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ABSTRACT

Cerebral cavernous malformations are a fairly common vascular pathology at the moment, with the number of detected
cases increasing dramatically in recent years. This is because modern neuroimaging methods such as computed tomography
(CT) and magnetic resonance imaging (MRI) have been introduced into clinical practice and are widely available. Prior to the
advent of CT and MRI technologies, it was extremely difficult to diagnose this pathology, and the diagnosis was usually made
intraoperatively or based on autopsy data. Further, the literature review is devoted to the radiological diagnosis of cerebral
cavernous malformations (CM). The role of neuroimaging methods in the diagnosis of cavernous malformations, as well as
the use of MRI for CM visualization, was analyzed. The advantages of MRI over other neuroimaging methods for this pathology
have been demonstrated. Pulse sequences of MRI and signaling characteristics of various foci were characterized, depending
on the morphological substrate. The significance of the susceptibility-weighted imaging sequence was also evaluated for the
detection of multifocal lesions in cases of familial CM. The study of the main pulse sequences of MRI for visualization of CM
will improve the protocol algorithm for the timely diagnosis of this pathology and the selection of therapeutic approach.
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JlyyeBan aMarHocTUKa KaBepHO3HbIX ManbgopMaLuif
roN0OBHOI0 MO3ra
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! HayuHo-McCneoBaTeNbCKMin MHCTUTYT cKopoit noMolum uMenn H.B. Cknmndocosckoro, Mockea, Poceuiickas Qepepaums
2 MOCKOBCKMIA rocyiapCTBeHHBIN yHMBepcuTeT MMenn M.B. JlomoHocosa, MockBa, Poccuitckan ®enepaums
3 [lenapTaMeHT 3apaBooxpaHeHma ropoaa Mockebl, MockBa, Poccuiickas Oeaepaums

AHHOTAUNA

KaBepHo3Hble Manb¢opMaLum rofoBHOr0 MO3ra B HacToALLEe BPEMA ABAITCA JOCTaTOYHO PacnpoCcTpaHEHHOMN Co-
CyOMCTOM NaToNorueid: YUCNo BbIABAAEMBIX C/lyYaeB B NocnejHMe rofbl pe3ko Bo3pocso. 3T0 CBA3aHO C BHEeAPEHUEM
B K/IMHWMYECKYI0 MPAKTUKY M NMOBCEMECTHbIM PACMpOCTPAHEHWEM COBPEMEHHBIX METOA0B HEelpOoBU3yanM3auun, TakUxX
Kak KoMmnbtoTepHas (KT) u MaruutHo-pe3oHaHcHaa (MPT) ToMorpadma. [o nosasnenna KT u MPT guarHoctMpoBaTh AaH-
Hylo maTonoruio 6biNo BecbMa TPYAHO, M OMarHo3 Yalle BCEro YCTaHaBAMBANCA MHTPAONEPaLMOHHO UK MO AaHHBIM
aytoncuu. 0630p nuTepaTypbl NOCBALLEH Ny4eBOW LMArHOCTMKE KaBepHO3HbIX ManbdopMaumi (KM) ronosHoro mosra.
lpoaHanM3npoBaHo 3HaueHWe METOLOB HEMpPOBU3YanM3aLMW 1A AUarHOCTUKM KaBepPHO3HbIX Manb(opMaLui, a TakKe
npuMeHeHne MPT gna Busyanusaumn KM. BeiseneHbl npevmyuiectsa MPT nepeq ApyruMu MeTofaMu HepoBU3yanu-
3auum gaHHon natonoruu. OxapakTepy3oBaHbl UMNYNbCHbIE NocneaoBaTensHocT MPT 1 curHanbHble XapaKTepUCTURM
04aroB Pas/IMyHbIX TUNOB B 3aBUCUMOCTM OT Mopdonormyeckoro cybctparta. NpoaHanu3vpoBaHo 3Ha4YeHUe nocnenoBa-
TenbHocT SWI (susceptibility weighted imaging) ana o6Hapy*KeHWMA MHOMOO4AroBbIX MOPAMKEHUI B CIyvanX CeMenHbIX
popm KM. U3yyeHne ocHOBHBLIX MMNYNbCHBIX NocneaoBaTenbHocTerd MPT ons BU3yanu3aumm KaBepHO3HbIX ManbpopMa-
LM/ NO3BONUT ONTUMU3UPOBATL aNrOpPUTM NPOTOKONA JJ1A CBOEBPEMEHHOM [MArHOCTUKM [aHHOW naTonoruu u Beibopa
TaKTUKMN NeYeHus.

