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Abstract

:

Vascular malformations are frequent in the head and neck region, affecting the nervous system. The wide range of therapeutic approaches demand the correct anatomical, morphological, and functional characterization of these lesions supported by imaging. Using a systematic search protocol in PubMed, Google Scholar, Ebsco, Redalyc, and SciELO, the authors extracted clinical studies, review articles, book chapters, and case reports that provided information about vascular cerebral malformations, in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. A total of 385,614 articles were grouped; using the inclusion and exclusion criteria, three of the authors independently selected 51 articles about five vascular cerebral malformations: venous malformation, brain capillary telangiectasia, brain cavernous angiomas, arteriovenous malformation, and leptomeningeal angiomatosis as part of Sturge–Weber syndrome. We described the next topics—“definition”, “etiology”, “pathophysiology”, and “treatment”—with a focus on the relationship with the imaging approach. We concluded that the correct anatomical, morphological, and functional characterization of cerebral vascular malformations by means of various imaging studies is highly relevant in determining the therapeutic approach, and that new lines of therapeutic approaches continue to depend on the imaging evaluation of these lesions.
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1. Introduction


Vascular anomalies comprise a heterogeneous spectrum of structural disorders of blood and lymphatic vessels that are present in 4.5% of the world’s population at birth and during childhood [1]. These anomalies are classified into two groups: tumors and vascular malformations. Tumors are characterized by hyperplasia that generally conditions an accelerated growth of said structure, unlike vascular malformations, whose cells are in quiescence, implying a lack of structure growth and to a lesser extent a gradual increase in size. Specifically, vascular malformations never involute; they are believed to be derived from alterations in the angiogenesis process during the embryonic stage, as well as from alterations in the development of the vessels during the extrauterine life [2,3,4]. They are generally derived from germline or somatic genetic alterations [5]. The main classification system for vascular anomalies. for international standardization purposes that establish clinical and histopathological criteria, is the one proposed by the International Society for the Study of Vascular Anomalies (ISSVA), which was updated in 2018 [6].



Vascular malformations are divided into four groups, according to the ISSVA. The first group includes simple vascular malformations, which involve only capillaries (9%), veins (70%), or lymphatic vessels (15%). This group includes, exceptionally, arteriovenous malformations (AVM) (6%). The second group corresponds to combined vascular malformations that involve two or more of these structures [2,3]. The third group includes malformations that are associated with other anomalies, such as CLAPO (capillary vascular malformation of the lower lip, lymphatic malformation of the head and neck, asymmetry, and partial or generalized overgrowth) and CLOVES (congenital lipomatous overgrowth, vascular malformations, epidermal nevi, and skeletal anomalies). The last group includes malformations that affect large caliber vessels, such as arteries, lymphatic vessels, or veins [6,7,8].



Functionally, vascular malformations are divided into low flow or high flow. Low flow lesions are usually capillary malformations, venous malformations (VMs), and lymphatic malformations (LMs). High flow lesions involve the presence of arterial vessels, and include arteriovenous malformations (AVMs) and fistulas [3,9,10].



Between 40% and 60% of vascular anomalies occur in the head and neck region, mostly affecting the nervous system [2,11]. The way to approach these anomalies depends on the specific characteristics that they exhibit [8]. Therefore, it is important to know the main characteristics of simple group vascular malformations, according to ISSVA criteria, which are present in the nervous system, to achieve correct identifications, characterizations, and therapeutic approaches (Figure 1). This information is obtained by clinical anatomical imaging (angiography and magnetic resonance imaging) and histopathological analysis.




2. Materials and Methods


2.1. Search Strategies


A systematic electronic search was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [12] guidelines in the databases of PubMed, Google Scholar, Ebsco, Redalyc, and Scielo, with a focus on clinical studies, review articles, book chapters, and case reports. that search provided information about simple vascular malformations in the nervous system, in accordance with the 2018 guidelines of the International Society for the Study of Vascular Anomalies (ISSVA) [6]. All databases were last consulted in June 2022. Database-specific filters were used, as necessary, to complete the searches in all the specified databases. the search strategies and keywords are illustrated in Figure 2.




2.2. Study Selection


Using the inclusion and exclusion criteria, three of the authors independently screened the titles and abstracts of the retrieved studies to determine the ones that required further assessment. After duplicates were removed, the authors further assessed the potential studies that were identified via the search strategy. When relevance was determined, the full texts of the articles were retrieved and assessed for possible inclusion, based on the relationship of the contents to the “definition”, “etiology”, “pathophysiology”, and “treatment” of each vascular malformation in the nervous system, and on the relationship of the articles to the imaging approach. The study procedure is depicted in a PRISM flow diagram (Figure 2).





3. Results


The authors selected 56 articles for the analysis (See Supplementary file), with a focus on a total of five vascular malformations that belong to a simple group of anatomic classification in accordance with the 2018 ISSVA guidelines: venous malformations (cerebral venous malformations and brain cavernous angiomas), arteriovenous malformations, and capillary malformations (brain capillary telangiectasia and leptomeningeal angiomatosis as part of the Sturge–Weber syndrome). Forty-three clinical studies and review articles, two book chapters, and 11 case reports were included. Each subtopic was developed via a synthesized description based on data obtained from clinical studies, review articles, book chapters, and case reports. Illustrative images of anatomic, imaging, and histopathologic features were also selected. In addition, original images and schematic illustrations were added (Figure 3).



3.1. Venous Malformations


3.1.1. Cerebral Venous Malformations


Cerebral venous malformations (CVMs) are sets of veins and venules that are arranged radially. This part of the structure is called the nidus. It is composed of a single endothelial layer surrounded by a discontinuous and irregular layer of myocytes and partially isolated from the surrounding veins. It is considered to be a low-flow malformation, frequently manifested during middle or late childhood [14,15,16,17]. AVMs are associated with congenital alterations resulting in the PIK3CA and TEK/TIE2 phenotypes. The latter is an endothelial cell-specific tyrosine kinase receptor that functions through the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) (PI3K/AKT/mTOR) signaling pathways. It is believed to cause 50% of sporadic venous malformations and has been linked to multifocal venous malformations to a lesser extent [10,18]. Ninety-four percent of the cases are de novo mutations; 5% are glomuvenous malformations of dominant and non-hereditary inheritance; and 1% are cutaneomucosal malformations of dominant inheritance [16].



VMs lack rigidity. Therefore, they are compressible, and their volume depends on variations in systemic and local blood pressure. In some cases, they can be identified by symptomatology when performing Valsalva maneuvers. This is particularly the case for large volume malformations (>10 mL) or those that show phleboliths or belong to multifocal diseases, or those that are exhibited by patients with a history of Klippel–Trenaunay syndrome, suggesting a greater probability of developing intravascular coagulopathy [14,15,19]. Intravascular coagulopathy can be identified by D-dimer elevation, decreased fibrinogen, and low platelet count (100.000 to 150.000/µL), without decreased prothrombin time (PT) and activated partial thromboplastin time (PTT). In turn, this increases the risk of developing systemic coagulopathy in the event of sudden changes in intraluminal blood pressure [14,15,16]. Variants, such as developmental venous malformation, are usually asymptomatic; however, due to blood vessel fragility and the large volume that these malformations can reach, hemorrhage may occur.



It should be noted that manifestations may vary, because they depend on a lesion’s location; however, headache and seizures are the most frequent symptoms. Specifically, when the location is infratentorial, such as in the middle cerebellar peduncle, neurosensory hearing loss has been reported, followed by facial paresis, due to the anatomical relationship of the lesion’s location with respect to cranial nerves VII to VIII. However, this is an extremely rare manifestation [20]. It should be underscored that this malformation’s main location is where the superficial and deep supratentorial blood drains converge, usually adjacent to the cortical or ependymal surface; they occur in the cerebellum to a lesser extent [17]. The main differential diagnosis is infantile hemangioma, which, unlike VMs, tends to involute [8].



