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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Decreased cerebral blood flow (CBF) leads to impaired
cerebral hemodynamics, which causes an increased risk of
stroke. Revascularization has been shown to improve CBF
in patients with moyamoya disease. The study is devoted
to the retrospective study of clinical features and cerebral
hemodynamic characteristics of 17 patients with moyamoya
disease before, during and after surgical treatment using
extracranial-intracranial (EC-IC) bypass by STA-MCA type.
Patients underwent superficial temporal artery-middle cerebral
artery bypass surgeries. All patients were carried out by DSA,
MSCT-angiography, and MSCT-perfusion imagine (MSCTPI)
before and 6 months after surgery. The hemodynamic
parameters during MSCTPI, changes in cerebral vascular
pattern, and clinical outcomes were evaluated. Cerebral blood
flow and mean transit time (MTT) were measured using
MSCT-perfusion imaging to identify areas of hypoperfusion.
Intraoperative indocyanine green (ICG) analysis was performed
to assess local cerebral hemodynamics before and after
the creation of the STA-MCA bypass. Results showed that
hemodynamics improved significantly on the surgery side after
revascularization. After STA-MCA bypass CBF increased and
MTT reduced by almost 2 times compared to the level before
the bypass. The modified Rankin Scale scores demonstrated an
improvement in the neurological status of patients following
surgical revascularization. Thus, STA-MCA-type surgical
revascularization significantly improved cerebral perfusion
parameters and reduced the risk of stroke in patients with
moyamoya disease. MSCTPI can serve as an effective and
noninvasive method for monitoring cerebral hemodynamics in
these patients. Intraoperative ICG angiography is a safe method
that can display hemodynamic characteristics in the surgical
area.

Key words. Moyamoya disease, neuroimaging, intraoperative
intravenous indocyanine green angiography, extra-intracranial
microvascular bypass.

Introduction.

Moyamoya disease (MMD) is a chronic, progressive,
occlusive-stenotic disease of the cerebral vessels of unknown
etiology that involves gradual hyperplasia of smooth muscle
cells with the concomitant development of critical stenoses or
occlusions of proximal cerebral vessels [1]. This process results
in compensatory distal vasodilation and the formation of an
abnormal network of vessels in the basal brain regions, known
as moyamoya vessels. Critical stenotic lesions of the internal
carotid arteries (ICA) are one of the causes of cerebral ischemia
in MMD, resulting in a progressive decrease in blood flow to
the brain. MMD was first described by Japanese neurosurgeons
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Takeuchi and Shimizu in 1957 [2]. The Ministry of Health
and Welfare of Japan defines four types of MMD: ischemic,
hemorrhagic, epileptic, and 'other'. Patients with MMD with
moderate arterial hypotension and/or hyperventilation have a
very high risk of cerebral stroke. In cases of arterial hypertension,
there is also an increased risk of intracerebral hemorrhage due
to the fragility of anastomotic vessels [1]. Clinical symptoms in
most patients are determined by the following causes: cerebral
ischemia (transient ischemic attacks, seizures, stroke) and a
compensatory response to progressive ischemic brain damage.
These include headache, which may be associated with dilated
transdural collaterals, or intracerebral hemorrhage resulting
from ruptured moyamoya vessels. As a rule, the ischemic course
of the disease is predominant in childhood and the hemorrhagic
course in adults [2]. MMD is more commonly diagnosed in
young patients. Prolonged hypoperfusion due to the progression
of the disease and insufficiency of collateral circulation can lead
to irreversible brain damage. This can result in the development
of multiple ischemic strokes and intracerebral hemorrhages,
ultimately causing severe disability and a poor prognosis [3].

The progression of the disease increases the risk of
cerebrovascular disorders, which may require surgical treatment.
The treatment of MMD is determined by the aggressiveness of
its progression. Collateral circulation provides some alternative
means of maintaining cerebral perfusion, but this compensation
is usually inadequate and/or unbalanced [4]. The goal of MMD
treatment is to ensure adequate collateral blood flow, which
can significantly reduce the risk of stroke. Currently, the most
effective treatment for MMD is surgery to reduce the risk of
stroke by restoring adequate cerebral blood flow (CBF) [5,6].
There are three types of surgical treatment for MMD: direct
revascularization of the brain using extra-intracranial bypass,
indirect revascularization by placing vascularized tissue over
the cerebral cortex, and combined revascularization. Any of
these techniques aims to supplement or restore cerebral blood
flow in the area of hypoperfusion. They are recommended to
improve cerebral blood flow and brain perfusion, reduce the
risk of stroke, and improve neurocognitive functioning [7,8].
The most common method of restoring blood flow in MMD
is surgical revascularization by creating an extra-intracranial
microanastomosis between the superficial temporal artery and
the cortical branch of the middle cerebral artery (EICMA by the
STA-MCA bypass) [9].

