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Summary

Clinical characteristics

Familial cerebral cavernous malformations (FCCM) is a disorder characterized by multiple vascular lesions in
the brain and spinal cord that consist of clustered, endothelial-lined caverns ranging in diameter from a few
millimeters to several centimeters. Cerebral and/or spinal cavernous malformations may increase in number
over time, and individual lesions may increase or decrease in size. The number of cerebral cavernous
malformations (CCMs) identified in an individual ranges from one or two to hundreds of lesions (typical
number 6-20 CCMs) depending on the individual's age and the quality and type of brain imaging used.
Although CCMs have been reported in infants and children, the majority become evident between the second
and fifth decades of life either incidentally or associated with seizures, focal neurologic deficits, headaches,
and/or cerebral hemorrhage. Cutaneous vascular lesions are found in 9% and retinal vascular lesions in almost
5% of affected individuals. Up to 50% of individuals with FCCM remain symptom free throughout their lives.

Diagnosis/testing

The diagnosis of familial cerebral cavernous malformations (FCCM) is established in a proband with multiple
CCMs, one CCM and at least one other family member with one or more CCMs, or a heterozygous germline
pathogenic variant in KRIT1, CCM2, or PDCD10 identified by molecular genetic testing.

Management

Treatment of manifestations: Surgical removal of symptomatic lesions may be considered in individuals with
acute hemorrhage and/or a mass effect presenting with focal neurologic deficit, headache, or seizure or in those
with intractable seizures (with or without associated hemorrhage). Treatment of epilepsy is symptomatic.
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Headaches are managed symptomatically and prophylactically. Rehabilitation may aid in management of acute
and chronic neurologic deficits.

Surveillance: Brain MR imaging with susceptibility-weighted imaging (SWI) is indicated in individuals
experiencing new neurologic manifestations.

Agents/circumstances to avoid: Caution is recommended with medications such as analgesics such as NSAIDs,
antithrombotic medications such as heparin and warfarin (Coumadin®), thrombolytic agents, and oral female
hormones. Note: When antithrombotic and thrombolytic medications are necessary for treatment of life-
threatening thrombosis, careful consideration of appropriate dosage and close monitoring are warranted.
Radiation to the central nervous system may lead to new lesion formation.

Evaluation of relatives at risk: Asymptomatic at-risk relatives of all ages may be evaluated by molecular genetic
testing if the family-specific pathogenic variant is known to allow early diagnosis and monitoring of individuals
at risk of developing CCMs. Symptomatic relatives may undergo brain MRI with SWI sequences to determine
presence, size, and location of lesions.

Pregnancy management: Pregnant women with FCCM who have had recent brain or spinal cord hemorrhage,
epilepsy, or headaches require close monitoring during pregnancy. Seizures are the most common
manifestations of CCM hemorrhage during pregnancy; exposure to anti-seizure medication during pregnancy
may increase the risk for adverse fetal outcomes but is generally recommended, as the fetal risk is typically less
than that associated with an untreated maternal seizure disorder. Any focal neurologic deficits or severe
headaches during pregnancy should be evaluated and other neurologic causes (e.g., ischemic stroke, cerebral
venous thrombosis) ruled out.

Genetic counseling

FCCM is inherited in an autosomal dominant manner. Many individuals diagnosed with FCCM have a
symptomatic parent. The proportion of individuals with FCCM caused by a de novo pathogenic variant is
unknown. Each child of an individual with FCCM has a 50% chance of inheriting an FCCM-related pathogenic
variant. If a pathogenic variant has been identified in an affected family member, prenatal testing of an at-risk
pregnancy and preimplantation genetic testing are possible.

Diagnosis

No consensus clinical diagnostic criteria for familial cerebral cavernous malformations (FCCM) have been
published.

Suggestive Findings

FCCM should be suspected in individuals with the following clinical findings, brain and/or spinal cord imaging
findings, and family history.

Clinical findings

« Seizures
« Focal neurologic deficits
« Headaches
o Systemic vascular lesions
o Vascular skin lesions. Three main types of cutaneous vascular malformations (CVMs) have been
associated with FCCM: hyperkeratotic cutaneous capillary-venous malformations (HCCVMs),
punctate capillary malformations (PCMs), and deep blue nodules (DBN).
o Retinal cavernomas and rare choroidal hemangiomas
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o Liver cavernous hemangiomas
o Renal angiomas
o Atypical vertebral hemangiomas (capillary-venous malformations within the bone that can rarely
result in pathologic fractures)
o Other
o Brain tumors (e.g., meningioma, acoustic neuroma, cerebellar astrocytoma)
o Adrenal gland calcifications

Brain and spinal cord imaging. FCCM is characterized by multiple cerebral and/or spinal cavernous
malformations without developmental venous anomalies. There are several types of cavernous malformation
based on imaging findings and in correlation with pathology (see Figure 1).

o The characteristic, Zabramski type 2 lesion is comprised of mixed signal intensity with a central
reticulated core surrounded by a dark hemosiderin ring. A Zabramski type 3 lesion is hypointense on T,
without the reticulated central portion.

A hemorrhagic cerebral cavernous malformation (CCM) may demonstrate acute or subacute blood (high
T} signal) with or without edema [Nikoubashman et al 2015, Flemming et al 2019].

» Zabramski type 4 lesions appear as hypointense lesions on gradient echo or susceptibility-weighted
imaging (SWI) only [Zabramski et al 1994].

Note: Brain MRI with SWI on a 3 Tesla or higher-magnet MRI is preferred [Akers et al 2017]. Intravenous
gadolinium contrast administration is not needed for the identification of cavernous malformations but is useful
in initially distinguishing CCMs from other entities such as telangiectasias, arteriovenous malformations, and
hemorrhagic metastases. Spinal cord imaging should include both the cervical and thoracic spine and preferably
include gradient-based sequences [Mabray et al 2020].

