
Received: 30 September 2022 Revised: 11November 2022 Accepted: 11November 2022

DOI: 10.1111/jon.13072

R E V I EW ART I C L E

Cerebral cavernousmalformations: Typical and atypical
imaging characteristics

Danila Kuroedov1,2 Bruno Cunha1,2 Jaime Pamplona1,2 Mauricio Castillo3

Joana Ramalho1,2

1Department of Neuroradiology, Centro

Hospitalar Universitário de Lisboa Central,

Lisbon, Portugal

2NOVAMedical School, Universidade Nova de

Lisboa, Lisbon, Portugal

3Department of Radiology, University of North

Carolina School ofMedicine, Chapel Hill,

North Carolina, USA

Correspondence

Joana Ramalho, Department of

Neuroradiology, Centro Hospitalar

Universitário de Lisboa Central, R. José

António Serrano, 1150-199 Lisboa, Portugal.

Email: Joana-ramalho@netcabo.pt

Funding Information

No funds, grants, or other support was

received.

Abstract

Cavernousmalformations (CMs) are benign vascularmalformations thatmaybe seen any-

where in the central nervous system. They are dynamic lesions, growing or shrinking over

time and only rarely remaining stable. Size varies from a fewmillimeters to a few centime-

ters. CMs can be sporadic or familial, and while most of them are congenital, de novo and

acquired lesions may also be seen. Etiology is still unknown. A genetic molecular mech-

anism has been proposed since a cerebral cavernous malformation gene loss of function

was found in both familial and sporadic lesions. Additionally, recent studies suggest that

formation of CMs in humans may be associated with a distinctive bacterial gut composi-

tion (microbioma). Imaging is fairly typical butmay vary according to age, location, and eti-

ology. Follow-up is notwell established becauseCMspatients have a highly unpredictable

clinical course. Angiogenic and inflammatory mechanisms have been implicated in dis-

ease activity, aswell as lesional hyperpermeability and irondeposition. Imaging and serum

biomarkers of these mechanisms are under current investigation. Treatment options,

including surgery or radiosurgery, are not well defined and are dependent upon multi-

ple factors, including clinical presentation, lesion location, number of hemorrhagic events,

and medical comorbidities. Our purpose is to review the imaging features of CMs based

on their size, location, and etiology, as well as their differential diagnosis and best imag-

ing approach. New insights in etiology will be briefly considered. Follow-up strategies,

including serum and imaging biomarkers, and treatment options will also be discussed.
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INTRODUCTION

Cavernous malformations (CMs) often simply designated as “caver-

nomas” or “cavernous angiomas” are angiographically occult vascular

malformations without arteriovenous shunts. They are composed of

thin-walled, dilated capillary spaces filledwith blood at different stages

of evolution with no intervening brain tissue.1 The term “cavernous

hemangiomas” should be avoided since hemangiomas are true pro-
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liferating neoplasms classified (World Health Organization 2016) as

nonmeningothelial mesenchymal tumors, while CMs are not.

CMs appear as single sporadic lesions or as multiple familial lesions.

Although once thought of as a developmental disorder, the de novo

appearance of CMs has been firmly established, most notably after

radiation therapy.2

CMs are dynamic lesions, growing or shrinking over time and

only rarely remaining stable. They vary in size, from millimetric to
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2 CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS

giant lesions. Their growth mechanism has been hypothesized to be

a result of repeated microhemorrhages and/or recanalization after

intraluminal thrombosis.2

Although the majority of lesions are supratentorial (80-92%), they

can be found throughout the entire central nervous system (CNS),

including the infratentorial compartment (15%) and the spinal cord

(5%).3 Supratentorial CMs are more often seen in the deep white

matter and cortico-subcortical frontal and temporal regions, while

infratentorial lesions are more frequently seen in the pons and cere-

bellar hemispheres. Extra-axial lesions such as intraventricular, dural-

based, cranial nerves (CN), cavernous sinus/pituitary fossa, and orbital

CMsmay also be seen.2,4

Imaging findings vary according to (1) pathology contents, including

blood, thrombosis, and calcification; (2) locations, such as brain, spine,

or extra-axial lesions; (3) size; and (4) clinical presentation, namely,

incidental asymptomatic lesions or acute hemorrhagic symptomatic

lesions. Despite the benign natural history of CMs, hemorrhage and/or

mass effect in specific locationsmaybeassociatedwith significantmor-

bidity or mortality if intracranial hemorrhage occurs, particularly in

lesions located in the brainstem.5

Follow-up and treatment are not well defined and are dependent

upon multiple factors, including clinical presentation, lesion location,

number of hemorrhagic events, and medical comorbidities. Total sur-

gical resection is the best treatment for patients with symptomatic

lesions associated with recurrent hemorrhage, intractable epilepsy,

and progressive neurological deficits, unless the location is associated

with unacceptably high surgical risk.6–8 Stereotactic radiosurgery has

been used to treat CMs in deep-seated critical locations with some

success.9

Our purpose is to review the imaging features of CMsbased on their

size, location, and etiology, as well as their differential diagnosis and

best imaging approach. New insights in etiology will be briefly consid-

ered. Follow-up strategies, including serum and imaging biomarkers,

and treatment options will also be discussed.