Radiological diagnostics, including visualization of the
moyamoya vascular network and decreased brain perfusion,
is important in establishing the diagnosis of the disease [10].
Cerebral blood flow can be assessed by various neuroimaging
techniques, including single-photon emission computed
tomography and magnetic resonance perfusion imaging.
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Multislice computed tomographic perfusion imaging
(MSCTPI) of the brain is one of the modern techniques that
allow rapid and qualitative determination of indicators of
cerebral hemodynamics in these areas of the brain, provides the
necessary data to predict the course of the disease, determines
appropriate treatment strategies, resolve the issue of surgical
revascularization, and allows monitoring of blood supply to the
brain in the early and extended postoperative periods.

Our study aims to analyze the possibilities and results of
surgical revascularization of moyamoya disease by forming an
extra-intracranial microanastomosis of the STA-MCA bypass
using neuroimaging methods in different stages of surgical
treatment.

Materials and Methods.

The analysis is based on the results of a retrospective study
conducted as part of the research projects of the State Institution
«Romodanov Neurosurgery Institute, National Academy of
Medical Sciences of Ukraine» (2016-2024 pp.): «To determine
the effectiveness of surgical revascularization in patients
with cerebral vascular disease» (State registration number
No0116U001037); «To study the peculiarities of ischemic
brain damage manifestations during surgical treatment of
cerebrovascular diseases and ways of their correction» (State
registration number No0122U000332).

Patient selection. A retrospective analysis of the results
of the examination and surgical treatment of 17 moyamoya
disease patients (7 males and 10 females, between 16 and 70
years old) who were undergoing examination and treatment in
the Emergency Department of Vascular Neurosurgery of the
State Institution «Romodanov Neurosurgery Institute, National
Academy of Medical Sciences of Ukraine» from 2016 to 2023.

The study was approved by the FEthics and Bioethics
Committee of the State Institution «Romodanov Neurosurgery
Institute, National Academy of Medical Sciences of Ukraine».
All patients were informed about the study procedures and gave
written informed consent by the World Medical Association's
Declaration of Helsinki for the Ethical Principles of Scientific
Medical Research Involving Human Subjects (1964-2008),
the European Society Directive 86/609 on the Participation
of Human Subjects in Biomedical Research, and the Order of
the Ministry of Health of Ukraine as amended by No. 690 of
23.09.20009.

Inclusion criteria for the study were: 1 - Diagnosis of MMD
according to recommendations [11]; 2 — Age between 16 and
70 years old; 3 — Results of previous studies of cerebral digital
subtraction angiography (DSA) and MSCTPI of the brain
(if available); 4 — Stable preoperative condition, absence of
acute cerebrovascular disease (no new cerebral hemorrhage or
ischemic stroke, frequent transient ischemic attacks (TIAs) (>
2 times per week); 5 — Absence or previous results of surgical
revascularization for CBF reconstruction (STA-MCA bypass);
6 — Consent to monitoring cerebral perfusion and informed
consent to process study results.

Exclusion criteria for the study were: 1 — Detection of
concomitant cerebrovascular disease such as aneurysms or
vascular malformations during angiographic examination in
patients with MMD; 2 — Acute period of stroke; 3 — Inability
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to conduct research due to constitutional peculiarities such
as cognitive impairment or mental disorders; 4 — The study's
quality is substandard or does not meet standard visualization
practices; 5 — Missing patient clinical data and refusal to process
test results.

Patients underwent a comprehensive clinical examination that
included neuropsychological testing, Doppler ultrasound of
head and neck vessels, multislice spiral computed tomography
(MSCT), and MSCT perfusion imaging of the brain, as well
as cerebral digital subtraction angiography before and after
surgery. All patients diagnosed with MMD exhibited severe
symptoms, as shown in Table 1. The modified Rankin Scale
(mRS) was assessed during hospitalization and at follow-up. The
moyamoya vessels were assessed following the angiographic
staging of MMD by the Suzuki and Takaku classification [12].

Table 1. Clinical characteristics of the patients with moyamoya disease.