Family history. Family history may suggest autosomal dominant inheritance with affected males and females in
multiple generations. Absence of a known family history does not preclude the diagnosis.

Note: A family member with a pathogenic variant in one of the FCCM-associated genes may or may not be

clinically symptomatic (asymptomatic vascular lesions are fairly common in families segregating an FCCM-
related pathogenic variant); therefore, the presence of a single CCM in an individual with no known family

history of CCM does not exclude the diagnosis of FCCM.

Establishing the Diagnosis

The clinical diagnosis of FCCM can be established in a proband with multiple CCMs or one CCM and at least
one other family member with one or more CCMs [Santos et al 2022]. The molecular diagnosis can be
established in a proband with suggestive findings and a heterozygous germline pathogenic (or likely pathogenic)
variant in KRIT1, CCM2, or PDCDI0 identified by molecular genetic testing (see Table 1).

Note: (1) Per ACMG/AMP variant interpretation guidelines, the terms "pathogenic variant” and "likely
pathogenic variant” are synonymous in a clinical setting, meaning that both are considered diagnostic and can
be used for clinical decision making [Richards et al 2015]. Reference to "pathogenic variants" in this section is
understood to include likely pathogenic variants. (2) Identification of a heterozygous variant of uncertain
significance in KRIT1, CCM2, or PDCD10 does not establish or rule out the diagnosis.

Molecular genetic testing approaches can include a combination of gene-targeted testing (serial single-gene or
concurrent gene testing, multigene panel) and comprehensive genomic testing (exome sequencing, genome
sequencing). Gene-targeted testing requires that the clinician determine which gene(s) are likely involved (see
Option 1), whereas comprehensive genomic testing does not (see Option 2).
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Zabramski Classification of Cavernous Malformations

Type 1 ; Type 2 : Type 3 ; Type 4
= T1: Hyperintense = T1: Reticulated mixed core s T1:iso or hypointense s T1: poorly seen
« T2: hyper or hypointense core i | = T2:reticulated mixed core with + T2: Hypointense « T2: Poorly seen
with hypointense rim ' hypointense rim ' = GRE/SWI: Hypointense : * GRE/SWI: punctate, hypointense
= GRE/SWI: Hypointense ¢ |=_GRE/SWI: Hypointense ' '

Subacute hemorrhage Loculated areas of Chronic resolved
surrounded by hemosiderin ! hemorrhage and thrombosis : hemorrhage with
stained macrophages and H of varying age, surrounded by ' hemosiderin staining around
gliotic brain ' gliotic hemosiderin stained ' lesion

brain; calcification can be
seen

Figure 1. Zabramski classification of cavernous malformations

A type 1 cavernous malformation is one with acute or subacute hemorrhage characterized radiographically by hyperintense T signal
and hyper- or hypointense T, core (1st panel, axial T brain MRI). Pathologically, these lesions display subacute hemorrhage
surrounded by hemosiderin-laden macrophages and gliotic brain. A type 2 cavernous malformation is the classic-appearing "popcorn"-
like lesion characterized radiographically by a mixed reticulated core on T and T, images (2nd panel, axial T brain MRI). There is
often a "ring" of hemosiderin (hypointense T5). This correlates pathologically with loculated, intracavernous hemorrhage and
thrombosis, surrounded by gliotic hemosiderin-stained brain. A type 3 cavernous malformation is hypointense on both T and T (3rd
panel, axial T brain MRI). Pathologically, type 3 cavernous malformations display chronic hemorrhage with hemosiderin. Type 4
cavernous malformations are not visible on standard MRI sequences. They can only be visualized on hemosiderin-sensitive sequences
(gradient echo or susceptibility-weighted imaging [SWTI]) (4th panel, axial SWI brain MRI).

Option 1

Serial single-gene or concurrent gene testing including sequence analysis of KRIT1, CCM2, and PDCD10 can
be performed first followed by gene-targeted deletion/duplication analysis if no pathogenic variant is found on
sequence analysis.

A multigene panel that includes KRIT1, CCM2, and PDCDI0 and other genes of interest (see Differential
Diagnosis) may be considered to identify the genetic cause of the condition while limiting identification of
variants of uncertain significance and pathogenic variants in genes that do not explain the underlying
phenotype. Note: (1) The genes included in the panel and the diagnostic sensitivity of the testing used for each
gene vary by laboratory and are likely to change over time. (2) Some multigene panels may include genes not
associated with the condition discussed in this GeneReview. (3) In some laboratories, panel options may include
a custom laboratory-designed panel and/or custom phenotype-focused exome analysis that includes genes
specified by the clinician. (4) Methods used in a panel may include sequence analysis, deletion/duplication
analysis, and/or other non-sequencing-based tests.
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Note: Targeted analysis can be considered first in individuals of Ashkenazi Jewish and Hispanic ancestry due to
recurrent and/or founder variants in CCM2 and KRTI1I (see Table 7).

For an introduction to multigene panels click here. More detailed information for clinicians ordering genetic
tests can be found here.

Option 2

When the diagnosis of FCCM has not been considered because an individual has atypical phenotypic features,
comprehensive genomic testing does not require the clinician to determine which gene is likely involved.
Exome sequencing is most commonly used; genome sequencing is also possible. To date, the majority of
pathogenic variants reported in KRIT1, CCM2, and PDCD10 are within the coding region and are likely to be
identified on exome sequencing.

For an introduction to comprehensive genomic testing click here. More detailed information for clinicians
ordering genomic testing can be found here.