KnioueBble cnoBa: ny4yeBaA AWMArHOCTUKA; KaBepHO3HbIe Maﬂbd)OpMaLl,VlVl; KaBepPHO3Hbl€ aHIT'MOMbI; TfeMaHrMoMbl; CKpbl-
Tble cocyauctble Maﬂbd)OpMaLl,MM.
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BACKGROUND

Cavernous malformations (CMs) are vascular lesions
of the brain and spinal cord; they have a low blood flow
and consist of caverns with an endothelial lining [1-4].
They are also known as cavernous angiomas, cavernous
hemangiomas, hidden vascular malformations, or caver-
nomas. They are found commonly in the supra- and in-
fratentorial regions of the brain but less often in the spinal
cord [5-8]. Such formations are the second-most common
vascular malformations in the central nervous system after
the development of venous anomalies [9-11]. The exact
frequency and prevalence of CMs are unknown because
the symptoms of these lesions do not manifest clinically
in most cases; their diagnosis also requires neuroimaging
techniques, which are usually used when they are clini-
cally indicated. Despite the benign course of this disease,
CMs can cause epileptic seizures and serious neurological
deficits.

DEVELOPMENT

OF NEUROVISUALIZATION METHODS
FOR DIAGNOSING CAVERNOUS
MALFORMATIONS

Conventional radiography of the skull was first used to
diagnose CMs in 1969 [12]. In skull radiographs, granu-
lar or gross macroscopic calcifications can be detected in
about 7%-40% of cases. However, this method is insensi-
tive and nonspecific in relation to CM detection.

Modern neuroimaging methods play a decisive role in
the diagnosis, monitoring, and evaluation of the results of
CM treatment. Before the advent of computed tomography
(CT) and magnetic resonance imaging (MRI) tomography,
detecting CM was difficult, so pathology was diagnosed
during surgery. X-ray analysis and radionuclide scanning
of the skull are also insensitive and nonspecific methods
of CM detection.

With the development of CT, the sensitivity of diagno-
sis has significantly increased, thereby contributing to the
first successful assessment of the incidence of CM [13].
Early studies reported that CMs can be fully detected via
CT, with 100% detection [14, 15]. However, the resolution
levels of scanners were limited to detecting small and
relatively large foci [16].

As the only method for detecting CM, CT can be applied
to diagnose foci only in 30%-50% of cases. CT images
usually show hyperdensive lesions and less often mixed
hyper- and isodensive lesions (Fig. 1) [17]. CT can also
detect signs of lesion calcification.

With the introduction of a contrast agent, the definition
of CM contours has improved, and sensitivity in detecting
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Fig. 1. CT sections of the brain in the axial view performed before
(a) and after contrast agent administration (b). The images show a
hyperdensive focus in the right frontal lobe, without clear contours,
and without contrast uptake.

isodensive foci has increased. Some researchers [18]
suggested the following signs of CM based on CT results:
round shape, clearly defined edge, uneven density, ab-
sence of surrounding edema, and mass effect (in the ab-
sence of intracerebral hemorrhage). However, CT results
in the diagnosis of CM are nonspecific. Thus, the differen-
tiation of CM and partially calcified avascular gliomas is a
significant problem.

Since the introduction of CT, the frequency of CM de-
tection has increased significantly; as a result, a funda-
mental question on the appropriate therapeutic approach
for the obtained lesion has been raised.

Cerebral angiography for detecting CMs remains dif-
ficult. Nevertheless, with this method, the presence of
small feeding vessels, a decrease in the blood circula-
tion rate, and the presence of thrombi in the vascular
spaces of CMs can be detected. A. Jonutis et al. [19]
presented the first case of CM detection as an angio-
graphic anomaly

Early reports on the use of this method described the
signs of the presence of avascular mass lesions with the
displacement of adjacent vessels but without pathologi-
cal vasculature [20, 21]. The most common angiographic
sign of CM is the presence of displaced avascular areas.
Despite the progress of angiographic methods in recent
decades, CMs cannot be detected in about 20%-85% of
cases. Therefore, the effectiveness of this approach is
limited.

With the introduction of MRI into clinical practice, the
frequency of detection of this pathology has increased sig-
nificantly. It requires an in-depth understanding of various
aspects of the natural course of CM to develop ideas on
the optimal tactics and timing of the treatment of such
lesions.