Characteristics All cases
No. of patients 17
No. of hemispheres * 22
Age (years) ® 35.06+10.42
Sex *
Male 7 (41.2%)
Female 10 (58.8%)
Premorbid history *
Hypertension 14 (82.4%)
Headache 17 (100%)
Amaurosis (remiaHorcis) 2 (11.8%)
Diabetes 3 (17.6%)
CHD 2 (11.8%)
Smoker 2 (11.8%)
Damage to the cerebral hemispheres *
Bilateral 5(29.4%)
Right 4 (23.5%)
Left 8 (47.1%)
Clinical symptoms onset®
TIA 17 (100%)
Ischemia 16 (94.1%)
Hemorrhage 1(5.9%)
Preoperative mRS score ?
0 0 (0%)
1 0 (0%)
2 15 (88.2%)
3 1 (5.9%)
4 1 (5.9%)
Surgical side °
Right 6 (35.3%)
Left 11 (64.7%)
Postoperative stroke in acute phase
TIA 1 (5.9%)
Ischemia 0 (0%)
Hemorrhage 0 (0%)
Postoperative mRS score ?
0 2 (11.8%)
1 7 (41.2%)
2 8 (47.0%)

Notes: CHD — chronic heart disease; TIA — transient ischemic attack; mRS
— Modlified Rankin Scale. a — Percentage (%). b — Mean value + SD.



Cerebral digital selective angiography (DSA) was performed
using an Allura Xper FD20 Philips angiograph (Netherlands).
Staging of MMD according to the Suzuki and Takaku
angiographic scale was performed based on the results of DSA
[26]. Diagnostic criteria were: 1 — Uni-/bilateral stenosis or
occlusion of the distal segment of the internal carotid artery
(ICA) and/or the initial segment of the anterior cerebral artery
and/or MCA; 2 — Abnormal network of moyamoya vessels in
the basal parts of the skull, visualized in the arterial phase of
DSA.

Multislice computed tomographic angiography (MSCTA) of
cerebral vessels was performed using multislice spiral computed
tomography, the Toshiba Aquilion Prime 160 (Japan).

Multislice computed tomographic perfusion imaging
(MSCTPI) of the brain. Cerebral hemodynamics were studied
using MSCTPI, following the standard method, with a
multislice spiral computed tomography, the Toshiba Aquilion
Prime 160 (Japan). MSCTPI was performed before and after
surgical treatment at 3 and 6 months. The Vitrea workstation
software was used to process the information received.
Perfusion hemodynamic parameters (cerebral blood volume
(CBV, ml/100 g); cerebral blood flow (CBF, ml/100 g/min);
mean transit time (MTT, s)) was recorded and evaluated in
symmetrical sections of perfusion maps. The resulting perfusion
maps are axial plane CT images corresponding to 4 slices of
lcm brain tissue. Regions of interest (ROIs) in each cerebral
hemisphere (the medial prearterial cortex (M1), the extrainsular
cortical area of the MCA (M2), the posterior middle cortex
(M3), and the basal ganglia) were defined based on the Alberta
Stroke Program Early CT Score. After registration, the mean
values of CBF, and MTT in each flow territory were analyzed.
The location and grade of vasculopathy (occlusion or severe
stenosis) of each patient were identified.

Surgical treatment. Indications for surgical treatment were
determined based on medical history, neurological status,
diagnostic criteria, and neuroimaging findings. Preoperative
planning included ultrasound Doppler, DSA, and identification of
a potential donor artery for extra-intracranial microanastomosis
(EICMA).

In the complex treatment of MMD, all patients underwent
surgical revascularization with the formation of EICMA by
STA-MCA bypass (Figure 1). Patients were prepared for
surgery according to generally accepted rules. The surgical
intervention was performed under intravenous anesthesia with
artificial lung ventilation without any deviation from the general
principles of general anesthesia in patients with cerebrovascular
disease. Blood pressure was maintained at baseline. The
EICMA procedure was performed under a microscope using
microsurgical instruments, a Soring bipolar microcoagulator,
and microsutures with Ethicon 10/0 barbed atraumatic needles.
The operation of EICMA overlay between the external carotid
artery and the cortical branches of the MCA included the
following sequential steps: 1 - Y-shaped or arcuate incision
of the skin and soft tissues in the frontotemporal region; 2 -
Isolation of the donor’s vessel from the soft tissues of the head;
3 - Osteoplastic craniotomy in the temporal-frontal region
measuring about 6.0x6.0 cm to visualization and access to
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cortical vessels; 4 - Isolation of the cortical artery (segment M4
or M5 of the MCA); 5 - Preparation of vessels for anastomosis
and temporary occlusion of the recipient artery; 6 - Vascular
suturing (STA - MCA bypass of the "end to side"); 7 —
Hemostasis; 8 - Layered suturing of the surgical wound.

