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ABSTRACT

BACKGROUND: The compilation of a neuroanatomic atlas based on a large sample is essentially
a fundamental research work, but compiling a digital atlas during the epoch of wide usage of
radiodiagnostics methods in the clinical and experimental practice along with using the artificial
intelligence systems brings a significant applied relevance to the research. Rats are the main species of
laboratory animals, in which the studies of modeling the ischemic stroke, of testing the cerebroprotective
drugs and of developing new strategies of regenerative therapy of stroke consequences are carried
out. At the present moment, there is no available and comprehensive digital atlas of the arterial blood
supply of the rat brain, while single research works are based on small groups of animals and their
histological description. Within this context, it is deemed very interesting and important to take the first
step in addressing this issue. AIM: to compile an atlas of blood supply zones within the intracranial
branches of the internal carotid artery in the settings of experimentally induced occlusion of the medial
cerebral artery. METHODS: The archived data were used from the magnetic resonance imaging scans
in rats with modeling the transient occlusion of the medial cerebral artery with a monofilament (n=243).
The system of automatic brain segmentation based on artificial intelligence was used for objective
mapping of the cerebral infarction area, the obtained data were added to a single coordinate space,
unified and analyzed for highlighting the arterial blood supply zones. RESULTS: A digital atlas of the
arterial circulation was compiled based on the intravitam data of high-resolution magnetic resonance
imaging with an isotropic voxel. CONCLUSION: The compiled atlas may be used for increasing the
quality of modeling the cerebral infarction by means of transient occlusion of the medial cerebral artery
with a monofilament and it allows for using the additional objective parameters in the evaluation of the
treatment effects in cases of experimentally induced ischemic stroke. The methodology developed by
us is applicable for high-performance retrospective analysis of the neurovisualization data from the
ischemic stroke patients, obtained within a framework of the implementation of the Vascular Medicine
Program in the Russian Federation.
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BACKGROUND levels [1]. The technological advances progress

In order to solve the modern scientific tasks, more and more, which promotes to developing the
the researchers have to master and apply the new applied research, however, there is also a decrease
methods of data processing and analysis at a deeper in the attention to the fundamental science [2]. The
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AHHOTALUSA