EPIDEMIOLOGY

CMs are the second most common vascular malformation of the CNS

after developmental venous anomalies (DVA).10 They have an esti-

mated incidence of 0.5%-1% in the general population11 and constitute

10%-20% of all cerebral vascular malformations.12

Most CMs are incidental findings. Of the symptomatic CMs, 20%-

30% occur between the third and fifth decade.13 An autopsy study

revealed that 90%of patients with CMs never had symptoms.14 Preva-

lence of CMs is equal in males and females; however, women present

more frequently with hemorrhage leading to symptoms.15 CMs are

less frequently reported in children.16 Nevertheless,most of giantCMs

occur in children.15

ETIOLOGY

CMs may be sporadic or familial. Sporadic forms comprise a solitary

CM with or without associated DVA or a cluster of lesions associated

with a DVA. Conversely, hereditary or familial forms—familial cere-

bral cavernous malformation syndrome (FCCM)—have multiple CMs,

a family history of CMs in a first-degree blood relative, or a muta-

tion genotyped at a cerebral cavernous malformation (CCM) gene

locus. Mutations were found in three protein-encoding genes—CCM1

(KRIT 1), CCM2 (Malcavernin/MGC4607), and CCM3 (PDCD10)—

that encode components of a single, heterotrimeric, adaptor protein

complex.9,13

FCCM has been shown to be caused by heterozygous loss of

function (LOF) mutations in one of these three genes and follow

an autosomal dominant inheritance pattern. However, CMs present

as focal lesions rather than a systemic vascular defect as might be

expected if CMs were the result of haploinsufficiency. In fact, familial

lesions have been shown to harbor biallelic mutations in endothelial

cells lining the pathological vascular channels, while all cells in the

body are heterozygous for the inherited gene. This means that loss

of the normal allele via somatic mutation is required before lesion

formation.17,18

Sporadic lesions, despite lacking inherited germline mutations, har-

bor somatic mutations of the same three CCM genes. This suggests

an identical molecular mechanism related to CCM gene LOF in both

familial and sporadic lesions.17,18

This two-hit theory indicates that the pathogenesis of CMs begins

with an inherited (familial) or somatic (sporadic) mutation, followed by

somatic mutations, which result in lesion genesis and growth.

Multiple CMs may also be acquired after radiation therapy. The

multiplicity of lesions is related to radiation dose and (younger) age

at radiation. Ionizing radiation has long been recognized as a potent

source of DNA damage leading to genomic instability, supporting the

key role for somatic mutations in CMpathogenesis.18

Lately, formation of CMs in humans has been associated with a

distinctive bacterial gut composition (microbioma). Recent studies

showed that CCM1- or CCM2-deficient mice with specific micro-

biomes may be prone to formation of CMs, while those with different

microbiomes are not. A critical difference is the role of gram-negative

bacteria (GNB) that produce a lipopolysaccharide (LPS) that acts on cell

walls through the Toll-like receptor 4 (TLR4).19 Tang et al. showed that

activation of TLR4by gramnegatives or LPS acceleratesCM formation,

while genetic or pharmacologic blockade of TLR4 signaling prevents

CMs formation inmice.19

Another article on a large cohort of human subjects with and with-

out CMs assessed the particularities of their gut microbiome. The

authors demonstrated that patientswithCCMshave distinctivemicro-

biomes compared to healthy individuals. Analysis at the biosynthesis

and gene levels indicated that LPS synthesis-related genes are more

abundant in CCM patients, consistent with the role of gut-generated

LPS driving CMs formation.20

The familial form of CCM3 develops malformations decades earlier

than thosewithCCM1orCCM2mutationsandaremore likely to suffer

disabling brain hemorrhage and stroke.

A study by Tang et al. partly undertaken in mice showed that the

effect of absent CCM3 in the blood capillary cells in mice was simi-

lar to that caused by the absence of CCM1 and CCM2.21 Comparing

the microbiome in humans, by analyzing fecal samples, the authors
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CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS 3

F IGURE 1 (Courtesy of Dr. Carlos Pontinha) Cavernousmalformations histopathology. Hematoxylin and eosin-stained section (A) showing
blood-filled cavity (*) surrounded by thick and thin endothelium-lined vascular channels CD31 positive (B) with adjacent gliotic cerebral
parenchyma glial fibrillary acidic protein positive (C). Hemosiderin-ladenmacrophagemay also be seen

also found a significant difference between the microbiomes of those

with familial CCM3 and those without it. However, themicrobiomes of

those with CCM3 were indistinguishable from those with CCM1 and

CCM2, thus themore aggressive nature of CCM3 cannot be attributed

to only the microbiome. The article also showed that abnormal CCM3

in mice was found to reduce mucus formation. PDCD10 is required

for the secretion of mucus by goblet cells. This function is not shared

with KRIT1 and CCM2. Mucus forms a barrier in the gut lining that

helps prevent billions of bacteria from crossing into the bloodstream.

Further, these authors showed that other mechanisms that reduce the

mucus lining also caused an increase in CM formation.

The overall conclusion is that formation of CMs in humans is

associated with a distinctive bacterial gut composition and mucus pro-

duction. These unexpected gut-brain disease axes suggest that future

diagnostic and therapeutic strategies based onmanipulation of the gut

microbiome could be used to treat FCCMdisease.