The first-line imaging modality for diagnostic purposes is via Doppler ultrasound, as long as deep-seated and extensive lesions are not involved. The obtained diagnostic orientation data are low-flow or stasis in a multiple tubular structure, and are associated with a heterogeneous internal coloration. As a second-line modality, magnetic resonance imaging (MRI) is recommended, using conventional spin-echo (SE) sequences with T1-weighted and T2-weighted and fat-suppression images. Vascular malformations, such as hyperintense structures with serpiginous tubules, are observed in T2, as is heterogeneous intensity in the cases of hemorrhage or thrombosis. The specificity of the diagnosis increases with the identification of phleboliths, which are observed as hypointense areas that may be better visualized via computerized tomography (CT) [8,15]. In fact, the CT method allows for the characterization of the nidus size, the size and number of afferent and efferent circulatory vessels, or determining whether there is a connection with a deep venous system [8]. MRI protocols with contrast medium and vascular techniques (angiography and venography) allow for the evaluation and characterization of the malformation, whereby the angiogram shows the pathognomonic sign referred to as “caput medusa” (Figure 4) [8,15,17].



In general, sclerotherapy is the first-line treatment for symptomatic VMs. It blocks venous drainage by inducing structural modification of the blood vessel via scarring. Therefore, the risk of thrombosis must be assessed and prevented. Given that this procedure decreases the volume of the malformation, it is recommended as a preparation measure prior to surgical treatment in the case of large lesions, or as a single treatment in the case of smaller and easy-access lesions, because the procedure implies a lower incidence of external scars and aesthetic repercussions in comparison with surgical resection [8,14].



The most commonly used sclerosing agent is sodium tetradecyl sulfate (STS), followed by doxycycline, bleomycin, ethanolamine oleate, polidocanol, and absolute ethanol. Absolute ethanol is increasingly less used as a sclerosing agent. When multiple sclerotherapy interventions may be required, the determining factors for the choice of a sclerosing agent are the malformation’s anatomical characteristics and the medical practitioner’s experience [8]. Surgical resection is considered for patients with small AVMs, which can be completely removed, or larger AVMs with well-defined margins; however, the choice of a surgical approach should consider the high incidence of morbidity and recurrence. Preoperative embolization with n-BCA glue decreases both the risk of recurrence and the size of the malformation; thus, it is suggested mainly in cases of large VMs with poorly defined margins [8,14].




3.1.2. Brain Cavernous Angiomas


Brain cavernous angiomas (CAs), or cavernous malformations, consist of a set of capillaries that lack the smooth muscle layer. They are composed of only two thin and permeable layers: an adventitious layer and an endothelial layer. These capillaries are usually large, full of blood, and isolated from each other by the extracellular matrix, resulting in their macroscopic “blackberry” shape. The size of these malformations can vary from 2 mm to several centimeters in diameter [21,22,23]. It is believed that in 70% of the cases, brain parenchyma cells are included among the channels of the Cas’ structure [24]. Depending on the etiology, they may appear either as isolated (sporadic) or multifocal lesions [25].



CAs are believed to be the result of mutations that are linked to an autosomal dominant (familial) or de novo pattern, specifically due to deletions, changes in the reading frame, and changes and in the splice site of the CCM1 (KRIT1), CCM2 (malcavernin, MGC4607), or CCM3 (PDCD10) genes [25,26] The latter is mainly associated with multifocal appearance [10]. Proteins encoded by these genes are components of a heterotrimeric intracellular adapter protein complex called the CCM complex, which contributes to the regulation of cell-to-cell interaction functions, adhesion, and the proliferation of endothelial cells through the activity regulation of the MEKK3-KLF2/4 and RhoA/Rho kinase (ROCK) pathways [27,28].



The etiology derived from de novo mutations has been related to differences in enteric microbiome, as it has been observed that patients with CAs have a higher proportion of Gram-negative bacteria, among which Odoribacter splanchnicus stands out, and a lower ratio of Gram-positive bacteria, such as Faecalibacterium prausnitzii and Bifidobacterium adolescencia. The lipopolysaccharides of Gram-negative bacteria are able to activate the CD14 and TLR4 receptors that are involved in the activation of the MEKK3 pathway, interfering with the regulation of the negative activity of the MEKK3-KLF2/4 pathway that is exerted by the CMM complex. This allows for the consideration of the influence of the intestinal-brain axis on the development and progression of CAs [28,29,30].



Although most CAs are small and asymptomatic [31], commonly exhibited manifestations are seizures [32,33], intracranial hemorrhage, focal neurological deficits (FNDs) [24], iron and hemosiderin deposits, gliosis, B- and T-cell infiltration, plasma cells and oligoclonal immunoglobulins, and complement activation [34]. These deficits cause neuroinflammation and calcification and, in the case of large lesions, ossification [25]. However, depending on the location of the lesions, specific ailments may be found, as detailed in Table 1.



Given that ACs lack feeding arteries and drainage veins, they are considered to be angiographically occult vascular malformations. Therefore, the first-line diagnostic tool is the MRI study using the susceptibility-weighted imaging (SWI) protocol, due to its high sensitivity in detecting deoxygenated hemoglobin and hemosiderin deposits that are not usually accurately visible in the T1 and T2 protocols. the second line, in terms of sensitivity for the detection of Cas, corresponds to the T2-weighted echo gradient protocol (GRE T2). However, the hemosiderin ring “blooming” artifact that is associated with CAs can maximize the estimation of lesion size in GRE T2. Therefore, T1 and (mainly) T2 sequences are more useful in estimating the size of CAs once the diagnosis has been established. On multiple occasions, the obtained images turn out to be similar to arteriovenous malformations (AVM). Therefore, in order to establish a differential diagnosis, digital subtraction angiography (DSA) via catheter may be used [17,40].



The first-line treatment for CAs consists of surgical resection of the lesion. The hemosiderin ring, the gliosis area and neuroinflammation surrounding the CAs are the resection area’s boundaries. Stereotactic radiosurgery has also been proposed as an alternative for patients with surgically inaccessible lesions [33]. Although a pharmacological treatment for CAs has not been standardized, preclinical studies have reported good results with atorvastatin that inhibits ROCK [22] and propranolol, whose therapeutic target is VEGF. It acts as an angiogenesis regulator, and therefore decreases the size of CAs (Figure 5 and Figure 6) [41].





3.2. Arteriovenous Malformation (AV Angioma, Cirsoid Angioma)


Arteriovenous malformations (AVMs) or arteriovenous hemangiomas consist of the direct connection between an artery and a vein, without intermediate capillaries. Therefore, they are classified in the high-flow group. The vessels that make up this malformation are dilated and dysplastic. They are jointly referred to as the nidus, which is connected with feeding arteries and drainage veins without the presence of brain parenchyma cells interspersed between the nidus vessels [5,42,43,44]. These connections allow AVMs to exert circulatory arrest on the surrounding brain structures [45]. The main irrigation arteries belong to the internal carotid or vertebrobasilar systems and the external carotid arteries, such as the middle or posterior meningeal artery [44]. Furthermore, the veins communicate with the drainage system of the adjacent brain structures [45]. AVMs are often pyramid-shaped, with the base facing the meninges and the vertex facing the ventricles [17,46]. Other less common morphology variants of AVMs are “wedge”, cylindrical, or globoid shapes restricted to white matter [44].



AVMs are derived from somatic mutations of the KRAS, NRAS, HRAS, BRAF, and MAP2K1 genes [10]. The latter three genes have been associated with the sporadic occurrence of AVMs representing 95% of cases [46,47] while the remaining 5% of the cases are attributed to dominant autosomal familial syndromes. In some of them, the NRAS gene is involved, as well as non-syndromic conditions, such as somatic mutations in the KRAS proto-oncogene [46]. Risk factors have been identified that coexist with AVMs, such as previous intracranial hemorrhage from trauma, moyamoya disease, radiation therapy, and epilepsy [48].



Regardless of the etiology of AVMs, their development coincides with errors in vascular morphogenesis in the primitive vascular plexus, involving angiogenic growth factors and their receptors, retained vascular connections, vascular changes due to inflammatory responses, and increased vascular endothelial growth factor preventing the development of capillary beds [17,44,49]. These alterations lead to arterial dilation, increased intraluminal pressure, venous infarction, intracranial hemorrhages, and increased venous pressure, leading to manifestations that depend on the affected brain region, including headache, tinnitus, dizziness, vertigo, paraesthesia, irritability, seizures and/or epilepsy events, visual problems, gait disturbance, instability, and neurological deficits, as well as intellectual disabilities, language disorders, ataxia, and dyslalia [49,50,51].



