
and non-painful stimulation of the esophagus and may be
involved in the processing of mechanical sensory infor-
mation. The insula is the primary integrative region for
voluntary swallowing, which coordinates visceral sensory
and motor information and may play a key role in the
initiation of swallowing. The cingulate cortex is a part of
the lymbic system, which is involved in the initiation and
motivation of goal-directed behaviors, attention, and cog-
nition. The cingulate cortex is involved in higher order
cognitive processing of swallowing [11].

The cortical masticatory area plays an important role in
swallowing; its repeated stimulation induced rhythmic
chewing movements of the jaw in primates [15]. The cor-
tical masticatory area includes the principal part, which
is located in the precentral gyrus anterolateral to the pri-
mary motor cortex, and the deep part, which is located
in the inner face of frontal operculum [11]. This region
of the cortex receives projections from the sensory and
motor nuclei of the thalamus, intracortical projections
from the frontal, parietal, and orbital parts of the cere-
bral hemispheres, and communicates with the swallowing
central pattern generator (SCPG) in the brainstem directly

or indirectly through the basal ganglia. While being mod-
ulated by sensory feedback, this complex network allows
performing a sequence of chewing movements. Located
in the medulla oblongata around the solitary tract nu-
cleus, the SCPG consists of two blocks of interneurons
of the reticular formation on each side of the medulla
oblongata, which regulate the final stage of swallowing,
and modulates the swallowing process depending on the
size, texture, and temperature of the bolus. The SCPG is
connected through the nucleus ambiguus to the muscular
complex that is involved in swallowing and to the recep-
tors of the oral mucosa, pharynx and larynx through the
trigeminal, glossopharyngeal, and vagus nerves and the
solitary tract nucleus [3]. Information about the texture,
temperature, taste, and movement of the food bolus is
transmitted through transient receptor potential (TRP) re-
ceptors, which lead to depolarization of the sensory neu-
rons due to the entry of calcium ions: transient receptor
potential vanilloid 1 (TRPV1), which is activated by high
temperature (more than 43°C) and capsaicin, transient re-
ceptor potential ankyrin 1 (TRPA1), which is activated by
low temperature (less than 17°C), and transient receptor
potential melastatin 8§ (TRPMS), which is activated by the
temperature of 25 to 28°C and menthol [16].

Etiology of dysphagia

Dysphagia can occur in any of the three swallowing
phases; however, considering that the pathogenesis of oral
and pharyngeal dysphagia is similar, dysphagia is most
often classified to oropharyngeal and esophageal [17].

The etiology of oropharyngeal dysphagia includes struc-
tural, toxic, and neurological disorders. Neurogenic dys-
phagia is associated with damage to various brain regions
(including primary and secondary somatosensory and
motor cortex, supplementary motor area, inferior frontal
gyrus, anterior cingulate cortex, orbitofrontal cortex, su-
pramarginal gyrus, insula, basal ganglia, corona radiata,
thalamus, internal capsule, periventricular white matter
and brain stem), damage to the peripheral nervous system,
neuromuscular junction, and primary muscle damage [11].
Neurogenic dysphagia occurs mainly in patients with
acute stroke, Parkinson’s disease, head injury, dementia,
amyotrophic lateral sclerosis, myositis, or myasthenia gra-
vis [6, 18, 19]. The swallowing function is also affected by
dental disease and decreased saliva production (see Table)
[20]. A meta-analysis by F. Rajati et al. showed that the
global prevalence of oropharyngeal dysphagia in differ-
ent populations is 43.8% with a trend toward increasing
with age [21]. Oropharyngeal dysphagia may be associat-
ed with odynophagia, hypersalivation, heartburn, oral or
nasal regurgitation, weight loss, cough or nausea when
swallowing [17]. A meta-analysis by K. Banda et al. based
on 39 studies with 31,488 participants showed that in
patients aged 60 years and older, oropharyngeal dysphagia
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Etiology of oropharyngeal dysphagia [3, 20]
Nervous system disease Structural causes Other causes
< Multiple sclerosis « Mass lesions of the head and neck « Dental disease
» Spinocerebellar ataxia « Surgery or radiation for malignant  Hyposalivation with xerostomia,
< Head injury tumors of the head and neck e.g. of toxic origin (treatment with

«  Brain tumors « Chemoradiation mucositis and edema o- and B-blockers, angiotensin-

« Neurodegenerative disease: « Zenker’s diverticulum converting enzyme inhibitors,
- Parkinson’s disease « Cervical osteophytes anticholinergics, antihistamines,
- progressive; supranuclear palsy < Lymphadenopathy anxiolytics, calcium channel blockers,
- multiple system atrophy «  Goiter diuretics, muscle relaxants, or tricyclic
- Alzheimer’s disease « Cricopharyngeal bar antidepressants)

- corticobasal degeneration
- frontotemporal dementia
- dementia with Lewy bodies
- vascular dementia
- Huntington’s disease
- Wilson’s disease
« Motor neuron disease:
- amyotrophic lateral sclerosis
- primary lateral sclerosis
- spinal muscular atrophy
« Neuromuscular disease:
- nemaline myopathy
- mitochondrial myopathy
- inclusion body myositis
- dermato-/polymyositis
- myasthenia gravis
« Peripheral neuropathies:
- Guillain-Barre syndrome
- polyneuropathy in systemic disease
- diabetic neuropathy
- Vascular disease:
- acute stroke
- vascular dementia
- congenital cerebral palsy
- latrogenic causes:
- tardive dyskinesia with choreiform movements of the
tongue during the treatment with antipsychotics

is a risk factor for pneumonia, cachexia, and mortality and
associated with urinary and fecal incontinence, immobility
syndrome, pressure ulcers, sarcopenia, delirium, and fre-
quent falls [4].

Esophageal dysphagia is associated with structural dam-
age to the esophagus and surrounding structures (such as
esophagitis of various origin, mass lesions, scleroderma,
cardiomegaly, etc.) and with primary and secondary mo-
tility disorders of the smooth muscles in the esophagus
and esophageal sphincter (such as hyperactive esopha-
geal sphincter syndrome and achalasia). Unlike patients
with oropharyngeal dysphagia, who are more likely to
report difficulty in food swallowing early in the act of
swallowing, patients with esophageal dysphagia typical-
ly experience the feeling of “food sticks in the throat
or chest” a few seconds after swallowing. Dysphagia for
solids is associated with structural abnormalities of the

esophagus or oropharynx, while dysphagia for liquid
food or liquids is associated with neurogenic causes [17].
Structural or esophageal dysphagia requires gastroen-
terological examination, which should include qualified
examination of the oropharynx, pharyngolaryngoscopy,
esophagogastroscopy, and manometry [22]. Esophageal
and structural dysphagia is usually managed by gastro-
enterologists and otolaryngologists, so this review will
consider mainly oropharyngeal dysphagia, which is asso-
ciated with neurological disorders.

Diagnosis of neurogenic dysphagia

Clinical diagnosis

According to the Guidelines of the German Society of
Neurology, a survey of the patient or their relatives if
neurogenic dysphagia is suspected should include special
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questions about changes in eating and drinking behav-
ior; avoidance of certain foods and consistencies; difficulty
in taking medications; time needed for a meal; posture
during eating; difficulties in chewing; food residues after
swallowing in the oral cavity or throat; feeling of “food
sticks in the throat” [22].

The clinical assessment of swallow quality includes the

following examination protocol [22]:

1) Examining the movement of the jaw and the elevation
of the larynx during swallowing. It is recommended to
palpate the masticatory muscles and the area above
the thyroid cartilage during swallowing.

2) Examination of the soft palate and oral cavity, tongue
and lips at rest using a spatula and mirrors with as-
sessment of the pharyngeal and palatal reflexes and
the presence of salivary disorders before or after
swallowing.

3) Examination of the soft palate, oral cavity, and tongue
during phonation, assessment of sound characteris-
tics of the patient’s voice.

4) Screening testing for swallowing disorders.

Screening testing should allow quick identification of pa-

tients at risk of aspiration to start preventive measures

and further diagnosis. Most published testing protocols
were evaluated only in stroke patients and have rela-
tively high sensitivity (> 80%) but moderate specificity

(up to 60%). However, the optimal testing paradigm have

not been defined yet [22]. Three procedures are used as

screening methods for diagnosing dysphagia:

1) Water swallow test, which assesses the volume of liquid
that the patient can drink without experiencing symp-
toms of dysphagia [23];

2) Multi-consistency test, which assesses the degree of
impairment in swallowing liquids and foods of various
consistencies [22];

3) Swallow provocation test, which assesses the involun-
tary pharyngeal reflex, i.e. only the pharyngeal phase
of swallowing [22, 23].

Various clinical scales and questionnaires are used to as-
sess the severity of dysphagia at baseline diagnosis and
during follow-up:

¢ Swallowing Disturbance Questionnaire, which consists
of 15 questions on swallowing disturbance to be filled
in by the patient [24];

o Swallowing Quality-of-Life Questionnaire, which con-
sists of 10 subscales and a dysphagia symptom battery
(14 items assessing symptom severity) to be filled in by
the patient [25];

* Eating Assessment Tool, which assesses the severity of
dysphagia and its impact on quality of life, with each
question rated with a 5-point scale, to be filled in by the
patient. Total score of 3 or more is considered abnor-
mality [26];

* Munich Swallowing Score to assess dysfunction of swal-
lowing saliva, food, and liquids [27];

* Gugging Swallowing Screen, a dysphagia screening tool
developed for acute stroke patients, which consists
of 2 parts: direct and indirect swallow test [28];

¢ The Functional Oral Intake Scale (FOIS), a 7-point scale
used to describe a patient’s functional oral intake le-
vel with scores ranging from “1” (Nothing by mouth) to
“7” (Total oral diet with no restrictions) [26].

Fiberoptic endoscopic evaluation of swallowing

Fiberoptic endoscopic evaluation of swallowing is per-
formed with a fiberoptic flexible endoscope, which is
passed transnasally through the middle or lower nasal
passages above the velum palatinum into the pharyngeal
region. This method allows evaluating the entire pharyn-
geal phase of swallowing, partially the oral and esopha-
geal phases, including the activity of the velopharyngeal
sphincter, pharyngeal and laryngeal reflexes. A colored
solution or solid bolus is used to diagnose swallowing dis-
orders and aspiration during swallowing [22, 29].

This method can be used for an objective initial assess-
ment of dysphagia severity, selection of nutrition strat-
egies and food consistency, and assessment of the con-
dition over time during rehabilitation [3, 22]. To assess
changes of the condition over time and diagnose latent
dysphagia, the following instrumental scales are used:
Penetration-Aspiration Scale, Yale Pharyngeal Residue Se-
verity Rating Scale, Murray Secretion Scale, etc. [30-32].

Fiberoptic endoscopy can be used in differential diag-

nosis of neurological disease or diagnosis of the un-

derlying cause of oropharyngeal dysphagia. A study of

T. Warnecke et al. showed that seven dysphagia pheno-

types can be identified based on fiberoptic endoscopy

findings [18]:

1) “Premature bolus spillage” before the swallowing reflex
is triggered: a non-specific phenotype observed in many
neurological disorders;

2) “Delayed swallowing reflex”: no pharyngeal reflex for
more than 3 seconds after the food has reached the val-
leculae (recesses in the epiglottis), which occurs mainly
in stroke patients;

3) “Predominance of residue in the valleculae”, which oc-
curs mainly in patients with Parkinson’s disease;

4) “Predominance of residue in the piriform sinus”, which
occurs mainly in patients with myositis, motoneuron
disease, or brainstem stroke;

5) “Pharyngolaryngeal movement disorder” (i.e. oropha-
ryngeal “freezing”, pharyngeal bradykinesia and pha-
ryngolaryngeal tremor), which occurs mainly in pa-
tients with atypical Parkinsonian syndromes or stroke;

6) “Fatigable swallowing weakness”, when repeated swal-
lowing attempts result in food residue in the larynx or
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increased food residue, which occurs mainly in myas-
thenia gravis;

7) “Complex disorder” with a heterogeneous dysphagia
pattern (i.e. with at least 2 of the mechanisms listed
above, another mechanism or with its mechanism that
cannot be determined), which occurs mainly in patients
with amyotrophic lateral sclerosis.

Videofluoroscopic swallow study

Videofluoroscopic swallow study is an X-ray study of the en-
tire swallowing process, including its oral, pharyngeal, and
esophageal phases. The patient swallows a bolus of varying
consistency (from solid to liquid) mixed with radiopaque
contrast agent. The swallowing process from the formation
of a bolus in the oral cavity to the entrance through the UES
into the stomach is assessed through the monitor screen
in the lateral and anteroposterior projections. This study
allows measuring the time needed for the bolus transit in
the oral, pharyngeal, and esophageal phases of swallowing,
the duration and width of the closure/opening of the vel-
opharyngeal valve and the esophageal sphincter [22, 29].
The following specific scales were developed for this study:
Modified Barium Swallow Impairment Profile Scoring, Dy-
namic Imaging Grade of Swallowing Toxicity, Video Fluoro-
scopic Swallowing Study for patients with Parkinson’s dis-
ease, Dysphagia Outcome and Severity Scale [33-36]. The
advantage of videofluoroscopic swallow study over fiber-
optic endoscopy is that the latter can assess hypertonicity
and strictures of the upper esophagus. Videofluoroscopic
swallow study is also used to assess the severity of dys-
phagia and choose a diet in patients after acute stroke or
head injury, patients with Parkinson’s disease, amyotrophic
lateral sclerosis, spinal muscular atrophy, multiple sclerosis
or Alzheimer’s disease. However, it requires interaction with
the patient for correct positioning during the study [17, 22].

High-resolution pharyngeal manometry

Manometry allows measuring pressure in the pharyngeal
region and esophagus during the act of swallowing. This
method is commonly and most often used for gastroen-
terological causes of dysphagia to confirm impaired relax-
ation of the esophageal sphincter and impaired motility of
the esophagus with achalasia or diffuse esophagospasm.
This method allows evaluating resting pressure, the func-
tion of the upper and lower esophageal sphincters, esoph-
ageal peristalsis, peak pressure, contraction time of the
palatopharyngeal arch and base of the tongue, occlusion
pressure in the lumen of the pharynx, hypopharyngeal in-
trabolus pressure, total swallowing time, wave speed of
pharyngeal contraction, and length of active pharynge-
al segment [22]. Recently, this method has been used to
assess esophageal motility in patients with neurological
disease, which is associated with impaired function of the
esophageal sphincter and decreased pressure in the lumen

Neurogenic dysphagia

of the pharynx, such as Parkinson’s disease and atypical
parkinsonism, myopathies of various origin, Huntington’s
disease, and brainstem infarction [17].

Other instrumental methods for diagnosing
neurogenic dysphagia

Stimulation electroneuromyography allows evaluating the
activation pattern of most muscles involved in the act of
swallowing. It is used to assess the orbicularis oris and
masseter muscles involved in the oral phase of swallowing,
and the suprahyoid and infrahyoid muscles involved in the
pharyngeal phase. Needle electrodes are used to record
the activation of the cricopharyngeal muscle, which is part
of the UES. This method is used in research studies to
assess the degree of activation of muscles involved in the
oropharyngeal phase of swallowing and to identify target
muscles for the administration of botulinum toxin in the
treatment of dysphagia (3, 22].

Ultrasound examination is another promising modality for
diagnosing and assessing the severity of dysphagia; it allows
evaluation of the morphometry of the oropharyngeal mus-
cles and real-time visualization of oral bolus movement, the
motor activity of the tongue, larynx movement, and activity
of the supraglottic and sublingual muscles. Ultrasound can
be used to diagnose structural changes caused by dystro-
phy or denervation of the muscles involved in swallowing,
as well as to detect involuntary movements such as fascicu-
lations and tremor. Advantages of the ultrasound diagnostic
method include its non-invasiveness and low cost; however,
study protocols and standards should be developed for its
use in clinical practice [22, 37].

Dynamic magnetic resonance imaging adopting “Turbo
Fast Low Angle Shot (turbo-FLASH) Sequences” at higher
field strengths (> 3 Tesla) provides a series of anatomi-
cal images in rapidly acquired consecutive slices. It allows
a direct view on the deeper oropharyngeal muscles and
soft tissue and tracking of the bolus transit during the
swallowing act. Key limitations of this technique in diag-
nosing dysphagia include the horizontal position of the
patient’s body during the examination, which is usually
not physiological for swallowing and can aggravate the
swallowing disorder, and a limited ability to assist during
the examination of patients with a high risk of aspiration.
Potentially possible methods for diagnosing swallow-
ing disorders include multi-slice computed tomography
with high temporal resolution, which can be performed
in a semi-sitting position [22, 38].

Treatment and rehabilitation of patients
with neurogenic dysphagia

Treatment of patients with neurogenic dysphagia is pri-
marily symptomatic and aims at improving swallowing
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safety and efficiency. Treatment of neurogenic dysphagia
should be personalized based on a thorough clinical and
instrumental diagnosis of the patient, taking into account
specific pathophysiological mechanisms of dysphagia.
Treatment should be chosen by a multidisciplinary team,
which includes a neurologist, speech therapist, physio-
therapist, physical therapy instructor, dentist, and gas-
troenterologist [39].

Three therapy principles have been identified:

o restitution, which is aimed at restoring lost muscle
functions;

* compensation, i.e. use of compensatory strategies to re-
place lost functions;

¢ adaptation, i.e. use of dietary modifications and other
options to ensure safe swallowing [40].

Adaptation measures

Methods aimed at adapting the patient to live with dyspha-
gia include modification of diet and posture during meals
[16]. Most common dietary modification strategies include
the use of liquid food thickeners and the selection of food
bolus size and food consistency based on instrumental find-
ings. It is recommended to calculate the patient’s nutritional
status, food caloric value, and fluid intake to prevent dehy-
dration and cachexia, and maintain oral hygiene to prevent
aspiration pneumonia [22, 38, 41, 42].