O6ocHoBaHue. CosfaHne HerpoaHaTOMUYEeCKOro ariaca Ha 60JbLUoV BbIOOPKe AaHHbIX SIB/ISIETCS,
rno cyTu, hyHaameHTa bHbIM TPYLOM, HO co3haHne LUnMgpoBOro araaca B 3foxXy LUNPOKOro rnpuMeHe-
HUSI METOLOB J1yHEeBOW ANarHOCTUKU B KJIMHUYECKOU U 9KCMIePUMEHTAsIbHOM MPaKTUKe, a TakXxe Cu-
CTEeM VCKYCCTBEHHOIr0 UHTEJI/IeKTa rnpugaéTt NccaeqoBaHn0 3Ha4YMoe rnpuKkaagHoe 3HaqyeHne. Kpbl-
Cbl SBJISIIOTCS OCHOBHbIM BYAOM 1a60paTOPHbIX XXUBOTHBIX, HA KOTOPbLIX MPONCXOAAT UCC/Ie40BaHNS
M0 MOZE/IMPOBaHUIO NLLEMUYECKOIrO VHCYJ/bTa, TECTUPOBAHUIO LjepebpornpoTEKTOPHbLIX Mpenaparos
n paspaboTKe HOBbIX CTpaTerui pereHepaTuBHON Tepanuu nocaeaCcTBuil NHCYyAbTa. Ha gaHHbIi MO-
MEHT He CyLyeCTBYET MOJIHOLEHHOro Un@poBOro ariaca aprepuasbHOro KpPOBOCHabXeHUs Mo3ra
KPbIC, @ equHuN4Hbie paboTbl ONUPAaKOTCS Ha HEOO/bLUNE TPYrbl XUBOTHBIX U UX MTMCTOJI0MMHYECKOe
onvicaHwe. B cBs3u ¢ aTuMm npefcTaBsieTCsl KpaiHe MHTEPECHbBIM M Ba>XKHbIM CAesathb repBbii Lar
4715 ocBeLeHuss gaHHou rnpobsiemsl. enb nccnegoBaHuss — co3fartk ariac 30H KPOBOCHaOXEHUS
VHTPakpaHnasibHbIX BETBEV BHY TPEHHEN COHHOM apTepun B YCII0BUSIX OKCIEPUMEHTASIbHOWN OKKJ/TO3UN
cpenHeri Mo3roBoli aptepun. Metogbl. ApxvBHbIE faHHbIE MarHUTHO-PE30HaHCHbLIX UCCAe[0BaHuN
KPbIC C MOZEJIbIO TPaH3UTOPHOM OKKJIHO3UM CPEAHEV MO3roBOM apTepun MoHogduaaMmeHToM (n=243).
Cuctemy aBTOMaTn4eCKOM cerMeHTalymny Mo3ra Ha OCHOBE UCKYCCTBEHHOIO MHTEJ/I/IEKTa UCM0/1b30Ba-
7V 47151 OOBEKTUBHOM pasMeTKm 061acTv MHGapKTa Mo3ra, roJly4eHHbIe JaHHbIe NPUBOANIN B obLyee
KOOpAMHaTHOE MpOCTPaHCTBO, OObEAUHSAIN Y aHaIn3npoBasn 4Ji151 BbiAEIE€HVS 30H apTepunasibHoOro
KpoBocHabxeHusi. Pe3ynbratel. Co3gaH LmngppoBo ataac apTepnasibHOro KpOBOCHaOXKeHUST Ha OCHO-
BaHWW MPUXKN3HEHHbIX JaHHbIX MarHUTHO-PE30HaHCHOU TOMOrpagum BbICOKOro paspeLueHus ¢ n3o-
TPOMHbIM BOKCeeM. 3akntodeHue. Co3gaHHbI atiac MOXET MNPUMEHSTLCS 415 MOBbILLEHUS Kave-
CcTBa MOAENPOBaHNS UHbapKTa Mo3ra rnyTém TPaH3UTOPHON OKKJIIO3UU CPegHEeN MO3roBo apTepum
MOHOMIAaMEHTOM U 03BOJINT UCIMO/IL30BaTh B OLEHKE 3(hHeKTOB Tepanuy 3KCrepuMeHTaslbHOro
ULLIEMUYECKOrO UHCYJ/bTa AOMNOJHUTE/IbHbIE OOBbEKTUBHbIE rnapaMeTpbl. PaspaboTaHHas Hamu MeTO-
[00r1s npyYMeHnMa 4J151 BbICOKOMPOU3BOANTE/IbHOrO PETPOCMIEKTUBHOIO aHaam3a gaHHbIX HeNpoBU-
3yanm3ayuy naymeHTOB C ULLIEMUYECKVM MHCYJIBLTOM, MOJIYYEeHHbIX B paMKax peaai3aymm cocyancTon
rnporpammsbi B Poccuiickon ®egepaymu.
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present article is devoted to studying the distribution
of arterial blood supply zones in the brain of the rats,
which, already more than 150 years are deemed the
most popular laboratory animals for modeling various
diseases during the experimental biomedical research
works [3]. The experimental model of ischemic stroke,
based on the transient occlusion of the medial cerebral
artery using a monofilament, allows for achieving the
maximally precise reproduction of the pathogenetic
processes occurring upon the development of the
two most frequent variants of ischemic stroke — the
atherothrombotic and the cardioembolic one with
the reperfusion phenomenon [4, 5]. Despite the high
popularity of this model, until the present moment,
there is no high-resolution digital atlas of the arterial
blood supply zones, which could be integrated into the
modern methods of automatic processing of radiology
visualization data. The corresponding descriptions
of small series of MRI-scans [6] and histology
examinations on this issue [7, 8] did not lead to the
compilation of such an instrument.