The initial diagnostic approach to this malformation can be supported by ultrasound study to observe anechoic tubular structures that are channeled toward a central nidus, and by the Doppler protocol to observe the flow in these structures, which are often turbulent, especially in the nidus, accompanied by arterialization of drainage veins and high-speed and low-resistance waves. From these studies, it is important to be able to quantify the feeding and drainage vessels, as well as the size of the VAMs and, particularly, the size of the nidus. The MRI via T2 protocol facilitates observation of dilated meandering vessels with flow gaps in connection to edema and without mass effect. The lesion size can be estimated more accurately via four-dimensional [4D] MR angiography with dynamic contrast. Additionally, this study allows for a more accurate observation of the lesion’s anatomical characteristics and the effect it exerts on surrounding structures. In particular, the DSA study shows the central conglomerate that corresponds to the nidus, surrounded by veins that exhibit proximal opacification. This allows for a differential diagnosis with CAs (Figure 7 and Figure 8) [8].



The treatment consists of microsurgical resection, robotic stereotactic radiosurgery (RSR), endovascular embolization, and combined multimodal management. Microsurgery is recommended mainly in AVMs with a superficial location, which lack deep venous drainage and have a size of less than 6 cm. In the case of superficial AVMs with a size of less than 3 cm, SRS is recommended It offers an obliteration incidence of 59% to 68%, although the risk of radiogenic edema development and the low risk of radionecrosis must be considered. It should be noted that the results have been more favorable when a sclerotherapy session is added prior to the intervention through SRS [52]. Endovascular embolization is considered to be suitable for AVMs with a size greater than 3 cm, when the intent is to reduce the size and to be able subsequently to practice microsurgery or radiosurgery. Combined multimodal embolization measures promotes angiogenesis that is secondary to hypoxia. This has been associated with greater recurrence of AVMs following an embolization-only approach [49,52,53,54,55].




3.3. Capillary Malformations


3.3.1. Cerebral Capillary Telangiectasia


Cerebral capillary telangiectasia (CCT) consists of dilated, low-flow vascular channels of with varying diameters between 3 mm and 20 mm. CCT is composed of thin walls of endothelial cells, lacking a layer of smooth muscle cells. CCT is arranged in confluent groups and interspersed in the cerebral parenchyma [56,57,58]. This malformation is characterized by the lack of surrounding gliosis, calcification, macrophages loaded with hemosiderin, or mass effect. The relevant data allow for differential diagnosis through brain cavernous angioma (CA) [17].



The etiology of CCT is associated with a mutation of the GNAQ gene, the RASA1 gene, or the MAP2K1 gene.Mutations of the latter two genes are associated with the coexistence of CCT and arteriovenous malformations (AVMs) [18]. The symptomatology of CCT is heterogeneous. In some cases, it appears as a clinically silent lesion, while symptomatic cases are classified into three large groups. The first group consists of cerebral hemorrhages that are derived from capillary fragility in conjunction with venous hypertension events. The second group consists of a focal neurological deficit that is secondary to local stasis and thrombosis. The third group consists of all of those variable manifestations that are secondary to capillary and venous ectasia. The most frequent manifestations consist of cranial nerves and, in some cases, epileptic syndromes. Another factor that can influence the manifestations is the lesion’s location. The most commonly affected regions are the protuberance, the insular cortex, the midbrain, the uncus, the cerebellum, and the spinal cord [58].



In asymptomatic cases, lesions can show up as incidental findings during conventional MRI sequences. They are observed as isolated isointense lesions. The protocols with the use of gadolinium allow for them to be differentiated from other vascular anomalies, mainly CA which is very similar in imaging studies, showing an elevation of the edges in the form of a brush, a “dotted” appearance, or multiple dotted foci that arecharacteristic of CCT. The enhancement is due to the contrast medium present in ectasic vessels. However, the susceptibility-weighted imaging (SWI) study is of greater sensitivity for diagnosis, as it provides a submillimeter definition (Figure 9 and Figure 10) [58].



Asymptomatic patients may be treated conservatively, due to the extremely low risk of the progression or the bleeding of these lesions. Therefore, a precise radiographic diagnosis is required to determine the therapeutic approach and to avoid confusing them with other more serious alterations. Because of this, it is feasible to carry out a genetic study to rule out hereditary hemorrhagic telangiectasia when the results of the imaging studies and the clinical data are not conclusive [58,59].



In particular, in cases where the lesion is accessible and jeopardizes functional integrity, surgical removal has been recommended [58,59]. Although this procedure has been reported to improve neural functions or to reduce seizures in some clinical cases [17,60], endovascular treatments are listed as equally appropriate approaches [8,14]. The use of aminocaproic acid or tranexamic acid appears to inhibit fibrinolysis in the case of hemorrhagic complications [61]. Although CCT is believed to be a clinically benign entity, its timely diagnosis and treatment are essential in avoiding unnecessary invasive procedures, as well as in the development of neurodegenerative processes [17,59].




3.3.2. Capillary-Venous Angioma (Sturge–Weber)


Sturge–Weber syndrome (SWS) or encephalotrigeminal angiomatosis, is a non-hereditary congenital syndrome, classified as neurocutaneous phacomatosis. It is characterized by capillary–venous malformation of the brain, glaucoma, seizure, and neurological, ocular, and skin anomalies. Among the latter, port wine facial birthmarks stand out [62,63,64,65,66]. The etiology of this condition is attributed to somatic mutations that activate genes that encode heterodimeric G-protein chains, specifically the GNB2 gene, tha encodes the beta chain or the GNAQ and GNA11 genes that encode the alpha chain. GNAQ and GNA11 mutations affect mitogen-activated protein kinase (MAPK)/RAS pathway signaling (RAS/MAPK), which is involved in endothelial cell migration. This leads to the formation of leptomeningeal angioma and facial capillary malformation with ipsilateral glaucoma [5,66,67].



These vascular malformations can exhibit mild bone hypertrophy from the ipsilateral cranial vault to the port wine stain, as a compensatory mechanism that addresses the atrophy of the underlying cerebral parenchyma or focal venous hypertension associated with primary venous dysplasia, eventually causing facial distortion and compression effects [67]. Brain ailments can range from a small unilateral parietal–occipital focal area of the brain to extensive bilateral ailments. This results in a variety of symptoms, including seizures, mild learning problems, fine motor deficiencies, vision loss, hemiparesis, strokes that are mainly ischemic, and severe intellectual disability [62,68].



Given the wide variety of manifestations, clinical diagnosis can be difficult. However, electroencephalography studies can help in identifying SWS in newborns by observing background anomalies in the electroencephalogram, which are characterized by low voltage amplitudes and attenuation of dominant rhythms, as well as by acute waves or peak and wave discharges that are associated with clinical or subclinical seizures. Neuroimaging studies are more sensitive and specific in performing the SWS diagnosis, with MRI recommended as a first-line study in the diagnostic approach. Such studies are based on the incidence of facial angioma and leptomeningeal angiomatosis as standards for diagnosis [65,69]. The MRI protocol with a contrast medium, such as gadolinium, facilitates the detection of angiomatosis and the degree of involvement of brain structures. as a second line of study, CT is recommended to identify cerebral calcifications. The CT protocol via single photon emission identifies the decrease in blood flow in the brain area affected by leptomeningeal angiomatosis (Figure 11) [69].



Although there is no specific treatment for SWS, it is paramount to establish and treat SWS-derived epileptic syndrome. Regarding drug treatment options, anticonvulsants, such as topiramate, may cause bilateral acute glaucoma. Currently, there is a consensus that low doses of acetylsalicylic acid may be beneficial, given that they decrease blood flow disturbances and hypoxic-ischemic neuronal lesions [69].