Table 1. Molecular Genetic Testing Used in Familial Cerebral Cavernous Malformations

Proportion of Probands with a Pathogenic Variant 3 Detectable by

Proportion of FCCM Method
Gene 12 Attributed to Pathogenic T
Variants in Gene Sequence analysis 4 Gene-targeted de gtlgn/
duplication analysis
CCM2 20% 40%-70% © 30%-60% & 7
KRITI 53%-65% 85%-95% © 5%-15% © 7
PDCDI0 10%-16% 80%-90% © 0%-10% ©
Unknown 8 5%-15% NA

FCCM = familial cerebral cavernous malformations; NA = not applicable

1. Genes are listed in alphabetic order.

2. See Table A. Genes and Databases for chromosome locus and protein.

3. See Molecular Genetics for information on variants detected in these genes.

4. Sequence analysis detects variants that are benign, likely benign, of uncertain significance, likely pathogenic, or pathogenic. Variants
may include small intragenic deletions/insertions and missense, nonsense, and splice site variants; typically, exon or whole-gene
deletions/duplications are not detected. For issues to consider in interpretation of sequence analysis results, click here.

5. Gene-targeted deletion/duplication analysis detects intragenic deletions or duplications. Methods used may include a range of
techniques such as quantitative PCR, long-range PCR, multiplex ligation-dependent probe amplification (MLPA), and a gene-targeted
microarray designed to detect single-exon deletions or duplications. Gene-targeted deletion/duplication testing will detect deletions
ranging from a single exon to the whole gene; however, breakpoints of large deletions and/or deletion of adjacent genes may not be
detected by these methods. Exome and genome sequencing may be able to detect deletions/duplications using breakpoint detection or
read depth; however, sensitivity can be lower than gene-targeted deletion/duplication analysis.

6. Riant et al [2013] and data derived from the subscription-based professional view of Human Gene Mutation Database [Stenson et al
2020]

7. Variability in the detection rate of deletion/duplication testing results from the high prevalence of a founder CCM2 deletion (exons
2-10) in the United States. This deletion was rare in an Italian population [Liquori et al 2007, Liquori et al 2008]. To date, very few large
intragenic deletions/duplications have been reported in individuals with FCCM. Cohorts who had no detectable KRIT1, CCM2, or
PDCD10 pathogenic variant by sequence analysis had (multi)exon deletions of KRITI at a frequency of 5% in the US, 4% in France,
and 50% in Italy [Liquori et al 2008, Riant et al 2013].

8. Following stringent inclusion criteria for FCCM (multiple lesions and/or family history consistent with FCCM), a heterozygous
pathogenic variant in either KRIT1, CCM2, or PDCDI0 is detected in at least 75% of affected families [Denier et al 2006, Liquori et al
2007, D'Angelo et al 2011, Riant et al 2013, Spiegler et al 2014], with some studies reporting ~97% detection rates [Cigoli et al 2014].


https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels_FAQs
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing_1
https://www.ncbi.nlm.nih.gov/books/n/gene/app2/
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Clinical Characteristics

Clinical Description

Familial cerebral cavernous malformations (FCCM) is a disorder characterized by multiple cerebral cavernous
malformations (CCMs) without a developmental venous anomaly. Individuals with FCCM may present with
seizure, headaches, or focal neurologic deficits with or without associated cerebral hemorrhage. In some
instances, individuals present for screening or evaluation of unrelated concerns and the cavernous
malformation(s) are asymptomatic [Riant et al 2010].

To date, it is estimated that more than 1,000 families have been reported with FCCM and a pathogenic variant in
one of the FCCM-associated genes. The following is a description of the phenotypic features associated with this
disorder.

Table 2. Familial Cerebral Cavernous Malformations: Frequency of Select Features
Feature | % of Persons w/Feature 2 Comment
Cavernous malformation of the central nervous system presenting with:

The cumulative incidence of childhood seizures is ~20% (~60% by

. 2 0, _4 0
Seizures 0%-40% age 80 yrs). 3

Focal neurologic deficits most commonly occur w/intracranial
hemorrhage but may occur w/o hemorrhage as well. Focal
neurologic deficits should localize to the CCM to be considered
symptomatic.

Focal neurologic deficits 25%-30%

Primary headache disorders are common in persons w/CCMs;
Nonspecific headaches 10%-30% however, headaches may also occur due to hemorrhage &/or
hydrocephalus.

Symptomatic intracerebral 30%-40% of persons initially present w/symptomatic
30%-40% 4
hemorrhage hemorrhage.

Up to 70% of persons w/pathogenic variants in KRITI may have at
Spinal cord cavernous malformations  ~16%-70% least 1 spinal cavernous malformation, although many persons
remain asymptomatic.

Extraneuronal manifestations

Three types of CVMs have been reported:

« Hyperkeratotic cutaneous capillary-venous malformations

Cutaneous vascular malformations 9%-20% (HCCVMs)

(CVMs) o Punctate capillary malformations (PCMs)
o Deep blue nodules (DBNs) 5
Retinal vascular lesions ~5% May incl retinal cavernomas & choroidal hemangiomas ©

CCM = cerebral cavernous malformation; CVM = cutaneous vascular malformation; FCCM = familial cerebral cavernous
malformations

1. Up to 40%-50% of individuals with FCMM are asymptomatic.

2. Data reflect percentage of individuals with the feature at the time of initial presentation.

3. Labauge et al [2007], Fox et al [2021], Alalfi et al [2023]

4. Labauge et al [2007], Santos et al [2022], Alalfi et al [2023], Geraldo et al [2023], Weinsheimer et al [2023]

5. Sirvente et al [2009], Hart et al [2021]

6. Hart et al [2021]
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Neurologic findings. Up to 50% of individuals with a heterozygous germline pathogenic variant in either
KRIT1, CCM2, or PDCDI10 may be initially asymptomatic, although at least half of these individuals have
identifiable CCM lesions on brain imaging [Battistini et al 2007, Fischer et al 2013]. CCMs have been reported in
infants and children, but most individuals with FCCM present with symptoms between the second and fifth
decades. In a study of individuals who have undergone genetic testing, 20% of symptomatic individuals
presented under the age of 15 years [Denier et al 2006].