Physical methods of compensation and restitution

Physical exercise for patients with dysphagia are cho-
sen individually, taking into account the course of the
neurological disorder and the cause of dysphagia. Most
common restitution methods include a set of shaker
head lift exercises, which is intended for patients with
weakness of the suprahyoid muscles and impaired open-
ing of the UES; exercises for training the muscles of the
tongue (Masako maneuver); and exercises to strength-
en the expiratory and mental muscles. Methods aimed
at compensating for impaired swallowing function and
preventing complications include various modifications
of the head position when swallowing, the “swallowing
with effort” technique, which is used in patients with in-
effective swallowing, i.e. predominance of food residue
in the valleculae and pharynx. The following methods
are also used: supraglottic swallowing, which is used
as a compensatory maneuver for patients with reduced
airway closure, Mendelsohn maneuver (i.e. keeping the
larynx in an elevated position while swallowing), and
swallowing with blocking the flow of the air to block the
access to the glottis and prevent aspiration etc. In many
cases, a combination of various adaptive, compensatory,
and restorative physical methods is required to improve
the quality of swallowing in patients with dysphagia
[12, 22].

Medication treatment

Available medications aim at either stimulating the neural
pathways in the peripheral or central nervous system that
control swallowing or activating the muscles involved in
swallowing. Medications that were shown to be effective
in improving the swallowing reflex and reducing the inci-
dence of aspiration pneumonia include TRPV1 agonists,
TRPA1 agonists, TRPMS8 agonists, levodopa and other do-
paminergic agents, calcium blockers, dopamine D2 recep-
tor antagonists, angiotensin-converting enzyme inhibitors
(ACEIs), B-blockers, nitric oxide donors, and acetylcholin-
esterase inhibitors [16].

The mechanism of action of TRPV1, TRPA1 and TRPMS8
receptor agonists includes stimulation of afferent path-
ways through the corresponding receptors located in
the oropharynx, the activation of which leads to neuro-
plastic changes in the cerebral cortex. TRPV1 agonists
may modulate swallowing through releasing substance
P, which enhances cough reflex [16]. The relationship
between substance P and swallowing function is not
fully understood; however, in patients with Parkinson’s
disease and dysphagia, increased levels of substance P
were shown to be associated with improved swallowing
performance and a reduced risk of aspiration pneumo-
nia [43]. A meta-analysis by 1. Cheng et al. based on
14 studies including 2186 patients showed that TRPVI,
TRPA1, and TRPMS agonists were significantly superior
to placebo in reducing swallowing time and severity of
dysphagia [16].

As for other medications, a limited number of randomized
clinical trials have been conducted to confirm their effi-
cacy. However, calcium channel blockers (e.g. nifedipine)
and dopamine D2 receptor antagonists (e.g. metoclopra-
mide) were shown to be more effective than ACE inhib-
itors (e.g. lisinopril) and acetylcholinesterase inhibitors
(e.g. physostigmine) [16]. The mechanism of action of
capsaicin, ACE inhibitors, and p-blockers is thought to be
related to increased levels of substance P, while levodo-
pa and dopaminergic agents may improve swallowing
efficiency by improving dopamine metabolism. Finally,
acetylcholinesterase inhibitors (e.g. physostigmine) may
improve swallowing function through cholinergic stimu-
lation [16, 44-46].

Neurostimulation methods

Recently, peripheral neurostimulation methods, such as
neuromuscular electrical stimulation (NMES) and pharyn-
geal electrical stimulation (PES), and central neurostimu-
lation methods, such as rhythmic transcranial magnetic
stimulation (rTMS) and transcranial electrical stimulation
(TES), have been actively developed for the treatment of
neurogenic dysphagia [22].
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NMES is electrical transcutaneous stimulation of sensory and
motor nerve fibers that are involved in swallowing; it is per-
formed in order to restore and enhance the motor function
of weakened muscles and prevent their atrophy. Stimulation
is performed using surface electrodes applied to the skin
of the chin and/or anterior neck [22, 40]. A meta-analysis
by S. Miller et al. based on 14 studies showed that NMES
is an effective method for the treatment of dysphagia, espe-
cially in combination with conventional rehabilitation options.
However, further studies are needed as available stimulation
protocols are very heterogeneous, and the effectiveness
of the method was studied mainly in stroke patients [40].

PES is based on electrical stimulation of the bottom of
the tongue and the posterior wall of the pharynx using
a transnasal catheter with bipolar ring electrodes. Un-
like NMES, PES is aimed at inducing neuroplasticity of
the motor and sensory cortex and restoring sensorimo-
tor integration [22]. PES showed its efficacy in patients
with multiple sclerosis or stroke [47-49] but not in pa-
tients with amyotrophic lateral sclerosis [50]. Results of
meta-analyses by R. Speyer et al., . Cheng et al. were also
controversial, and, therefore, the efficacy of PES requires
further confirmation [51, 52].

rTMS and direct current TES are used to modulate cortical
activity and cause long-lasting changes in synaptic plastici-
ty [22, 51, 53-55]. In 2018 clinical guidelines, the effect of
r'TMS in stroke patients is considered unknown due to the
heterogeneity of results and treatment protocols [53]. How-
ever, a meta-analysis by X. Wen et al. showed that low-fre-
quency and high-frequency rTMS can improve swallowing
function in stroke patients. Cortical representations of the
muscles involved in swallowing (including the mylohyoid
muscle) and the cerebellum were used as targets. The anal-
ysis of the studies demonstrated that stimulation of the ce-
rebral cortex was effective in both affected and unaffected
sides in comparison with standard physical treatments and
placebo [54]. Similar results were shown by a meta-ana-
lysis by N. Zhao et al. for direct current TES; a significant
positive effect of TES on reducing post-stroke dysphagia
was demonstrated [55]. Limited data are available for other
neurological disorders, so new randomized clinical studies
are needed to confirm rTMS and TES efficacy.

Neurogenic dysphagia

Surgical methods

Minimally invasive surgical procedures are offered for
patients with UES hyperactivity or other disorders of
its opening. Such methods include open or endosco-
pic cricopharyngeal myotomy and dilatation of the UES
using a balloon. Chemical cricopharyngeal myotomy us-
ing endoscopic or percutaneous injection of botulinum
toxin is a safer and less invasive option. These methods
have been used in patients with inclusion body myosi-
tis, muscular dystrophy, multiple sclerosis, amyotrophic
lateral sclerosis, stroke, or Parkinson’s disease. Surgical
interventions may be associated with side effects such as
supraglottic edema, mediastinitis, retropharyngeal hema-
toma, esophageal damage, laryngospasm and bleeding,
so they should be administered after the comprehensive
diagnosis is established and if conservative treatment is
ineffective [22].

If severe dysphagia develops, i.e. if there is a high risk
of cachexia and dehydration, insertion of a nasogastric
tube or percutaneous endoscopic gastrostomy should be
considered. Insertion of a nasogastric tube is indicated
for patients with acute conditions, such as acute stroke
or head injury, in which dysphagia may resolve within
weeks or months. Percutaneous endoscopic gastrostomy
is more suitable for patients with chronic progressive
disorders such as Parkinson’s disease, dementia or amy-
otrophic lateral sclerosis [3].

Conclusion

Neurogenic dysphagia is a common symptom of many
neurological disorders. It significantly impairs patients’
quality of life and leads to serious complications such as
aspiration pneumonia, cachexia, and death. Despite the
availability of relatively simple screening and highly in-
formative instrumental diagnostic methods, treatment
and prevention of swallowing disorders in neurological
patients, as well as rehabilitation of patients with neuro-
genic dysphagia, remain insufficiently studied and require
the development of unified treatment protocols based on
large-scale multicenter clinical studies for medications and
high-tech rehabilitation options.
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Abstract

This review describes the association between rapid eye movement (REM) sleep behavior disorder (RBD) and synucleinopathies, primarily Parkin-
son's disease. This article reviews the diagnostic criteria, the epidemiology of RBDs, their pathogenesis, and their association with early non-motor
symptoms. The data are presented to assess the risk of phenoconversion of RBDs to Parkinson's disease or other synucleinopathies such as Lewy
body dementia and multiple system atrophy. A prodromal period of RBDs may precede synucleinopathies years or decades before potential mani-
festation of motor, cognitive, or autonomic disorders, and this may be important for initiating the neuroprotective therapy. Other causes of RBDs
are also reviewed.
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Hapymennsa nosenenns B8 REM-da3se cha:
cOBpeMeHHasl KOHIeNI[Us U B3aMOCBS3b
c 0one3ubio IlapkuHcoHa

JI.M. Xacanosa', 3.A. 3ananosa’? I.P. Unbuna', HU. barganosa'
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AnnoTanug

0030p noceswn 63auMoces3u Hapywenus nosedenus 8 pase Obicmpozo cHa ((hasa ¢ Gbicmpsim Ogusxenuem 2nas, Rapid eye movement, REM-
hasa) u cunykneonamuii, npeumywecmsenHo 6onesnu [apkurcona. O6cyxdaiomes kpumepuu NOCMAHOBKY OUAZH03A, INUOEMUONI02US HapYLe-
Hutl nosederus 8 REM-hase cHa, 63aumocessb ¢ paHHUMU HeMOMOPHbIMU CUMNMOMAMU 3a00/Ie8aHUS, NAMOZeHeMUYECKLe NPULLUHbL PA3BUIMUS
Hapywerus nosedenus 60 cHe. [lpedcmasienvt danHbvie 00 oyenke pucka perokongepcuu Hapywenuti nosedenus 8 REM-hase cha e Gonesy [lap-
KUHCOHA UnU Opyaue CuKykaeonamuu: demeHyuio ¢ mensyamu Jleu, mynomucucmemtyio ampoguio. [IpodpomansHyiii nepuod ¢ HapyweHuAMU 6
REM-chase cHa mosxem npedeocxuuyamy CuHykaeuHonamuu 3a 200bi unu decsmunemus 00 603MOKHbIX AGHbLX 08U2AMETbHbIX, KOZHUMUGHBIX UL
8e2eMamuGHbIX HAPYUIeHUL], Ymo MoXem UMemb 8aHOe 3HaueHue NS Hauana HetiponpomexmopHoti mepanuu. PaccmompeHsl makxe opyaue
npuuuHsl nosenexus Hapywenuti 8 REM-dase cua.

Knioueswie cnosa: 6onesny Ilapkuncona; HauabHble cmaduu; Hapyuwienus nogedenus 8 REM-ghase cHa; HemomopHyle HapyuleHus;
(hasa cHa c Gbicmpbim 08uxKeHUeM 21a3; alb(a-CUHyKIeUH; CUHYKIeUHONamuu
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Rapid eye movement (REM) sleep behavior disorder (RBD)
is characterized by dreaming, complex motor behavior,
and loss of physiological muscle atonia. This behavior dis-
order is confused with REM sleep without atonia (RSWA),
which is often detected by a sleep study. However, RSWA
provides a neurophysiological substrate for full progres-
sion of RBD in the future [1]. When RBD is not associated
with other apparent neurological disorders, it is called id-
iopathic RBD (iRBD). When accompanied by other neuro-
logical symptoms such as akinetic rigid syndrome, cogni-
tive decline, metabolic disorders, etc., RBD is considered to
be symptomatic and may be associated with neurodegen-
erative, autoimmune, and structural brain disorders and
medications [2-16]. RBD most commonly begins in the 5th
or 6th decade of life. However, in some cases, symptoms
of iRBD (most notably, sleep-related motor activity) may
manifest at a younger age [8, 11]. The frequency of motor
events during the REM sleep can vary widely, from several
episodes per night to one episode per month [8]. In each
patient, the severity and frequency of RBD varies from
night to night [11]. The mechanisms of such fluctuation
remain unknown.

RBD was first described by S.N. Schenck et al. in 1986 [17].
No generally accepted criteria for diagnosing RBD exist to
date. Questionnaires have been developed to identify RBD
patients. However, they are not very specific. Patients with
RBD are unaware of motor activity during sleep in 44%
of cases and report good quality of sleep in 70% of cases
[18]. The diagnosis of RBD usually requires an accurate
observation history from a bed partner of the patient.
In cases of doubt, or for patients who do not have a bed
partner, a polysomnography can be performed.

According to the American Academy of Sleep Medicine's

International Classification of Sleep Disorders, a sleep pat-

tern must meet four criteria to diagnose an RBD:

1) Repeated episodes of bed activity during the dream phase
corresponding to the dream content,

2) Episodes of motor activity during REM sleep, confirmed by
polysomnography,

3) No REM sleep atonia confirmed by polysomnography,

4) No association with known adverse drug effects or sub-
stance abuse [19].

All of these factors complicate the determination of the
exact RBT incidence. A large phone survey estimated the
prevalence of iRBD to be 0.38% to 0.50% in the general
population [20]. However, up to 4.8% of sleep clinic pa-
tients have RBD [21]. In 2013, a population-based study
by S.H. Kang et al. showed that in Korea, the overall age-
and sex-adjusted prevalence of RBD was 2.01% (1.15%
for iRBD), and another 4.95% of the general population
had isolated polysomnographically confirmed RSWA [22].
]. Haba-Rubio et al. estimated the incidence of RBD to be
1.06% in the middle-aged and elderly population in Swit-
zerland [23]. Other population-based studies show that
suspected RBD (without confirmatory polysomnography)
is even more common, occurring in 5% to 6.8% of the el-
derly population over the age of 60-70 years [24, 25]. Al-
though prevalence studies without confirmatory polysom-
nography may overestimate the incidence of RBD, their
data suggest that burden of RBD has been significantly
underestimated [26]. Some large studies have reported
that RBD is more common in men than in women, but in
patients under 50 years of age (with non-neurodegener-
ative RBD appearing to be more common) the incidence
does not differ by sex [4, 6, 16, 18, 27-31]. The risk of
RBD is 5 and 9-10 times higher in patients taking an-
tidepressants and in those with a psychiatric diagnosis,
respectively [4].

Cohort studies suggest that RBD (including iRBD) is close-
ly associated with a-synucleinopathies, particularly Par-
kinson's disease (PD), dementia with Lewy bodies (DLB),
and multiple system atrophy (MSA) [2-11, 13-15, 32-38].
In the largest multicenter study of RBD, B.F. Boeve et al.
found that 94% of patients had abnormal accumulation of
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a-synuclein at autopsy, in some cases with accumulation
of B-amyloid, T-protein, or iron [5]. At the same time, the
risk of phenoconversion of RBD to PD is approximately
15-35% over the 2-5-year period and increases to 91.9%
when the observation period is extended to 12-25 years,
making RBD by far the most specific clinical prodromal
marker for PD [10, 39]. Investigating the validity of cri-
teria for assessing the likelihood of prodromal PD and
determining the independence of prodromal markers for
predicting PD or DLB, SM. Fereshtehnejad et al. found
that diagnostic accuracy of International Parkinson and
Movement Disorder Society criteria was highest in people
with RBD [40, 41].

The mechanism of RBD development remains unclear.
The states of wake and sleep are initiated and main-
tained by complex interplay between multiple brainstem
and diencephalic nuclei. Dysregulation, structural dam-
age, or degeneration of these nuclei can result in various
circadian rhythm disorders. RBD is thought to cause an
excitation/inhibition imbalance in the brainstem nuclei
controlling REM muscle tone (Figure) [42].

Movement during REM sleep is controlled by two systems:
the extrapyramidal system controls the input to spinal
cord motor neurons to generate muscle atonia, and the
pyramidal system controls motorcortex activation to sup-
press locomotor activity. The main generator of REM sleep
is the glutamatergic Subcoeruleus/Pre-Locus Coeruleus

Normal
REM sleep
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complex (SubC/PC), which is anatomically situated just
below the noradrenergic locus coeruleus in the pons [43]
and analogous to the rat/mouse sublaterodorsal nucleus.
In addition to projecting to many subcortical brain regions
to promote and maintain REM sleep, the SubC/PC pro-
jects caudally to control the REM atonia [44]. Before and
during REM sleep, the REM-active SubC/PC excites the
inhibitory ventromedial medulla (VMM) and glycinergic
neurons of the spinal ventral horn, which in turn tonically
hyperpolarize spinal motor neurons [44, 45]. This results
in a temporary paralysis of skeletal muscles and thus sig-
nificantly reduced REM muscle tone (atonia) during REM
sleep. It is not definitively known whether RBD is caused by
an imbalance originating in the glutamatergic SubC/PC or
downstream in the GABA/Glycinergic VMM, though animal
studies suggest the latter is more likely [46]. This brain-
stem function disorder does not exist in isolation. Since
RBD is characterized not just by an increase in small sleep
twitches but also complex movements and dream enact-
ment, it is likely that abnormal disinhibition occurs in the
pyramidal motor tract during REM sleep, leading to execu-
tion of the complex movements “imagined” by the motor
cortex. Neuroimaging studies have shown that RBD can
also be accompanied with changes in multiple neurotrans-
mitter systems, including the cholinergic, noradrenergic,
and dopaminergic circuits [47]. Therefore, one of the key
challenges in treating RBD derives from uncertainty about
the underlying pathology and the extent of dysfunction
throughout the brain.

RBD
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Key brain regions and neurotransmitters involved in regulating and maintaining REM sleep in healthy people and RBD patients. In RBD,
dysfunction within the SubC - VMM — Spinal Motor Neuron pathway results in a lack of REM sleep atonia (depicted by the dotted line).

BF, basal forebrain; LC, locus coeruleus; LDT/PPT, laterodorsal te
Subc/PC, subcoeruleus/pre-locus coeruleus; TMN, tuberomammi

mentum/pedunculopontine tegmentum; LH, lateral hypothalamus;
lary nucleus; vIPAG, ventrolateral periaqueductal gray matter;

VLPO/MnPO, ventrolateral preoptic nucleus/median preoptic nucleus; VMM, ventromedial medulla.
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It should be mentioned that the development of RBD in
the prodromal phase of PD corresponds to the neuro-
degeneration concept proposed by H. Braak et al [48],
according to which Lewy bodies begin to appear in
the dorsal motor nucleus of the medulla (Braak stage I).
Subsequently, deposits appear more rostrally, in the re-
ticular formation and in the SubC/PC nucleus region
(Braak stage II) [15, 49-52]. Therefore, patients with RBD
may formally be in Braak stage II of the neurodegener-
ative process or in the so-called prodromal phase of PD.
This was confirmed in several studies by the presence
of non-specific signs of PD in the form of hyposmia and
sympathetic denervation of the myocardium in these pa-
tients [4, 14, 15]. In the third and subsequent Braak sta-
ges of the neurodegenerative process, a.-synuclein accu-
mulation progresses, involving the substantia nigra, the
pedunculopontine nucleus, and the amygdala. At Braak
stage IV, degeneration of the substantia nigra reaches a
qualitative threshold when akinetic rigid syndrome man-
ifests clinically [48].