In infants, presymptomatic treatment with anticonvulsant medications and/or aspirin is promising in delaying the onset of seizures, while in patients with refractory epileptic syndromes, the use of neuromodulators, such as cannabidiol, has been suggested. If the location of the lesion is unilateral, hemispherectomy may be used [62]. There are other treatment approaches, such as modulation through bioactive compounds, that induce fibronectin expression or carbonic anhydrase enzyme and acetylcholinesterase, which focus on decreasing the severity of glaucoma. This approach includes sirolimus, which inhibits the mTOR pathway that is characteristically hyperactivated in SWS and other vascular alterations [70].



Hemispherectomy and hemispherotomy are the gold standards for the treatment of SWS related to medically intractable epilepsy. However, several authors reported on good results in seizure control with limited resection (vascular malformation plus adjacent calcified parenchyma plus epileptogenic areas identified by electrocorticography). Most of the papers showed that a partial surgical excision provides for seizure control only for a limited period of time [64]. Compared with extracranial malformation, the ligation of the affluent artery affected by the malformation is sufficient to decrease the flow of the lesion and the depletion of the mass of the malformation [71].



The prognosis of SWS alteration depends on the extent of leptomeningeal angiomatosis and its effect on cerebral perfusion, the severity of ocular involvement, the age of seizure onset, and whether epileptic syndrome is refractory. Damage to neurological functions increases with age and in children with the angiodysplastic variant of SWS, who need regular followup to identify whether malignant transformation of dysplastic tissue exists [67,69,72].






4. Discussion


Vascular malformations are structural and functional anomalies of circulatory system vessels. Epidemiology indicates that up to 60% of these malformations are located in the head and neck, generally compromising the nervous system [2,11]. Most of these malformations are linked to alterations in gene expression in connection with the RAS/MAPK/ERK and PI3K/AKT/mTOR pathways. Both are involved in the proliferation, migration, and apoptosis of endothelial cells and other cell lines that are also involved in carcinogenesis processes [5,10,73]. The progress made in the identification and characterization of the various genetic alterations that make up the etiology of vascular malformations has allowed better understanding of their pathophysiology while providing a better outlook for developing approach options that are mainly based on molecules that regulate gene expression and therapies [73].



Relevant examples of such progress include the atorvastatin proposal as a ROCK inhibitor (which leadsg to a decreased incidence of lesions and hemorrhages in CAs [74]), propranolol (which is suggested as an EndMT inhibitor by modulating the TGF pathway and transforming growth factor -β in CA [41,75,76]), or pioglitazone, silibinin, norcantharidine, berberine, protocatechuic aldehyde, hemodine, tuberin, simvastatin, and sirolimus (as regulators of fibronectin expression in SWS [70,73]). In particular, sirolimus has been proposed as a treatment alternative for complicated vascular malformations [9]. Although these drugs have not yet been approved as specific treatments for vascular malformations, they are listed as possible aids against the formation of vascular malformations in multiple familiar cases, or to decrease the likelihood of recurrence after surgical resection or sclerotherapy [76].



The increasing complexity of therapeutic approaches to vascular malformations highlights the need to avoid confusing them with each other through correct characterization. Although clinical data may be useful in this process, such data are not entirely decisive, given that at a clinical level there may be silent courses, as in the cases of CCT [58] and small CAs [31] or clinical manifestations that are closely similar, such headaches and seizures that are present in most of the different vascular malformation cases [17,20,32,33,49,50,51,60,62,68]. An example of a fairly useful clinical feature is port wine stain in the case of SWS [63,64,65]; however, this syndrome will only occur in 8% to 33% of the subjects with the skin mark [70]. In addition, SWS may be present without the presence of port wine stain. Therefore, considering these cases as type III encephalofacial angiomatosis, according to the Roach scale [77], it is not feasible to establish an exclusively clinical diagnosis and it is even less feasible to do so in cases where clinical manifestations are non-specific.



In order to achieve the objective of comprehensively and optimally characterizing vascular malformations, imaging studies are a particularly useful tool. Initially, some entities, such as VMs and AVMs, can be identified through Doppler-type ultrasound [8,15], which allows for the evaluation of morphological and functional data, specifically the low flow that characterizes VMs and the high flow that characterizes AVMs [6,8]. However, this imaging modality is not useful in evaluating deep, large lesions with a bone component [8] or in vascular malformations such as CCT, CA, and leptomeningeal angioma, which associated with SWS. In these cases, the ultrasound does not provide data as conclusive as the data obtained with MRI, which is generally considered to be useful as a first-line imaging study with T2 and T1 protocols generally recommended, except in CA cases in which GRE T2 is recommended because the lesions are angiographically hidden [8,78].



As part of the diagnostic approach, other imaging studies that allow the observation of specific characteristics that go beyond the determination of the presence of vascular malformations need to be considered. They help to characterize the malformations and thus establish guidelines for the most appropriate therapeutic approach. Among the general indicators are the size of the nidus, the size of the lesion, the presence or absence of vessels of afferent or efferent circulation, and the location thereof. These indicators emphasize surgical accessibility, and whether it may compromise certain brain areas (e.g., location in an eloquent site) [8]. Other more specific studies allow the establishment of differential diagnoses, including those that discern between CAs and AVMs or CAs and CCT, which can be perceived as being similar according to MRI data. Accordingly, the performance of DSA has been recommended [17,40] to distinguish between CAsand. AVMs, and the performance of SWI has been recommended to distinguish between CAs and CCT [58]. In the case of SWS, the International League Against Epilepsy (ILAE) recommends that a differential diagnosis be established against other epileptic syndromes by taking into account, as highly relevant, the port wine stain data and the leptomeningeal enhancement data obtained via MRI [13,79].



Despite the emerging options for drug treatment for vascular malformations, sclerotherapy, embolization, and surgical resection or laser cytoreduction interventions continue to be the most optimal approach options in most cases, as they allow for the handling of large, surgically accessible lesions; in difficult cases, endovascular sclerotherapy and embolization allow for the treatment of such difficult-to-reach lesions [9,19,70,80]. The exception is CCT or asymptomatic AVMs in older adults, which can generally be managed with a conservative surveillance approach [58,59,80].



As far as endovascular approaches to sclerotherapy and embolization, the high association with lesion recurrence, generally through rechanneling, should be considered. In certain cases, several sessions are required. in addition, these intervention techniques do not allow for the approach of angiographically hidden lesions, as in the case of Cas. For these reasons, the surgical approach can be used in some cases. However, endovascular processes are preferred over surgeries in deep lesions that are difficult to access [17,40,80]. A crucial element to consider in choosing between sclerotherapy and embolization is the risk of dissemination of the sclerosing agent, which can lead to necrosis and embolization of areas that are not directly affected by vascular malformation. This risk increases potentially with high-flow vascular malformation interventions, such as AVMs. A prophylactic measure to avoid this complication is drainage vessel compression of the lesion; however, the use of this measure depends on the location of the malformation and its relationship with other brain structures. Again, this highlights the importance of correctly characterizing the morphology and structural relationship of the vascular malformation via imaging studies [8,81]. Transvenous retrograde nidus sclerotherapy under controlled hypotension (TRENSH) is an embolization variant that consists of the temporary induction of systemic hypotension with or without partial occlusion of feeding vessels. It stands out because of its more complete permeabilization of the nidus of malformations with arterial components, which significantly reduces the risks of hemorrhage and embolization in peripheral areas that are unrelated to the vascular malformation [82].



Another approach option in the treatment of vascular malformations, mainly AVMs, is robotic stereotactic radiosurgery (RSR) combined with previous sclerotherapy. RSR has shown encouraging results. Nevertheless, it is a technique that is less performed than surgical resection [52]. Surgical resection is considered to be the intervention technique with the lowest rate of lesion recurrence; however, the high risks of transurgical and post-surgical bleeding during the first year after the intervention must be considered. The Spetzler–Martin scale has been an excellent reference point in guiding whether to choose this approach technique, depending on lesion size, eloquent location, and deep drainage. This underscores how important it is to know the contributions that are made by the different imaging studies in reaching a more accurate estimate of the dimensions of vascular malformations and their anatomical and functional characteristics. This scale also allows us to consider the possibility of establishing multimodal management that consists of endovascular embolization prior to surgery [80]. Although there is a debate between the choice of a surgical approach or sclerotherapy and embolization as the first lines of treatment, there is agreement on the need to adequately characterize the lesions in order to determine the most appropriate management, guided by clinical data, imaging, and histopathological data. The data are mainly gathered during the transoperative period that is associated with the delimitation of resection sites [44,71,78,80,83,84].