Clinically affected individuals may present with seizures (20%-40%), focal neurologic deficits (35%-50%), and
nonspecific headaches (10%-30%). These symptoms may or may not be associated with symptomatic
hemorrhage in the brain or the spinal cord [Zafar et al 2019]. Brain or spinal cord hemorrhage are common and
occur in up to 30%-40% of individuals initially presenting with cavernous malformation(s) [Zafar et al 2019,
Alalfi et al 2023, Weinsheimer et al 2023].

In large natural history studies, the risk of prospective, symptomatic hemorrhage does not seem to differ
between familial and sporadic CCMs [Horne et al 2016, Taslimi et al 2016, Gross & Du 2017]. However, these
studies had limited follow-up data and did not discern the effect of the number or type of lesions on hemorrhage
risk. Prior studies had estimated the risk of prospective, symptomatic hemorrhage in FCCM to be between 2.8%
and 16.5% per year depending on prior history of hemorrhage [Zabramski et al 1994, Labauge et al 2000,
Carrién-Penagos et al 2020, Santos et al 2022, Weinsheimer et al 2023]. Most recently, the largest study of
individuals with FCCM (n=321) estimated an overall hemorrhage risk of 2.8 per 100 person years [Weinsheimer
et al 2023]. However, the risk was higher in individuals with prior hemorrhage, at 4.5 per 100 person years
compared to 2.0 per 100 person years in those without prior hemorrhage. Furthermore, this study noted a higher
risk of future hemorrhage based on total lesion count. Another study of children with FCCM (n=41) reported a
five-year risk of hemorrhage of 5% per person year, with higher rates in those with pathogenic variants in
CCM2, positive family history, and prior symptomatic hemorrhage [Geraldo et al 2023].

Seizures are common in FCCM during an individual's lifetime. One large study of individuals with FCCM
(n=479) reported that by age 80 years, 60.4% of individuals had at least one seizure [Fox et al 2021]. The
prospective risk of seizures has been estimated at approximately 1.2%-1.5% per person year in those not initially
presenting with seizures [Taslimi et al 2019, Alalfi et al 2023]. Overall, seizure risk is estimated to be increased
with higher lesion counts, larger CCMs, and possibly a pathogenic variant in PDCDI0 [Fox et al 2021].

Brain imaging. Recommended standard imaging in individuals with cavernous malformations includes
standard MRI sequences with either susceptibility-weighted imaging (SWI) on a 3 Tesla or higher-magnet
machine [Akers et al 2017]. SWI allows the visualization of microscopic lesions, which are common in FCCM.
Gradient echo (GRE) is acceptable but is less sensitive than SWT at assessing lesion count.

Four characteristic types of lesions have been described [Zabramski et al 1994] by MRI and histology (see Figure
1). Dividing CCMs into these radiologic and histologic types can be clinically useful in predicting hemorrhage
risk [Nikoubashman et al 2015].

The clinical significance of small lesions (classified as Zabramski type 4) seen on MRI (sometimes referred to as
cerebral dot-like cavernous malformations) is unclear. For these lesions, a mean hemorrhage rate of 1.3% per
year was found over a period of 5.5 years in 18 children with either an inherited or a de novo heterozygous
pathogenic variant in KRIT1 or PDCDI10. However, these individuals were all asymptomatic [Nikoubashman et
al 2015].

FCCM is a dynamic disease based on neuroimaging. Several studies suggest that new lesions appear at a rate
between 0.2 to one lesion per person year [Brunereau et al 2000, Labauge et al 2001, Taslimi et al 2019, Santos et
al 2022]. Studies reporting on de novo lesions can be limited if sequences (SWI vs GRE), slice thickness, and
magnet strength differ. In both FCCM and sporadic CCM, lesions may change in size and signal characteristics
over time.
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In FCCM, 70%-86% of lesions are supratentorial and 16%-24% infratentorial in location [Brunereau et al 2000,
Labauge et al 2001]. Of the infratentorial lesions, almost half occur in the brain stem. In addition, one study of
individuals with FCCM found a higher prevalence of white matter intensities in younger individuals with FCCM
compared to those with sporadic CCM [Golden et al 2015a], the clinical consequences of which are not yet
known.

Spinal cord cavernous malformations (SCCMs). SCCMs are common in FCCM. In one study of individuals
with known KRIT1 pathogenic variants, at least one lesion was found in up to 70% of individuals using standard
and GRE imaging of the cervical and thoracic spine [Mabray et al 2020]. While spinal lesions may be common,
symptomatic spinal cord lesions in FCCM are rare. In one small study (n=75) of individuals with FCCM, seven
(9.3%) initially presented with symptomatic hemorrhage in the spinal cord and only one had a prospective spinal
cord hemorrhage [Alalfi et al 2023].

Systemic vascular abnormalities. Vascular lesions outside the central nervous system have been reported in
association with multiple intracranial cavernous malformations.

 Vascular skin lesions have been reported in 9%-20% of individuals with FCCM [Manole et al 2020, Hart
et al 2021].

o Cutaneous vascular malformations were found in 38 out of 417 individuals with FCCM [Sirvente et
al 2009]. Of the 38, 13 had skin lesions classified as capillary malformations; 15 individuals had
hyperkeratotic cutaneous capillary-venous malformations (HCCVMs); eight had venous
malformations; and two had unclassified lesions.

o Bluish nodules and other subcutaneous nodules have been described as subtypes of venous
malformations.

o Some affected individuals have skin lesions removed secondary to bleeding, pain, protrusion,
cosmetic concerns, or concern for malignancy.