The implementation of the artificial intelligence
systems into the translational research on ischemic
stroke [9-11] makes this task even more topical. This is,
most particularly, due to the fact that similar systems,
including the systems of morphometric analysis and of
segmenting the foci of damaging the brain matter with
taking into consideration the anatomical positioning
and others, at a certain stage of their functioning require
the usage of a digital atlas, which serves as the basis
for the analysis. One of the benefits of the methods
of intravitam brain visualization in the experimental
animals is the possibility to shorten the sample size
and to obtain objective data on the anatomy without
the necessity of euthanizing. Magnetic resonance
imaging (MRI) as one of such methods [12], allows
for accumulating a mass of digital data, required for
compiling such an atlas.

Research aim — to compile a digital atlas of the
blood supply zones of the intracranial branches of the
internal carotid artery in the settings of the experimental
occlusion of the medial cerebral artery.

METHODS

Research design

This research work is a single-center (conducted
using the data obtained at a single laboratory),
experimental (conducted using the data from the
laboratory animals) and retrospective one (all the data
used during the research, were obtained as a result of
other experimental activities).
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Conformity criteria

Inclusion criteria. The research included the
retrospective data from magnetic-resonance scans of the
rat brain with a model of acute focal ischemia and with the
protocol including the isotropic T2-weighted images.

Exclusion criteria. The exclusion criteria used when
evaluating the archival data, were the absence of
brain infarction area according to data from MRI and
the absence of the required impulse sequence in the
scanning protocol.

Research facilities

The archival MRI data from the experimental
animals were obtained using the Wistar rats at the
“Medical Nanobiotechnology” Center for Collective Use
within the premises of the Federal State Autonomous
Educational Institution of Higher Education “Pirogov
Russian National Research Medical University” under
the Ministry of Health of the Russian Federation (Pirogov
RNRMU). Within the framework of obtaining these data,
it was found that, during the previous experiments, the
animals were housed in standard conditions (12h dark/
light mode, 22+2°C, 45-65% humidity) in groups of
4-5 animals per cage (before) and as a single animal
per cage after modeling the ischemic stroke with a free
access to water and to the standard rodent diet. All the
surgical interventions and MRI procedures were carried
out under general inhalational anesthesia, which was
administered via the animal anesthesia system (E-Z-7000
Classic System; E-Z-Anesthesia Systems). The induction
of anesthesia was initiated by 3.5-4% Isoflurane (Aerrane,
Baxter HealthCare Corporation), while maintaining the
anesthesia included the use of 2-2.5% Isoflurane. When
modeling the experimental brain infarction, a mixture
of anesthetic agent and atmospheric air was used,
while during the MRI scans, pure oxygen was supplied.
During all the surgical interventions and during the MRI
scanning, the body temperature of the animals was
maintained at 37°C. At the end of the follow-up period,
the animals were euthanized using the induction chamber
(E-Z-7000 Classic System; E-Z Anesthesia Systems) and
inhalational anesthesia with a lethal isoflurane dosage.
Later on, directly before transcardiac perfusion, they
were additionally receiving a lethal dosage of Zoletil. All
the animal-based experimental results were described
according to the ARRIVE recommendations.

Research duration

The retrospective analysis of the archival data
included the research activities performed by a group
of researchers from 2017 until 2024.
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Research description

In order to compile an atlas of the blood supply
system of the intracranial branches of the internal
carotid artery, the archival MRI data from the
experimental animals were used, obtained during the
modeling of temporary occlusion of the medial cerebral
artery with monofilament.

The cerebral infarction induced within the
framework of the other scientific research works
by the group of authors, was modeled by means of
a transient (90 minutes) occlusion of the right medial
cerebral artery with a monofilament introduced via
the external carotid artery into the internal carotid
artery [13]. The monofilament has a silicone tip with
a length of 4 mm and with a diameter of 0.37 mm
(monofilament 4-0, Doccol Corporation), due to which,
depending on the depth of its location, it is possible
to cease the circulation in the arteries, located
close to the area of the origination of the medial
cerebral artery.

As for the objective control of the cerebral infarction
focus, all the animals were undergoing MRI-scanning
by means of the tomography device for small laboratory
animals — ClinScan (Bruker BioSpin) with a magnetic
field induction of 7 Tesla.