Despite the importance of the characterization of vascular malformations in this search, it was difficult to obtain illustrative images of the anatomical and imaging characteristics that had the necessary quality to identify the key differences between each vascular malformation. However, we complemented this review with some original images that allowed us to concentrate and compare the imaging and the anatomical, histopathological, and clinical characteristics.




5. Conclusions


The correct anatomical, morphological, and functional characterization of cerebral vascular malformations, via the various imaging studies, is highly relevant in determining a therapeutic approach, either multimodal or isolated. Despite drug advances, theranostic therapy does not exclude the importance of properly characterizing vascular malformations. On the contrary, correct characterizations are useful in evaluating the response to these emerging lines of treatment.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/life12081199/s1.





Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The review protocol can be accessed to drmarin.neuroscience@gmail.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Micali, G.; Verzì, A.E.; Musumeci, M.L.; Lacarrubba, F. Vascular Anomalies. In Atlas of Pediatric Dermatoscopy; Micali, G., Lacarrubba, F., Stinco, G., Argenziano, G., Neri, I., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 235–241. ISBN 978-3-319-71167-6. [Google Scholar]

	



Sadick, M.; Wohlgemuth, W.A.; Huelse, R.; Lange, B.; Henzler, T.; Schoenberg, S.O.; Sadick, H. Interdisciplinary Management of Head and Neck Vascular Anomalies: Clinical Presentation, Diagnostic Findings and Minimalinvasive Therapies. Eur. J. Radiol. Open 2017, 4, 63–68. [Google Scholar] [CrossRef] [PubMed]

	



Taghinia, A.H.; Upton, J. Vascular Anomalies. J. Hand. Surg. Am. 2018, 43, 1113–1121. [Google Scholar] [CrossRef] [PubMed]

	



Narsinh, K.H.; Gautam, A.; Baker, A.; Cooke, D.L.; Dowd, C.F. Vascular Anomalies: Classification and Management. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The Netherlands, 2021; Volume 176. [Google Scholar]

	



Borst, A.J.; Nakano, T.A.; Blei, F.; Adams, D.M.; Duis, J. A Primer on a Comprehensive Genetic Approach to Vascular Anomalies. Front. Pediatr. 2020, 8, 579591. [Google Scholar] [CrossRef]

	



Ahlawat, S.; Fayad, L.M.; Durand, D.J.; Puttgen, K.; Tekes, A. International Society for the Study of Vascular Anomalies Available ISSVA Classification of Vascular Anomalies. Curr. Probl. Diagn. Radiol. 2018, 48, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Esposito, F.; Ferrara, D.; Di Serafino, M.; Diplomatico, M.; Vezzali, N.; Giugliano, A.M.; Colafati, G.S.; Zeccolini, M.; Tomà, P. Classification and Ultrasound Findings of Vascular Anomalies in Pediatric Age: The Essential. J. Ultrasound 2019, 22, 13–25. [Google Scholar] [CrossRef] [PubMed]

	



Bertino, F.; Trofimova, A.V.; Gilyard, S.N.; Hawkins, C.M. Vascular Anomalies of the Head and Neck: Diagnosis and Treatment. Pediatr. Radiol. 2021, 51, 1162–1184. [Google Scholar] [CrossRef]

	



Ricci, K.W. Advances in the Medical Management of Vascular Anomalies. Semin. Interv. Radiol. 2017, 34, 239–249. [Google Scholar] [CrossRef]

	



Adams, D.M. Practical Genetic and Biologic Therapeutic Considerations in Vascular Anomalies. Tech. Vasc. Interv. Radiol. 2019, 22, 100629. [Google Scholar] [CrossRef]

	



Pahl, K.S.; Kim, K.; Sams, C.; Alvarez, H.; Smith, S.V.; Blatt, J. Inconsistency in Classifying Vascular Anomalies: What’s in a Name? Pediatr. Blood Cancer 2018, 65, e26836. [Google Scholar] [CrossRef]

	



Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BMJ 2021, 372, n71. [Google Scholar] [CrossRef]

	



Zuberi, S.M.; Wirrell, E.; Yozawitz, E.; Wilmshurst, J.M.; Specchio, N.; Riney, K.; Pressler, R.; Auvin, S.; Samia, P.; Hirsch, E.; et al. ILAE Classification and Definition of Epilepsy Syndromes with Onset in Neonates and Infants: Position Statement by the ILAE Task Force on Nosology and Definitions. Epilepsia 2022, 63, 1349–1397. [Google Scholar] [CrossRef] [PubMed]

	



Eberson, S.N.; Desai, S.B.; Metry, D. A Basic Introduction to Pediatric Vascular Anomalies. Semin. Interv. Radiol 2019, 36, 149–160. [Google Scholar] [CrossRef] [PubMed]

	



Brahmbhatt, A.N.; Skalski, K.A.; Bhatt, A.A. Vascular Lesions of the Head and Neck: An Update on Classification and Imaging Review. Insights Imaging 2020, 11, 19. [Google Scholar] [CrossRef] [PubMed]

	



Mylonas, S.; Brunkwall, S.; Brunkwall, J. Vaskuläre Anomalien. Teil II: Vaskuläre Malformationen. Der. Chirurg. 2018, 89, 319–330. [Google Scholar] [CrossRef] [PubMed]

	



Zafar, A.; Fiani, B.; Hadi, H.; Arshad, M.; Cathel, A.; Naeem, M.; Parsons, M.S.; Farooqui, M.; Bucklin, A.A.; Leone, M.J.; et al. Cerebral Vascular Malformations and Their Imaging Modalities. Neurol. Sci. 2020, 41, 2407–2421. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.S.; Hwang, S.K.; Chung, H.Y. The Molecular Pathophysiology of Vascular Anomalies: Genomic Research. Arch. Plast Surg. 2020, 47, 203–208. [Google Scholar] [CrossRef]

	



Padia, R.; Bly, R.; Bull, C.; Geddis, A.E.; Perkins, J. Medical Management of Vascular Anomalies. Curr. Treat. Options Pediatr. 2018, 4, 221–236. [Google Scholar] [CrossRef]

	



Ebrahimzadeh, K.; Tavassol, H.H.; Mousavinejad, S.A.; Ansari, M.; Kazemi, R.; Bahrami-Motlagh, H.; Jalili Khoshnoud, R.; Sharifi, G.; Samadian, M.; Rezaei, O. The Sensorineural Hearing Loss Related to a Rare Infratentorial Developmental Venous Angioma: A Case Report and Review of Literature. J. Neurol. Surg. A Cent. Eur. Neurosurg. 2021. [Google Scholar] [CrossRef]

	



Akers, A.; Al-Shahi Salman, R.; Awad, I.A.; Dahlem, K.; Flemming, K.; Hart, B.; Kim, H.; Jusue-Torres, I.; Kondziolka, D.; Lee, C.; et al. Synopsis of Guidelines for the Clinical Management of Cerebral Cavernous Malformations: Consensus Recommendations Based on Systematic Literature Review by the Angioma Alliance Scientific Advisory Board Clinical Experts Panel. Neurosurgery 2017, 80, 665–680. [Google Scholar] [CrossRef]

	



Polster, S.P.; Cao, Y.; Carroll, T.; Flemming, K.; Girard, R.; Hanley, D.; Hobson, N.; Kim, H.; Koenig, J.; Koskimäki, J.; et al. Trial Readiness in Cavernous Angiomas with Symptomatic Hemorrhage (CASH). Neurosurgery 2019, 84, 954–964. [Google Scholar] [CrossRef]

	



Girard, R.; Li, Y.; Stadnik, A.; Shenkar, R.; Hobson, N.; Romanos, S.; Srinath, A.; Moore, T.; Lightle, R.; Shkoukani, A.; et al. A Roadmap for Developing Plasma Diagnostic and Prognostic Biomarkers of Cerebral Cavernous Angioma with Symptomatic Hemorrhage (CASH). Neurosurgery 2021, 88, 686–697. [Google Scholar] [CrossRef]