« Retinal vascular lesions, reported in 5% of affected individuals, may include retinal cavernous
malformations and (rarely) choroidal hemangiomas [Wood et al 1957, Sarraf et al 2000, Labauge et al
2006, Hart et al 2021].

« Liver hemangiomas have been reported in two Italian families with a heterozygous pathogenic variant in
CCM2 but have not been confirmed to occur more frequently in individuals with FCCM compared to the
general population [Drigo et al 1994, Toldo et al 2009].

« Renal angioma has been reported in one affected individual of Italian descent [Battistini et al 2007].

o Atypical vertebral hemangioma. Osseous vascular malformations of the vertebral bodies of the spine
may also be present in individuals with FCCM. Rarely these lesions can be associated with pathologic
fractures. Histopathology demonstrated capillary-venous malformation. These lesions are visible on spine
MRI and are more atypical appearing than most vertebral hemangiomas, as they are hyperintense on T)-
weighted images but hypointense on T1-weighted images [Tandberg et al 2020].

Other systemic manifestations

« Scoliosis. In a series of 18 affected individuals with pathogenic variants in PDCDI0, scoliosis was
identified in 39% of individuals [Shenkar et al 2015].

o Brain tumors. In a series of 18 affected individuals with pathogenic variants in PDCD10, 5 of 18
individuals had a brain tumor, including meningioma (n=2), acoustic neuroma (n=2), and cerebellar
astrocytoma (n=1) [Shenkar et al 2015].

o Adrenal gland calcifications have been rarely reported and are suspected to represent small vascular
lesions, with limited histologic confirmation [Strickland et al 2017].

Histopathology. Histopathologic findings on resected CCMs show:
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o Closely clustered enlarged capillary channels (caverns) ranging from two to 55 mm (mean: 8 mm) with a
single layer of endothelium without normal mature vessel wall elements or intervening brain parenchyma;

« Thrombosis and intra- and extralesional hemorrhage. Edema may surround lesions with recent
hemorrhage.

Phenotype Correlations by Gene
Several FCCM manifestations have been reported in association with specific genes.

 One study of children with FCCM found a higher risk of hemorrhage in individuals with pathogenic
CCM2 variants and positive family history [Geraldo et al 2023].

« One small study suggested that individuals with pathogenic variants in KRIT1 may have a higher risk of de
novo CCM appearance [Lanfranconi et al 2021]. Up to 70% of individuals with pathogenic variants in
KRIT1 may have at least one spinal cavernous malformation, although many individuals remain
asymptomatic.

« Individuals with a heterozygous pathogenic variant in KRITI may also be more likely to have skin lesions
than those with a heterozygous pathogenic variant in CCM2 or PDCD10 [Eerola et al 2000, Zlotoft et al
2007, Sirvente et al 2009, Toldo et al 2009, Kurlemann 2012, Campione et al 2013, Brownlee & Roxburgh
2014, Cigoli et al 2014, Bilo et al 2016, Hart et al 2021].

« Individuals with pathogenic variants in PDCD10 are more likely to present early (<15 years) with
hemorrhage [Denier et al 2006]. There was a trend toward earlier age at onset in symptomatic individuals
with pathogenic variants in PDCDI0 and a significant difference in age of symptomatic cerebral
hemorrhage (average age 12.9 + 11.6 years vs 22.9 * 13.9 years in individuals with pathogenic variants in
KRITI and 38.5 *+ 21.9 years in individuals with pathogenic variants in CCM2).

Genotype-Phenotype Correlations

KRIT1 (c.1363C>T, p.GIn455Ter). A higher prevalence (estimated between 9% and 20%) and a different
predominant morphologic subtype of cutaneous vascular malformations were observed in individuals from
northern Mexico and the southwestern United States with this founder variant compared to other FCCM
cohorts [Manole et al 2020] (see Table 7).

Penetrance

KRITI1. Among 64 families with 202 individuals who were heterozygous for a KRIT1 pathogenic variant [Denier
et al 2004]:

« Sixty-two percent were symptomatic;

« Fifty-eight percent of those who were at least age 50 years had symptoms related to CCM;

« Forty-five of 53 symptom-free individuals had lesions on MRI (three had indications of a type 4 lesion; see
Figure 1) and five had no clinical or MRI findings of CCM.

» Note: SWI MRI, the most sensitive imaging technique for identifying CCMs, was not performed in this
study.

PDCDI10. Penetrance may be decreased in families with a heterozygous pathogenic variant in PDCD10
compared to KRITI [Denier et al 2006].

Penetrance in individuals with pathogenic variants in CCM2 is not known.

Prevalence

It is estimated that 0.4%-0.9% of the general population has a CCM. Population-based studies estimate the
incidence of CCMs to be 0.56 in 100,000 individuals older than age 16 years [Al-Shahi et al 2003]. In one study,
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the prevalence of CCMs was estimated between 0.16% and 0.5% based on clinical and nonclinical MRI series
that mirror autopsy studies [Flemming et al 2017].

The estimated population-based prevalence of FCCM is 0.07% [Flemming et al 2017]. In a population-based
study in individuals aged 50-89 years undergoing brain MRI for nonclinical study purposes, the prevalence of
CCMs was 0.44%. In those with presumed FCCM, prevalence was 0.07% [Flemming et al 2017]. The common
occurrence of asymptomatic vascular lesions in individuals with FCCM suggests that the population prevalence
may be underestimated [Verlaan et al 2002, Johnson et al 2004].

The KRIT1 founder variant (c.1363C>T, p.GIn455Ter) is common among individuals of Hispanic descent with
FCCM [Johnson et al 1995, Sahoo et al 1999] (see Table 7).