HISTOPATHOLOGY

Despite the genotype, CMs are all histologically identical, character-

ized by abnormal dilated vascular spaces (endothelial-lined caverns)

with no intervening neural tissues. Electron microscopy and immuno-

histochemistry identify specific differences between the architecture

of normal cerebral blood vessels and those found in CMs. In contrast to

the normal cerebral vessels, the vascular walls of CMs show endothe-

lial cell fenestrations, large endothelial cell junction gaps, absence

of basal lamina, lack of astrocytic foot process, and rare pericytes

(Figure 1). These ultrastructural characteristics create a dysfunctional

blood-brain barrier, which permits the chronic extravasation of red

blood cells through the vessel walls and results in microhemorrhages

and hemosiderin deposition in the surrounding parenchyma.22

SYMPTOMS

Symptoms vary according to lesion location and are usually associated

with hemorrhage and/or mass effect. Seizures are the most common

clinical presentation.1

The annual risk of hemorrhage varies widely (1%-6.8%).23–25 The

most significant predictor of hemorrhage is previous hemorrhage.26

Other factors associated with higher risk of hemorrhage include early

age of lesion onset, female gender, large CM, multiplicity, brain stem

location, and accompanying DVA.27 Hormones influence the behavior

of the CM.Women may have acute clinical symptoms and aggravation

of already existing CMs during the first trimester of pregnancies.28–31

IMAGING FINDINGS

Computed tomography

On CT, CMs usually appear as focal areas of increased density in the

brain often without mass effect (Figure 2). Increased density repre-

sents calcium, blood, or a combination of them. Usually, no enhance-

ment is seen after contrast administration. CMs are more conspicuous

when a recent hemorrhage occurs, and they may be surrounded by

vasogenic edema (Figure 3). A total of 30%-50%of cavernomas are not

detectable by CT. The differential diagnosis on CT includes low-grade

calcified neoplasms, hemorrhage (of other causes), calcified infectious

sequel, and other vascular malformations.32

Magnetic resonance imaging

MRI is the gold standard for imaging CMs. The MRI protocol should

include conventional T1- and T2-weighted imaging (WI), axial gradi-

ent recalled echo (GRE)/susceptibility-weighted imaging (SWI), and

diffusion-weighted imaging (DWI).

In the classic MRI “popcorn” appearance, CMs are seen as well-

circumscribed lobulated lesions with a reticulated core of hetero-

geneous signal intensity (SI) on both T1 and T2-WI, resulting from

thrombosis, fibrosis, calcification, and hemorrhage (Figure 4). Extra-

cellular and intracellular methemoglobin and thrombosis are respon-

sible for the high T1 signal within the lesion, while calcifications,

fibrosis, and acute and subacute blood are responsible for the low

signal areas. Blooming in GRE/SWI sequences is characteristic, cor-

responding to hemosiderin and iron deposition in the surrounding

brain parenchyma.32 The DWI sequences usually show mixed signal

(Figure 5).

Based on MRI, Zabramski et al. classified CMs into four types: Type

I are homogeneously hyperintense on T1-WI, representing subacute
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4 CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS

F IGURE 2 Typical appearance of cerebral cavernomas on CT. Axial reconstructions of brain CT. Focal nodular areas of increased density
(arrows) in the right lentiform nucleus (A) and right temporal lobe (B). Note the associated calcified components in the lentiform cavernoma

F IGURE 3 CT images of cerebellar cavernomawith recent
hemorrhage. Axial (A) and sagittal (B) reconstructions of brain CT.
Hyperdense cerebellar hematomawith associated perilesional edema
(arrow in B) and effacement of the adjacent sulci. This was a cerebellar
cavernomawith recent bleeding

hemorrhage dominated by methemoglobin33; Type II are most com-

mon (50-67%) and show the classic “popcorn” appearance as described

above (heterogeneous lesions on T1 and T2-WI); Type III are isointense

to hypointense on both T1 and T2-WI, representing a predominance

of chronic blood products; and type IV are seen as tiny, often multi-

ple, punctate foci with low T1 and T2 SI, best seen on GRE or SWI

sequences3 (Table 1).

Atypical CMs may show variable contrast enhancement, prominent

perilesional vasogenic edema, mass effect, and cystic components and

have appearances similar to brain tumors. The clinical and prognostic

significance of these findings is not clear (Figure 6).

After acute hemorrhage, a parenchymal hematomamay be the only

imaging manifestation of a CM (Figure 7). Yun et al. reported a T1

hyperintensity in the perilesional edema surrounding an acute or suba-

cute hematoma in 62% of CMswith recent hemorrhage.22 This finding

was highly specific (98%) and predictive (95%) for CM. This sign helps

differentiate hemorrhagic CMs from other hemorrhagic lesions, such

as tumors or other vascular malformations (Figure 8).

The combination of CM and DVA should be considered since both

disorders coexist in about 30% of patients.34 DVAs appear as linear

enhancing structures or caput-medusae (radial orientation of small

vessels draining to a common larger collector vein that resemble the

hair of Medusa) in combination with lesions typical of CMs (Figure 9).

They should be reported as such since venous infarcts have been

reported after surgery due to inadvertent resection of the DVA.

Vascular hyperpermeability and chronic iron deposition are cardinal

features of CMs. Dynamic contrast-enhanced quantitative perfusion

(DCEQP) and quantitative susceptibility mapping (QSM) have been

used in research studies to quantitatively measure CMs permeability

and iron content, respectively.35 Other advanced imaging techniques,

such as diffusion tensor imaging (DTI) and task-based functional MRI,

have a role in surgical planning/navigation.