	



Bokhari, M.R.; Al-Dhahir, M.A. Brain Cavernous Angiomas. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Awad, I.A.; Polster, S.P. Cavernous Angiomas: Deconstructing a Neurosurgical Disease: JNSPG 75th Anniversary Invited Review Article. J. Neurosurg. 2019, 131, 1–13. [Google Scholar] [CrossRef]

	



Snellings, D.A.; Hong, C.C.; Ren, A.A.; Lopez-Ramirez, M.A.; Girard, R.; Srinath, A.; Marchuk, D.A.; Ginsberg, M.H.; Awad, I.A.; Kahn, M.L. Cerebral Cavernous Malformation: From Mechanism to Therapy. Circ. Res. 2021, 129, 195–215. [Google Scholar] [CrossRef] [PubMed]

	



McKerracher, L.; Shenkar, R.; Abbinanti, M.; Cao, Y.; Peiper, A.; Liao, J.K.; Lightle, R.; Moore, T.; Hobson, N.; Gallione, C.; et al. A Brain-Targeted Orally Available ROCK2 Inhibitor Benefits Mild and Aggressive Cavernous Angioma Disease. Transl. Stroke Res. 2020, 11, 365–376. [Google Scholar] [CrossRef]

	



Tang, A.T.; Choi, J.P.; Kotzin, J.J.; Yang, Y.; Hong, C.C.; Hobson, N.; Girard, R.; Zeineddine, H.A.; Lightle, R.; Moore, T.; et al. Endothelial TLR4 and the Microbiome Drive Cerebral Cavernous Malformations. Nature 2017, 545, 305–310. [Google Scholar] [CrossRef]

	



Polster, S.P.; Sharma, A.; Tanes, C.; Tang, A.T.; Mericko, P.; Cao, Y.; Carrión-Penagos, J.; Girard, R.; Koskimäki, J.; Zhang, D.; et al. Permissive Microbiome Characterizes Human Subjects with a Neurovascular Disease Cavernous Angioma. Nat. Commun. 2020, 11, 2659. [Google Scholar] [CrossRef] [PubMed]

	



Koskimäki, J.; Zhang, D.; Carrión-Penagos, J.; Girard, R.; Piedad, K.; Polster, S.P.; Lyne, S.; Stadnik, A.; Awad, I.A. Symptomatic Brain Hemorrhages from Cavernous Angioma After Botulinum Toxin Injections, a Role of TLR/MEKK3 Mechanism? Case Report and Review of the Literature. World Neurosurg. 2020, 136, 7–11. [Google Scholar] [CrossRef] [PubMed]

	



Hassani, F.D.; Karekezi, C.; El Abbadi, N. Rare Case of Giant Pediatric Cavernous Angioma of the Temporal Lobe: A Case Report and Review of the Literature. Surg. Neurol. Int. 2020, 11, 7. [Google Scholar] [CrossRef] [PubMed]

	



Kitaura, H.; Hiraishi, T.; Itoh, Y.; Oishi, M.; Fujii, Y.; Fukuda, M.; Kakita, A. Reactive Astrocytes Contribute to Epileptogenesis in Patients with Cavernous Angioma. Epilepsy Res. 2021, 176, 106732. [Google Scholar] [CrossRef]

	



Zanello, M.; Goodden, J.R.; Colle, H.; Wager, M.; De Witt Hamer, P.C.; Smits, A.; Bello, L.; Tate, M.; Spena, G.; Bresson, D.; et al. Predictors of Epileptic Seizures and Ability to Work in Supratentorial Cavernous Angioma Located within Eloquent Brain Areas. Neurosurgery 2019, 85, E702–E713. [Google Scholar] [CrossRef]

	



Wei, S.; Li, Y.; Polster, S.P.; Weber, C.R.; Awad, I.A.; Shen, L. Cerebral Cavernous Malformation Proteins in Barrier Maintenance and Regulation. Int. J. Mol. Sci. 2020, 21, 675. [Google Scholar] [CrossRef] [PubMed]

	



Rosenblum, J.S.; Nazari, M.; Al-Khalili, Y.; Potigailo, V.; Veznedaroglu, E. Unilateral symptomatic hypertrophic olivary degeneration secondary to Midline brainstem cavernous angioma: A case report and review of the literature. World Neurosurg. 2018, 110, 294–300. [Google Scholar] [CrossRef] [PubMed]

	



Marcati, E.; Ferrari, E.; Fava, E.; Talamonti, G.; D’Aliberti, G.A. Clinical considerations on a right operculo-insular cavernous angioma: An illustrative case. Acta Neurochir. 2021, 163, 2755–2759. [Google Scholar] [CrossRef] [PubMed]

	



Ruschel, L.G.; Brock, R.S.; Teles Gomes, M.D.; Vellutini, E.D.; de Oliveira, M.F. Improvement of hemichorea following surgical resection of a putaminal cavernous angioma: Case report and review of literature. World Neurosurg. 2020, 138, 125–128. [Google Scholar] [CrossRef] [PubMed]

	



Umemura, T.; Nishizawa, S.; Miyachi, H.; Yamamoto, J. Removal of double cavernous angioma of the frontal lobe using a three-dimensional printed model: A case report. J. UOEH. 2020, 42, 217–222. [Google Scholar] [CrossRef]

	



Wang, L.; Jiang, M.; Yin, H.; Huang, M.; Zhu, L.; Liang, X.; Deng, Y.; Hu, S.; Zhang, X.; Liu, J. Cavernous angioma of the cerebellopontine angle presenting as hemifacial spasm. Neurol India. 2018, 66, 1826–1828. [Google Scholar]

	



Mokin, M.; Agazzi, S.; Dawson, L.; Primiani, C.T. Neuroimaging of Cavernous Malformations. Curr. Pain Headache Rep. 2017, 21, 47. [Google Scholar] [CrossRef]

	



Paiva, A.; de Alcântara, E.; Araujo, J.; Veiga, J. Propranolol as Treatment for Cavernous Angioma Malformation—A Prospective Study and a Critical Review. Arq. Bras. Neurocir. Braz. Neurosurg. 2018, 37, A0748. [Google Scholar]

	



Faye, M.; Diallo, M.; Sghiouar, M.; Ndiaye Sy, E.C.; Borius, P.Y.; Régis, J.-M. Stereotactic Radiosurgery for Thalamus Arteriovenous Malformations. J. Radiosurg. SBRT 2020, 6, 269–275. [Google Scholar] [PubMed]

	



Healy, V.; O’Halloran, P.J.; Husien, M.B.; Bolger, C.; Farrell, M. Intermixed Arteriovenous Malformation and Hemangioblastoma: Case Report and Literature Review. CNS Oncol. 2020, 9, CNS66. [Google Scholar] [CrossRef] [PubMed]

	



Sabayan, B.; Lineback, C.; Viswanathan, A.; Leslie-Mazwi, T.M.; Shaibani, A. Central Nervous System Vascular Malformations: A Clinical Review. Ann. Clin. Transl. Neurol. 2021, 8, 504–522. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, P.; Mangla, R.; Gupta, S.; Malhotra, A.; Almast, J.; Sapire, J.; Kolar, B. Pediatric Congenital Cerebrovascular Anomalies: Congenital Cerebrovascular Anomalies. J. Neuroimaging 2019, 29, 165–181. [Google Scholar] [CrossRef] [PubMed]

	



De Benedictis, A.; Pietrobattista, A.; Talamanca, L.F.; Monti, L.; Paolantonio, G.; Natali, G.L.; Bua, A.; Savioli, A.; Alessandra Marasi, E.; Randi, F.; et al. “De Novo” Brain Arteriovenous Malformation in a Child with Congenital Porto-Systemic Shunt and Multisystemic Angiomas. Clin. Neurol. Neurosurg. 2022, 217, 107236. [Google Scholar] [CrossRef]

	



Nguyen, H.-L.; Boon, L.M.; Vikkula, M. Genetics of Vascular Anomalies. Semin. Pediatric Surg. 2020, 29, 150967. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues de Oliveira, L.F.; de Castro-Afonso, L.H.; de Freitas, R.K.; Colli, B.O.; Abud, D.G. De Novo Intracranial Arteriovenous Malformation—Case Report and Literature Review. World Neurosurg. 2020, 138, 349–351. [Google Scholar] [CrossRef]