Figure 1. STA-MCA bypass surgery stages: a — isolated donor artery
(superficial temporal artery) (green arrows); b — determination of
the recipient artery (cortical branch of the MCA) (black arrow); ¢ —
the donor artery (green arrows) is moved to the recipient artery (red
arrows); d — view of the operating area after creation of the EICMA,
STA-MCA bypass (black arrow).

After performing a bone-plastic craniotomy and opening
the dura mater, the initial intraoperative infrared intravenous
indocyanine green (ICG) angiography (ICG-FLOW 800) was
performed, the results of which were recorded in the formed
craniotomy window (Figure 2). Following the creation of the
EICMA, the patency of the anastomosis was verified visually
and by contact Doppler ultrasound, after which the control
intraoperative infrared ICG angiography was performed again
(Figure 2).

Figure 2. Intraoperative infrared ICG angiography: a — preoperative
ICG; b — postoperative ICG, where the blue arrow indicates the
alternative recipient artery (the temporal superficial artery) and the

red arrow indicates the patency of the anastomosis site.

The patency of the EICMA in the postoperative period was
confirmed by control MSCTA (3-5 days after surgery). Control
examinations (DSA, MSCTA, MSCTPI) and clinical results
were recorded 6 months after revascularization surgery.

Clinical evaluation. Prior to undergoing surgical treatment,
patients were followed in the clinic and for 6 months after
surgery. Recurrent symptoms were recorded, including
intracerebral hemorrhage, stroke, and TIA. The modified
Rankin scale (mRS) was used to assess the changes in patients’



neurologic functional status before and after surgery.

Statistical analysis. In our study, Statistica 10.0 (StatSoft,
USA) was used for statistical analyses. Categorical variables are
presented as counts (with percentages) [n (%)] and continuous
variables are presented as the means + standard deviations. In
terms of baseline patient characteristics (e.g., disecase onset
and vascular risk factors) were considered for each patient,
and the remaining items were described by hemisphere. The
normality of the data was checked using Kolmogorov-Smirnov
tests. For continuous variables including MSCTPI parameters,
independent sample t analysis and one-way analysis of variance
(ANOVA) were used as univariate analysis was to seek for the
differences between groups. Differences were considered to be
significant when the statistical P<0.05.

Results.

Clinical characteristics of patients. According to the inclusion
criteria, 17 patients were studied. The diagnosis of moyamoya
disease was confirmed in all patients by DSA and MSCTA.
Tables 1 and 2 show the characteristics of patients and initial
data of MMD. Among the comorbidities, 1 case had Down
syndrome. The development of MMD in patients with Down
syndrome can be explained by vascular dysplasia associated
with the peculiarities of the coding proteins in chromosome 21,
which are involved in the increased risk of developing vascular
diseases [13]. The study results showed that the mean age in
MMD was 35.06+£10.42 years. MMD prevalence was higher in
females (n=10, 58.8%) than in males (n=7, 41.2%). Hemiparesis
was a characteristic feature of the disease. Headache was
recorded in all cases. Progressive amaurosis was observed in 2
patients. TIA from the onset of the disease was recorded in all
cases. The clinical MMD manifestation was mainly represented
by ischemic stroke as a result of progressive cerebral artery
occlusion (n=15, 88.2%) (Fig. 1). The ischemic variant of the
disease on the one hand in the middle cerebral artery basin was
presented in 11 cases (64.7%), in both MCA basins in 5 cases
(29.4%), a hemorrhagic variant of the disease was observed
in 1 case (n=1, 5.9%). The consequences of acute stroke were
diagnosed on the MSCT of the brain as gliosis. At the time of
planning the operation, no signs of acute stroke were detected
during MSCT of the brain.

Table 2. Distributions of moyamoya disease stage by Suzuki and
Takaku in patients [12].

MMD stage Before surgery

n %

2 - -
3 8 47.1
4 5 29.4
6 4 23.5
Total 17 100

Cerebral vascular and collateral circulation status analysis.
At the time of hospitalization, there were no signs of acute
cerebrovascular accident. All patients underwent DSA, the gold
standard for diagnosing cerebral vascular disease, and in some
cases, MSCTA was performed. According to the results of both
methods of examination, the characteristic signs of MMD were
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found in the form of steno-occlusive lesions of ICA terminal
parts, proximal parts of the anterior cerebral arteries and MCA,
and abnormal moyamoya vessels in the basal regions of the
brain. Analyzing the results of preoperative angiography, the
following stages of MMD according to Suzuki and Takaku
were determined, namely: stage 3 (n=8, 47.1%), stage 4
(n=5, 29.4%), and stage 6 (n=4, 23.5%); in the last stage, the
collateral vessels disappeared, and the collateral circulation was
exclusively from the external carotid arteries (Figure 3, Table 2).
The distribution of moyamoya disease stages according to the
Suzuki and Takaku classification in patients is shown in Table
2. In all cases, there was an asymmetry of blood circulation in
the cerebral hemispheres.