Genetically Related (Allelic) Disorders

No phenotypes other than those discussed in this GeneReview are known to be associated with germline
pathogenic variants in KRIT1, CCM2, or PDCDI0.

Differential Diagnosis

Sporadic cerebral cavernous malformations (CCMs). Histologically, familial CCMs (FCCM) and sporadic
CCMs are similar. However, sporadic CCM is typically characterized by a single cavernous malformation and
often associated with a developmental venous anomaly (DVA); multiple cavernous malformations can occur in
the sporadic form, but they are always situated around or near a DVA. Limited evidence suggests that a DVA is
an anatomic and genetic primer of sporadic CCM [Snellings et al 2022]. Some series indicate that up to 30% of
sporadic CCMs are associated with a DVA. In a study using 7 Tesla MRI imaging, 100% of individuals with
sporadic CCMs were found to have abnormal venous output from the cavernous malformation. Of note, DVAs
are rarely seen in individuals with FCCM.

 Somatic activating variants in PIK3CA have been identified in CCMs [Peyre et al 2021, Ren et al 2021,
Weng et al 2021]. Somatic PIK3CA pathogenic variants have been identified in sporadic lesions as well as
CCM lesions in individuals with germline pathogenic variants in any of the three known FCCM-related
genes, suggesting that — in combination with an FCCM-related pathogenic variant — PI3 kinase activation
accelerates growth of CCM lesions [Ren et al 2021].

 Somatic pathogenic variants in MAP3K3 have been identified in sporadic CCMs [Weng et al 2021,
Snellings et al 2022]. Overt hemorrhage appears to be less frequent in CCMs with somatic MAP3K3
pathogenic variants compared with those associated with a pathogenic variant in one of the FCCM-
associated genes [Huo et al 2022].

« Putting all recent somatic variant data together, it appears that (1) CCMs can develop as the result of
biallelic loss of any of the three FCCM-related genes or as a result of somatic pathogenic variants in
MAP3K3 or PIK3CA and (2) a PIK3CA pathogenic variant can confer an additional growth advantage for
the lesion. Importantly, somatic pathogenic variants are only acquired within the developing CCM; they
are not inherited through the germline and do not appear in peripheral blood leukocytes. Thus, while the
identification of somatic variants is significant in terms of potential therapies, they are not useful as
diagnostic tools, as each CCM lesion can have a novel combination of somatic pathogenic variants.

"Large lesion" cavernous malformation mimics. CCMs represent 5%-15% of all cerebral vascular
malformations [Al-Shahi et al 2003]. Other vascular malformations occurring in the brain should be
distinguishable from CCMs by neuroimaging and clinical manifestations (see Figure 2). Typical "large lesion"
cavernous malformations are often very distinctive. However, in an acute hemorrhage from a CCM, the
distinctive characteristics are often lacking [Flemming & Lanzino 2020, Kumar et al 2020]. In these situations,
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repeat imaging can be useful [Flemming et al 2019, Flemming & Lanzino 2020, Kumar et al 2020]. "Large lesion"
cavernous malformation mimics include:

Hemorrhagic metastases. Renal cell, melanoma, papillary thyroid, lung, breast, and choriocarcinoma can
create multiple hemorrhagic lesions of the brain that can be mistaken for FCCM. In general, metastases
are more likely to enhance with contrast and more likely to have significant edema as compared to CCMs.
Primary brain tumors, often with calcification (ganglioglioma)

CAPNON (calcified pseudoneoplasm or the neuroaxis). The mixed density and susceptibility-weighted
imaging (SWI) changes associated with this lesion are due to calcium rather than hemosiderin. These are
usually singular lesions; thus, they are more likely to mimic sporadic CCM than FCCM.

Infectious or inflammatory nodules

Myxomatous emboli. An atrial myxoma embolizing to the brain can be confused with FCCM. However,
these lesions typically have significant edema and a more complex appearance than CCMs.
Arteriovenous malformations (AVMs). Most AVMs are readily distinguishable from cavernous
malformations by the multiple T, flow voids, enhancement with contrast, and presence on angiography.
However, small, thrombosed AVMs may have a similar appearance.

Zabramski type 4 cavernous malformation mimics. It is not uncommon to encounter situations in which an
individual has multiple SWI lesions and no typical "large lesion” cavernous malformations. In this context,
findings suggestive of FCCM include a family history (e.g., history of seizures, focal neurologic deficits, or brain
bleeds) and lesions in the brain stem, cerebellum, deep and superficial regions (rather than just superficial
regions), and at a younger age (i.e., age 45 years or younger). Genetic testing and ruling out Zabramski type 4
cavernous malformation mimics can be helpful in establishing a diagnosis of FCCM (see Figure 2). Zabramski
type 4 cavernous malformation mimics include:

Hemorrhagic metastases (suggestive features include an older individual with a known primary
malignancy and areas of enhancement using gadolinium as well as persistent edema)
Cerebral microbleeds due to amyloid angiopathy, hypertension, vasculitis

° Amyloid angiopathy typically occurs in individuals older than age 60 years, and lesions are
predominantly in the superficial cortex and sometimes associated with sulcal subarachnoid
hemorrhage. If in doubt, a spinal fluid evaluation including tau and amyloid levels can be helpful in
addition to apolipoprotein E testing.

o Hypertensive angiopathy has a pattern of SWI abnormalities in the deep subcortical structures as
well as the brain stem and typically occurs in older individuals with a history of uncontrolled or
poorly controlled hypertension.

o Vasculitis can be associated with superficial SWI changes, but is usually associated with
leptomeningeal enhancement and areas of cerebral ischemia as well.

Head trauma. Classically, the microhemorrhages associated with trauma are located at the gray-white
matter junction where microvasculature is susceptible to the effects of shearing trauma.