However, RBD may not be observed in all patients with
a-synucleinopathy, and this is likely to reflect variability
in the topographic onset and progression of neurode-
generation in patients. Considering this, an alternative
concept of disease progression has been proposed. This
unified staging system classifies Lewy body diseas-
es by the distribution of the abnormal protein. Stage
I denotes the presence of abnormal a-synuclein in the
olfactory bulbs only. Then a-synuclein accumulates pre-
dominantly in the brainstem (stage IIA), in the limbic
system (stage 1Ib), in the brainstem and limbic system
(stage III), and in the neocortex (stage IV). Progression
through these neurodegenerative stages correlated
with increased a-synuclein density in certain regions
and clinical deterioration of cognitive impairment and
motor dysfunction [53]. ]. Horsager et al. recently hy-
pothesized that PD comprises two subtypes based on
progression patterns: brain-first PD and body-first PD
[54]. According to the “brain-first” hypothesis, abnormal
a-synuclein first affects the brain and then spreads in
a caudal gradient to the peripheral autonomic nervous
system [54, 55]. According to the “body-first” hypothesis,
abnormal a-synuclein is first formed in the peripheral
autonomic nervous system and spreads rostrally into the
brain along the autonomic nerves, primarily along the
n. vagus [54, 55]. This hypothesis is consistent with the
fact of intercellular transmission of abnormal a-synucle-
in in cellular and animal models of PD [56]. However, it
remains controversial because no cases have been re-
ported showing that abnormal a-synuclein exists only
in the peripheral nervous system and not in the brain
[57-59]. It should be noted that these newly proposed
concepts can explain that PD is often preceded and ac-
companied by prodromal and progressive non-motor
symptoms and signs [60, 61].

REM sleep behavior disorders and Parkinson’s disease

Another unsolved issue is that some patients with RBD
and PD do not fit the Braak model of neurodegeneration
progression. In some patients, RBD may manifest at the
same time or significantly later than the development of
cognitive, motor, or autonomic symptoms of PD or DLB,
and these RBDs are in fact secondary/symptomatic to a
neurodegenerative process [6, 62]. However, RBD has the
same features as iRBD.

Some evidence suggests that PD associated with RBD is
phenotypically different from PD without RBD. Patients
with RBD-associated PD have more severe and diffuse
neurodegeneration, which is associated with a greater de-
terioration in quality of life, cognitive impairment, psychi-
atric complications, and slowing of the awake background
electroencephalogram, more severe autonomic dysfunc-
tion, akinetic rigid syndrome, and longer disease duration
[63-67]. Recent studies confirm that the motor phenotype
of RBD-associated PD is more severe than in PD without
RBD, with a greater tendency toward akinetic rigid syn-
drome, poor response to levodopa, lack of tremor, earlier
and more severe gait disturbances, and longer disease du-
ration [68, 69]. Motor decline also appears to be faster in
patients with PD and RBD than in patients without RBD
[70]. Study results on the effect of RBD on cognitive im-
pairment are controversial [71-73].

Other synucleinopathies are also associated with RBD. For
example, in DLB, which is characterized by the presence
of dementia in combination with parkinsonism, visual
hallucinations, and fluctuations in cognitive status and
sleep/wake state, 80% of patients develop RBD several
years before the appearance of other clinical signs [74,
75]. RBD is diagnosed in more than 88% of patients with
multiple system atrophy [76]. RBD has been reported to
be associated with clinically diagnosed Alzheimer's dis-
ease [77]. However, a concomitant Lewy body disorder
should still be suspected in RBD, as the largest autopsy
study of RBD patients to date found synucleinopathies in
94% of patients [5]. RBD has also been reported in asso-
ciation with progressive supranuclear palsy, although in
contrast to synucleinopathies, RBD symptoms accompany
rather than precede motor dysfunction in progressive su-
pranuclear palsy [78]. In other primary tauopathies, RBD
is very rare [79]. There are few reports on its association
with Guadelupian parkinsonism (tauopathy) and the au-
toimmune anti-IgLON5 disease. In the latter, deposition of
7 protein in the brain and hypothalamus has been demon-
strated in deceased patients [80, 81].

It should be noted that iRBD occurring at a younger age,
i.e. before the age of 50, is more often associated with
non-neurodegenerative processes such as narcolepsy,
autoimmune disorders, antidepressant use, or structural
brain lesions. Almost half of patients with type 1 narco-
lepsy (narcolepsy with cataplexy) are reported to have
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RSWA with or without RBD [82-85]. The RBD associated
with narcolepsy typically develops much earlier, between
the 2nd and 4th decades of life, likely due to the patho-
physiology of type 1 narcolepsy with the unstable REM
sleep phase in narcolepsy with hypocretin deficiency [82].
In young and elderly patients, RBD may be a manifesta-
tion of paraneoplastic and autoimmune neurological dis-
orders such as Morvan syndrome (caused by antibodies
to voltage-gated calcium channels) or autoimmune brain
disorders (anti-IgLON5 disease and brainstem lesions as-
sociated with inflammatory, neoplastic, or cerebrovascu-
lar disorders) [7, 86-91]. In addition, the use of selective
serotonin reuptake inhibitors, selective norepinephrine
reuptake inhibitors, and tricyclic antidepressants was as-
sociated with symptoms of RBD and RSWA without RBD.
It remains unclear whether the RBD/RSWA association
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Monoclonal Antibodies as Analgesia
of Chronic Low Back Pain: a Systematic Review
and Meta-analysis of Efficacy and Safety

Nobel Budiputra, Charista Lydia Budiputri, Michelle Patricia Muljono

Universitas Pelita Harapan, Karawaci, Tangerang, Republic of Indonesia
Abstract

Introduction. Monoclonal antibodies (mAb) emerged as a possible option in addressing the partial response to current treatment modalities
in chronic low back pain (CLBP).

Objective: to evaluate the efficacy and safety of mAb for CLBP.

Materials and Methods. Randomized controlled trials on adult patients with CLBP who received mAb-therapy compared to those who did not as
a control group. The result was the changes in Low Back Pain Intensity (LBPI) Numeric Rating Score and Roland-Morris Disability Questionnaire
(RMDQ) indicating improved pain, disability, and the risk of adverse events. Meta-analysis, risk of bias, and confidence in the evidence for each
analysis were assessed. We aimed at reviewing current treatment methods for degenerative lumbosacral spinal stenosis with an emphasis on sur-
gical treatment methods.

Results. Six studies were included, with a total of 3851 participants. mAb significantly reduce LBPI and RMDQ score (weighted mean difference
-148; 95% CI -2.63 to —-0.33; p = 0.01). Tanezumab and fasinumab were significantly reduced both LBPI (weighted mean difference of —4.11; 95%
Cl -6.27 to -1.95; p = 0.0002 and weighted mean difference —0.24; 95% CI -0.47 to —-0.02; p = 0.04 respectively) and RMDQ scores (weighted
mean difference -3.72; 95% —5.48 to —1.97 and weighted mean difference —0.50; 95% —0.73 to —0.26 respectively, both p < 0.0001). The mAb have
significantly greater odds of any adverse events (OR 1.23; 95% 1.06 to 1.43; p = 0.007) but no greater odds regarding serious adverse events
(OR 1.00; 95% 0.69 to 1.46; p = 0.98).

Conclusion. Depending on the types of drugs used, mAb had a favorable outcome and were relatively safe in reducing LBPI and RMDQ scores.
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Monoclonal antibodies reduce chronic low back pain

[IpiMeHeHe MOHOK/IOHA/IbHBIX aHTHTET
B KauecTBE aHaJIbleTUKOB IIPU XPOHUYECKOM
00/71eBOM CHHApPOME B HM)KHEH YacTH CIIUHBL
crUCTeMaTHYeCcKHii 0030p ¥ MeTaaHa/Iu3
3 dekTHBHOCTH 1 0€30MaCHOCTH

Ho6en Bynunytpa, Xapucra Jlupua Byxunyrpu, Mumess [arpucua MynmkomHo

Yuusepcumem [lenuma Xapanaw, Tanzepane, Pecnyonuka Hnoonesus

AHHoOTanM4

Besedenue. MoHoknonansHvie anmumena (MAT) 8cé uauje paccmampusaomes Kax 603MoxHoe cpedcmeo 0718 00CMuseHUs YacmuyHoeo omeema
npu xpoHuueckom bonesom cunopome (X5C) & Husxell uacmu cnumbL.

Lenv: usyuums ahpexmugrocmy u Gezonackocmp MAT npu XBC 6 HusxHeli uacmu cnub.

Mamepuanst u memodsL. [Iposedersl paHdoMU3UPOBAHHble KOHMPOIUPYeMble UCCTE008AHUS C yuacmuem 63poC/blx NAYUEHMO8, Cmpadarouux
XBC 6 HusHeil uacmu cnunbt u nonyyasuiux MAT, u konmponbHoti epynnbl, He nonydasweti MAT. Boiagnanu usmeHenue oyeHKu no Yuciosoll ovye-
HOUHOU! wiKazne evlpaxerrocmu 6onu 8 Huxwell uacmu cnurbt (LBPI) u onpochuky Ponanda—Moppuca 075 onpedenerus yposHs uxeaudusayuu
(RMDQ), ompaxaioujue ymensuwienue 60au, conymemeyioujeli UHAIUOU3AUUL, A MAKXKe PUCK HexelamesbHbix SeneHull. Hamu nodzomoenen
MEMAAHAU3 U NPOAHAUSUPOBAHb! PUCK CUCMeMAMUUECKUX owubok u 00KazamebHas CuAa Kaxo0020 omoebH020 AHAU3A.

Pesynsmamet. B 0030p eowu 6 uccredosanuti, 6 komopsix yuacmeosan & obueti cnoxHocmu 3851 nayuenm. ITpumenenue MAT npuseno
K 3Hauumomy cHuxeHulo oyexku no LBPI u RMDQ: cpednes3sewenHas pastuya —1,48; 95% dosepumenshuiii unmepsan ([1) (-2,63; -0,33),
p = 0,01. Ha chore npumenenus maresymada u (hacuxymada ommeuanocs 3Hauumoe cHuxerue 6asna no LBPI (maxesymad — cpednesasewienHas pas-
nuya —4,11; 95% JH (-6,27)-(-1,95), p = 0,0002; pacurymab — cpednesssewennas pasnuya —0,24; 95% U (-047)-(-0,02); p = 0,04) u RMDQ
(manesymad — cpednessseuientas pasruya -3,72; 95% I (-5,48)-(~1,97); p < 0,0001; hacunymab — cpednesssewennas pastuya -0,50; 95% A1
(~0,73)-(~0,26); p < 0,0001). Ha ¢hore npumenerus mAT 3HaUUMO y8eUUUBANCA PUCK PA3EUMUS JOObLX HexXenamesbHblx A6/eHUL (OMHOUleHUe
warcos 1,23 95% U 1,06-143; p = 0,007), o0Haxo puck passumus cepbE3nblX HexeaamenbHblX A67eHULl He NOBbILACA (OMHOLeHUe UIAHC08
1,00; 95% [i11 0,69-1,46; p = 0,98).

3axmouenue. B asucumocmu om npenapama npumereue MAT npugoduio k 6aazonpusmuomy ucxody ¢ yMervieruem oyexku no LBPl u RMDQ
U 6bi10 OMHOCUMETILHO 6E30NACHBIM.

Kntouesble cn06a: MOHOKIOHAIbHOE anmumesio; maxesymao; ¢acunymad; ¢ynpanymad; deHocymad; XpoHuueckas 00 8 HuxkHell
yacmu cnunbvl; LBPI; RMDQ

Uctounuk (l)I/lHaHCI/IPOBaHPIH. ABTOpr 3asBJIAIOT 00 OTCYTCTBUU BHEIIHUX NCTOYHUKOB (1)I/IHaHCI/Ip0BaHI/IH [1pu IpOBEJIEHNN
HCCJ/IeJOBAHHUA.

Kondnukr uHTepecoB. ABTOpEI [JeK/NapUpYIOT OTCYTCTBUE SIBHBIX M NMOTEHLMANbHbIX KOH(IMKTOB MHTEPECOB, CBSI3aHHBIX
¢ nyOnuKanveit HacTosel CTaThu.
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aHa/ITeTUKOB TIPU XPOHUYECKOM (0JIEBOM CHH/JPOME B HUKHE} YacTH CIIMHbI CUCTEMATHUYECKUi 0630p U MeTaaHanus ag-
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Introduction

Pain is an unpleasant sensory and emotional experi-
ence associated with actual or potential tissue dam-
age'. Pain is responsible for informing the body of the
danger, while chronic pain becomes a disease, losing its
function of signaling a danger and producing suffering
for the patient. Low back pain is a common reason
for presentation to emergency departments, general
practice and rehabilitation services worldwide [1]. Even
after treatment, many patients report persistent pain
and severe disability > 3 months after the first episode.
Many patients with chronic pain, especially chronic low
back pain (CLBP), remain challenging to treat and re-
spond only partially to currently available treatment
options [2]. Monoclonal antibodies (mAb) may address
an unmet need for patients with CLBP that is unrespon-
sive or poorly tolerant to conventional forms of treat-
ment. In this setting, mAb have emerged as a possible
option [3].

mAb are artificially produced antibodies for therapeu-
tic purposes developed from single animal or human
cell lines. They consist of large B-cell-derived glycopro-
teins made up of two heavy and two light chains held
together by disulfide bonds to form a Y-shaped protein.
They are typically derived from the Y-immunoglobulin
(or IgG) isotype [4]. The hypervariable regions of each
heavy and light chain combine to form the antigen bind-
ing site, referred to as the fragment antigen binding do-
main. In contrast, the crystallisable or constant fragment
domain responsible for the effector function comprises
two regular domains [4, 5]. Advances in preclinical and
clinical research have led to the development of biologi-
cal agents targeting specific cytokines in the potentiation
and transmission of pain in CLBP where inflammatory
processes occur; these targets are mainly nerve growth
factor (NGF) and tumour necrosis factor (TNF) [5, 6]. The
efficacy and safety of mAb for CLBP still faces challenges
because of the lack of research. This systematic review
and meta-analysis aims to evaluate the efficacy and safe-
ty of mAb in patients with CLBP.

Materials and methods

Protocol and registration

This systematic review and meta-analysis reported the
literature findings according to the Preferred Reporting
Items for Systematic Review and Meta-Analysis (PRISMA)
2021 [7]. The protocol of this review has been registered
in the International Prospective Register of Systematic Re-

! International Association for the Study of Pain. IASP Taxonomy.
URL: http://www.iasp-pain.org/Taxonomy

views (PROSPERO) database with the registration number
CRD42023449999.

Search Strategy

A literature search was conducted across published stud-
ies from January 2011 to July 2023 and was not limited to
any language. We searched the literature on 16 July 2023
across the Pubmed, NCBI, Google Scholar, Science Direct,
Europe PMC and Cochrane Central Register of Controlled
Trials (CENTRAL) databases. The keywords used in each
database are presented in the Table 1.

Inclusion and exclusion criteria

This systematic review included randomised controlled
trial reports in adult patients (over 18 years) with CLBP
who received mAb-therapy compared to those who did
not receive mAb as a control group. In this case, the
control group can be placebo or other treatments oth-
er than mAb plus placebo. This study includes patients
with CLBP defined as more than 12 weeks or more than
3 months, not limited to any severity grade. The primary
results are changes in the Low Back Pain Intensity (LBPI)
Numeric Rating Score, indicating pain improvement and
changes in the Roland-Morris Disability Questionnaire
(RMDQ) indicating improvement in pain-related disabili-
ty. The secondary outcome is the risk of adverse events
in patients receiving mAb and controls. The exclusion
criteria are research on animals, non-randomised con-
trolled trials, studies without full-text reports, studies
with using only active substance as control (non-placebo
control) and studies in participants with a history or ev-
idence of spinal disease (e.g. malignancy, fracture, trau-
ma, spondyloarthritis, infection, former low back surgery,
autoimmune disease, and mental disorders). Literature
reviews were screened for references that could be used
before they were excluded.

Data extraction

Data were collected in a standard format, including study
citations, demographic characteristics of the participants
(age, sex), number of patients, daily dose intervention,
regimen, mAb classification, mAb target, comparison,
outcome, and safety data (adverse events). The adverse
events in this study were analysed based on the number
of participants who reported any adverse event during
treatment.

Assessment of quality and risk of bias
in the included studies

The authors performed a preliminary search and quality
assessment of each included analysis using the Jadad
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Table 1. Keywords (MeSH) that have been used in every database

Database

PubMed

Medical subject heading

(«monoclonal antibody»[All Fields] AND «chronic low back pain»[All Fields]) AND

Monoclonal antibodies reduce chronic low back pain

Number of studies found

47

(“treatment”[All Fields])

(((«antibodies, monaclonal»[Supplementary Concept] OR «antibodies, monoclonal»[All Fields] OR
«monoclonal antibodies»[All Fields] OR «antibodies, monoclonal»[MeSH Terms] OR («antibod-
ies»[All Fields] AND «monoclonal~»[All Fields]) OR («monoclonal»[All Fields] AND «antibodies»[All
Fields])) AND (chronic[All Fields] AND («low back pain»[MeSH Terms] OR («low»[All Fields] AND
NCBI «back»[All Fields] AND «pain»[All Fields]) OR «low back pain»[All Fields]))) AND («therapy»[Sub- 2017
heading] OR «therapy»[All Fields] OR «treatment»[All Fields] OR «therapeutics»[MeSH Terms] OR
«therapeutics»[All Fields])) AND («randomized controlled trial»[All Fields] OR «randomized con-
trolled trials as topic»[MeSH Terms] OR «randomized controlled trial»[All Fields] OR «randomised
controlled trial»[All Fields]) AND («2010/01/01»[PubDate] : «2023/12/31»[PubDate])

Google “monoclonal antibody” AND “chronic low back pain” AND “treatment” AND “randomized controlled 399
Scholar trial”
. . «monaoclonal antibody» AND «chronic low back pain» AND «treatment» AND «randomized con-
Science Direct ) 48
trolled trial»
«monoclonal antibody» AND «chronic low back pain» AND «treatment» AND Randomized
Europe PMC Controlled Trial AND (((SRC:MED OR SRC:PMC OR SRC:AGR OR SRC:CBA) 86
NOT (PUB_TYPE:»Review»)))
Cochrane
_Central Reg- “monoclonal antibody” AND “chronic low back pain” AND “treatment” AND “randomized
ister of Con- o 18
. controlled trial
trolled Trials
(CENTRAL)

Scale Assessment for randomised controlled trials, where
a score of 3 to 4 is deemed moderate high-quality studies.
In contrast, a score of higher than 4 indicated high-quality
studies [8].