After surgical correction of vascular blood flow was performed,
intraoperative infrared ICG angiography before the creation of
EICMA in the created craniotomy window of the frontotemporal
region showed signs of severe impoverishment of the arterial
vascular pattern of the temporal and frontal cortex, indicating
a significant deficit of blood supply to the MCA basin (Figure
2). Control intraoperative infrared ICG angiography showed
satisfactory function of the created EICMA and a pronounced
vascular network in the surgical field (Figure 2).

Postoperative control MSCTA demonstrated a patent
anastomosis in all patients (Figure 4). In all cases, the
anastomosis was well contrasted with a pronounced network of
distal MCA branches on the surgical side. At the same time,
postoperative improvement of blood supply in the MCA basin
and reduction of the moyamoya vessels were detected at 6
months (Figure 3).

Brain perfusion analysis. In the preoperative period, in patients
with MMD, CBF reduction in the corresponding cortical areas
was detected by MSCTPI (Figure 4). Thus, with an increase
in compensatory blood flow in the basal regions of the brain,
CBF (ml/100g/min) in each selected regions of the cerebral
cortex were: M1 - 34.1+£9.3, M2 - 38.8+7.6, M3 - 35.248.7,
basal ganglia - 44.9+6.1 (p<0.05). The described changes are
associated with long-term chronic cerebrovascular disease.
CBF in the presence of moyamoya vessels differed significantly
from the opposite side, decreasing in the cortex of the temporal
and parietal lobes by almost 2 times. With an increase in the
number of collaterals, the differences in CBF and MTT were
less expressed in the basal ganglia. At the scan level, CBV was
within normal limits in both cerebral hemispheres.

In the late postoperative period, CBF (ml/100g/min) on the
side of surgery was: M1 - 59.4+2.8, M2 - 58.548.3, M3 -
38.8+1.8, basal ganglia - 53.5£3.7 (p<0.05) (Figure 5). The
MTT (s) on the surgical side was accelerated at follow-up after
surgery, with a baseline (preoperative data): M1 — 6.4+1.7,
M2 — 6.4+2.1, M3 — 6.1+2.2, basal ganglia — 4.1+1.3 and vs.
at follow-up: M1 —3.2+1.2, M2 — 3.6+1.5, M3 — 4.3+1.4, basal
ganglia - 3.5+1.3 (p<0.05) (Figure 5). In the postoperative
periods, CBV remained within normal limits in both cerebral
hemispheres at the scan level.

Postoperative clinical follow-up. The preoperative mRS
scores are presented in Table 1. Following surgery at 6 months,
all cases demonstrated improvement in neurologic status, with
none of the patients exhibiting a worsening of the mRS scale



Figure 3. DSA in the preoperative period before the creation of the EICMA (a-c); 3 months (d-f) and 6 months after the creation of the anastomosis
(g-i): contrasting of the right external carotid artery (a, d, g) - occlusion of the right internal carotid artery (a); contrasting of the left external
carotid artery (b, e, h) - occlusion of the left internal carotid artery (b); vertebro-basilar basin (c, f, i); moyamoya vessels in the basal regions of
the brain (black arrow), sectoral contrasting of the MCA basin (white arrow).
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Figure 4. MSCT angiography after EICMA creation in the early postoperative period.: 3D reconstruction in bone mode (a); MIP, frontal projection
(b); 3D reconstruction of the arterial phase (c); the functioning anastomosis (arrow).

Figure 5. Changes in cerebral hemodynamics according to MSCT perfusion (CBF (a, b), MTT (c, d)) in the period before the creation of EICMA
(a, c); 6 months after the creation of EICMA (b, d).
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and the scores being higher than baseline. There were no cases
of stroke. A TIA case was reported in 1 patient (Table 1).

Positive changes in neurological status were associated with
improved blood supply to the brain. The study of hemodynamics
in the late postoperative period showed satisfactory vascular
development and satisfactory blood flow in the anatomical
area where the STA-MCA bypass was formed (Figures 3-5).
CBF values in the postoperative period increased almost to
the values required for this area, as evidenced by the observed
improvement in the neurological status in all patients, including
a reduction in TIA recurrences and the absence of recurrent
ischemic or hemorrhagic strokes.

Discussion.