Calcium deposits. Calcium may appear in the brain for many reasons and will appear dark on SWI. A
pattern in the bilateral basal ganglia may suggest benign calcification of the basal ganglia. If uncertain, a
head CT scan can be helpful along with an MRI to diagnose calcium deposits.

Neurocysticercosis. The SW1 signal abnormality in these individuals arises due to calcification rather than
hemosiderin deposition. Neurocysticercosis is more likely than FCCM to have areas of enhancement and
edema.

Brain irradiation. Two to 20 years after brain irradiation (whole brain or focused), exposed individuals
may develop multiple cavernous malformations and/or capillary telangiectasias that may mimic the
appearance of FCCM. History of radiation helps make the distinction between this entity and FCCM.
Capillary telangiectasias. Capillary telangiectasias can generally be distinguished from cavernous
malformations by their small size and enhancement. These are commonly singular, are often located in the
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pons, appear dark on SWI and uniformly enhanced on contrasted studies, and do not typically appear on
the standard T1/T, images. Rarely, these can be large (>1cm) and mimic tumors and inflammatory
conditions.

Management

The management of cerebral cavernous malformations (CCMs) is largely based on epidemiologic, non-
randomized surgical and radiosurgical studies, as well as expert opinion. In 2017, The Alliance to Cure
Cavernous Malformation (Formerly Angioma Alliance) Scientific Committee published guidelines for the
management of CCMs including familial CCM (FCCM) [Akers et al 2017].

Evaluations Following Initial Diagnosis

To establish the extent of disease and needs in an individual diagnosed with FCCM, the evaluations summarized
in Table 3 (if not performed as part of the evaluation that led to the diagnosis) are recommended.
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Differential Diagnosis for Cavernous Malformation

Multiple SWI Lesions
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2

e Zabramski Type IV Cavernous
malformation
e Capillary telangiectasia

Cavernous malformation
 Hemorrhagic Metastasis
e Thrombosed AVM or

Aneurysm . Ht_emorrhagic metastasis
e * Microbleed
5 : o Cerebral amyloid angiopathy
Infectious/inflammatory > Hypertension
nodule > Vasculitis/endocarditis
Calcified primary brain tumor = Trauma (diffuse axonal injury)

Calcium

History of brain irradiation
Foreign body (metal/glass)
Cardiac surgery
Neurocystercercosis

Other: Ataxia telangiectasia,
intravascular lymphoma

CAPNON (calcified
pseudoneoplasm of the
neuroaxis)

Figure 2. Differential diagnosis of cavernous malformations

The left panel lists the differential diagnosis for "large lesion" cavernous malformations. The right panel lists the differential diagnosis
for cavernous malformations not visible on standard MRI sequences (gradient echo or susceptibility-weighted imaging [SWI] only).

Table 3. Familial Cerebral Cavernous Malformations: Recommended Evaluations Following Initial Diagnosis
System/Concern Evaluation Comment

o MRI w/standard sequences (T, T, FLAIR) in
addition to SWI
« For initial diagnosis, contrast is helpful to
CCMs ! MRI imaging of brain & spinal cord distinguish from other entities.
o Afterward, contrast is not necessary to detect
hemorrhage but may be useful for preoperative
planning.
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Table 3. continued from previous page.

System/Concern

Epilepsy

SCCMs

Retinal cavernous
malformation

Genetic counseling

Family support
& resources

Evaluation

EEG &/or video EEG

Neuropsychological eval
Brain imaging
Spinal imaging

Eye exam

By genetics professionals 3

Assess need for:

o Community or online resources
such as Parent to Parent;

« Social work involvement for
parental support;

« Home nursing referral.

GeneReviews

Comment

To help establish diagnosis of epilepsy or aid in seizure
localization (CCM vs alternate pathologies) that may
facilitate surgical epilepsy planning

To determine which hemisphere is language dominant
& overall eligibility for surgical resection

To confirm localization of epilepsy & exclude other
epileptogenic foci

Gradient-based sequences are most sensitive & should
be used when SCCMs are suspected.

While retinal cavernous malformations do not typically
hemorrhage, baseline exam is recommended. 2

To inform affected persons & their families re nature,
MO, & implications of FCCM to facilitate medical &
personal decision making

CCM = cerebral cavernous malformation; FCCM = familial cerebral cavernous malformations; MOI = mode of inheritance; SCCM =

spinal cord cavernous malformations; SWI = susceptibility-weighted imaging

1. CCMs were previously called "angiographically occult vascular lesions” due to their relatively poor visualization on catheter
angiograms. Cerebral arteriography is rarely necessary unless there is concern for an underlying arteriovenous malformation.
2. Guidelines on the frequency of surveillance have not been established to date.

3. Medical geneticist, certified genetic counselor, certified advanced genetic nurse

Treatment of Manifestations

Supportive care to improve quality of life, maximize function, and reduce complications is recommended. This
ideally involves multidisciplinary care by specialists in relevant fields (see Table 4).

®
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Table 4. Familial Cerebral Cavernous Malformations: Treatment of Manifestations
Manifestation/Concern Treatment Considerations/Other

o May be assoc w/" risk of short-term neurologic disability, new
focal deficits, &/or seizures
1 o Complete resection can cure a single lesion; postoperative
serial imaging can be helpful to assure there was complete
resection.
« Persons w/hydrocephalus may require shunting or ET'V.