Review team members assessed the risk of bias using the
tool described in the Cochrane Handbook for Systematic
Reviews of Interventions [9] The evaluation items included
the following seven domains:

* random sequence generation;

¢ allocation concealment;

¢ blinding (participants and personnel);

* blinding (outcome assessment);

* incomplete outcome data;

* selective outcome reporting;

o ‘other bias' (comparability of treatment and control group
at entry, and post-randomisation recruitment bias in stud-
ies with cluster allocation).

According to the extracted information, each item of the
included studies was classified into three levels: “low risk
of bias”, “unclear risk of bias”, or “high risk of bias”. Where
necessary, we contacted the study authors for clarifica-
tion. Disagreements were resolved by discussion between
the review authors and where necessary. The confidence
in the evidence for each analysis using the Grading of
Recommendations Assessment, Development and Evalua-

tion (GRADE) system [9].
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Included

Screening

Identification

Studies included in previous version

Reports of studies included in previous

Previous studies Identification of new studies via databases and registers

Records identified from:

« PubMed (n=47);

« NCBI(n=2017);

+ Google Scholar (n =399);
« Science Direct (n = 48);

+ Europe PMC (n = 86); _

. Cochrane CENTRAL (n = 18) =12

Records removed before

of review (n =0) —> screening:

version of review (n = 0)

Records excluded via
automation screening (n =0)

Records screened
(n=2443)

l

Reports sought for retrieval
(n=2443)

Reports not retrieved after
—» title and abstract screening
(n=653)

Reports excluded:

« not related to mAb or CLBP (n = 1453);
Reports assessed + animal study (n=2);

for eligibility (n = 1790) + not RCT study (n = 135);

. literature review (n = 182);

. different control (n = 10);

« nofulltext (n=2)

New studies included in review (n = 1)

<
<

Studies included in systematic review (n = 6)
Studies included in meta-analysis (n = 5)

Fig. 1. PRISMA flow diagram for the included study.
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+ duplicate records removed

Identification of new studies
via other methods

Records identified
from citation searching
(n=12)

Reports sought for retrieval (n = 12)

Reports not retrieved (n = 2)

Reports assessed for eligibility
(n=10)

Reports excluded:
. different control (n =2)
« different study design (n =7)
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Table 2. Risk of bias in included studies based on Cochrane Risk of Bias Tool

Random . Blinding of
Allocation .
Study sequence participants
; concealment
generation) and personnel

Markman J.D.
et al. (2020) Low Low Low
Katz N. et al.
(2011) Unclear Unclear Low
Kivitz A.J. et al.
(2013) Unclear Unclear Low
Dakin P. et al.
(2021) Low Low Low
Sanga P. et al. ,
(2016) High Unclear Low
Cai G. et al.
(2018) Low Low Low

oiB;iStT:ie Incqmplete data Select'ive Other bias
assessment (high < 80%) reporting
Low High Low Low
Low Low Low Unclear
Low Low Low Unclear
Unclear Low Low Unclear
Low High Low Unclear
Low Low Low Low

Table 3. LBPI and RMDQ score changes from baseline to endpoint (M * m)

Changes in LBPI score from baseline
Author (year)

monocional control grou
antibody group group
Markman J.D. et al. (2020) NA NA
Katz N. et al. (2011) -3,17 £ 0,24 -2,41 + 0,34
Kivitz A.J. et al. (2013) -1,97 £ 0,29 -1,25+0,16
Dakin P. et al. (2021) -2,41 £2,04 -1,9+21
Sanga P. et al. (2016) -2,05 + 1,98) -2,0£2,17)
Cai G. et al. (2018) -6,0+2,0 -30+19

Note. NA — not accessed.
Statistical analysis

Review Manager 5.4 software was used to perform this
meta-analysis. The primary outcome of this study is the
difference in LBPI and RMDQ scores. We calculated the
weighted mean difference and 95% confidence intervals
(CI) for changes from the baseline level in the mAb-group
vs the control group. We calculated the odds ratio (OR)
and 95% confidence intervals (CI) for the risk of adverse

Changes in RDMQ score from baseline
Duration of treatment

monoclonal control arou
antibody group group

NA NA 16
NA NA 6
-2,82 £ 0,42 -1,75+0,29 16
—6,28 + 5,30 -38+45 16
NA NA 12
1614 -18+13 26

events in both groups. A random-effects model was used
when I > 50% or p < 0.1; when I <50% and p > 0.1,
a fixed-effect model was used to merge the data. The
degree of heterogenicity was assessed based on the I?
statistics A value of I < 25% was deemed low heteroge-
nicity, 26-50% moderate heterogenicity, and > 50% high
heterogenicity. Subgroup analyses were done based on
each drug used (denosumab, fasinumab, tanezumab, ful-
narumab).

Annals of clinical and experimental neurology. 2024; 18(2). DOI: https://doi.org/10.17816/ACEN.1027 75



0b30PbI. Cuctematnyeckuii 0630p

MOHOKNOHaNbHbIE aHTUTENA YMEeHbLLAOT XPOHU4ECKYIO 00/1b B HYXHEN 4aCTW CNUHBI

Agent; study Dose, route of administration Monoclonal antibody Placebo Weight, %  Std. mean difference; 1V, fixed; 95% Cl
M m total M m total
60 mg SC -6 54525 31 -3 56986 37 25 -0.53; (-1.02)-(-0.04) -
Denosumab; Subtotal 31 37 2,5 -0.53;(-1.02)-0.04 @
CaiG.etal. (2018)  Heterogeneity: not applicable
Test for overall effect: Z=2.14; p = 0.03
Tanezumab; X
Katz N. et al. (2011) 20 pg/kg IV once -3.17 22514 88 -241 21771 41 43 -0.34; (-0.71-0.03 =]
10mg/kg IV every 8 weeks -206 24046 295 -125 24265 230 198  -0.34;0.51-(-0.16) -
20mg/kg IV every 8 weeks -218 24046 295 -125 24265 230 198  -038;-(-0.56)-(-0.21) *
Tanezumab;
é‘g'g)’*-l etal. 5mg/kg IV every 8 weeks -158 2437 232 -125 24265 230 17.9 -0.14; (-0.32)-0.05
Subtotal 910 731 618 -029;(-039)~(-0.19) U
Heterogeneity: x> = 4.21; df = 3 (p = 0.24); I = 29%
Test for overall effect: Z=2.14 (p < 0.00001)
10 mg SC every 4 weeks -2.1 2.18 77 -2 217 76 6.0 -0.05; (-0.36)-0.27 -
1 mg SC every 4 weeks -19 214 77 -2 2.17 76 6.0 -0.05; (-0.27)-0.36 ~
3 mg SC every 4 weeks -2.2 1.89 77 -2 217 76 5.9 -0.10; (-0.41)-022 -
Fulranumab;
Sanga P.etal. DL 4 3 g SE vy A wEse 2 172 78 -2 217 76 60 0.00; (-032)-0.32 +
(2016)
Subtotal 309 304 238 -0.02; (-0.18)-0.13 ‘
Heterogeneity: x> = 0.44; df = 3; p = 0.93; > = 0%
Test for overall effect: Z=0.30; p = 0.76
6 mg SC every 4 weeks -2.1 19 48 -1.9 2.1 49 3.8 -0.10; 0.50-0.30 -+
9 mg SC every 4 weeks -26 2 55 -19 21 49 4.0 -0.34; (-0.73)-0.05 =+
Fasinumab; 9 mg SC every 8 weeks 25 22 56 -19 21 49 40 -0.28; (-0.66)-0.11 -
Dakin P. et al.
2021) Subtotal 159 147 118 -0.24;(-0.47)-(-0.02)
Heterogeneity: x> = 0.77, df = 2; p = 0.68; 1> = 0%
Test for overall effect: Z=2.09; p = 0.04
Total 1409 1219  100.0 -0.23;(-0.31)-(-0.15)4 2 0 2 4
3 3
Heterogeneity: x? = 14.96; df = 11; p = 0.18; 1> = 26% < g
£ S
53 v
Test for overall effect: Z = 5.80; p < 0.00001 Y §
v &
[
Test for subgroup differences: x> = 9.55; df = 3; p = 0.02; I = 68.6% %

Fig. 2. Effect of monoclonal antibodies divided by each type of drug compared with placebo by LBPI score changes from baseline.

Here and in Figs. 3-5: (=) this square represents the individual studies effect. The square size varies to reflect the weight a particular study has in
the overall analysis; () the black line represents the Cls of a study; (¢) the diamond represents the overall or summary effect. The outer edges
of the diamond represent the Cls. IV — intravenously; SC — subcutaneously.

Results

Search results

We screened 2,443 records, and after removing duplicate
studies, studies that are not related to mAb or CLBP, ani-
mal studies, non-randomised controlled trials, literature
reviews, ineligible control, and reports without the full
text, we screened article meeting inclusion criteria. Six
clinical trials were included in this review study based on
PRISMA algorithm (Fig. 1).

The studies included in this review were assessed accord-
ing to the Jadad Scale, and all studies were deemed as
high-quality studies (Table 2); thus, all studies were fit to
be included in the review.
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A total of six trials were included in the review, with 2223
participants in the mAb-group and 1628 in the control group.
All included studies used a parallel-group double-blind de-
sign . All studies, except one, analysed the changes in LBPI
and RMDQ scores as their primary outcome. Five out of six
trials used nerve growth factor (NGF)-type mAb, and one
study used receptor activator of nuclear factor-kB (NF-kB)
ligand (RANKL).

Six trials evaluated the efficacy of mAb for CLBP using the
decrease in LBPI score as its outcome. The summary of in-
cluded studies is presented in Table 3, Appendicies 1 and 2.
Of these, five trials were included in the meta-analysis
comparing the efficacy of mAb to placebo in reducing LBPI
score. Meta-analysis showed a result favouring the mAb-
group in decreasing the LBPI score compared to placebo,
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Agent; study Dose, route of administration Monoclonal antibody Placebo Weight, %  Std. mean difference; IV, fixed; 95% Cl
M m total M m
total

60 mg SC -1.6 38168 31 -1.8 3.899 37 37 0.05; (-0.43)-0.53

Subtotal 31 37 37 0.05; (-0.43)-0.53 I
Denosumab;
Cai G. etal. 2018) Heterogeneity: not applicable

Test for overall effect: Z=0.21; p = 0.83

6 mg SC every 4 weeks -6 57 46 -3.8 4.5 46 4.9 -0.42; (-0.84)-(-0.01) -

9 mg SC every 4 weeks -62 47 55 -38 45 46 53 -0.52; (-0.91)-(-0.12) ==
‘I’aF"'HYMa6 9 mg SC every 8 weeks -66 56 55 -38 45 46 53 -0.54; (-0.94)—(-0.14) -
FDaaSI'(?nu? :t’ -1 (2021 Subtotal 156 138 154 -0.50;(-0.73)-(-0.26) 4

Heterogeneity: x> = 0.17; df = 2 (p = 0.92); I> = 0%

Test for overall effect: Z=0.21 (p = 0.83)

10 mg/kg IV every 8 weeks -3.18 44656 295 -1.75 43981 230 27.8 -0.32; (-0.50)-(-0.15) -
Tanesumab; 20 mg/kg IV every 8 weeks -2.8 44656 295 -1.75 43981 230 28.0 -0.24; (-0.41)—(-0.06) by
(Kzi‘éig)’*-l etal. 5 ma/kg IV every 8 weeks —237 44171 232 -175 43981 230 251  -0.14;(-0.32)-(0.04) L

Subtotal 822 690 80.9 -0.24; (-0.34)—(-0.13) )

Heterogeneity: x? = 1.99; df =2 (p = 0.37); I = 0% )

Test for overall effect: Z = 4.55 (p < 0.00001) W
Total 1009 856 100 -0.27; (-0.36)-(-0.17)

Heterogeneity: x> = 7.95; df = 6 (p = 0.24); I = 25%
Test for overall effect: Z = 5.69 (p < 0.00001)

Test for subgroup differences: x> = 5.78; df = 2 (p = 0.06); I* = 65.4%

Favours (control)

Favours (experimental)

Fig. 3. Effect of monoclonal antibodies divided by each type of drug compared with placebo by RMDQ score changes from baseline.

with a statistically significant difference (weighted mean
difference —0.23; 95% CI -0.31 to —0.15; p < 0.001), high
certainty. However, the analysis revealed moderate hetero-
genicity (I* = 26%; fixed effects modelling). Subgroup
analysis was done for each drug, and tanezumab showed
a significant effect in lowering LBPI score (weighted mean
difference of —0.29; 95% CI —0.39 to -0.19; p < 0.001)
as well as fasinumab (weighted mean difference -0.24;
95% CI -0.47 to -0.02, p = 0.04). However, fulranum-
ab showed a nonsignificant difference in lowering LBPI
score, compared to placebo (weighted mean difference
-0.02; 95% CI -0.18 to 0.13; p = 0.76; Fig. 2).

The meta-analysis included three trials to compare mAb
efficacy using RMDQ scores. The analysis showed a re-
sult favouring the mAb-group in decreasing RMDQ score
compared to placebo with significant difference (weighted
mean difference -0.27; 95% CI -0.36 to —-0.17; p < 0.001),
high certainty. Nonetheless, low heterogeneity was found
in the analysis with 12 25%. Subgroup analysis showed
that fasinumab and tanezumab are significant in redu-
cing RMDQ score (weighted mean difference —0.50; 95%
CI -0.73 to —0.26 and weighted mean difference —0.24; 95%
CI -0.34 to —0.13 respectively, both p < 0.0001; Fig. 3).
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The most common adverse events reported in tanezum-
ab group are arthralgia (128), nausea (108), and headache
(90). However, in fasinumab group, arthralgia (52), head-
ache (27), and nasopharyngitis (27) are the most frequent
adverse events. In fulranumab group, back pain (47), ar-
thralgia (46), and upper respiratory tract infection (45) are
the most common adverse events. Unlike other mAb, deno-
sumab only has a few adverse events. The most common
adverse events are headache (10) and psychological effects
(10), which we did not find in other drugs [10] (Table 4).
Some studies defined serious adverse events as a condi-
tion requiring non-elective hospital admission and leading
to deaths. The most common serious adverse events are
musculoskeletal and connective tissue disorders requir-
ing surgical management (femur fracture, patella fracture,
intervertebral disc protrusion, and meniscus injury) [11,
12]. Other serious adverse events, although very rare, are
represented by one case of haemorrhagic stroke in fasi-
numab 9 mg subcutaneously [12], lumbar radiculopathy
(fulranumab 6 mg loading dose + 3 mg), peripheral neurop-
athy (fulranumab 10 mg) [13]. Other adverse events that
occurred but the dose of tanezumab was not mentioned
are headache, pneumonia, deep vein thrombosis and pul-
monary embolism, with no deaths in that study [11].
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Table 4. Adverse events with each agent

Agent (total patients
with adverse events, n)*

Most common adverse events, n (%)

Headache 90 (9.43%); arthralgia 128 (13.41%);

Least common adverse events

Back pain (4.08%); nasopharyngitis (4.50%);
constipation (5.87%); upper respiratory
tract infection (4.82%); neuralgia (0.1%);
hyperesthesia (2.83%);
hypoesthesia (2.51%); pain in extremity (4.71%);
peripheral edema (2.20%)

Dizziness (8.75%); hypoesthesia (8.75%);
diarrhea (7.5%); pain in extremity (7.5%);
urinary tract infection (6.88%); upper respiratory
tract infection (5.63%); back pain (5.63%)

Pain in extremity (12.74%); sinusitis, (11.97%);
nasopharyngitis (11.58%);
edema peripheral (10.42%)

I;gj)zumab nausea 108 (11.32%): diziness 55 (5.76%):
parasthesia 93 (9.74%)
Fasinumab Arthralgia, 52 (32.5%); headache, 27 (16.88%);
(160) nasopharyngitis, 27 (16.88%); paresthesia,
24 (15%); nausea, 12 (7.5%)

Back pain, 47 (18.15%); arthralgia, 46 (17.76%); upper
Fulranumab respiratory tract infection, 45 (17.37%); paresthesia,
(259) 43 (16.60%); diarrhea 37 (14.29%); headache,

36 (13.9%); hypoesthesia, 34 (13.13%)

Denosumab Headache 10 (37%); phycological effects (malaise,
27) insomnia, and depression), 10 (37%); musculoskeletal

Note. “Each patient may have more than one adverse event.

Meta-analysis of six trials indicates that mAb have sig-
nificantly greater odds of adverse events, favouring the
placebo group (OR 1.23; 95% CI 1.06 to 1.43; p = 0.007).
Moderate heterogenicity was found in the analysis with
I 29% (Fig. 4). However, meta-analysis demonstrated
no greater risk regarding the serious adverse events
in mAb vs. placebo with OR 1.00 (95% CI 0.69 to 1.46;
p = 0.98; Fig. 5).

Risk of bias of the included studies

The risk of bias assessment was low in a few trials: ran-
dom sequence generation (n = 3; 50%), allocation con-

pain and stiffness (spasm), 9 (33.33%)

Flu-like (18.52%)

cealment (n = 3; 50%), blinding of participants and per-
sonnel (n = 6; 100%), blinding of outcome assessment
(n = 5; 83%), incomplete data (n = 4; 67%), selective
reporting (n = 6; 100%), other bias (n = 2; 33%; Table 5).