Statistical analysis

For the most objective segmentation of the
cerebral infarction focus, we have used a previously
trained software algorithm with an aid of the artificial
intelligence system. This system was created on the
basis of the Swin-UNETR transformer [14] as one
of the most recent neuronal network architectures,
demonstrating high quality when segmenting the
medical data from the radiology diagnostics methods.
All the data processing was carried out using the Python
programming language [15]. The obtained data on the
segmentation of the cerebral infarction was added to
the unified coordinate space by means of using the
SimplelTK pack [16] and the pre-prepared template of
rat brain (registrations were done in the template). Here,
all the segmentation data were integrated and analyzed
using the 3D Slicer software pack [17].

RESULTS

Research sample

The research included a total of 243 archived trials,
in which isotropic T2-weighted images were obtained
(using the impulse sequence 3-dimensional rapid
spin echo with a SPACE mode of excitation angle
modification, with the voxel size of 0.2x0.2x0.2 mm,

with the time repetition and the echo-signal time of
4000 and 251 msec, respectively).

Primary findings

In order to compile an atlas of the blood supply
systems of the intracranial branches of the internal
carotid artery according to MRI data, we have used
an artificial intelligence system, allowing for significant
segmenting the cerebral infarction zone after the
occlusion of the medial cerebral artery (Fig. 1). The
obtained results of segmenting the experimental
cerebral infarction were registered in a unified
coordinate space using the rat brain template (Fig. 2, a).
Based on the obtained segmentation files, summarized
in a single coordinate system, the thermal maps of the
rates of developing the cerebral infarction foci were
compiled (see Fig. 2, b).

The search of blood supply zones of the main
intracranial branches of the internal carotid artery
(subcortical and cortical areas of the medial cerebral
artery, of the anterior choroid artery and of the
hypothalamic arteries) was performed in several
stages. In accordance with the sequence of arteries
originating from the internal carotid artery, the filament,
introduced into its lumen, may cause an occlusion of
its various branches (Fig. 3, a). Knowing the sequence
of origination of arteries, one can differentiate the
animals, in which, upon the deep positioning of the
filament, there is no infarction focus in the system of
the proximal branches of the internal carotid artery, and

Fig. 1. An example of segmentation of the cerebral infarction
using artificial intelligence: a — T2-weighted images in the
axial, frontal and sagittal planes (from the left side to the
right), in which the right hemisphere contains a visualized
hyperintensive infarction focus in the brain; b — automatic
segmentation of the cerebral infarction focus (marked with
red color).
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Fig. 2. The rate of the cerebral infarction focus positioning
among the experimental animals in a model of temporary
occlusion of the right medial cerebral artery (obtained by
summarizing all the foci of cerebral infarction in a single
coordinate space): a — inactive brain template, in which
the data registration was made (as a reference); b — the
rate of cerebral infarction locations: the warmer is the color,
the more often this part of the brain was affected (a color
scale is provided with describing the correlation of the
color and the averaged values).

from the animals with insufficiently deep positioning
of the filament, in which the infarction focus does not
involve the distal branches of the internal carotid artery
(see Fig. 3, a).

The first stage of compiling the atlas was generating
the thermal maps of lesion focus development

ORIGINAL STUDY ARTICLE

depending on the extent of cerebral infarction:
0-25 mms, 0-50 mms, 0-75 mm3, 0-100 mm?,
0-200 mm?3, 0-300 mm3, 25-75 mm?3, 50-150 mm?,
100-200 mms3, 200-300 mm?3, 300-500 mm?,
200-500 mm?, 150 mm?3 and more. The obtained
thermal maps were visually analyzed using the
Otsu’s method; the procedures included a primary
segmentation of the areas of interest. During the second
stage, automatic filtration was carried out in terms
of inclusion and/or exclusion (into the summarized
thermal map) of scanning data that included (and/or
did not include) the reference points selected at
the first stage for the area of the cerebral infarction:
a total of five such combinations were selected. The
resulting thermal maps were analyzed as an addition
to the ones compiled during the fist stage, along with
their marking with overlaying the areas with the blood
supply from the selected branches of the internal
carotid artery. At the final stage, smoothening of
contours was done with searching the optimal borders
between the blood supply systems for evening out the
overlaying areas.