Digital subtraction angiography

DSA has no role in brain CMs evaluation since these lesions are angio-

graphically occult. It may be performed for “atypical” lesions to exclude

other vascular malformations or concurrent vascular anomalies1,2

(Figures 10 and 11).

FOLLOW-UP AND BIOMARKERS

Thenatural historyofCMs is unpredictable. There arenodataor guide-

lines to guide follow-up in asymptomatic patients. In these patients,

serial imaging remains controversial. Conversely, new neurological

symptoms suggestive of hemorrhage warrant repeat imaging, which

should be performed as soon as possible. Imaging follow-up is also
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CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS 5

F IGURE 4 Thalamic cavernoma. Axial T2 fluid-attenuated inversion recovery (FLAIR). (A) and T2- weighted imaging (B). Left thalamic lesion
with heterogeneous signal intensity and a peripheral T2/FLAIR hypointense ring—this is the characteristic “popcorn-like” appearance of a
cavernoma

F IGURE 5 Right middle frontal gyrus cavernoma. Sagittal T1-weighted imaging (WI) (A), axial T2-WI (B), T2 fluid-attenuated inversion
recovery (C), coronal T2-WI (D), axial diffusion-weighted imaging (DWI) (E), apparent diffusion coefficient (ADC)map (F), and axial gradient
recalled echo (G). Intraparenchymal expansile lesion in the right middle frontal gyrus with heterogenous signal intensity on T1-WI and T2-WI
(“popcorn” appearance), with facilitated heterogenous diffusion onDWI/ADC and blooming effect on T2*

TABLE 1 CMs classification according to Zabramski33

Lesion

type MRI findings Histopathology

Type 1 Homogeneously hyperintense on T1-WI Subacute bleed dominated bymethemoglobin

Type 2 Classic “popcorn” appearance, heterogeneous lesions

on T1 and T2-WI

Lesions with loculated hemorrhage and thromboses of varying

ages enveloped by gliotic tissue, hemosiderin rim

Type 3 Isointense to hypointense on both T1 and T2-WI Chronic blood products, hemosiderin rim

Type 4 Tiny, oftenmultiple, punctate foci with low T1 and T2

signal, best seen on GRE or SWI sequences

Multiple punctatemicrohemorrhages

Abbreviations: GRE, gradient recalled echo; SWI, susceptibility-weighted imaging;WI, weighted imaging.
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6 CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS

F IGURE 6 Cerebellar cavernoma. Axial (A) and coronal (B) contrast-enhanced T1-weighted imaging axial diffusion-weighted imaging (C) and
apparent diffusion coefficient map (D). Large right cerebellar hemisphere intraaxial cystic mass with two solid contrast-enhancingmural nodules
(which do not show restricted diffusion). This is a posterior fossa pseudo-tumoral appearing cavernoma (histologically proven) that could easily
mimic a cystic tumor such as a pilocytic astrocytoma or a hemangioblastoma

F IGURE 7 Companion case of a thalamic cavernomawith recent hemorrhage. Axial T2-weighted imaging (WI) (A), sagittal T1-WI (B), axial
gradient recalled echo (C), contrast-enhanced T1-WI (D), and cerebral blood flowmap of dynamic susceptibility contrastMR perfusion (E). Left
thalamic expansive with a fluid level (T2 hyperintense signal anteriorly and T2 hypointense signal with a hypointense rim on T2* posteriorly) and
hyperintense signal on T1-WI, with no contrast enhancement and showingmarked hypoperfusion. This is a subacute hematomawith an underlying
cavernoma

F IGURE 8 MRI of cerebellar cavernomawith recent hemorrhage. Axial T2-weighted imaging (WI) (A) and sagittal T1-WI (B). Left cerebellar
hemisphere acute and subacute hematoma (same case as Figure 3). Note the T1 hyperintensity of the perilesional edema (arrow). This finding is
highly suggestive of a cavernoma as the cause of the hematoma
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CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS 7

F IGURE 9 Cavernous hemangiomawith an associated developmental venous anomaly (DVA). Axial susceptibility-weighted imaging (A),
coronal T2-weighted imaging (B), and axial (C) and coronal (D) maximum-intensity projection reformations ofMR venography. Left middle
cerebellar peduncle cavernomawith an associated DVA, showing the typical caput medusae sign of draining veins into the venous collector, which
later drains to the left transverse sinus

F IGURE 10 Cortico-subcortical cavernoma. Axial T1-weighted imaging (WI) (A), T2-WI (B), gradient recalled echo (C), and contrast-enhanced
T1-WI (D). Lateral view of right vertebral artery injection (E) and lateral view of left internal carotid artery injection (F) during digital subtraction
angiography (DSA). Heterogenous left cortico-subcortical occipital parenchymal lesion that could represent an arteriovenousmalformation. It
shows several T1 hyperintense components compatible with recent bleeding, T2 hyper and hypointense regions, a T2 hypointense perilesional rim,
and blooming effect on T2*. DSA images did not identify any abnormal vascular structures. This is a surgically proven cavernoma

suggested whenever CMs are shown to have grown 5 mm or more or

in patientswith risk factors for CMsmimics (e.g., older age or history of

systemic cancer).36

Recently, based on new discoveries implicating angiogenic and

inflammatorymechanisms in disease activity, several blood biomarkers

have been used for monitoring and predicting disease aggressive-

ness. These include plasma levels of calciferol (25-hydroxyvitamin D)

and non-high-density lipoprotein cholesterol, inflammatory cytokines,

and angiogenic plasma parameters. Some of these peripheral plasma

biomarkers reflect seizures and recent hemorrhage and others

correlate with disease aggressiveness and predict future clinical

activity.35,37–39 Further work is needed to define the use of these

biomarkers in clinical practice.