As a sensitive method for detecting CM, MRI is less
specific in the diagnosis of vascular malformations of the
central nervous system. In such cases, angiography can
be applied to exclude other lesions, particularly arterio-
venous and venous malformations.
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USE OF MAGNETIC RESONANCE
IMAGING FOR THE VISUALIZATION
OF CAVERNOUS MALFORMATION

In 1987, D. Rigamonti et al. [16] demonstrated that MRI
at a magnetic field level of 1.5 T is the most sensitive and
specific method for detecting CM. Since then, this method
has been used for the diagnosis of CM. T2-weighted (T2-
WI) imaging is 100% sensitive to CM, whereas T1-weighted
images (T1-WI) are significantly less sensitive.

Hemosiderin deposits in and around the CM are con-
sidered a typical sign of repeated subclinical hemorrhages
or erythrocyte lysis; they provide magnetic susceptibility
to this pathological lesion, especially at a high-magnetic-
field strength. The heterogeneity of the magnetic field in
the presence of hemosiderin also contributes to the dif-
ferentiation of blood flow and the effects of hemosiderin
in CMs (Fig. 2) [16, 17].

MRI findings are consistent with histologically con-
firmed CM findings with an acceptable reliability. MRI has
been considered the preferred diagnostic method in terms
of identifying and characterizing CMs.

The combination of a reduced signal rim with a reticular
nucleus of mixed hyper- and hypointensity on T2-WI with
a high probability is a diagnostic sign of CM. For smaller
CM lesions, a point area of hypointensity is assessed on
T2-WI. Vasogenic edema accompanies lesions in perifocal
regions, which are indicated by an increased signal inten-
sity on T2—WI, and the mass effect usually does not appear
even with a sufficiently large lesion if no relatively recent
bleeding has occurred (Fig. 3) [17, 22].

In CMs, a sign of a hyperintensive signal around the le-
sion is described on T1 images. T. J. Yun et al. [23] consid-
ered that this signal variant is associated with the release of
erythrocytes and plasma into the perivascular space during
edema formation. A hyperintensive signal around lesions on
T1-WI is more common in CMs associated with recent clini-
cally significant hemorrhage; in such cases, this sign is high-
ly specific and prognostically significant for CM diagnosis.

Contrast-enhanced MRI in CM diagnosis may be useful
in terms of identifying other lesions, such as neoplasms,
arteriovenous malformations, or concomitant venous
anomalies [21]. D. Rigamonti et al.[16] established a re-
lationship between venous anomalies and in 1988. Sub-
sequently, the association of these lesions is registered in
almost 1/3 of cases of CMs [21]. However, this symptom
is detected exclusively in sporadic but not familial forms
of pathology [24].

J. Zabramski et al. [25] proposed a classification sys-
tem that provides four different categories of CMs based on
the correlation of MRI results by using the spin echo (SE)
and gradient echo (GRE) sequences with histopathological
examination data.
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Fig. 2. MR images of the brain in the axial view in the T1-WI
(@, ¢), T2-WI (b), and T2*GRE (d) modes demonstrate a more
detailed visualization of the CM structure (the same case as in
Fig. 1). The images show a focal lesion of a characteristic cel-
lular structure with a hypointensive peripheral signal on T2-WI.
The T2*GRE sequence emphasizes the florid effect of hemosiderin.

According to this classification, the following types are

described:

« Type | foci are characterized by a hyperintensive nu-
cleus on T1-weighted images and a hypo- or hyper-
intensive nucleus on T2-weighted images depending
on the intracellular or extracellular stage of methe-
moglobin. CMs are characterized and complicated by
acute and subacute hemorrhages.

« Type Il lesions are characterized by manifestations
currently considered the pathognomonic MRI signs of
CM and have a reticular nucleus with a mixed signal

Fig. 3. T2*GRE image in the
axial view shows a large
cavernous angioma in the
left occipital lobe. Despite
the significant size of the
lesion, no perifocal edema
and mass effect on the
surrounding structures are
found.
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intensity on T2—WI with the surrounding hypointensive
ring, which is believed to be correlated with areas of
ongoing thrombosis and the presence of hemorrhages
of various ages.

» Type lll foci are characterized by the pronounced hy-
pointensity on T2-weighted images and an increase
in the value of hypointensity when GRE sequences
are used, with iso- or hypointensity observed in T1-
weighted images. They reflect the signs of chronic
hemorrhage with residual hemosiderin in and around
the lesions.

» Type IV lesions are less characterized, and their origin
is not entirely clear. They are poorly visualized using
conventional SE sequences. These lesions appear as
small punctate hypointensive lesions when GRE se-
quences are used. They are thought to reflect small
hemosiderin deposits in either small CMs or possibly
capillary telangiectasias.