DISCUSSION

Efficacy

This systematic review and meta-analysis evaluated the
efficacy and safety of mAb for CLBP. mAb significantly
improve the intensity of pain scale and disability as shown
by the LBPI and RMDQ scores, compared to placebo.
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Agent; study Dose, route Monoclonal
of administration antibody
events total
Denosumab;
Cai G. etal. (2018) 60 mg SC 2 3
6 mg SC every 4 weeks il 18
Fasinumab;
Dakin P. et al. (2021) 9 mg SC every 4 weeks ce 12
9 mg SC every 8 weeks % 20
Tanezumab; 50 88
Katz N. et al. (2011) 20 pg/kg IV once
10 mg/kg IV every 8 weeks [ 22
Tanezumab;
Kivitz A.J. et al. (2013) 20 mg/kg IV every 8 weeks 20 &E
5mg/kg IV every 8 weeks L E=2
Tanezumab; 10mg 21 407
Markman J.D. etal. (2020) 5mg 191 407
10 mg SC every 4 weeks oo S0
59 77
rilEmmED 1 mg SC every 4 weeks
Sanga P. et al. (2016)
3 mg SC every 4 weeks & 4
6 mg LD + 3 mg SC every 4 weeks gz 7
Total 2491
Total events 1400

Heterogeneity: Tau? = 0.02; x> = 18.37; df = 13 (p = 0.14); I> = 29%

Test for subgroup differences: Z = 2.69 (p = 0.007)

Monoclonal antibodies reduce chronic low back pain

Placebo Weight, 0dds ratio (M-H, random); 95% CI
%
events total
25 37 1.4 3.24;0.92-11.37 ——
52 140 6.8 0.71;0.43-1.17 —_—:G
52 140 7.3 1.40; 0.87-2.26 -t
52 140 7.2 1.13;0.70-1.83 —_—
27 41 34 0.68;0.32-1.48 —_— T
120 230 11.1 1.26; 0.89-1.79 T
120 230 110 1.66;1.17-2.36 -
120 230 10.3 1.42;0.98-2.05 ——
189 409 143 1.25;0.95-1.65 L
189 409 14.2 1.03;0.78-1.38 -
58 76 3.7 1.02; 0.49-2.12 ——
58 76 3.6 1.02;0.48-2.15 —_—
58 76 3.2 1.53;0.69-3.39 —_
58 76 25 2.72;1.10-6.70 _—
2310 100.0 1.23;1.06-1.43 ‘
— f f —t
1178 1 2 5 10

o
o
o
o
[

Favours

(experimental)
Favours

(control)

Fig. 4. Adverse events (safety) of monoclonal antibody compared to placebo for CLBP.

Tanezumab is a humanised IgG2-mAb that inhibits NGF
by activating trkA receptors on nociceptive neurons. This
inhibition of NGF affects both acute and chronic painful
states, thereby acting as a novel mechanism of action,
unlike opioids and nonsteroidal anti-inflammatory drugs.
Tanezumab interferes with pain signals produced by skin,
muscles, and organs precluding them from reaching the
central nervous system. In our study tanezumab showed a
significant effect in lowering LBPI and RMDQ scores. Tane-
zumab was first indicated for treating moderate to severe
chronic osteoarthritic pain of the hip and knee joint and
CLBP. One study by Brown et al. found that tanezumab
is superior in providing pain relief and improved physical
function and patient’s global assessment compared to pla-
cebo in painful hip arthritis [14]. Other clinical trials inves-
tigate the role of NGF inhibition in neuropathic conditions.
The study by C. Bramson et al. found that tanezumab pro-
vided effective pain relief in patients with diabetic periphe-
ral neuropathy. It is also found to cause pain reduction
in postherpetic neuralgia patients but at higher doses,

Annals of clinical and experimental neurology. 2024; 18(2). DOI: https://doi.org/10.17816/ACEN.1027

although the results were insignificant [15]. Common ad-
verse events observed in previous tanezumab studies were
peripheral sensations such as paresthesia and hypoesthe-
sia followed by headache, arthralgia, extremity pain, uri-
nary tract infection, and upper respiratory tract infection.
The list of adverse events was consistent with the result
of this study.

Fasinumab 6 mg subcutaneously, 9 mg subcutaneously,
and 9 mg intravenously significantly improved pain in-
tensity and disability, as shown by the LBPI and RMDQ
scores. Fasinumab has also been used in other diseases
to decrease joint pain and improve physical function in
hip or knee osteoarthritis patients [16]. Our study found
that fasinumab is generally well tolerated, similar to the
previous research [16].

Our study found that all doses of fulranumab did not

significantly improve LBPI scores. A study by A.J. Mayor-
ga et al. compared fulranumab, placebo, and oxycodone
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Monoclonal antibody
Agent; study Dose, route

of administration

events total
Denosumab; 0 31
Cai G.etal. (2018) 60mg SC
Fasinumab;
Dakin P. . 10 418
etal. (2021) Cellbiie
Tanezumab; 0 88
KatzN.etal 017)  20H9/kglVonce
10 mg/kg IV every 8 weeks 2 2%
Tanezumab; 3 295
Kivitz A.J. et al. (2013) 20 mg/kg IV every 8 weeks
5 mg/kg IV every 8 weeks & 252
Tanezumab; 10 mg 7 407
Markman J.D. et al.
(2020) 5 mg 6 407
10 mg SC every 4 weeks 4 24
1 mg SC every 4 weeks 2 Z
Fulranumab;
SangaP.etal. (2016
e ¢ ) 3 mg SC every 4 weeks ® Z
6 mg LD + 3 mg SC every 11 78
4 weeks
Total 2482
Total events 66

Heterogeneity: Tau? = 0.00; x* = 5.78; df = 10 (p = 0.83); I> = 0%

Test for overall effect: Z = 0.02 (p = 0.98)

Placebo Weight, % 0Odds ratio (M-H, random); 95% Cl
events total
2 37 1.5 0.23;0.01-488 ——r—T—
4 140 10.1 0.83;0.26-2.70 -t
0 41 Not accessed —_—
5 230 6.7 0.46;0.11-1.96 —tT
5 230 6.7 0.46;0.11-1.96 —tT
5 230 7.9 0.79;0.21-2.98 —_—
4 409 9.2 1.77;0.51-6.10 e e
4 409 8.7 1.51;0.42-5.41 —_——
7 76 1.6 0.99; 0.33-2.96 —_—
7 76 129 1.30; 0.46-3.70 -
7 76 10.8 0.83;0.27-2.60 —ir—
7 76 13.9 1.62;0.59-4.42 ———
2330 100.0 1.00;0.69-1.46 ’
57 f f f f i
0.01 0.1 1 10 100

(experimental)
Favours
(control)

Fig. 5. Serious adverse events (safety) of monoclonal antibody compared to placebo for CLBP.

to find that responder rates were significantly greater in the
fulranumab groups compared with the oxycodone group,
but no significant differences in responder rates were ob-
served between the two fulranumab groups and placebo
groups [18]. However, at that time, the FDA held all anti-NGF
trials [17, 18]. Nonetheless, data from patients who did not
withdraw show that the oxycodone group had a greater dis-
continuation rate because of treatment-emergent adverse
events compared to fulranumab and placebo groups. Ful-
ranumab at all doses showed minimal adverse events and
was mainly well tolerated, which parallels other studies [17, 18].

The humanised mAb is one for which both chain types
are humanised due to antibody engineering. A humanised
chain is typically one in which the complementarity deter-
mining regions of the variable domains are foreign, orig-
inating from one species other than human or synthetic.
In contrast, the remainder of the chain is of human ori-
gin. Humanisation assessment is based on the resulting
amino acid sequence and not on the methodology that al-
lows protocols other than grafting. The variable domain of
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a humanised chain has a V region amino acid sequence,
which, analysed as a whole, is closer to humans than other
species [19]. Humanized mAb are created by grafting the
murine hypervariable regions of the light and heavy chains
onto a human antibody framework. This results in mole-
cules that are approximately 95% human [20]. Human mAb
(fulranumab and fasinumab) are mAb created using ani-
mals carrying human Ig genes. These transgenes include
parts of the variable regions, which enable the recombina-
tion of the human antibodies and inactivated endogenous
Ig genes in animals, thus generating fully human mAb.

MAD focusing on particular cytokines involved in the am-
plification and transmission of pain sensation in chronic
low back pain (CLBP) have primarily targeted inflammato-
ry processes associated with NGF and TNF cytokines [6].
Tanezumab, fasinumab and fulranumab are mAb that tar-
get NGF, a pleiotropic neurotrophin that plays significant
role in generation and maintaining both nociceptive and
neuropathic pain. NGF also contribute to chronic pain [3].
Expression of NGF has been found to occur early in
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Table 5. GRADE Assessment

No. of patients

Certainty assessment

Certainty

Effect, absolute

(95% Cl)

placebo

antibody

imprecision considerations

indirectness

study design risk of bias  inconsistency

No. of studies

LBPI changes

(SISL)

O

<1.48; (< 2.63)~(< 0.33)
High

1219

1409

Serious Not serious  Not serious

Not serious

Randomised trials

12

RMDQ changes

lole
O
High

<181
(< 3.2)~(< 0.41)

865

1009

Serious Not serious  Not serious

Not serious

Randomised trials

7
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response to inflammatory mediators such as interleukin one
and TNFa involved in neurogenic pain transmission [21].
Moreover, NGF is involved in peripheral sensitisation and
then sensitises nociceptive neurons to painful stimuli
through upregulation of ion channels and receptors pres-
ent on primary afferent nerve fibres and increases the re-
lease of pain mediators that potentiate the pain response
such as substance P [3, 22]. Currently, studies on the effect
of infliximab that targets TNF on CLBP are in progress [23].
Future results may add more information regarding the
best mAb to address chronic back pain.

One study used denosumab targeting RANKL as the choice
of mAb. Denosumab showed a significant improvement in
reducing LBPI score but not substantial for RDMQ score.
Another prospective cohort study assessing denosumab's
effectiveness for back pain in post-menopausal wom-
en showed a significant effect [24]. None of the fatal or
life-threatening adverse events were shown in this study
and the previous one [25].

Denosumab is the most potent anti-resorptive agent and
a fully human igG2-mAb that neutralises RANKL, block-
ing the interaction between the cytokine and its receptor
(RANK), with consequent inhibition of osteoclast-mediated
bone resorption [26]. Denosumab can reduce bone pain
through several mechanisms. Denosumab lowers osteo-
clast-mediated acidification by negatively modulating the
NF-kB by inhibiting the RANK/RANKL pathway and delay-
ing the pain catastrophising response [27].

Safety

The safety profile of mAb is parallel with previous studies
[15-18, 25]. Although the mAb group reported more ad-
verse events, none were life-threatening or led to death.
mAb had no greater risk regarding serious adverse events
than placebo. Dakin et al. reported one patient from fasi-
numab 6 mg group with a history of smoking who died of
small cell lung cancer during the post-treatment follow-up
period. The event was considered unrelated to the study
drug [12]. P. Sanga et al. also reported one patient from ful-
ranumab 10 mg group who died due to streptococcal pneu-
monia and malignant lung neoplasm [13] J.D. Markman et
al. reported 7 deaths during the study (56-week treatment
period and 24-week follow-up period) [28]. However, none of
those deaths (cardiac failure, road traffic accident, myocar-
dial infarction and aneurysmal rupture, influenza and toxic-
ity to multiple agents, i.e. cocaine, heroin, and fentanyl) was
considered to be treatment-related by investigators.

Application
The potential of mAb agents in this study, like tanezu-

mab, fulranumab, fasinumab, and denosumab, to inhib-
it or block crucial steps in the generation and exaggera-
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tion of pain and inflammation suggests that these drugs
could have a adjunctive role in the management of CLBP
where traditional therapy and interventions have failed to
provide improvement and adequate relief for patients. In
studies that we included, mAb therapy can be prescribed
in moderate-to-severe axial predominant CLBP (primary
location between the 12" thoracic vertebra and lower
gluteal folds, with or without radiation into the posterior
thigh) of > 3 months in adult patients > 18 years, aver-
age LBPI score > 5 (on an 11-point numeric rating scale,
NRS) and history of inadequate response to > 3 different
categories of standard of care analgesics [13, 28]. Other
conditions that we found that can be treated with mAb are
non-radiculopathy CLBP, with the primary pain location
between the 12% thoracic vertebra and lower gluteal folds,
use of analgesic medications for > 4 days per week over
the month, average LBPI score of > 4 using an 11-point
NRS over the previous 24 hours at screening while on cur-
rent treatment [10-11, 29].

Strength and weakness

To our knowledge, this study is the first to analyse the
efficacy of mAb regardless of their mechanism of action
in CLBP. This meta-analysis has low to moderate hetero-
geneity based on the 12 value, which can be the strength of
this study. Nonetheless, this result should be seen in the light
of a few limitations. Data regarding the efficacy of each drug,
especially denosumab, were minimal due to limited studies.
The definition of serious adverse events in this study may
vary as we defined it based on each trial. Nonetheless, CLBP
is a diverse condition arising from various factors, inclu-
ding degenerative spinal changes and central brain struc-
ture dysfunction. A significant portion of the participants
have likely experienced primary CLBP due to central
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Introduction

Neuromyelitis optica spectrum disorders (NMOSD) are a
group of severe autoimmune demyelinating diseases of
the central nervous system (CNS) that share a common
pathogenic mechanism of complement-dependent astrocy-
topathy induced by the production of antibodies to aqua-
porin-4 (AQP4-IgG) [1]. This term expands the long-used
diagnosis of neuromyelitis optica (Devic's disease) because
NMOSD can be identified in the early stages of the dis-
ease, allowing timely initiation of pathogenetic therapy to
prevent exacerbations, which are a significant contribu-
tor to the persistent disability of patients [2]. Differential
diagnosis of NMOSD with other immune-mediated CNS
disorders, especially multiple sclerosis (MS), is necessary

because many disease-modifying treatments can cause
severe exacerbations of NMOSD [3-8]. According to diag-
nostic criteria proposed in 2015, the diagnosis of NMOSD
should be established not only using the clinical and ra-
diological picture, but also considering such a key aspect
as AQP4-IgG based on cell antigen presentation [9].

In Russia, three agents are approved for the prevention
of exacerbations of NMOSD, including satralizumab, ecu-
lizumab, and ravulizumab. They proved to be effective in
seropositive forms of NMOSD in which AQP4-IgG was de-
tected [10-12]. AQP4-IgG detection is therefore a critical
test required for both the diagnosis of NMOSD and the se-
lection of pathogenetic treatment. However, the AQP4-1gG
assay has some challenging aspects, such as the limited
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availability of laboratory kits in Russia [13], the influence
of treatment on test results [14], as well as the use of
other methods that are not based on antigen cell presenta-
tion, such as enzyme-linked immunosorbent assay (ELISA)
[15]. Therefore, it is necessary to clarify the indications for
primary and repeat testing for AQP4-IgG and to develop
an algorithm for the laboratory diagnosis of NMOSD. The
authors analyzed and discussed the scientific literature on
the laboratory diagnosis of NMOSD, particularly the de-
termination of AQP4-IgG, and proposed recommendations
for initial and repeat testing of patients for AQP4-IgG.

Methods for Determination of Autoantibodies

The source of the antigen is a critical component of all au-
toantibody detection methods. Anti-neuronal antibody as-
says often use neuronal antigens from laboratory animals.
Tissue sections are used as the so-called tissue substrates
for antibody binding which is assessed by indirect immu-
nofluorescence or immunohistochemistry for autoantibod-
ies. In neuroimmunology, such tissue substrates tradition-
ally include cryosections of the cerebellum, hippocampus,
optic nerve, and smooth muscle neural plexi from labo-
ratory rodents or primates (macaques). Since many anti-
gens are present in the tissue, the obvious advantage of
this approach is the possibility of multiple detection of
different autoantibodies by determining different staining
types of the tissue [16]. However, accurate identification
of detected antibodies requires verification assays using
a predetermined autoantigen. In addition, this method
may have low sensitivity due to the low tissue expres-
sion of most proteins [17]. The Mayo Clinic laboratories
first discovered AQP4-IgG using this tissue assay. This was
done using indirect immunofluorescence on cryosections
of rodent cerebellum, stomach, and kidney, confirmed by
immunoprecipitation [18, 19].

ELISA or immunoblotting methods using protein mole-
cules, most of which are genetically engineered, are com-
monly used to characterize autoantibody serum spectra.
The solid phase is polystyrene plastic materials of ELISA
plates or different types of nitrocellulose membranes [20].
Such methods are suitable for identifying a wide range
of antineuronal antibodies directed against structural pro-
teins localized in the nucleus and cytoplasm of neurons
(e.g. Hu, Ri, Yo-1, etc.). In addition, the ELISA is traditional-
ly used to detect antibodies against gangliosides or other
myelin components (anti-MAG).

The antigenic epitopes of most neural tissue proteins ex-
pressed on the cell membrane have a complex lipid bi-
layer-bound conformation which is irreversibly destroyed
when the proteins are released from the cell and attempt
to adhere to the solid phase. Complex methods were used
to address this issue. For this reason, radiolabelled o-bun-
garotoxin was used to detect antibodies to the acetylcho-

line receptor, allowing the autoantibody detection in solu-
tion. However, the limited range of high-affinity receptor
antagonists made it difficult to study autoantibodies to
transmembrane channels and nervous tissue receptors.
Other methods using labelled recombinant proteins in-
clude fluorescence immunoprecipitation or radioimmuno-
precipitation, which ensure antibody-antigen interaction
in solution, but their sensitivity for detecting antineuronal
antibodies is low [21].

Assays with cell expression of antigens and genetically
modified cells are based on transfection of eukaryotic cell
lines (most commonly the embryonic kidney line HEK293)
with plasmids containing a nucleotide sequence that en-
codes the target protein. When expressed, significant
amounts of protein either accumulate in the cell cyto-
plasm or become exposed on cell membranes [22].

Transfection can be classified as transient and stable.
Transient transfection is a relatively rapid and simple
technique, but stable transfection provides a higher level
of sensitivity. Flow cytometry, confocal microscopy, and
indirect immunofluorescence are used to detect autoanti-
body and protein binding, with non-transfected cells used
as a negative control [23]. In addition, some commercially
available substrates contain a pre-optimized mixture of
transfected and non-transfected cells of the same line to
facilitate visual assessment of reaction results.

Flow cytometry and confocal microscopy are suitable for
live cell assays and are considered by some authors to be
the most sensitive methods for the detection of antineu-
ronal antibodies to membrane antigens [24]. Their clinical
use is limited by the need for cell line maintenance in the
laboratory and difficult standardization.

Recently, indirect immunofluorescence using fixed adhe-
sion cell lines has become widespread. The method of fix-
ation depends on the cellular localization of the protein.
For membrane localization of the target protein, special
fixatives such as glutaraldehyde, paraformaldehyde, or
formalin are used, and for cytoplasmic localization, addi-
tional fixation is used to increase the permeability of cell
membranes. Since the HEK293 cell line is an embryonic
kidney line that normally synthesizes aquaporins, the ex-
pression and processing of the AQP4 protein result in the
appearance of AQP4 on the cell membrane [25].