In patients with MMD, the clinical manifestations of the disease
are mainly the result of decreased blood circulation in deep brain
regions as a consequence of chronic occlusive-stenotic lesions
of the brachiocephalic arteries, which then leads to disruption
of vascular autoregulation, hemodynamic changes, and strokes
[14]. It is known that the development of moyamoya vessels,
well detected and classified by the angiographic stage according
to the Suzuki and Takaku classification, does not reflect the
severity of the disease, but helps to establish a compensatory
physiological reorganization of the cerebral circulation. The
appearance of moyamoya vessels is a signal of hemodynamic
cerebral ischemia. Advanced development of moyamoya vessels
in the basal regions of the brain is a sign of severe hemodynamic
disturbance accelerated by prolonged cortical ischemia [15]. In
our study, we recorded the consequences of acute strokes in the
MCA basins, which supports this hypothesis.

Considering all of the above, the metabolism of the brain
in MMD will depend on its blood circulation. It is believed
that collateral circulation in MMD allows for maintaining
perfusion pressure at a sufficient level for a long time, and
therefore CBF changes last, but intracerebral collaterals,
even when fully developed, cannot provide adequate blood
circulation to the cerebral cortex [16]. Currently, the single most
effective treatment for MMD is considered to be the surgical
restoration of cerebral blood flow in the damaged areas of the
brain, which aims to prevent secondary stroke by stabilizing
cerebral hemodynamics, regressing fragile moyamoya vessels,
and preventing hemorrhage. For surgical treatment of MMD,
endovascular treatment and revascularization are used [17]. One
of the methods of surgical revascularization is the creation of a
bypass path between the external carotid artery and the internal
carotid artery, that is, the formation of an EICMA of the STA-
MCA type to improve or restore the necessary blood flow
and improve brain perfusion [18]. Therefore, addressing the
presence of cerebral hypoperfusion in the preoperative period
and changes in perfusion parameters in the early and long-term
postoperative periods is a rather important issue, the solution
of which can affect the results of surgical treatment and further
prognosis of the disease. Perfusion computed tomography of
the brain fulfills this task at a sufficiently high level, detecting
areas of cerebral blood flow disorders in the form of hypo- and
hyperperfusion.

As indicated above, the main method of treatment for MMD is
the formation of EICMA. The creation of such an anastomosis
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is difficult due to the very small diameter of the recipient and
donor vessels, which can cause acute thrombosis or occlusion of
the anastomosis in case of intraoperative damage to the intima
of the vessel [19]. The lack of timely detection and prevention
of this complication can cause iatrogenic cerebral infarction and
the emergence of new neurological symptoms [20]. Therefore,
a rapid intraoperative assessment of the patency of the created
EICMA is very important for the outcome of the operation.

One of the most common methods of intraoperative assessment
of the functioning of the created anastomosis is microvascular
Doppler ultrasound, which allows for a contact assessment of
its patency [21]. Using this method in our study, we confirmed
the patency of the created anastomosis with sufficient blood
flow through it. After that, we used infrared ICG angiography,
a standard and widely utilized method in recent years due to its
ease of use and high information content. The intraoperative use
of ICG during its introduction in our study was quite informative
in terms of blood flow direction and provided an extremely rapid
objective visualization of the patency of the created anastomosis
with an intense vascular network in the surgical field in the
projection of the frontal and temporal cortex (compared with
preoperative data), which confirmed the effectiveness of the
surgical intervention.

Direct revascularization with EICMA of the STA-MCA
type provides blood flow support in the MCA basin through
leptomeningeal anastomoses that develop over time [22]. It has
been shown that the first changes in CBF in the hypoperfused
zone occur within 2 weeks after surgery to restore cerebral blood
flow. Therefore, changes in CBF within 2 weeks after surgery
are known as the early postoperative period of MMD, the period
of more than 2 weeks is referred to as the late postoperative
period [23]. The patency of the created anastomosis in the
postoperative period is an important factor in the recovery of
the patients. Control angiography (MSCTA or DSA) to monitor
the anastomosis condition was performed in our study within a
few days after surgery and showed its functioning in all patients
with MMD. No complications were recorded during the follow-up.