As stated before, DCEQP and QSMmay also be used as biomarkers

to monitor the course of the disease and effect of therapy, to evaluate

lesion development and bleeding (as measured by iron deposition
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8 CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS

F IGURE 11 Sagittal T1-weighted imaging (WI) (A), coronal T2-WI (B), axial fluid-attenuated inversion recovery (C), and gradient recalled echo
(D). Three-dimensional reconstructions of time-of-flightMR angiography (E). Cerebral blood flowmap of dynamic susceptibility contrastMR
perfusion (F). Lateral (G) and anteroposterior (H) views of left internal carotid artery (ICA) injection during digital subtraction angiography (DSA).
Left suprasellar space occupying lesion in close relationship to the left internal carotid artery appearing to represent a top of the ICA thrombosed
aneurysm. This was not confirmed onDSA and following surgery proved to be a cavernoma

in QSM), and to assess the vascularity of CMs (as measured by

DCEQP).35

TREATMENT

Current treatment options for CMs include observation, microsurgi-

cal resection, and radiosurgery. Asymptomatic lesions, irrespective of

location, should be treated conservativelywith appropriate clinical and

MRI follow-up. Clinical observation determines if a newly discovered

lesion or increase in the size of a preexisting one is asymptomatic or

whether a patient has experienced seizures or has new neurological

deficits.

Microsurgical resection may be considered in patients with asymp-

tomatic CMs in noneloquent areas to prevent future hemorrhage,

when lifestyle, occupation, and the psychological burden outweigh the

risk of surgical morbidity.40 Surgical resection is indicated in patients

with symptomatic CMs located in noneloquent areaswho presentwith

new neurologic deficits, recurrent hemorrhage, and medically refrac-

tory epilepsy.40 An increase in lesion size should not be used as sole

criterion for surgery. Intraoperative neuronavigation, DTI of adjacent

fiber tracts, and electrophysiological monitoring assist in safe and total

excision of lesions.

Brain stem CMs treatment is controversial since they have a higher

risk of hemorrhage, whichmay be fatal, but they also have a higher risk

of death from surgery complications.40–42

Radiosurgery plays an increasingly important role in deep-seated

CMsandpatientswith high surgical risk over the past 20 years. Gamma

Knife (GKS) decreases the risk of hemorrhage in patients presenting

with symptomatic hemorrhagic lesions, including brainstem lesions,

and allows for seizure control in some patients.43

Different medical treatments are currently under investigation.

These treatments aim to stabilize blood vessels to reduce oozing and

risk of hemorrhage, prevent re-hemorrhage, shrink lesions or cause

them completely to resolve without surgery, prevent lesions from

recurring after surgery, remove iron deposits in the brain and spinal

cord left behind by hemorrhage, prevent systemic effects of familial

CCM, and stop familial CCM from being passed to the next genera-

tion. Other determinations include how long to treat a patient, at what

stage of the illness, and what therapeutic risk is justified and accept-

able.Ongoing clinical trials include atorvastatin (RHOkinase inhibitor),

superoxidedismutase, vitaminD3, propranolol (a betablocker), andgut

bacteria modification.

FAMILIAL CAVERNOMATOSIS

FCCM is defined by presence of multiple CMs (more than five), occur-

rence of CMs in at least two members of a family, or presence of a

mutation in one of the three CCMgenes causing FCCM (Table 2). How-

ever, thepresenceof a singleCMinan individual, evenwithout ahistory

of FCCM, does not exclude FCCM.44
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CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS 9

TABLE 2 FCCMgenes36

GeneLocus

Name

Directly interac�n a
heterotrimeric adaptor
complex (CCM complex)

Chromosome
ClinicalfindingsIncidencelocus

40%

60%

2.12q71TIRK1MCC

31p72MCC2MCC

atatsefinaM;esruocesaesidereveseroM—3MCC1.62q301DCDP3MCC
younger age (frequently with intracranial
hemorrhage). Close rela�onwith cutaneous vascular
malforma�ons, spinal cord cavernomas, scoliosis,
and benign central nervous system tumor including
meningioma, astrocytoma, and ves�bular
schwannoma.36

FCCM is an inherited autosomal dominant trait with incomplete

penetrance and variable expression.35,45 The identity of the mutated

gene has been associated with several clinical characteristics. CCM1

mutation is associated with cutaneous vascular lesions, while individ-

uals with CCM2 mutations are more likely to be asymptomatic and

have a lower number of lesions. CCM 3 mutations is related with

more aggressive disease and its severity is attributable to the role of

PDCD10 in the gut epithelium not shared with KRIT1 or CCM2, as

discussed previously.