The ability to use ready fixed cell preparations ensures
the standardization of the cell substrate of autoantibody
detection methods between laboratories, making them
accessible to the majority of clinical laboratories. The re-
sult of antibody detection on fixed cells is expressed as a
final titer, which is inversely proportional to the last dilu-
tion of serum that gives a positive signal (Figure 1). Using
flow cytometry and confocal microscopy, the intensity of
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Fig. 1. Positive test result for anti-AQP4 antibodies. Indirect immu-
nofluorescence with antigen cell presentation, 1 : 1000 titer, fluores-
cence intensity +++.

the fluorescent signal can be quantified. Due to their high
sensitivity, cell-based antigen expression assays have be-
come the recognized gold standard for the detection of
many types of antineuronal antibodies, including anti-
AQP4-1gG and anti-myelin oligodendrocyte glycoprotein
(MOG) 1gG [9].

Aquaporin-4 as an Autoantibody Target

AQP4 is a member of a family of 13 transmembrane wa-
ter channels consisting of 6 alpha-helical domains span-
ning the cell membrane within which the water channel
is located. Two types of AQP4, the longer (AQP4-M1)
and the shorter (AQP4-M23), are expressed in the body.
The shorter AQP4-M23 can form orthogonal arrays of
particles with higher affinity for AQP4-IgG in the mem-
brane, making the M23 isoform a preferred target of au-
toantibodies [21]. In the CNS, AQP4 protein is found as
orthogonal clusters predominantly on astrocytes around
small brain vessels, which are the primary target of the
immune response in NMOSD.

In multicenter studies, the average sensitivity for the
detection of AQP4-IgG using cellular antigen expression
methods is 76.7% [21]. Some respected researchers repor-
ted high sensitivity of in-house flow cytometry or confocal
microscopy methods using live transfected cells compared
to commercially available kits [26]. This is especially help-
ful with borderline confounding results where nonspecific
membrane staining can make a specific reaction difficult to
detect. For example, some laboratories, including the Mayo
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Clinic laboratory, use flow cytometry with live transfect-
ed cells, which has an 80% sensitivity and a 100% speci-
ficity [27]. However, in-house assays are challenging due
to the significant variability in transfection quality. Fixa-
tion of transfected cells to membranes prevents nonspe-
cific reactions caused by other common autoantibodies,
such as antibodies to mitochondria or antinuclear factor.
AQP4-IgG is a highly specific indicator of NMOSD, as the
false positive rate for AQP4-IgG in patients with classic
MS using the autoantigen expression in cells assay is only
0.1% [28]. By contrast, autoantibody detection by recom-
binant-antigen enzyme immunoassay has a low sensitivity
(63—-64%) and a relatively high incidence of false positive
reactions (0.5-1.3%) [21].

In comparison to many other antineuronal antibod-
ies, synthesis of AQP4-IgG is predominantly systemic.
Studies of large collections of paired blood serum and
cerebrospinal fluid samples show that in all cases, au-
toantibodies are more frequently detected in the blood
and the titers are higher [29]. Asymptomatic carriage of
AQP4-1gG has been described [30], while some seronega-
tive patients may seroconvert at diagnosis [31], and some
patients have seroreversion during successful immuno-
suppressive therapy [14].

Clinical Phenotypes Requirir’ll'g
Anti-Aquaporin-4 Antibody Testing

The classic phenotypes of NMOSD have 6 clinical mani-
festations: the most common ones include optic neuritis
(ON), acute myelitis, area postrema syndrome (the chemo-
regulatory center at the floor of the fourth ventricle) char-
acterized by uncontrollable nausea, vomiting, and hiccups.
Less common manifestations include acute brainstem
lesion, acute diencephalic syndrome (with symptomatic
narcolepsy and/or endocrine disorders), and hemisphere
injury. The latter two manifestations are always associated
with symptomatic lesions on magnetic resonance imaging
(MRI) [9].

According to the scientific literature, serum testing for the
presence of AQP4-IgG is recommended for all patients with
suspected NMOSD [9, 32]. The term “suspected NMOSD”
is interpreted differently by different authors, and there
are no precise guidelines for prescribing the test that
would be absolutely clear to clinicians. The first proposed
indications included longitudinal extensive transverse
myelitis (LETM); acute idiopathic transverse myelitis (TM)
with signs that are not typical for MS; severe ON with
poor recovery, simultaneous bilateral ON, extensive optic
nerve injury or chiasmal involvement on MR]; intractable
(difficult to control) nausea, vomiting, or hiccups in the
absence of gastrointestinal disorders; MRI lesions of the
dorsal medulla oblongata; clinically significant diencepha-
lic disorders (hypersomnia, narcolepsy, endocrine disor-
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ders characteristic of hypothalamic pituitary dysfunction);
cryptogenic leukoencephalopathy; and suspected MS with
unexplained severe exacerbations on treatment with dis-
ease-modifying agents for MS [33, 34].

Other guidelines recommend AQP4-IgG testing in pa-
tients with LETM without focal MRI brain changes or
with brain lesions not characteristic of MS; with frequent
recurrent ON; with diencephalic syndrome with unspeci-
fied focal changes, and with encephalopathy of unknown
nature [35-37]. In 2020, V.S. Krasnov et al. recommended
expanding the proposed indications to include newly de-
veloped partial TM or ON, regardless of severity of neu-
rological dysfunction and recovery level [38]. This recom-
mendation is supported by the data from routine clinical
practice. In 8 (28.6%) of 27 NMOSD patients with AQP4-
IgG, the first exacerbation manifested as partial TM or
unilateral ON with subsequent regression of symptoms,
so the test was not performed, resulting in a longer delay
in diagnosis. The relevance of this recommendation is
confirmed by the fact that 5 (62.5%) of these 8 patients
were subsequently misdiagnosed with MS and treated
with MS-modifying agents, which can worsen the course
of NMOSD [2-5].

Back in 2007, NMOSD experts recommended that optic
nerve or spinal cord injury in a patient with systemic lu-
pus erythematosus or Sjogren's syndrome should be con-
sidered a manifestation of concomitant NMOSD rather
than a neurologic complication of rheumatic disease due
to vasculitis [39]. This recommendation was re-confirmed
in 2015 [9]. Later, Latin American experts concluded that
patients with a known systemic autoimmune disease with
clinically apparent ON, acute TM, or area postrema syn-
drome should be tested for blood AQP4-IgG [40]. In 2023,
Russian neurologists proposed some new indications for
this test including a neuroimaging sign such as extensive
(> 3 vertebral segments) spinal cord atrophy on MRI, as
well as cases not inconsistent with the diagnosis of MS
but without oligoclonal antibodies detected in cerebro-
spinal fluid [41].

In 2023, the Neuromyelitis Optica Study Group (NEMOS)
published a consensus paper recommending testing for
AQP4-1gG in all patients with clinical or radiologic find-
ings (both current and historical) that suggest a diag-
nosis of NMOSD. This includes all patients with one of
the main clinical syndromes of NMOSD, including ON,
acute myelitis, area postrema syndrome, acute brainstem
syndrome, symptomatic narcolepsy or acute diencephalic
syndrome with typical diencephalic MRI lesions, cerebral
syndrome with typical hemispheric MRI lesions. Experts
also recommend testing in all cases where the patient
is diagnosed with NMOSD according to the 2015 diag-
nostic criteria without AQP4-IgG or an unknown status
for antibodies to AQP4. In all other cases, the decision

to test or not to test should be made on a case-by-case
basis. It has also been suggested that AQP4-IgG screen-
ing in MS patients who do not meet the above criteria,
especially in regions where NMOSD represents only a
small percentage of idiopathic inflammatory demyelina-
ting diseases, may increase false positive results and is
not recommended [42]. The above guidelines require
clarification of the type of brainstem manifestations for
which the test should be performed. It is recommended
to limit them to the most common oculomotor disorders,
facial paresis, facial numbness, and ataxia, which are the
most common in brainstem syndrome [42, 43].

Similar recommendations have been proposed for chil-
dren, as the main clinical manifestations of NMOSD and
the diagnostic criteria are similar to those for adults [44].
50-75% of pediatric patients have ON at onset, with 50%
having bilateral ON [45, 46]; 30-50% of patients with
NMOSD have TM, although LETM is less common in
children with NMOSD compared to that in adults and
may be present in acute disseminated encephalomyelitis.
In contrast, acute diencephalic syndrome, especially en-
docrinopathies, and symptomatic cerebral syndrome are
more common in the pediatric population with NMOSD
than in adults: up to 60% and up to 16-32%, respectively
[47, 48]. Neuroimaging in pediatric patients shows large
confluent lesions with vasogenic edema (a phenotype
similar to acute disseminated encephalomyelitis). Lesions
often involve the corticospinal tract and periventricular
region, and nonspecific hemispheric white matter lesions
are also visualized [49]. The frequency of AQP4-IgG sero-
positivity in children with NMOSD is significantly lower
than in adults. A study of pediatric NMOSD in the United
States showed that only 65% of children were seropos-
itive for AQP4-IgG, and in some cases, antibodies were
not detected until 3 years after disease onset [50]. More-
over, MOG-IgG is much more prevalent in the pediatric
NMOSD population than in adults [51].

Special attention should be paid to situations where rou-
tine testing is not recommended. AQP4-IgG testing was
considered inappropriate for patients with ON if it did not
meet strictly defined criteria as mentioned above, or in the
presence of clinical, MR], and laboratory signs typical of
MS, so as not to increase the number of false positive re-
sults [33, 34]. However, this position is contradicted by data
demonstrating the possibility of a mild ON at the onset
of NMOSD [38], as well as information that the detection
of oligoclonal IgG in CSF does not exclude the diagno-
sis of NMOSD, which occurs in 20-43% of patients with
NMOSD, especially at the time of exacerbation, but may be
transient and not detected in subsequent samples [9, 40].
Since AQP4-IgG is a highly specific test and the reported
incidence of initial MS misdiagnosis in NMOSD patients
is 33.0-42.5% [27, 32], clinicians often use the test beyond
the above indications in an attempt to avoid misdiagnosis.
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Possible Causes of False Positive
and False Negative Results

Causes of false laboratory results for AQP4-1gG testing can
occur at both the pre-laboratory and laboratory stages.
False negative results are most often caused by pre-labo-
ratory factors. These include noncompliance with patient
preparation rules, including general conditions (test to be
done in the morning and in fasting state, no fatty food or
alcohol the day before, limited physical activity, no hypo-
thermia/hyperthermia, no smoking 1 hour before testing)
and special conditions such as sampling after or during
pathogenetic therapy (corticosteroids, plasmapheresis,
immunosuppressive agents, monoclonal antibodies, that
prevent NMOSD exacerbations) [52].

Observations of antibody status in patients undergoing re-
peat AQP4 IgG testing are of particular interest. In China,
400 NMOSD patients with AQP4-IgG who were receiving
immunosuppressive therapy were evaluated. At a median
follow-up of 3.7 years, 32% of patients had seroreverted to
seronegative status and no AQP4-IgG was detected. These
patients had a lower incidence of exacerbations, and a di-
rect relationship was found between time to seronegative
status and exacerbations [14].

The Mayo Clinic (USA) followed patients who were tested
at least twice for AQP4-IgG. Out of 986 NMOSD patients
with AQP4-IgG, 53 patients had a negative result at base-
line, i.e. they experienced a seroconversion to seropositive
status (more than 9,000 patients were tested with a base-
line negative result), and 6 patients were tested during
treatment (corticosteroids, plasmapheresis, azathioprine,
natalizumab). Of 933 NMOSD patients initially positive for
AQP4-1gG, 11% demonstrated seroreversion at a mean of
1.2 years. This was observed mainly in young patients (up
to 20 years of age) and in patients with initially low titer
of AQP4-IgG. Seroreversion has been reported with anti-
B-cell therapy, azathioprine, mycophenolate mofetil, plas-
mapheresis, and autologous stem cell transplantation. Half
of the patients with seroreversion experienced subsequent
seroconversion [53].

A seronegative window has also been proposed when
AQP4-IgG is either completely bound to the antigen, mak-
ing detection impossible, or present at a concentration
insufficient for detection but sufficient to cause clinical
manifestations, as it was demonstrated for area postrema
syndrome [54].

Causes of false positive results are much less common and
may be related to the presence of tuberculosis. Aquapo-
rins of Mycobacterium tuberculosis and human AQP4 may
have homologous epitopes, which can lead to cross-reac-
tivity, whereas AQP4-IgG titers are usually higher in tuber-
culosis than in NMOSD. Natalizumab enhances the mem-
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brane surface presentation of AQP4, so patients treated
with this drug may also have false positive AQP4-IgG as-
say results [55].

False AQP4-IgG assay results may be due to errors in
the pre-analytical and analytical laboratory phases. The
most common pre-analytical errors include non-compli-
ance with sample collection, transportation, and storage
(repeated freezing/thawing), significant hemolysis or
milky white serum. False negative errors in the labora-
tory include the hook effect which is an immunological
phenomenon of decreased affinity of antibodies to form
immune complexes when the concentration of antibodies
is very high. This phenomenon is important for clinical
practice because it interferes with the analysis and can
lead to false negative results [56]. There are some other
reasons for false negative results, such as a defect in
the microslide or non-compliance with a test procedure
(overdrying of the microslide during the staining, burn-
ing out of the microslide after long exposure to micro-
scope light) [57].

Due to the high complexity of this assay, many skills are
needed, both in indirect immunofluorescence and in this
specific assay. Therefore, insufficient operator experi-
ence may lead to false positive results (interpretation of
non-specific fluorescence as specific for AQP4-IgG) [58].
However, the antibodies can be present at the borderline
level (<1:10), which can be referred to as non-specific flu-
orescence (Figures 2-5).

The prognosis of NMOSD can be based on factors such
as the age of onset, the number of exacerbations during
the first 2 years, the severity of the first exacerbation, the
association with other autoimmune diseases, and the se-
rologic status of AQP-IgG [59]. Many studies have shown
a lower rate of recovery of visual impairment after exac-
erbation in patients with AQP4-IgG compared to seroneg-
ative patients [60]. A prospective study of 29 patients with
isolated LETM found that only 55% of AQP4-IgG seropos-
itive patients had no exacerbations at 1 year, while none
of seronegative patients had exacerbations [61]. Given the
significant risk of new exacerbation in the first year af-
ter disease onset, it is recommended to perform 2-3 re-
peat tests within 6-12 months after the initial negative
result [62]. Since repeat assay in repeatedly seronegative
patients increases the risk of false positive results, AQP4-
IgG “seroconversion” of previously seronegative patients
should ideally be confirmed by further assay [34].

Recommendations for AQP4-IgG Testing

The following are the basic principles of how and for
which clinical and radiologic phenotypes the AQP4-IgG
assay should be performed for the first time, as well as at
what time point the assay should be repeated.
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Fig. 2. Positive test result for anti-AQP4 antibodies. . . . o
Indirect immunofluorescence with antigen cell presentation, 1 : 10 Fig. 4. Negative test result for anti-AQP4 antibodies to be con-
titer, fluorescence intensity ++. firmed by repeat test.
Indirect immunofluorescence with antigen cell presentation, non-
specific fluorescence (+/-).

Fig. 3. Positive test result for anti-AQP4 antibodies. Fig. 5. Negative test result for anti-AQP4 antibodies to be con-
Indirect immunofluorescence with antigen cell presentation, 1 : 320 firmed by repeat test.

titer, fluorescence intensity ++ (thick arrow) with areas of nonspe- Indirect immunofluorescence with antigen cell presentation, non-
cific fluorescence (thin arrows). specific fluorescence (+/-).
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1. Serum testing for anti-AQP4 antibodies should be per-
formed in all patients with suspected NMOSD by indi-
rect immunofluorescence with antigen cell presentation
(enzyme immunoassay is not recommended).

2. NMOSD is suspected when a patient has:

1) 1 of 6 main acute/subacute clinical syndromes (both
current and historical):

a) ON (severe ON with poor recovery; bilateral ON; ex-
tensive optic nerve injury or chiasmal involvement
on MR]; frequent recurrent ON; ON as the first dis-
ease manifestation regardless of its severity; ON in
a patient with systemic autoimmune disease),

b) acute myelitis (LETM, acute idiopathic TM with
signs that are not typical for MS; TM as the first
disease manifestation regardless of its severity;
TM in a patient with a systemic autoimmune dis-
ease; extensive (> 3 vertebral segments) spinal
cord atrophy on MRI indicating history of acute/
subacute myelopathy),
area postrema syndrome (in the absence of gas-
trointestinal disorders and other causes such as
vestibular disorders, infectious diseases, intoxi-
cation, drug therapy, endocrine disorders, stroke,
neoplasms), including a known systemic autoim-
mune disease,

d) isolated acute brainstem syndrome (oculomo-
tor dysfunction, facial paresis, facial numbness,
ataxia, symptomatic brainstem injury involving
periepidermal areas),

e) symptomatic narcolepsy or acute diencephalic
syndrome (hypersomnolence, syndrome of inap-
propriate antidiuretic hormone release) with typi-
cal diencephalic MRI lesions not clearly explained
by other causes,

f) acute cerebral syndrome (hemiparesis or tet-
raparesis, visual field loss, varying degrees of
consciousness disorders, epileptic seizures) with
typical unspecified hemispheric MRI lesions (cryp-
togenic leukoencephalopathy with characteristic
MRI brain changes),

2) suspected MS with unexplained severe relapses on
treatment with MS-modifying agents,

~—

C
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3) suspected MS with clinical manifestations of at
least one of the main NMOSD syndromes, atypical
clinical manifestations, and the absence of oligo-
clonal IgG in the CSF (the presence of oligoclonal
IgG in the CSF does not exclude NMOSD). How-
ever, a reliable diagnosis of MS based on clinical
and radiologic features (McDonald criteria 2017) in
the absence of the above signs does not suggest
NMOSD.

. When submitting biomaterial for anti-AQP4 testing, the

stage of disease (exacerbation or remission), the sam-
pling time (before, during, or after corticosteroid and
plasma exchange/immunoadsorption therapy), and the
name of the drug if treated with drugs to prevent exac-
erbations should be provided.

. To reduce the risk of a false negative result, serum sam-

ples for serum anti-AQP4 testing should be collected
prior to initiation of corticosteroid pulse therapy, plas-
mapheresis/plasma exchange therapy, or treatment
with drugs to prevent exacerbations.

. AQP4-IgG test results should include information on

the antibody titer, the technique used, and the presence
or absence of non-specific fluorescence for AQP4-IgG.