After the creation of EICMA, we repeated the DSA and
MSCTPI in 6 months, which corresponds to the late postoperative
period. During this time, certain changes in the cerebral vessels
occurred in the form of the moyamoya vessel reduction and the
good postoperative contrast of the distal branches of the MCA
[4,16,24]. The literature shows that the abnormal network of
blood vessels in the skull base gradually begins to weaken in
response to CBF recovery after cerebral revascularization and
collateral vessels tend to be stable and play an important role in
the blood supply to the brain. Collateral revascularization can
develop within 54 months [25]. In our study, the postoperative
hemodynamics changes in the ICA basin were accompanied by
an improvement in the perfusion of the ischemic brain tissue,
which has also been shown in studies by other authors [26,27].
The creation of EICMA prevented stroke development in
patients with MMD, indicating an improvement in blood flow
in the study area [28,29]. Increased CBF and decreased MTT on
the side of revascularization in the temporal cortex compared
to preoperative values, indicating improved cerebral perfusion
in the MCA basin [30]. In this study, we also found that in
the postoperative period, an increase in CBF was associated



with a reduction in moyamoya vessels, which may indicate a
reduction in the load on the branches of the ICA, as well as
an increase of the collaterals, which helps to reduce the risk
of recurrent stroke. At 6 months after surgery, we found that
CBF in all cortical areas of the MCA reached a sufficient level
and remained statistically significant, while the basal ganglia
changed more slowly. These changes may be associated with
the slow disappearance of the abnormal network of moyamoya
vessels at the base of the skull, as a result of which CBF and
MTT in the basal ganglia were still slightly changed by 6
months after surgery. Other authors have also shown that 6
months after STA-MCA surgery in patients with MMD, there
was no significant improvement in blood flow in the basal
ganglia [30]. In addition, we found that the improvement of
cerebral perfusion with normalization of CBF was accompanied
by a decrease in the severity of angiopathy and an improvement
in the postoperative neurological status, which is also reported
in the studies of other authors [31,32]. Thus, CBF and MTT are
important quantitative indicators of hemodynamic changes in
MMD, provide an objective assessment of the effectiveness of
surgical treatment, and thus can be used to monitor the state of
cerebral hemodynamics.

There were some limitations to our study that deserve
attention. First, we analyzed data from a single center. Second,
the study population was small. Third, the intraoperative use of
ICG is not widespread enough; additional studies are needed
to determine hemodynamic changes during surgery. Fourth,
cerebral hemodynamics in MMD are very complex. Therefore,
the assessment of cerebral hemodynamics in a single lobe
(temporal) of the brain at the technically constrained scanning
level may diverge from the outcomes obtained across the entire
cerebral hemisphere and the whole brain. All of the above
suggests that further research in this direction may be of great
interest.

Conclusion.

Improving the efficiency of diagnosis of ischemic brain damage
and surgical methods of its correction, especially in patients
of working age, is an important problem in cerebrovascular
pathology. In Ukraine, moyamoya disease is a very rare disease,
but due to the development of new diagnostic technologies, the
detection rate of moyamoya disease has increased significantly.
Surgical revascularization is the most successful method of
improving cerebral blood flow and thus reducing the risk of
stroke in patients with moyamoya disease. To address the issue of
surgical treatment of patients with moyamoya disease, a diverse
neuroimaging approach to assess its stage is very important,
including the study of angioarchitectonics using DSA, MSCTA,
and MSCPI with the determination of regional hemodynamic
parameters. The above-mentioned research methods allow us
to accurately identify areas with an increased risk of ischemia,
provide a decisive quantitative assessment of changes in cerebral
hemodynamics in the cortex, the correspondence of cerebral
angioarchitecture changes to a decrease in cerebral perfusion,
and select an appropriate recipient artery, which is important
for predicting the risk of clinical deterioration, establishing
indications for surgical treatment, and deciding on the method
of surgical correction.
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Our study showed that surgical treatment of MMD by forming
an EICMA of the STA-MCA type can significantly improve
clinical outcomes and reduce the incidence of complications
due to improved cerebral perfusion. Increased blood flow with
STA-MCA bypass is accompanied by regression of moyamoya
vessels, decreased risk of stroke, and improved neurologic
status of patients.

Intraoperative control is important for the prognosis of surgical
treatment of MMD. The use of infrared ICG-angiography is a
promising and highly informative method of intraoperative
assessment of cerebral vessels, both at the outset of surgical
intervention and to assess the patency of the created anastomosis
at the conclusion of the operation.

Further research in this area is considered promising due to
the increased detection of moyamoya disease in Ukraine. To
do this, it is necessary to conduct longer observations in this
cerebrovascular pathology to increase the diagnostic value of
MSCTPI of the brain, intraoperative infrared ICG angiography,
and study the effectiveness of surgical revascularization.
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Abbreviation.

CBF: Cerebral Blood Flow; CBV: Cerebral Blood Volume;
DSA: Digital Subtraction Angiography; EC-IC: Extracranial-
Intracranial, EICMA: Extra-Intracranial Microanastomosis;
ICA: Internal Carotid Artery; ICG: Indocyanine Green;
MCA: Middle Cerebral Artery; MMD: Moyamoya Disease;
mRS: Modified Rankin Scale; MSCT: Multislice Computed
Tomography; MSCTA: Multislice Computed Tomography
Angiography; MSCTPI: Multislice Computed Tomography
Perfusion Imagine; MTT: Mean Transit Time; STA-MCA:
Superficial Temporal Artery - Middle Cerebral Artery; TIA:
Transient Ischemic Attack.
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Pesrome.