More than 350 distinct CCM1/CCM2/CCM3 mutations have been

published to date. There are four known founder mutations in the

CCM genes that account for substantial fraction of FCCM cases. The

most common of these is a KRIT1 mutation present in most Hispanic

American cases of FCCM.18

A total of 20%-50% of FCCM patients remain asymptomatic and

lesions are incidentally discovered during head imaging.46 Although

FCCM has been reported in infancy and childhood, most patients

present during the second to fifth decades of their lives. FCCMs

most commonly present with seizures (38-55%) and focal neurological

deficits (35%-50%).44

A recent study provides evidence that obesity may be a risk factor

for CMs hemorrhage. Other previously reported risk factors including

hypertension, diabetes, and hyperlipidemia and current nicotine abuse

showed no such effects.47

Lesions may be located either supratentorial (75%) or infratentorial

(20%) andeven in the spinal cord (5%). In typical cases, brainMRI shows

multiple bilateral anddiffuse lesions of variable sizewith susceptibility-

induced signal loss well seen on GRE sequences and even better seen

on SWI (Figure 12). A degree of blooming seen as a hazy halo of signal

loss around the lesions leads to overestimation of the actual size of the

lesions.44 A spineMRI at the timeofdiagnosismaybehelpful to exclude

cord CMs.

In the differential diagnosis, other causes of micro- and macro-

bleeds must be considered including cerebral amyloid angiopathy,

(chronic) hypertensive encephalopathy, hemorrhagic metastases, and

trauma (when in proper context). Neurocysticercosis, cerebral vasculi-

tis, and radiation-induced cavernous malformations should be ruled

out.

Due to the dynamic nature of CMs, new lesionsmay appear at a rate

of 0.2-0.4 lesions per patient year.48 Some authors suggest a control

brain MRI every 2 years (using GRE or SWI sequences) or whenever

new neurologic symptoms occur.44 Screening brain MRI examinations

of family members is also suggested.44

Regarding treatment, patients with FCCM having small multiple

lesions are managed conservatively. Surgical removal of lesions asso-

ciated with symptoms, such as drug-resistant seizures or focal deficits,

may be justified, even when other lesions are present.44

There may be an increased risk of hemorrhage with certain medica-

tions such as nonsteroidal anti-inflammatory drugs.41 Additionally, the

risk-benefit of medications that increase hemorrhage frequency (hep-

arin and coumarin-type drugs) should beweighed carefully before they

are used.44

SPINAL CORD CAVERNOUS MALFORMATIONS

Intramedullary spinal cavernomas (ISCMs) are rare vascular lesions

that account for 5%-12%of all spinal vascular lesions. ISCMs represent

3%-5% of CNS CMs.49

An ISCM may become clinically apparent following an acute

intramedullary hemorrhage with mass effect, with acute onset of

neurological deficits. On the other hand, worsening of preexisting

symptoms may be the result of recurrent small hemorrhages. Repet-

itive intralesional microhemorrhages can lead to a slowly progressive

decline in neurological function.

Imaging features of ISCMs are like those found in the intracra-

nial compartment (Figure 13). However, in the acute hemorrhagic

phase, it may be necessary to perform spinal angiography to rule out

a small arteriovenous malformation (AVM). Additionally, postcontrast

MRI demonstrates subtle or no contrast enhancement of ISCMs.49

Despite the morphological similarities between intracranial CMs

and ISCMs, some authors favor microsurgery with intraoperative
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10 CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS

F IGURE 12 Familial cavernomatosis. Axial susceptibility-weighted imaging, multiple slices. Multiple round hypointense lesions of different
sizes. This is the blooming susceptibility phenomenon produced by hemosiderin deposits of multiple cavernousmalformations in a patient with
familial cavernomatosis

F IGURE 13 Spinal cord cavernoma. Sagittal T1-weighted imaging (WI) (A), T2-WI (B), short tau inversion recovery (C), and gradient recalled
echo (D). Cervical intramedullary cystic-like lesion with a T1 hyperintense and T2 hypointense rim

neurophysiologic monitorization over a “wait and see” protocol and

other conservative treatments.50

GIANT CAVERNOUS MALFORMATIONS

A giant cavernous malformation (GCM) is arbitrarily defined and

varies according to different authors. Lawton et al. proposed the most

accepted definition in 2004 that defines it as a lesion larger than 6 cm

in at least one dimension.51

The cause of the development and growth of CMs is uncertain. A

universally accepted theory for formation of GCMs growth consists

of repeated hemorrhage that leads to clot formation and organiza-

tion, pseudocapsule formation, and expansion of the lesion. Another

explanation is that GCMs form and expand by the same mecha-

nisms as chronic subdural hematomas, by endothelization of small

hematomas that they create.52 Yet another hypothesis suggests that

the growth of GCMs mimics that of a neoplasm where lesions are

either induced to produce or spontaneously produce angiogenic fac-

tors that allow angiogenesis.15,31,53 Engorgement and/or recruitment

of adjacent feeding vessels, episodes of peri-lesional hemorrhages, and

hormonal influencesmay also play a role in the growth of GCMs.15

Giant intracranial extra-axial CMs are reported in the scalp, per-

icranium, parietal convexity, pituitary gland, middle cranial fossa,

and cavernous sinus.54–57 Giant intracranial and intraaxial cerebral

parenchymalCMsare extremely rare.58 They aremore common in chil-

dren and young adults and no familial association has been reported.