The obtained atlas of blood supply zones of the
main intracranial branches of the internal carotid artery
is provided in Fig. 3 (b), with its three-dimensional
reconstruction — in Fig. 3 ().

Fig. 3. The pattern of origination of the intracranial branches of the internal carotid artery and the compiled atlas of
their blood supply zones: a — the chart showing the origination of the intracranial branches of the internal carotid artery
(compiled based on the data obtained by Z. He et al. [7]); b — sequential slices in the axial plane with the location of blood
supply zones in them (green color marks the zone of the cortical branches of the medial cerebral artery, yellow — the zone
of the medial cerebral artery, supplying the subcortical area, red — the zone of anterior choroid artery, blue — the zone of
hypothalamic arteries); ¢ — three-dimensional reconstruction of the atlas of blood supply zones for the intracranial
branches of the internal carotid artery (color marking identical to point “b”). ICA — internal carotid artery; PCA — posterior
cerebral artery; MCA — median cerebral artery; AChA — anterior choroid artery; HTA — hypothalamic arteries.
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DISCUSSION

The digital atlas of blood supply zones of the
major intracranial branches of the internal carotid
artery compiled by us, may be used for the objective
and quantitative evaluation of the rates of developing
various types of cerebral infarction (hemispheric,
subcortical, hypothalamic) in a model of transient
occlusion of the medial cerebral artery. Based on these
data, it is possible to adjust the filament parameters
(the length of the silicone tip and its diameter), as
well as to predict the possible complications, for
example, such as hyperthermia upon damaging the
hypothalamus [18]. The benefit of this research is that,
for the first time, an atlas of the blood supply zones
is compiled based on the large (more than 200 scans)
set of data obtained using the non-invasive method
with high spatial resolution in rats (an isotropic voxel
measuring 0.2x0.2x0.2 mm was used). In the majority
of existing trials, for the evaluation of the blood supply
zones, the approach used included either ex vivo
histological staining of the brain in ischemia [7, 8] or
MRI with anisotropic slices and with a small sample
size, without compiling the blood supply atlas [6].
Similar atlases of blood supply zones already exist for
mice [19, 20], compiled based on the data from single
experimental animals, due to which they poorly reflect
the variability of their location.

It is worth noting that the proposed approach to
compiling an atlas of arterial blood supply zones, based
on analyzing the experimental data and described in
the present article, has a potential for its adaptation
and its application in clinical practice. During the
time of implementing the Vascular Medicine Program
in the Russian Federation, a significant number of
neurovisualization data was accumulated from the
ischemic stroke patients. Its retrospective analysis
with taking into consideration the demographic and
clinical characteristics and based on the methodology
developed by the authors, can contribute to obtaining
new fundamental knowledge in the field of vascular
neurology.

Research limitations

The main downside of this research is compiling the
atlas only for the blood supply zones of the intracranial
branches of the internal carotid artery on the right side.
However, the model of transient occlusion of the medial
cerebral artery with a monofilament is the gold standard
and the most wide-spread model in translational
pre-clinical research on the ischemic stroke as the most
closely related in terms of pathophysiology [21-23]. The

limitation on the evaluation side can also be reduced at
the data registration stage by its reflecting. The possible
downside is also the usage of a specialized protocol
(isotropic T2-weighted images with using the impulse
sequence of the 3-dimensional rapid spin echo with
modifiable excitation angle) at the stage of compiling
the atlas, however, the atlas itself may be used outside
the context of operating with artificial intelligence, and
its registration is possible with any T2-weighted images,
including the anisotropic ones.

CONCLUSION

For the first time ever, based on the sample size of
more than 200 high-resolution intravitam MRI-scans, a
digital atlas was compiled that is describing the blood
supply zones of the major intracranial branches of the
internal carotid artery. This atlas is applicable within
the framework of translational research in the most
relevant experimental model of ischemic stroke —
the transient occlusion of the medial cerebral artery
with a monofilament. The methodology developed by
us is applicable for high-performance retrospective
analysis of neurovisualization data from the patients
with ischemic stroke, obtained as a part of the
implementation of the Vascular Medicine Program in
the Russian Federation.
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