	



Guizado Infante, V.M.; Mejía Maggi, N.C.; Carrera Silva, D.M. Malformación Arteriovenosa Cerebelosa. Caso Clínico. Eugenio Espejo 2019, 13, 71–78. [Google Scholar]

	



Kassiri, J.; Rajapakse, T.; Wheatley, M.; Sinclair, D.B. Neurovascular Lesions in Pediatric Epilepsy. J. Child. Neurol. 2019, 34, 549–555. [Google Scholar] [CrossRef]

	



Rinaldo, L.; Lanzino, G.; Flemming, K.D.; Krings, T.; Brinjikji, W. Symptomatic Developmental Venous Anomalies. Acta Neurochir. 2020, 162, 1115–1125. [Google Scholar] [CrossRef]

	



Feutren, T.; Huertas, A.; Salleron, J.; Anxionnat, R.; Bracard, S.; Klein, O.; Peiffert, D.; Bernier-Chastagner, V. Modern Robot-Assisted Radiosurgery of Cerebral Angiomas—Own Experiences, System Comparisons, and Comprehensive Literature Overview. Neurosurg. Rev. 2018, 41, 787–797. [Google Scholar] [CrossRef]

	



Hart, B.L.; Mabray, M.C.; Morrison, L.; Whitehead, K.J.; Kim, H. Systemic and CNS Manifestations of Inherited Cerebrovascular Malformations. Clin. Imaging 2021, 75, 55–66. [Google Scholar] [CrossRef]

	



Wang, A.T.; Pillai, P.; Guran, E.; Carter, H.; Minasian, T.; Lenart, J.; Vandse, R. Anesthetic Management of Awake Craniotomy for Resection of the Language and Motor Cortex Vascular Malformations. World Neurosurg. 2020, 143, e136–e148. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Alfayate, R.; Martínez-Moreno, N.; Rosati, S.D.; Moreu-Gamazo, M.; Pérez-García, C.; Martínez-Alvarez, R. Klippel-Trenaunay-Weber Syndrome Associated with Multiple Cerebral Arteriovenous Malformations: Usefulness of Gamma Knife Stereotactic Radiosurgery in This Syndrome. World Neurosurg. 2020, 141, 425–429. [Google Scholar] [CrossRef] [PubMed]

	



Kern, P. Pathophysiology of Telangiectasias of the Lower Legs and Its Therapeutic Implication: A Systematic Review. Phlebology 2018, 33, 225–233. [Google Scholar] [CrossRef]

	



McKinney, A.M. Slow-Flow, Asymptomatic Vascular Malformations: Brain Capillary Telangiectasias and Developmental Venous Anomalies. In Atlas of Normal Imaging Variations of the Brain, Skull, and Craniocervical Vasculature; Springer International Publishing: Cham, Switzerland, 2017; pp. 487–521. ISBN 978-3-319-39789-4. [Google Scholar]

	



Larson, A.S.; Flemming, K.D.; Lanzino, G.; Brinjikji, W. Brain Capillary Telangiectasias: From Normal Variants to Disease. Acta Neurochir. 2020, 162, 1101–1113. [Google Scholar] [CrossRef] [PubMed]

	



Braileanu, M.; Wicks, J.M.; Saindane, A.M. Appearance of an Unusual Ring Enhancing Brain Capillary Telangiectasia on 3.0T MRI with Dynamic Susceptibility Contrast Perfusion. Radiol. Case Rep. 2020, 15, 1331–1334. [Google Scholar] [CrossRef]

	



Liu, Y.; Liang, Y.; Tong, F.; Huang, W.; Tinzing, L.; Le Grange, J.M.; Wang, F.; Zhou, Y. Sudden Death from an Epileptic Seizure Due to Capillary Telangiectasias in the Hippocampus. Forensic. Sci. Med. Pathol. 2019, 15, 243–248. [Google Scholar] [CrossRef]

	



Luz, A.R.; de Souza Pereira da Silva, M.C.; de Moura Vergara, R.; Mourão, M.S.F. Lower Limb Ulcers. In Vascular Diseases for the Non-Specialist; Navarro, T.P., Dardik, A., Junqueira, D., Cisneros, L., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 203–220. ISBN 978-3-319-46057-4. [Google Scholar]

	



Sebold, A.J.; Day, A.M.; Ewen, J.; Adamek, J.; Byars, A.; Cohen, B.; Kossoff, E.H.; Mizuno, T.; Ryan, M.; Sievers, J.; et al. Sirolimus Treatment in Sturge-Weber Syndrome. Pediatric Neurol. 2021, 115, 29–40. [Google Scholar] [CrossRef]

	



Hassanpour, K.; Nourinia, R.; Gerami, E.; Mahmoudi, G.; Esfandiari, H. Ocular Manifestations of the Sturge–Weber Syndrome. J. Ophthalmic Vis. Res. 2021, 16, 415. [Google Scholar] [CrossRef]

	



Bianchi, F.; Auricchio, A.M.; Battaglia, D.I.; Chieffo, D.R.P.; Massimi, L. Sturge-Weber Syndrome: An Update on the Relevant Issues for Neurosurgeons. Childs Nerv. Syst. 2020, 36, 2553–2570. [Google Scholar] [CrossRef]

	



Zallmann, M.; Leventer, R.J.; Mackay, M.T.; Ditchfield, M.; Bekhor, P.S.; Su, J.C. Screening for Sturge-Weber Syndrome: A State-of-the-Art Review. Pediatr. Dermatol. 2018, 35, 30–42. [Google Scholar] [CrossRef]

	



Fjær, R.; Marciniak, K.; Sundnes, O.; Hjorthaug, H.; Sheng, Y.; Hammarström, C.; Sitek, J.C.; Vigeland, M.D.; Backe, P.H.; Øye, A.-M.; et al. A Novel Somatic Mutation in GNB2 Provides New Insights to the Pathogenesis of Sturge–Weber Syndrome. Hum. Mol. Genet. 2021, 30, 1919–1931. [Google Scholar] [CrossRef]

	



Kasinathan, A.; Saini, A.G.; Vyas, S.; Singhi, P. Angiodysplastic Sturge Weber Syndrome. BMJ Case Rep. 2018, 2018, bcr-2017-222869. [Google Scholar]

	



Day, A.M.; McCulloch, C.E.; Hammill, A.M.; Juhász, C.; Lo, W.D.; Pinto, A.L.; Miles, D.K.; Fisher, B.J.; Ball, K.L.; Wilfong, A.A.; et al. Physical and Family History Variables Associated With Neurological and Cognitive Development in Sturge-Weber Syndrome. Pediatric Neurol. 2019, 96, 30–36. [Google Scholar] [CrossRef]

	



Maraña Pérez, A.I.; Ruiz-Falcó Rojas, M.L.; Puertas Martín, V.; Domínguez Carral, J.; Carreras Sáez, I.; Duat Rodríguez, A.; Sánchez González, V. Análisis Del Síndrome de Sturge-Weber: Estudio Retrospectivo de Múltiples Variables Asociadas. Neurología 2017, 32, 363–370. [Google Scholar] [CrossRef]

	



Mohammadipanah, F.; Salimi, F. Potential Biological Targets for Bioassay Development in Drug Discovery of Sturge-Weber Syndrome. Chem. Biol. Drug Des. 2017, 91, 359–369. [Google Scholar] [CrossRef]

	



Castillo-Rangel, C.; Salinas--Velázquez, O.; Gomez-Ibarra, A.; Becerra-Escobedo, G.; Pérez Pérez, V.H.; Marín-Márquez, G. Report of an epicranial arteriovenous malformation. Cesk Slov. Neurol. N 2021, 84, 488–490. [Google Scholar]

	



Kim, J.; Jeong, J.; Behen, M.E.; Pilli, V.K.; Luat, A.; Chugani, H.T.; Juhász, C. Metabolic Correlates of Cognitive Function in Children with Unilateral Sturge–Weber Syndrome: Evidence for Regional Functional Reorganization and Crowding. Hum. Brain Mapp. 2018, 39, 1596–1606. [Google Scholar] [CrossRef]