. If an initial negative result (< 1 : 10) is obtained and

NMOSD is still suspected, repeat the AQP4-IgG test af-
ter 3-6 months and/or in case of repeated exacerba-
tions.

. If an initial positive result is 1 : 10 or there are clini-

cal, neuroimaging, or laboratory changes that require
clarification of NMOSD diagnosis (red flags), or there is
nonspecific fluorescence for AQP4-IgG, repeat the assay
after 1 month.

. Two or three repeat assays may be performed within

6—12 months of an initial negative result, as well as af-
ter 12 months, depending on the clinical situation. The
upper limit of 12 months is due to the significant risk of
re-exacerbation of NMOSD in the first year.

. Patients diagnosed with NMOSD with AQP4-IgG who

are receiving therapy to prevent exacerbations may
experience seroreversion (reversion to a seronegative
status), which does not require repeat testing and is not
a reason to discontinue or change therapy.
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A Man Who Changed Six Spectacles:
a Case of Heidenhain Variant

of the Creutzfeldt—Jakob Disease
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Abstract

Creutzfeldt-Jakob Disease (C/D) is a rare and rapidly progressive condition. A 54-year-old professor initially presented with insidious, progressive
visual symptoms. Imaging suggested post-infectious encephalitis, but symptoms progressed to ataxia, coordination difficulties, and cognitive de-
cline. Repeat MRI revealed findings consistent with CJD, supported by clinical and electrophysiological evidence. Though 14-3-3 protein in CSF was
inconclusive, Heidenhain variant CJD was strongly suspected. Isolated visual symptoms progressing rapidly alongside ataxia and dementia prompt
suspicion of this variant. Clinical examination, neuroimaging, and EEG play crucial roles in the diagnosis.
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YemoBeK, KOTOPbIM LIECTb pa3 MEHHJ OYKM.
Onucanue KIMHAYECKOro cjiyyas nanueHTa
c 0oone3ubpio Kpeiitudenpara—Ikooa

(BapuanT XaiigeHxaiiHa)
A. Tupysypy, ®. Xazuna, P. Pamem, C. lllanmyram, []. AxBaxanu

Hremumym nayku evicuiezo obpasosanus Ilpu Pamauardpel, [opyp, Yennau, Hndus

AnHoTanug

Bonestb Kpeiimycensoma-Axoba (BKA) npedcmasnsem coboti pedkoe u Gvicmpo npoepeccupyioujee 3abonegarue. Ilayuewm 54 nem, npogheccop,
enepable 00pamuJics 3a MeOUYUHCKOL NOMOUbIO N0 N080JY NOCMeENeHHO NPozpeccupyiouye2o yXyouleHus 3peHus. JJanHble 6U3yanu3ayuu no3gou-
JIU npednonouUms Haziuyle NOCMUHpEKYUOHH020 IHYe(auma, 00HaKo CUMNMOMb! YCUTUBATUCh, NOSBUIUCH HAPYUIEHUS KOOPOUHAYUY, AMAKCUs
U CHUeHUe KozhumugHbLx (ynkyuil. Ilpu nosmoproti MPT Obinu ebisenenst npuskaku BKS, umo maksxe nodmeepxdanu 0anHble KAUHUUECKOZO0
u anexmpoghusuonozuueckozo obcnedosanuti. Hecmompsa na mo umo onpedenenue ypoens 0enxos 14-3-3 6 cnuHHOM03208011 Xuokocmu He no-
36071U710 npulimu Kk 00HO3HAUHLIM Bb1600aM, BO3HUKIIO cepbé3Hoe nodosperue Ha Hanuuue y nayuewma BKA, eapuanm Xaiidenxatina. Boicmpo
npozpeccupyloujue u301UposaKHsle 3pumeibHble CUMNMOMI, amakcus U 0eMeHyus nookpensisiom amo npednonoxexue. B yemanoenexuu makozo
0UazHO3a BaHeLIULYI0 POib U2paiom pe3ybmambl KAUHUYECK020 00c/1e008aHUS, HelipOBU3Yanu3ayuu u 37ekmposnyedanoepagpuu.

Kntouegvie cnoea: 6onesuv Kpetimygennoma-Skoba; sapuanm Xaiidenxaiina
dTuueckoe yTBep:KAeHue. VccnenoBaHre NPOBOAMIOCH NIPU HAMMUMKM UHGOPMUPOBAHHOTO COTJIACHs 3aKOHHBIX MPeZCTaBU-
TeJIel malyeHTa.
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KIMHWUYECKINI PA3BOP
Bapuant XaiifenxarHa 6onesnn Kpentudensara—ikoba

Wcrounuk ¢uuaHcupoBaHus. ABTODBI 3asB/SIOT 00 OTCYTCTBHUM BHELIHMX UCTOYHMKOB (DMHAHCHPOBAHMS DU MPOBELEHHH
UCC/IEI0BAHUAL.

Koudmukr unTepecos. ABTOpbI 3agBASIOT 00 OTCYTCTBUM SIBHBIX M MOTEHLUAbHBIX KOH(QIMKTOB MHTEPECOB, CBSA3aHHbIX
¢ myO/MKalyei HacTosAmel CTaThy.
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Introduction

Creutzfeldt-Jakob disease (CID) is a fatal neurodege-
nerative disorder typically characterized by rapidly pro-
gressive dementia associated with other neurological or
ophthalmologic symptoms [1]. The Heidenhain variant
defines a peculiar clinical presentation of sporadic CID,
characterized by isolated visual disturbances at disease
onset and reflecting the early damage to the occipital
cortex by prions. These isolated visual symptoms can
progress for weeks challenging the diagnosis [1]. We re-
port a 54-year male who presented with progressive vi-
sual symptoms, followed by neurological symptoms, and
after the evaluation was diagnosed with Heidenhain vari-
ant of CJD (HVCID).

Clinical case

A 54-year-old male professor developed insidious on-
set visual disturbances 4 months prior to presentation.
The visual symptoms were noted when he complained of
difficulty setting and correcting question papers. They
included a blurring of the entire visual field, with no
field restriction, blank spots, flashes of light, headache
or ocular pain or difficulty recognizing shapes and ob-
jects. He had no diplopia, visual hallucinations, visual
distortion, altered depth perception, or perception of
movement/persistence of images. He had an initial oph-
thalmological consultation and was prescribed glasses.
However, the visual symptoms had been persistent and
mildly progressive over the next two months for which
his glasses were changed repeatedly at least 6 times.
Subsequently, a month prior to presentation, follow-
ing dengue infection, his symptoms had worsened. One
week prior to the presentation, the patient developed
a slowing of his gait with unsteadiness when using his
right hand. No history of fever at that point, seizures,
vomiting, nuchal rigidity, sensory, or autonomic symp-
toms had been reported.

On examination, he appeared as an attentive, well-
groomed, mildly anxious man, with a normal Montreal
Cognitive Assessment score (MoCA) score of 29 points. Vi-
sual examination revealed a best-corrected visual acuity of
20/60 bilaterally, with inconsistent right hemianopia. His
eye movements, pupil and fundus were normal. During the
examination, macropsia was also observed. Spino-motor
examination revealed asymmetrical (right > left) cerebel-
lar signs, mild bradykinesia, and impaired tandem walk,
with normal muscle power. The other neurological and
systemic examination was unremarkable.

The patient's routine lab evaluation including CBC, renal,
hepatic, thyroid tests, glycemia and electrolytes was nor-
mal. Gadolinium-enhanced magnetic resonance imaging
(MRI) of the brain revealed T2/FLAIR gyriform hyperin-
tensities with corresponding restricted diffusion in the
left parafalcine parieto-occipital cortex with no evidence
of abnormal contrast enhancement with MR angiogram
was unremarkable (Fig. 1, A-C). The gyriform lesion pat-
tern along with insidious symptoms were suggestive of
encephalitis and CSF analysis showed an acellular tap
with normal protein levels. Infections and immune work-
ups in both CSF and serum were normal. Considering the
recent dengue infection, possible post-infectious enceph-
alitis was considered and the patient was pulsed with
high-dose steroids.

The patient continued to progress, with the development
of new visual symptoms of macropsia and agnosia with
worsening discoordination. He had developed memory
loss to the extent that he couldn’t recall his wife's name
or his education. A neurological examination revealed
a MoCA score of 8/30 with a significant increase in his
cerebellar signs and bradykinesia. The duration between
the two MoCA assessments were less than 3 weeks. A re-
peat gadolinium-enhanced MRI brain showed an increase
in the gyriform diffusion restriction with corresponding
T2 FLAIR hyperintensities noted in bilateral temporal and
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Fig. 1. Brain MRI (axial section, diffusion-weighted images; A, B) performed during the initial admission shows left occipito-parietal and
parafalcine gyri form diffusion restriction (arrows).
C — T2 FLAI hypermtensny in the corresponding areas; D—F — subsequent brain MRI (diffusion- wel%1 hted sequences, axial section) done durmg

the next admission show an increase of the gyriform diffusion restriction to involve the contralateral

sparing the perirolandic cortex.

left parieto-occipital lobes with sparing of the perirolandic
region with no contrast enhancement (Fig. 1, D-F). Con-
sidering the rapidly progressive cognitive decline, onset
with visual symptoms, and cerebellar signs, with imaging
features, the Heidenhain variant of CJD (HVCJD) was sus-
pected. Electroencephalography showed repeated cycles of
short interval periodic discharges of triphasic morphology
with background slowing (Fig. 2). For confirmation of CJD,
RT-QuIC and 14-3-3 protein were available. The results of
14-3-3 protein test were in high normal range which was
attributed to very early measurement in the course of dis-
ease. Moreover, 14-3-3 protein is relatively nonspecific and
its levels can be high in a variety of neurological diseases.
RT-QuIC test was not done due to logistical reasons. Pa-
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emisphere and high frontoparietal region,

tient attendees were counselled regarding the disease, and
the supportive care was initiated. The patient was later
followed up via telephone communication, a month after
discharge. By that time, he had become completely bed
bound and mute.

Discussion

CID is a rare prion (proteinaceous infectious particles)-as-
sociated neurodegenerative disorder resulting in a spon-
giform encephalopathy with an estimated incidence of
1 case per 1 million people annually [1]. The HVCID is
a form of sporadic CJD associated with visual signs and
symptoms at onset. The majority of reports detailing
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Fig. 2. Electroencephalogram recording of the patient in the average montage shows intermittent runs of short interval periodic triphasic
discharges (arrows).
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HVCID are epidemiological studies, reviews, and case re-
ports given the low incidence of the disease and lack of
controlled clinical studies [2]. Ophthalmic manifestations
of HVCJD may occur weeks or months before the onset of
other symptoms, with a retrospective case series detail-
ing that blurred vision and diplopia were the most com-
mon initial symptoms. The ophthalmologic manifestations
of HVCID include [2, 3]:

1. Eye signs:
¢ decreased visual acuity;
sluggish pupils;
absent optokinetic reflex;
no response to visual threat;
spasm of fixation;
optic disc pallor;
normal opthalmoscopy and biomicroscopy;
poor colour vision;
visual field constriction;
nystagmus;
supranuclear palsy;
ocular dipping;
saccadic abnormalities;
impaired convergence;
eyelid abnormalities;
homonymous hemianopia with and without macular
involvement.

2. Eye symptoms:

worsened visual acuity;
cortical blindness;

blurry vision;

palinopsia;

oscillopsia;

diplopia;

visual hallucinations;
vision distortion;

altered depth perception;

simultagnosia;

optic anosognosia;
environmental agnosia;
complete loss of vision;
tunnel vision.

Diagnosis of HVCID in its early stages can be difficult as it
may not entirely satisfy the clinical criteria which required
presence of dementia, and include cerebellar signs, and
parkinsonism. But the visual symptoms actually denote
occipital lobe involvement and represent the visuospatial
domain. So, the diagnosis is usually made based on ancil-
lary testing such as EEG and brain MRI. In a series of HVC-
ID, EEG was found to be the most sensitive, with periodic
triphasic waves, which were spread both generally or with
posterior predominance [4]. Other diagnostic modalities
include the CSF 14-3-3 test or the RT-QuIC. Human 14-3-3
proteins are normal neuronal and nonneuronal proteins
that participate in the modulation of signal transduction
pathways and are released into the CSF when there is non-
specific, rapid, and extensive destruction of brain tissue.
The sensitivity of 14-3-3 protein gamma isoform has most
commonly been reported as between 85% and 95% with a
specificity anywhere from 40% to 100% for diagnosing CJD.
In addition, the 14-3-3 protein test is not sensitive to other
types of prion diseases [5]. The moderate sensitivity, but
poor specificity is likely due to its elevation in a number
of different neurologic diseases [5]. There are no effective
treatment strategies at present for prion diseases.

Conclusion

This case report demonstrates the importance of consid-
ering this rare condition in patients with rapidly progres-
sive visual disturbances. Prompt recognition of this con-
dition prevents the patient and caregivers from additional
evaluation and for early institution of end-of-life support
services.
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Postoperative Hemorrhages in Vestibular
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Clinical Case Report
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Abstract

Vestibular schwannoma (acoustic neuroma) is a benign tumor that develops from Schwann cells and can be life-threatening. Nowadays, surgical
treatment is the method of choice in the management of patients with this type of tumor.

We present a clinical case report of 71 y.o. patient with vestibular schwannoma (Koos grade IV, Samii grade 4B) with severe compression of the pons
and the left cerebellar hemisphere. Microsurgical removal of the tumor was performed via the retrosigmoid approach. Starting from postoperative
day 1, signs of respiratory distress developed. Control multislice spiral computed tomography (MSCT) of the brain revealed the area of hemorrhage
in the left regions of the pons. On postoperative day 24 the patient's condition rapidly worsened progressing to coma with pronounced arterial
hypotonia and cardiac arrest.

Hemorrhage in the brain stem structures is a rare and life-threatening postoperative complication in vestibular schwannoma surgery. The incidence
of postoperative hemorrhage is 2-11% of cases. Vascular complications are the leading cause of mortality. The key predisposing factors are older
age, large and giant size of the tumor, tumor invasion into the pia mater of the brainstem, and vascularization of the tumor stroma. Comprehensive
assessment of the tumor blood supply status, the state of the brainstem, intra- and postoperative clinical and neurophysiological monitoring, careful
and thorough dissection of the tumor capsule and strict control of blood pressure in the postoperative period are the basis for the prevention
of these complications.

Keywords: vestibular schwannoma; postoperative hemorrhage; posterior cranial fossa
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Introduction

Despite the great advances in the treatment of patients
with vestibular schwannomas (VS), this type of tumors re-
mains one of the most challenging in neurosurgery due to
the proximity of the brainstem, cranial nerves, and vessels
of the vertebrobasilar system [1-4]. While mortality asso-
ciated with small VS resections is close to zero, in large and
giant tumors it reaches 2.5-7.7% [5-8]. The vast majority
of hospital patients have large and giant VS [3, 9-11].

Many studies on complications of the VS resection are fo-
cused on cranial nerve dysfunction and CSF leak, while publi-
cations on vascular complications are scarce. However, many
authors consider hemorrhage and ischemia to be the leading
causes of postoperative mortality [1, 2, 5, 8, 9, 11-13].

There are various types of intracranial hemorrhage: tumor
bed hematoma, with or without rupture into the brain's
ventricular system, intracerebral hemorrhage in the cer-
ebellum or the brainstem with or without bleeding into
the ventricular system, subarachnoid hemorrhage, subdu-
ral and epidural hematoma [11]. Pontine hemorrhage is a
relatively rare condition.

Clinical case report

Patient M., 71 years old, was admitted to the neurosurgical
department of the Krasnoyarsk Regional Clinical Hospital
in February 2018 with complaints of moderate occipital
headache, unsteady gait, dizziness, left-sided deafness,
and facial asymmetry.

The patient has been experiencing a gradual decrease in
hearing in the left ear for 2 years. In 2018, the patient's
condition worsened: headache, unsteady gait, dizziness,
lacrimation from the left eye, and complete deafness in
the left ear developed. Magnetic resonance imaging (MRI
scan) of the brain revealed the following: a VS up to
4.6 cm on the left (Fig. 1); severe compression of the pons
and the left cerebellar hemisphere; compression and dis-
placement of the fourth cerebellar ventricle; and commu-
nicating triventricular hydrocephalus without periventric-
ular edema or girus flattening.

Comorbidities: stage 2 hypertension, grade 3. No coronary
heart disease or cardiac arrhythmias. The patient took no
anticoagulants or antiaggregants.

Karnofsky score 60 at hospital admission. Clear con-
sciousness. Spontaneous horizontal left-beating nystag-
mus with rotary component and upbeat nystagmus. No
corneal reflex on the left. Non-severe left-sided numb-
ness of the face and tongue. Left-sided facial nerve pal-
sy (House-Brackmann grade II-III) [14]. Left anacusia.
No decline in caudal cranial nerve function. Muscle
strength is normal (score of 5). Moderately active sym-
metrical tendon reflexes (D = S). Coordination tests:
left-sided dysmetria and intention tremor. Romberg
test is positive. Hypermetria, left-sided dysdiadochoki-
nesia.

Diagnosis: left VS with gross compression of the pons and
left cerebellar hemisphere (Koos 4, Samii 4B). Communi-
cating triventricular hydrocephalus.

Fifg. 1. Preoperative brain MRI of the patient revealed a left cerebellopontine angle tumor with intense inhomogeneous accumulation
of paramagnetic contrast agent. Lateral ventricles are dilated.
Preoperative coronal and axial contrast-enhanced T1-weighted MR images.
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Given the size of the tumor, severe compression of the
brainstem and the cerebellar hemisphere, progressing
symptoms of the cerebellum, the brainstem, and the cra-
nial nerve damage, surgical treatment was indicated.