All cases described in the literature are supratentorial and solitary. The

most common locations are the frontal or frontoparietal regions but

they have also been reported in other locations, including the occipital

and temporal lobes.59,60

GCMs are more likely to present with seizures and mass effect,

causing progressive neurological deficits, and rarely presentwith overt

hemorrhages. They can also be clinically occult if located in “silent”

cortical areas, particularly the frontal lobes.61,62

OnMRI, most of the GCHs present as heterogeneous and multicys-

tic lesions related the blood of different ages with multiple complete

hemosiderin rings resulting in a “bubbles of blood” appearance. Fluid
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CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS 11

F IGURE 14 Giant cavernoma. Sagittal (A) and axial (B) T1-weighted imaging (WI), axial T2-WI (C) and fluid-attenuated inversion recovery (D),
and axial (E) and coronal (F) contrast-enhanced T1-WI. Large intraaxial extraventricular heterogeneousmass in the right temporo-occipitoparietal
lobes with areas of cystic changes, hemorrhage, and calcifications (CT not shown). The solid components show avid contrast enhancement. There is
surrounding edema andmass effect withmidline shift and ventricular enlargement (obstructive hydrocephalus). This is a surgically proven giant
cavernoma

F IGURE 15 Intraventricular cavernoma. Axial (A) and sagittal (B) T1-weighted imaging (WI) and axial T2-WI (C) and fluid-attenuated inversion
recovery (D). Intraventricular heterogenousmultilobulated expansile lesion in the atrium of the left lateral ventricle withmultiple T1 hyperintense
areas and a T2 hypointense peripheral rim. There is some perilesional vasogenic edema in the adjacent parietal white matter. This intraventricular
cavernomawith a pseudo-tumoral appearance couldmimic an intraventricular tumor such as an ependymoma or intraventricular metastasis

 15526569, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jon.13072 by U

niversidade N
ova D

e L
isboa, W

iley O
nline L

ibrary on [20/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS

F IGURE 16 Optic chiasm cavernousmalformation. Coronal T2-weighted imaging (WI) (A) and T2-driven equilibrium radio frequency reset
pulse (B) and axial contras-enhanced fat-saturated T1-WI (C) and susceptibility-weighted imaging (SWI) (D). A surgically proven cavernous
malformation located superiorly and adjacent to the left side of the optic chiasm, with local mass effect. Amild hypointense rim of hemosiderin can
also be appreciated in SWI—“iron ring sign”

levels are common and minimal contrast enhancement is seen. DVAs

may also be present and help reach the correct diagnosis (Figure 14).

Extensive calcifications and dural invasion have been reported.15

Differential diagnosis includes hemorrhagic and calcified neo-

plasms, inflammatory/infectious masses or granulomas, subacute

hematoma of other etiology, and thrombosed AVMs.62 Differentia-

tion between tumors and tumor-like lesions is essential for planning

adequate treatment and estimating outcomes and prognosis.

Treatment involves evacuation of neighboring hematoma and, if

possible, complete resection of the lesion, sparing any associated

DVAs. The outcome is excellent with improvement in seizure con-

trol in most patients.62,63–65 But in patients with intractable seizures,

the outcome may be less favorable.62 The role of radiosurgery and

stereotactic radiotherapy for deep-seated surgically inaccessible GCM

is controversial.66,67

EXTRA-AXIAL LESIONS

Extra-axial CMs are rare and have the same histological features as

intraaxial lesions but they have different clinical presentations, natu-

ral history, and imaging findings. They can be orbital, intraventricular,

or dural based. Cranial nerves CMsmay also be seen.

Intraventricular cavernous malformations

Intraventricular CMs (IVCMs) represent about 2.5%-10.8% of all

intracranial CMs.68,69 The lateral ventricles are the most frequent

location, followed by the third and fourth ventricles.70 These lesions

are usually voluminous. Lack of surrounding brain tissue allows unre-

stricted growth and their increased tendency for intralesional bleeding

may also contribute to their growth.71 In the literature, the mean size

of these lesions is reported to be 23-28mm.66,70

The most common symptoms are due to mass effect, followed by

hemorrhage and seizure. The presence of hydrocephalus depends on

their location. Third ventricle lesions, particularly those located in the

foramen ofMonro, often present with hydrocephalus.

On CT, these lesions are moderately hyperdense with minimal con-

trast enhancement and most of them show calcifications.69 MRI may

show a central area of high T1 signal due to methemoglobin. Low T1

and T2 signal areas may be present due to calcifications and fibrosis.

The hemosiderin paramagnetic effect causes a peripheral rim of a low

signal. Contrast enhancement is variable (Figure 15).

The radiological differential diagnosis of IVCMs includes intra-

ventricular tumors, such as choroid plexus papilloma, ependymoma,

central neurocytoma, intraventricular meningioma, and subependymal

giant cell astrocytoma.72 However, tumors areusually nonhemorrhagic

and surrounded by prominent brain edema, except formetastasis. Lack

of avid contrast enhancement excludes other intraventricular vascular

malformations.70

Complete surgical excision is the treatment of choice for symp-

tomatic patients with IVCMs. Conservative treatment is appropriate

for asymptomatic lesions located in the supratentorial compartment.

However, CMs in the third ventricle have been documented to grow

rapidly and should be treated more aggressively.73,74 Biopsy is not

recommended due to risk of hemorrhage.

Dural-based cavernous malformations

Dural-based CMs are rare entities that mimic meningioma. The mid-

dle cranial fossa is the most common location including the cavernous
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CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS 13

F IGURE 17 Orbital cavernous hemangioma. Axial T2-weighted imaging (WI) (A), axial T1-WI (B), and contrast-enhanced fat-saturated T1-WI
(C). Right orbital intraconal lesion with smooth contours and homogenous isointense signal on T1 and hyperintense signal on T2 and homogenous
postcontrast enhancement. This is the classical appearance of an orbital cavernous hemangioma.

sinus.75 They usually grow toward the middle fossa and sellar regions

encasing neurovascular structures.