	



Dekeuleneer, V.; Seront, E.; Van Damme, A.; Boon, L.M.; Vikkula, M. Theranostic Advances in Vascular Malformations. J. Investig. Dermatol. 2020, 140, 756–763. [Google Scholar] [CrossRef] [PubMed]

	



Polster, S.P.; Stadnik, A.; Akers, A.L.; Cao, Y.; Christoforidis, G.A.; Fam, M.D.; Flemming, K.D.; Girard, R.; Hobson, N.; Koenig, J.I.; et al. Atorvastatin Treatment of Cavernous Angiomas with Symptomatic Hemorrhage Exploratory Proof of Concept (AT CASH EPOC) Trial. Neurosurgery 2019, 85, 843–853. [Google Scholar] [CrossRef] [PubMed]

	



Oldenburg, J.; Malinverno, M.; Globisch, M.A.; Maderna, C.; Corada, M.; Orsenigo, F.; Conze, L.L.; Rorsman, C.; Sundell, V.; Arce, M.; et al. Propranolol Reduces the Development of Lesions and Rescues Barrier Function in Cerebral Cavernous Malformations: A Preclinical Study. Stroke 2021, 52, 1418–1427. [Google Scholar] [CrossRef] [PubMed]

	



The Treat-CCM Investigators; Lanfranconi, S.; Scola, E.; Bertani, G.A.; Zarino, B.; Pallini, R.; d’Alessandris, G.; Mazzon, E.; Marino, S.; Carriero, M.R.; et al. Propranolol for Familial Cerebral Cavernous Malformation (Treat_CCM): Study Protocol for a Randomized Controlled Pilot Trial. Trials 2020, 21, 401. [Google Scholar] [CrossRef]

	



Higueros, E.; Roe, E.; Granell, E.; Baselga, E. Síndrome de Sturge-Weber: Revisión. Actas Dermo-Sifiliográficas 2017, 108, 407–417. [Google Scholar] [CrossRef]

	



Bashir, U.; Shah, S.; Jeph, S.; O’Keeffe, M.; Khosa, F. Magnetic Resonance (MR) Imaging of Vascular Malformations. PJR 2017, 82, 731–741. [Google Scholar] [CrossRef]

	



Bertani, R.; Garret, B.; Perret, C.M.; Batista, S.; Koester, S.W.; Azeredo, R.; Guimarães Cavalcante Carlos de Carvalho, T.; Almeida, J.A. Undiagnosed Sturge-Weber Syndrome as a Differential Diagnosis of Seizures and Deep Cerebral Venous System Dilation: A Case Report. Cureus 2021, 13, e19111. [Google Scholar] [CrossRef]

	



Gross, B.A.; Du, R. Diagnosis and Treatment of Vascular Malformations of the Brain. Curr. Treat. Options Neurol. 2014, 16, 279. [Google Scholar] [CrossRef]

	



Settecase, F.; Hetts, S.W.; Nicholson, A.D.; Amans, M.R.; Cooke, D.L.; Dowd, C.F.; Higashida, R.T.; Halbach, V.V. Superselective Intra-Arterial Ethanol Sclerotherapy of Feeding Artery and Nidal Aneurysms in Ruptured Cerebral Arteriovenous Malformations. AJNR Am. J. Neuroradiol. 2016, 37, 692–697. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.-J.; Norat, P.; Ding, D.; Mendes, G.A.C.; Tvrdik, P.; Park, M.S.; Kalani, M.Y. Transvenous Embolization of Brain Arteriovenous Malformations: A Review of Techniques, Indications, and Outcomes. Neurosurgical. Focus 2018, 45, E13. [Google Scholar] [CrossRef] [PubMed]

	



Rangel, C.C.; Cordova JS, Z.; Noriega, A.R.; Sanchez, J.M.M.; Mejia Frías, A.A. Foramen magnum meningioma: Surgical planning Analysis with 3d printing. J. Neuro Brain Res. 2021, 1, 1–4. [Google Scholar] [CrossRef]

	



Tao, Y.; Sun, X.; You, Y.; Chen, J.; Wang, J.; Wang, S.; Lin, N.; Liang, B.; Zhao, J. Symptomatic large or giant capillary telangiectasias: Management and outcome in 5 cases. J. Neurosurg. 2016, 125, 160–166. [Google Scholar]








[image: Life 12 01199 g001 550] 





Figure 1. Division of vascular anomalies with a focus on the sub-classifications of vascular malformations. Arteriovenous malformations are categorized in the group of simple malformations, according to ISSVA’s 2018 criteria. Note that the main topics covered in this systematic review are shown in green. 
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Figure 2. Studies included in the results of this study. 






Figure 2. Studies included in the results of this study.



[image: Life 12 01199 g002]







[image: Life 12 01199 g003 550] 





Figure 3. The main topics addressed in this systematic review from the points of view of the model, anatomy, magnetic resonance imaging, histopathology, clinical presentation, and common location [13]. The representative image of venous malformation shown in the figure is cavernoma; the representative image of arteriovenous malformation is a temporal lobe malformation; the representative capillary malformation is capillary telangiectasia. 
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Figure 4. Venous malformation in cerebellar vein, observed by T2 MRI [17]. 
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Figure 5. Cavernous angioma in the right insula and putamen. Axial and coronal T2 magnetic resonance imaging [37]. 
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Figure 6. (A) Cut surface of cavernous angioma showing cavity with blood debris and fibrous wall. (B) Axial T1-weighted magnetic resonance imaging with contrast showing hyperintense oval right parietal lesion in relation to the parenchyma and hypointense center with defined borders and irregular hypointense halo. (C) Histologic section of cavernous angioma showing thin-walled ectatic vessels. The white bar represents 1 cm. 
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Figure 7. Arteriovenous malformation of the right frontal lobe: (a) T2 MRI, axial image, shows multiple hypointense flow gaps, with a slight signal anomaly in the surrounding cerebral parenchyma (arrows); (b) with contrast, it shows an early enhancement of AVMs (arrows); (c) digital subtraction angiography of the left vertebral artery’s catheterization in the coronal plane shows the AVMs nidus (long arrow) and the drainage veins with opacification (short arrow) [8]. 
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Figure 8. (A) Cut surface of arteriovenous malformation showing multiple vessels with variable lumens immersed in brain parenchyma. (B) Axial slice CT angiography showing a lesion composed of a vascular conglomerate that enhances the contrast medium. (C) Histological section showing vessels with variable lumens and mural thicknesses with arterialization and brain parenchyma between the vessels HE 10×. The white bar represents 1 cm. 
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Figure 9. CCT measuring 6 mm in right caudate nucleus, observed through T2 MRI [59]. 
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Figure 10. (A) Simple T1-weighted axial slice MRI showing an oval lesion in the white matter of the right superior temporal gyrus, with a hyperintense center and a hypointense halo. (B) Histologic section shows telangiectasia with small, thin-walled vessels, luminal dilation, and white matter between them. 






Figure 10. (A) Simple T1-weighted axial slice MRI showing an oval lesion in the white matter of the right superior temporal gyrus, with a hyperintense center and a hypointense halo. (B) Histologic section shows telangiectasia with small, thin-walled vessels, luminal dilation, and white matter between them.



[image: Life 12 01199 g010]







[image: Life 12 01199 g011 550] 





Figure 11. Leptomeningeal angiomas from ipsilateral SWS to port wine lesion (A), observed by contrast-enhanced MRI, is shown on the left side in leptomeningeal vascular malformation and gyrate atrophy. (B) CT without contrast shows calcifications and twist atrophy [66]. 
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Table 1. Pathophysiology of cavernous angioma according to its location.
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	Location
	Effects





	Mesencephalon-pontine
	Ataxia, imbalance, multiple falls, headache, blurred vision, and dysarthria [35].



	Insular cortex
	Sensory, taste and speech symptoms [36].



	Insular putamen
	Hemichorea–hemiballism [37].



	Frontal lobe
	Cognitive impairment [38].



	Pontocerebellar
	Hemifacial spasm, headache [39].
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