Microsurgical removal of the VS was performed in the pa-
tient's sitting position using a standard left-sided retros-
igmoid approach with 1 burr hole craniotomy. The bone
flap was additionally resected with burr to expose the me-
dial parts of the transverse-sigmoid sinus junction, and
the borders of the sigmoid sinus. The dura mater (DM)
was tense, did not transmit pulsation, and was dissect-
ed with an arcuate incision. Left cerebellar hemisphere
was edematous. After cerebrospinal fluid (CSF) evacua-
tion from the large occipital cistern, the tension in the
cerebellar hemisphere decreased. The access to the left
cerebellopontine angle was performed after a slight re-
traction of the cerebellar hemisphere, where the tumor
rising from the internal auditory canal (IAC) and clearly
separated from the cerebellar tissue was detected and vi-
sualized. The tumor capsule was opened. The tumor stro-
ma looked yellow, friable, moderately vascularized, and
difficult to vacuum aspirate. Internal decompression of the
tumor and removal of its stroma up to the capsule was
performed with microsurgical instruments and vacuum as-
pirator under microscope control. The capsule was bluntly
and sharply separated from the caudal cranial nerves and
the posterior inferior cerebellar artery. The next step was
to separate the tumor capsule from the vein of Dandy and
the trigeminal nerve. The DM covering the petrous part
of the temporal bone adjacent to [AC was coagulated and
dissected. The bony plate of IAC was resected up to 5 mm
wide peripherally using a microbore. The tumor capsule
was separated from the facial nerve in the [AC area using
microsurgical instruments. Next, the tumor capsule was
sharply dissected from the facial nerve and the anterior

Postoperative hemorrhages in vestibular schwannoma surgery

inferior cerebellar artery, up to the cerebellopontine angle.
The biggest challenge was to separate the tumor capsule
from the distal parts of the facial nerve and the pons. The
anatomical vestibulocochlear nerve integrity could not be
preserved. During dissection of the tumor capsule from
the pons, the patient had episodes of arterial hyperten-
sion without cardiac arrhythmias clearly related to surgi-
cal manipulations (type 1 centrogenic reactions, systemic
hemodynamic responses) and required a brief interruption
of the surgery until the BP stabilized. Surgicel® Fibrillar™
hemostatic agent was used to achieve hemostasis. The DM
was sutured tightly and additionally sealed by the Tachoc-
omb plates. The bone flap was replaced and secured to the
skull with two CranioFix®2 fixation systems. The soft tis-
sues were sutured layer by layer. No cardiac arrhythmias
were observed during surgery.

After waking up from sedation, the patient regained clear
consciousness. However, it was not possible to wean him
from the mechanical ventilation due to rapid exhaustion
and blood gas disturbance during independent breathing,
so respiratory support in SIMV mode was provided. Sys-
tolic BP was fairly stable ranged from 140 to 160 mm Hg
with an increase during independent breathing. Facial pal-
sy progressed up to House-Brackmann grade V-VI [14],
left-side facial numbness and fine horizontal left-beating
nystagmus developed. There were no motor symptoms or
any damage to other cranial nerves. Control MSCT (Fig.
2) revealed an area of hemorrhage up to 1.5-2.0 ml in the
left regions of the pons. There was no hemorrhage in the
tumor bed. The ventricular system was moderately dilat-
ed, but, compared to preoperative levels, no increase in
volume was observed.

Over the next few days, the patient varied from being
clearly conscious to mild obtundation. Respiratory sup-

Fig. 2. Contrast-enhanced head MSCT on postoperative day 1. No contrast-enhancing areas observed. Hemorrhage site is detected in the

left regions of the pons.
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Fig. 3. Head MSCT on postoperative day 5.

port in SIMV mode was continued. Repeated attempts
to wean the patient from the MV failed due to the rapid
increase in respiratory failure. There were episodes of
BP increasing up to 150 mm Hg. No cardiac arrhythmias
were observed. Based on MSCT data (Fig. 3), neither pro-
gression of hydrocephalus, nor increase of hemorrhage
area in the pons region, nor brainstem involvement were
detected.

A tracheostomy tube was placed on postoperative day 5.
From postoperative day 14, periods of psychomotor agi-
tation and episodes of atrial fibrillation were noted. The
patient was placed on fully controlled mechanical venti-
lation. From day 20, febrile hyperthermia and neutrophilic
leukocytosis developed, and bilateral pneumonia was diag-
nosed. Based on the results of sputum cultures, antibacte-
rial therapy was prescribed. On postoperative day 24, the
patient's condition acutely worsened with development of
coma accompanied by arterial hypotension and cardiac
arrest. Resuscitation was unsuccessful.

Post-mortem examination stated that the patient died
from cerebral edema with cerebellar tonsillar herniatio
in the foramen magnum and brainstem dislocation.

Discussion

Prevalence of complications

There are controversial data in the literature regarding the
incidence of postoperative hemorrhages after VS removal.
A number of studies report only on isolated clinical cases
with this type of complications [15-18]. V.N. Shimansky et
al. (the authors of clinical guidelines on VS surgical treat-
ment) indicate a 2% complication rate after VS removal.[1]

Other authors estimate VS surgery hemorrhage incidence
at 2.4-5.0% [2, 8, 13, 19-24]. ]. Betka et al. reported that

tumor bed hematoma was the most common complica-
tion and required reoperation (2.4%), while cerebellar
hemorrhages (1.2%) and epidural hematoma (1%) were less
common.[2]

M. Samii et al. based on their extensive experience in
VS surgery reported hemorrhagic complications in 2.2%
of 962 operated patients, which required reoperation in
15 (1.5%) cases [25]. In another article, the same authors
noted that tumor bed and cerebellar hemisphere hemor-
rhages did not require reoperation in 8% of cases after gi-
ant VS removal and only in 1.2% of cases after small-sized
tumor removal [26].

One of the most recent studies on VS surgery was pub-
lished by X. Guo et al. [4]. In a series of 452 tumors resec-
ted via the retrosigmoid approach, the authors registered
8.2% of hemorrhages, and 3.1% of them required reopera-
tion. In most cases, hematoma was localized in the tumor
bed. One of the patients died, and the other went into a
prolonged coma.

The largest number of postoperative hemorrhages is re-
ported by R. Philip et al.,, ES. Kazim et al. These authors
registered hematomas in 11.0-11.5% of patients after re-
section of VS > 4 cm [7, 27].

In general, hemorrhages after resection of intracranial tu-
mors are associated with high mortality. T. Kageji et al.
reported that in 2.09% of patients, who underwent intra-
cranial tumor resection, 30-day mortality was 12.5% [28].
In the study conducted by S. Wang et al., postoperative
hemorrhages requiring reoperation were registered in 1.8%
of cases with 20% mortality [29].

The data on the hemorrhages developing after VS removal
and requiring reoperation also differ. In a series of tumor
resections performed by I. Yamakami et al., there were no
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cases requiring reoperation [20]. B. Sade et al., on the con-
trary, noted that these complications required reoperation
in at least 50% of cases [24].

Noteworthy, S. Rahimpour et al. believe that the incidence
of postoperative complications in VS surgery has recently
increased. The authors explain it by a decrease in surgical
experience due to the wide introduction of radiosurgical
methods of treatment, by the growing number of tumors
requiring resection, and by a certain percentage of irradi-
ated VS, as their dissection during surgery is quite chal-
lenging [30].

Causes and risk factors

The literature describes the following preoperative risk
factors for hemorrhage complications after removal of in-
tracranial tumors, including VS: age over 65 years, high
international normalized ratio (INR), factor XIII deficiency,
ischemic heart disease, atrial fibrillation and anticoagulant
use, tumor > 4 cm, peritumoral edema, cystic VS and VS
without capsule [4, 22].

Older age as a risk factor for postoperative hemorrhage is
determined by a number of subfactors: higher incidence of
arterial hypertension, age-related brain atrophy, frequent
intake of anticoagulants and antiaggregants due to multi-
ple comorbidities.

According to S. Wang et al., the age of patients and large
tumor size are statistically significantly associated with the
development of postoperative intracerebral hemorrhages
[29]. The authors explain this by a large surgical area of
exposure, retraction injuries and a significant decrease in
intracranial pressure after the tumor resection.

R. Gerlach et al. analyzed such complications after neuro-
surgical interventions [31]. They found factor XIII deficien-
cy (a fibrin-stabilizing factor involved in a dense clot for-
mation and influencing platelet adhesion and aggregation)
in 40% of patients. The authors proved that this condition
is statistically significantly associated with the develop-
ment of hemorrhage.

Of the preoperative risk factors in our patient, age over
65 years and a giant tumor were identified. There were
neither coagulation disorders nor significant arterial hy-
pertension.

M. Samii et al. emphasize that peritumoral edema in pa-
tients with VS indicates tumor hypervascularity and a ten-
dency to form tumor bed hemorrhage in the postoperative
period [32]. According to preoperative MRI findings, our
patient had no peritumoral edema. However, MSCT data
(Fig. 4) indicated hypodense changes in the region of the
pons and in the adjacent regions of the cerebellum.

Postoperative hemorrhages in vestibular schwannoma surgery

Fig. 4. Preoperative axial contrast-enhanced head MSCT scan with
a peritumoral hypodensity area.

VE. Kocharyan et al. performed a systematic review and
detailed analysis of intraoperative causes of hemorrhag-
ic complications in VS surgery [11]. According to the au-
thors, the main surgical causes of cerebellopontine angle
hematomas are the ineffective hemostasis in the branches
of the anterior inferior cerebellar artery, rupture of the
veins of the cisterna pontis lateralis and middle cerebel-
lar peduncle (brachium pontis), as well as damage to the
superior jugular bulb during drilling the IAC. The leading
causes of cerebellar hemorrhages and subdural hemato-
mas are the bleeding surface of the tumor bed and the
cerebellar tissue during its lateral resection, and cerebral
venous infarction with secondary hemorrhagic transfor-
mation. Epidural hematomas are caused by bleeding from
muscular branches of the posterior auricular and occipital
arteries with secondary spread into the epidural space, or
by damage to walls of sinuses or mastoid emissary veins.
The authors consider the tumor bed hematoma to be the
most frequent hemorrhagic complication with the worst
prognosis [11].

According to H. Mahboudi et al., the incidence of iatro-
genic large vessel injuries in posterior cranial fossa sur-
gery is 0.8% [6]. ]. Betka et al. believe that damage to
the cerebellar arteries is unlikely due to their large size,
so they can be easier identified during surgery, unlike
smaller vessels [2].

A number of studies indicate a higher risk of hemorrhage
in case of incomplete tumor removal. J. Bartek et al. found
a clear correlation between subtotal resection of the VS
and the development of postoperative hematoma [22].
M.M. Tastanbekov et al. also consider incomplete tumor
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removal and cerebellar hemisphere resection to be the risk
factors for complication development [13].

K. Mattok et al. associate hemorrhagic complications with
coagulopathy caused by excess thromboplastin due to tu-
mor destruction during its removal, and ischemia that may
develop in the lateral parts of the pons. The authors con-
sider the giant size of the tumor to be a risk factor for the
development of intraoperative coagulopathy [33].

According to G.I. Moisak et al., the risk factors for the
development of circulatory disorders in the brainstem are
the brainstem pronounced displacement based on preope-
rative MRI data, rapidly progressing neurological symp-
toms, signs of decompensation during hospital admission,
and hypertension syndrome [9].

Noteworthy, A. Harders et al. suggest that intracerebral ar-
terial blood flow causing cerebral ischemia becomes lower
in a sitting position. When the patient is repositioned after
surgery, there is hyperperfusion of brain tissue that may
cause intracerebral hemorrhages in the ischemic area [34].

The theory of centrogenic reactions (CR; ie., systemic he-
modynamic responses) developed by AN. Kondratyev [35]
is important for understanding the development of vascular
disorders in the brainstem. The author believes that CR are
caused by a direct multifactorial impact on cerebral struc-
tures during the removal of an intracranial tumor. The dam-
aging effect of CR is produced by disturbances of cerebral
blood flow autoregulation leading to inadequate compen-
sation of central hemodynamic fluctuations. Thus, arterial
hypertension resulting from CR may be accompanied by
an increase in blood flow into the brain parts without au-
toregulation, followed by the edema development and the
risk of hemorrhage in these areas. During surgery, type 1 CR
is characterized by fluctuations in BP, heart rate and heart
rhythm, and type 2 is defined by a steady, gradual increase in
BP, multidirectional changes in heart rate and heart rhythm.

M. Zetterling et al. assume that major intraoperative blood
loss is also significantly associated with the development
of hemorrhagic complications [36]. However, in the study
by T. Kageji et al. no such correlation was found [28].

In our clinical case, the tumor was radically removed, cere-
bellar hemisphere was not resected, and no intraoperative
blood loss was observed.

A. Basali et al. consider intra- and postoperative arterial
hypertension up to 160-90 mm Hg and higher to be an
important risk factor for the development of postoperative
hemorrhage in neurosurgery. They report on BP elevation
within 12 h after the intervention in 62% of patients with
these complications [37]. Similar data are presented by
K. Lillemae et al. hemorrhages requiring reoperation

developed in 84.6% of patients with BP > 160 mm Hg epi-
sodes in the early postoperative period [38].

In our patient, episodes of arterial hypertension up to
160 mm Hg were observed on postoperative day 1, which,
apparently, caused the development of a rare local hemor-
rhage in the pons.

Timing of complications

There are different views regarding the timing of these
complications. Some researchers observed hemorrhages
during urgent MSCT due to patients' condition worsening,
the others detected them during routine MSCT/MRI on
the next day after surgery.

Most often hemorrhages manifest on postoperative day 1
[19]. A. Basali et al. analyzed the results of 11 214 cranioto-
mies. On average, postoperative intracranial hemorrhages
developed 21 h after surgery [37].

S.E. Heman-Ackah et al. report that hemorrhages can be
observed not only in the early postoperative period, but
also on postoperative days 10-14 [39].

Data obtained by M. Zetterling et al. indicate that 80%
of hemorrhage complications develop on day 1 after tu-
mor removal, and > 50% of them develop within the first
6 hours. The authors note that hematomas developed on
day 1 were more life-threatening than those developed
later [36].

VE. Kocharyan et al. presented 3 interesting clinical case
reports of the hematomas developed in the cerebellopon-
tine angle with clinical manifestation 16-28 h after VS
removal [11].

Clinical presentation

In the postoperative period, clinical manifestations of vas-
cular complications may vary from mild neurological dis-
orders to symptoms of dislocation and herniation of the
brain structures.

Small hemorrhages in the cerebellar hemisphere manifest
only by ataxia symptoms [20]. Larger ischemia and hem-
orrhage areas may often cause deterioration of conscious-
ness of varying severity, arterial hypertension, bradycar-
dia, pupil dilation, and hemiparesis [2].

M. Sanna et al. emphasize the key role of progressive dete-
rioration of consciousness in the diagnosis of hemorrhagic
complications [17].

In our clinical case report, hemorrhage developed on post-
operative day 1 and manifested with respiratory distress.
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Intraoperative diagnosis

According to intraoperative analysis of brainstem auditory
evoked potentials (BAEP), type 1 CR is manifested by longer
interpeak intervals I-IIl and IlI-V and altered amplitude of
Il and V peaks on the side of the removed tumor. Data pre-
sented by M.M. Tastanbekov et al. demonstrate that these
reactions develop more often when the tumor capsule is
separated from the pons Varolii, trigeminal nerve, and cau-
dal cranial nerves. These authors emphasize that peak am-
plitude and duration of interpeak intervals typically return
to normal after brief interruption of the surgery [13].

Type 2 CR is associated with an increased and/or decreased
peak IIl and V height, especially on the side of the removed
tumor, and with bilateral prolongation of interpeak intervals
-V and I-V. It was found that with type 2 CR, the BAEP
parameters significantly outpaced the systemic hemody-
namic changes by 10 min on average [13].

Patient management strategies

The choice of appropriate management for patients with
these complications depends on the type, localization and
size of hemorrhage, the patient's consciousness level and
neurological disorders. The management can be both con-
servative (infusions of mannitol, diuretics, correction of
coagulation disorders) and surgical.

The type of reoperation varies from hemorrhage remov-
al to decompressive trepanation and external ventricular
drainage [4, 11].

J. Betka et al. note that if the patient with postoperative
hemorrhage develops hypertension, its immediate removal
is indicated [2]. M. Sanna et al. believe that after removal
of VS, the patient should be brought out of sedation as
quickly as possible and extubated to assess the neurolo-
gical status [17], The authors believe that in case of pro-
gressive worsening of the patient's condition, revision of
the postoperative wound with hematoma removal, decom-
pression and ventricular drainage should be performed
in the ICU prior to MSCT scanning [17].

Taking into account the small volume of hemorrhage, its
localization in the region of the pons, and no progression
of hydrocephalus, we did not perform any active surgical
actions in our case.

Intra- and postoperative prophylaxis
The postoperative hemorrhage prevention measures in-

clude thorough hemostasis with modern local hemostatics
and BP control during the wound closure [1].

Postoperative hemorrhages in vestibular schwannoma surgery

M. Samii et al. emphasizes the importance of meticulous
arachnoid dissection when removing the VS and preser-
ving all the vessels located on its capsule [25].

G. lacob et al. use no coagulation when separating tumor
fragments tightly adhered to the pons [40].

There is still more attention in the literature to the
physiological feasibility of surgical interventions, which
generally determines acceptable extent of the tumor re-
section. It is emphasized that changes in clinical and
BAEP parameters allow early diagnosis of the brainstem
involvement and enable the surgeon to respond to the
threatening situation in a timely manner. The develop-
ment of type 2 or type 1 CR transiting to type 2 CR
during surgery is a poor prognostic risk factor and jus-
tifies brief interruption and sometimes even termination
of surgery [9, 13, 35].

In case of large and giant VS, two-stage tumor removal
can be considered [41, 42].

VEE. Kocharyan et al. recommend continuous 24-48 h
postoperative neurological monitoring after tumor re-
moval [11].

VN. Shimansky et al. emphasize the importance of de-
tection and timely correction of arterial hypertension in
the postoperative period as significant intracranial hemor-
rhage preventive measures [1].

Thus, postoperative hemorrhage complications in VS
surgery are rare but dangerous, being the leading cause
of unfavorable treatment outcomes. The key predispos-
ing factors are older age, large and giant size of the
tumor, tumor invasion into the pia mater of the brain-
stem, and vascularization of the tumor stroma. Compre-
hensive assessment of tumor blood supply and the state
of the brainstem, intra- and postoperative clinical and
neurophysiological monitoring, careful and thorough
dissection of tumor capsule and strict BP control in
the postoperative period are the basic preventive mea-
sures for these complications. Progressive deterioration
of consciousness in patients with postoperative hem-
orrhage may require decompressive trepanation of the
posterior fossa, hematoma evacuation, and ventricular
drainage.

The presented clinical case report demonstrates that hem-
orrhage into the brainstem can be caused by minor arte-
rial hypertension in the early postoperative period and
even with a small hemorrhage volume can lead to fatal
outcomes.
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