The clinical relevance of MR classification of these le-
sions remains controversial, although J. Zabramski et al.
[25] indicated that the clinical severity of CM manifestations
may be associated with their reflection on MRI. In patients
with signs of type | or Il CM, this disease is almost always
accompanied with an exacerbating condition. In the presence
of type Il or IV foci, symptoms appear only in 1/3 of patients.
The exacerbation of CM symptoms is more often associated
with type | foci.

In 1999, M. Essig et al. [26] proposed an MRI tech-
nique involving three-dimensional GRE known as
susceptibility-weighted imaging (SWI). This type of se-
quence can be used to detect CMs based on the effects
of the blood oxygen-dependent phase between venous
blood and the surrounding cerebral parenchyma. With
these characteristics, small venous vessels with a low
blood flow velocity can be detected at submillimeter
resolution. Thus, CM, capillary telangiectasias, and ve-
nous anomalies can be differentiated without the need
for contrast enhancement.

B. Lee et al. [27] identified additional lesions in 2 out
of 10 cases, which are not obvious on T2*GRE images, by
using SWI.

Subsequent studies have also demonstrated that the
sensitivity of SWI in detecting multifocal familial CM is higher
than that of T2*GRE [28-30].

The superiority of SWI to T2*GRE imaging in detect-
ing sporadic CM is less obvious. N.M. de Champfleur et al.
[31] reported no differences in sensitivity when they used
these sequences for the diagnosis of CM. H.T. Bulut et al.
[30] proposed to include type V foci in the classification of
J. Zabramski et al. [25] to characterize lesions detectable on
SWI images but not on T2*GRE.

The advantage of SWI is generally found in the detection
of CM and telangiectasias in the absence of signs of overt
hemorrhage [32]. However, the size of foci is often overes-
timated because of a significant susceptibility artifact in the
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Fig. 4. MR images of the brain in the axial view in the T2*GRE (A)
and SWI (B) modes. SWI images can reveal additional CM lesions
not visible in the T2*GRE.

presence of paramagnetic hemosiderin in chronic stasis or
previous bleeding in SWI image analysis [31].

Thus, correlation with conventional SE sequences can
be used to delineate anatomical details in the resulting im-
ages more accurately. K. Pinker et al. [33] demonstrated
the possibility of using high-resolution SWI at 3 T to identify
the intrafocal tubular structures of CMs, which correspond
to vascular canals in hyaline collagen revealed during post-
mortem examination.

SWI sequences can be used to determine the dynam-
ics of CMs and assess whether they are increasing in num-
ber and size or the detected new lesions are subsequently
bleeding from previously unrecognized small CMs.

In general, T2*GRE sequences can be utilized to re-
veal the “blooming” effect of hemosiderin and increase
the sensitivity of CM detection. SWI sequences, especially
with a magnetic field level of 3 T, can be used to identify
multifocal lesions in the case of familial CMs that cannot
be identified with T2*GRE images (Fig. &) [27]. With such
approaches, the diagnostic capabilities of MRI significantly
increase.

CM with hemorrhagic microangiopathy or cerebral
microbleeds, especially in the presence of age-related
changes in the brain, can be differentially diagnosed by
increasing the sensitivity of methods. In some cases, such
as metastases of malignant tumors, differential diagnosis
is also feasible. MRI can be applied to perform functional
imaging of the primary sensorimotor, speech, and visual
areas of the cortex and assess the state of brain struc-
tures through diffusion tensor imaging technologies; in
turn, these technologies improve the planning of surgical
interventions [34].

New MRI options have been proposed for quantitative
susceptibility mapping and dynamic contrast-enhanced
quantitative perfusion, which have been developed to mea-
sure iron deposition and vascular permeability in CM. The
latter indicators are considered potential biomarkers of a
disease activity.
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CONCLUSION

CMs are cerebral vascular neoplasms whose develop-
ment mechanism is based on vascular proliferation, dysmor-
phism, and hemorrhagic angiopathy. This disease is charac-
terized by iron deposits in the structure of the cavernoma
and perifocal substance of the brain. It often leads to mani-
festations of epileptogenesis in lesions. However, improving
the methods of the diagnosis and treatment of this disease
is a multidisciplinary problem.

The analysis of literature data shows that MRI is the
preferred method for diagnosing CM because of its high
sensitivity and specificity. The validity of MRI is insufficient
to assess the results of modern CM treatment methods,
such as stereotaxic radiosurgical treatment and proton
therapy. However, studies have yet to provide the diagnos-
tic characteristics of the MRI protocols used in the treat-
ment of CMs. A generally accepted algorithm for the use
of MRI protocols has yet to be developed to evaluate the
results at various times after the stereotactic radiosurgical
treatment of CM.
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