CHmwxenne wmosroBoro kpoBotoka (CBF) mnpuBogur
YXYIUIEHUI0 TeMOJMHAMUKU TOJIOBHOTO MO3ra, 4To SIBJSETCS
MIPUYNHOI MOBBILIEHHOT'0 PHCKa HHCYJIbTA. BBIIO MOKa3aHo, 4To
peBackysipuzauus yiayumaer CBF y nanuenToB ¢ 60e3Hb0
MosiMoiis. MccnenoBaHue MOCBSIIEHO PETPOCHEKTUBHOMY
W3YYEHUIO KIMHUYECKHX OCOOCHHOCTEH W XapaKTEePUCTHK
uepeOpaibHO TeMOJMHAMHUKK 17 manueHToB C OOJIE3HBIO
MOSIMOISI 1O, BO BpeMsl U IIOCJI€ XUPYPrHUYECKOIro JICUEHUs C
HCIOJIb30BAHUEM 9KCTpaKpaHUAIbHO-UHTPAKPAHUAIBHOTO
Mukpoanacromo3a mo tuny STA-MCA. Ilanuentam Obutn
BBITNIOJIHEHB! OIEpalud aHACTOMO3MPOBAHUS IMOBEPXHOCTHOU
BHCOYHON apTepUU B CPEJHIOI0 MO3roBYI aprepuro. Beem
nauuentam  BemmonHsiich  JICA,  MCKT-anruorpagus,
MCKT-nepdy3ust 1o u yepe3 6 mecsues nocie omnepanuu. C
nomotbio MCKT-niepdy3uu n3Mepsuin MO3roBoi KpOBOTOK U
cpennee Bpemst npoxoxkaeHust kpoBu (MTT) nuist BeisiBIeHUS
30 runonepdysun. OueHHBanIMCh TreMOJAWHAMUYECKHE
napamerpel Bo BpeMsi MCKT-nepdys3un, u3MeHeHHs ceTH
LepeOpaIbHBIX COCYJIOB U KIIMHUYECKUE UCXO/Ibl 3a00IeBaHusL.
Jns OoLleHKH JIOKJIBHOM LiepeOpajbHOW TeMOAWHAMUKH 110

21

u mnocne cozgaHusi STA-MCA anacTomMo3a MPOBOAMICS
nHTpaonepauuonuslii [CG-ananu3. PesynbTaTel mokasanu,
YTO IIOCJIE PEeBACKYJISpU3alUU IiepeOpasibHas TeMOJHHAMHKA
Ha CTOpPOHE ONepanuy 3HAYUTENbHO yaywmmnack. Ilocne
anacromosupoBanus CBF ysemuumncs, a MTT cHusmics
IOYTH B 2 pasa MO CPaBHEHUIO C YPOBHEM [0 OIEpalUH.
[TokazaTenn MomuQpHUIUPOBaHHOM mmIKanel PoHKMHA yKazann
Ha yIydllleHHWEe HEBPOJIOTHYECKOTO CcTaTyca MalUeHTOB
Tociie XUPYPruueckoil peBacKyssipu3anui. Takum oOpazom,
Xupyprudeckas peBackyispusauus no Ttumy STA-MCA
3HAQUUTEIBHO YIyYIIWIa TOKa3zaTeldn Iep(y3ud TOJIOBHOTO
MO3ra ¥ CHWXaJla pa3BUTHE HHCYJIbTA y TAIMEHTOB ¢ OOJIE3HBI0
Mosimolisi. MCKT-niepdy3ust Moxer ciyuTh 3(QeKTHBHBIM
W HEWHBA3WBHBIM METOJAOM MOHHMTOPHMHIa IiepeOpaibHON
reMOAMHAMUKH Y 3THX nanueHToB. MHTpaonepanuonHas ICG-
anruorpadus - 6e30macHbIi METO/1, TO3BOJISIONINH 0TOOPa3HTh
TreMOAMHAMHUECKUE XapPAaKTEPUCTUKU B 30HE XUPYPrHUECKOrO
BMEIIATENbCTBA.

KiroueBnie ciioBa. bonesHs MosiMolis, HelipoBU3yanu3anus,
uHTpaonepanuonHas BHyTpuBeHHas IGF  anrworpaguwus,
9KCTpaKpaHUAIbHBIH MUKPOAHACTOMO3.
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