Cranial nerves cavernous malformations

Isolated cranial nerves CMs are extremely rare. They can arise from

almost all cranial nerves. Isolated cranial nerves CMs are extremely

rare and can arise from almost all cranial nerves. CMs of the II, III, IV, V,

VI, VII/VIII, XI, and XII CN have been described.76 They may be practi-

cally undetectable on imaging, except for a faint contrast enhancement,

or theymaymimic extra-axial tumors76 (Figure 16).

Orbital cavernous malformations conclusion

Orbital cavernous malformations (OCMs) are benign slowly

progressive lesions commonly present in middle-aged adults
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14 CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS

F IGURE 18 Radiation-induced cavernousmalformations. Axial contrast-enhanced T1-weighted imaging (A) of a female patient previously
diagnosedwith breast adenocarcinomawith a solitary central nervous systemmetastasis in the posterior fossa, whowas later submitted to
surgery and adjuvant holocranial radiotherapy. Axial gradient recalled echo (B and C) and susceptibility-weighted imaging (D and E) at 2-, 4-, 6-, and
7-years postradiotherapy, respectively. Progressive appearance ofmultiple discrete round parenchymal hypointense lesions, possibly representing
postradiation cavernomas. However, microhemorrhages are also a typical complication of radiotherapy and can be radiologically indistinguishable

(ages 20-40 years).77 CM is the most common primary benign

orbital tumor in adults, constituting 6%-9% of orbital lesions.78 These

lesions are also known as orbital venousmalformations.

OCMs are histologically like other CMs. The location and size of

these lesions vary among patients. Most often, OCMs are seen as soli-

tary intraconal lesions. Unilateral multiple lesions and bilateral lesions

have been described but are extremely rare. Progressive, painless

proptosis is themost common symptom. Eyemovement disorders and,

in rare instances, vision loss may be present.

On CT, OCMs typically present as well-circumscribed, round or

ovoid, hyperattenuating intraconal lesions that displace but do not

invade the adjacent structures.79 OnMRI,OCMsare usually isointense

to muscle on T1 and hyperintense on T2 (Figure 17). After contrast

administration, OCMs exhibit little and heterogeneous enhancement

in early phases due to their low arterial blood flow. With passing time,

contrast slowly accumulates, and enhancement gradually increases,

resulting in a persistent homogeneous enhancement in the late or

delayed phases of the study. This progressive “filling in” pattern is

considered a pathognomonic of CM in different locations such as cav-

ernous sinus, orbit, and liver. The main differential diagnosis includes

neurofibroma, solitary fibroma, schwannoma, histiocytoma, venous

varix, lymphangioma, and optic nerve sheathmeningioma.78–81

Surgery should be considered if the patient has a severe visual field

defect or proptosis or if new symptoms, changes, or aggravation of

original symptoms occur.77,78

RADIATION-INDUCED CAVERNOUS
MALFORMATIONS

Radiation-based treatments for high-grade brain tumors may, in

rare instances, induce formation of vascular malformations such

as radiation-induced cavernous malformations (RICM) and capillary

telangiectasias.82

It is known that RICMs take long to develop (1-35 years) after irra-

diation. Two pathophysiological hypotheses have been proposed. One

states that CMs may have been present before radiation, although

radiographically occult, and that radiation induces growth. The second

hypothesis suggests that irradiation may induce vessel wall necrosis,

cell swelling, dilation of the vessel lumen, hyalinization, fibrosis, and

mineralization that predispose to CM formation.83

Although the imaging appearances of RICMs are similar to those

of other CMs, RICMs sometimes show mixed intensity signals with

an enhancing cystic and/or solid components and an incomplete

hemosiderin rim.82 According to the literature, the location of these

lesions after conventional whole-brain radiotherapy may be random

(Figure 18).

Asymptomatic RICMs may be observed, but attention should be

paid to the possibility of chronic bleeding and enlargement of the

lesion. Surgical intervention should be considered in RICM cases with

symptoms caused by repeated chronic hemorrhage.83

CONCLUSION

Typical imaging characteristics of CMs have been reviewed and their

diagnosis is usually straightforward. Rare locations such as extra-

axial/intraventricular do not exclude the diagnosis. Multiple lesions

may occur, especially in familial cases. Differentiation from tumoral

pathology may not be easy as CMs may reach large dimensions and

sometimes present an exuberant cystic pattern. Secondary lesionsmay

also occur, particularly after radiation therapy. Therefore, to avoid

unnecessary or inadequate further workup or treatment, the radiolo-

gist should be fully aware of the varied presentation of CMs and be

able to determine whether a life-threatening situation is present that

requires immediate intervention.

Follow-up strategies, including serum and imaging biomarkers, may

help the management of these patients in clinical practice and prevent

unnecessary surgery.

New insights in etiology have provided potential treatment options

that may reduce the risk of future bleeding and/or modify the

disease course. Treatment of comorbid conditions should also be
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CAVERNOUSMALFORMATIONS: IMAGINGCHARACTERISTICS 15

carefully considered in patients with a potentially hemorrhagic

lesion.
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