Surgical resection

A repurposing drug screen identified vitamin D3 as a potential
Vitamin D3 (cholecalciferol) therapeutic option for CCMs. Vitamin D3 restored endothelial
supplementation (adequate integrity in endothelial-deficient CCM2 cells in vitro. 2 Vitamin D3 is

Recurrent hemorrhageor . *% . . L ) . .
8 vitamin D intake recommended; proposed to inhibit activation of RHOA involved in the leakiness of

mass effect 600 IU daily for adults age <70  endothelium. Two cohort studies suggest more aggressive behavior of
yrs, 800 U daily for those age ~ CCMs in persons w/low 25-hydroxy-vitamin D levels. > While no
>70 yrs) clinical trial has been performed to assess the benefits or risks to date,
adequate vitamin D intake is recommended for persons w/FCCM.
Several studies show no 1 risk of symptomatic hemorrhage in persons
w/hypertension. However, 1 study found a relationship between
Blood pressure control systolic blood pressure & lesion burden. 4 Given other health benefits
of lowering blood pressure, standard recommendations for blood
pressure control are recommended for persons w/FCCM.
Early eval for possible surgical resection is recommended (see
Epilepsy Standard ASMs Hemorrhage, recurrent hemorrhage, mass effect, and intractable

seizures).

Standard treatment is recommended for primary headache disorders.
Headaches Standard treatment & mgmt If severe, prolonged, or progressive, or assoc w/new or worsening
neurologic deficits, urgent brain imaging could lead to prompt mgmt.

Neurologic deficits Rehab services For persons w/temporary or permanent neurologic deficits

ASM = anti-seizure medication; ETV = endoscopic third ventriculocisternostomy

1. Of note, stereotactic radiosurgery maybe associated with risk of radiation injury or, rarely, radiation-induced cavernous
malformation; it is not generally recommended in FCCM [Akers et al 2017].

2. Gibson et al [2015]

3. Girard et al [2016], Flemming et al [2020]

4. Choquet et al [2014]

Hemorrhage, recurrent hemorrhage, mass effect, and intractable seizures. The natural history of an
individual CCM must be compared to the risk of surgery to aid in treatment decisions. Common indications for
surgical removal include: first hemorrhage in a surgically accessible CCM, recurrent hemorrhage with increasing
disability, high risk of further deterioration in less accessible lesions, intractable seizures, or mass effect with
declining neurologic function [Heros & Heros 2000, Selman et al 2000, Akers et al 2017]. An observational study
reported that surgical excision increased the overall risk of short-term neurologic disability, symptomatic
intracranial hemorrhage, and new focal neurologic deficits [Moultrie et al 2014]. This study did not take into
consideration CCM location, presence of declining functional status preoperatively, or advances in surgical
techniques and scoring systems that aid in that process. Due to remaining uncertainty on the exact timing and
indications for surgery, this led to the first clinical trial assessing surgery and radiosurgery versus observation
(see Therapies Under Investigation). Importantly, children often experience better outcomes with surgical
resection, including better seizure control and high rates of neurologic recovery, possibly secondary to increased
neuroplasticity in this cohort [Gao et al 2022, Rauschenbach et al 2023].
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Individuals with hydrocephalus may require treatment with shunting or endoscopic third
ventriculocisternostomy in those with unresectable midbrain lesions compressing the cerebral aqueduct or those
with ventricular compression.

Laser interstitial thermal therapy is an evolving tool for the treatment of CCMs. Small, single-institution series
suggest potential benefit in individuals with epilepsy, but further larger studies are needed.

Surveillance

To monitor existing manifestations, the individual's response to supportive care, and the emergence of new
manifestations, the evaluations summarized in Table 5 are recommended.

Table 5. Familial Cerebral Cavernous Malformations: Recommended Surveillance

System/Concern Evaluation Frequency

+ Brain MRI imaging w/standard sequences (T, Ty, FLAIR) & SWI
is indicated in persons experiencing new neurologic symptoms.

o Itis debatable whether routine surveillance in the absence of
symptoms is helpful. 1

CCMs Brain imaging

o If seizures are under control on ASMs, annual follow up w/
. Neurologic & neurologist is recommended.
neurosurgical eval o If the affected person has an exacerbation of a previously quiescent
Epilepsy EEG seizure disorder, brain MRI, EEG, & possibly neurosurgical eval
should be considered.
o Ifepilepsy is intractable despite multiple ASM trials, a
neurosurgical eval should be considered.

o Brain imaging

Headaches Neurologic eval Per standard recommendations

o If the affected person has a stable focal neurologic deficit, PT &
rehab should be considered.

Focal neurologic o Neurologic eval . .
o For persistent lower motor neuron facial weakness or double
symptoms o PT &rehab o . L ) .
vision, facial reanimation &/or ophthalmologic surgeries to restore
function can be considered.
« Spinal imaging should be repeated if the affected person has
SCCMs Spinal imaging recurrent or worsening symptoms.

o Debate exists regarding routine surveillance in the absence of new
symptoms. 1
CCM = cerebral cavernous malformation; PT = physical therapy; SCCM = spinal cord cavernous malformations; SWI = susceptibility-

weighted imaging
1. Akers et al [2017]

Agents/Circumstances to Avoid
Analgesics

o There is limited data regarding the use of non-aspirin, nonsteroidal anti-inflammatory drugs (NSAIDs).
One study reported a reduction in hemorrhage risk in individuals with sporadic or familial CCM taking
NSAIDs [Flemming et al 2021]; however, the dose and duration of medication use is not known. In
general, it is best to avoid NSAIDs; however, in asymptomatic individuals it is not absolutely
contraindicated.

o The use of narcotic pain medications is discouraged in chronic pain conditions because of the potential for
addiction and because of their association with rebound headaches.
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Antithrombotic medications include anticoagulants (e.g., heparin, warfarin [Coumadin®] , direct oral
anticoagulants) and antiplatelet agents (e.g., aspirin, clopidogrel, ticagrelor). In general, it is recommended to
avoid antithrombotic agents in individuals with FCCM unless they are necessary for the treatment of life-
threatening thrombosis with close monitoring by the medical team. Recent data suggest that antithrombotics
may lower the risk of cerebral hemorrhage, possibly by reducing thrombosis within the cavernous malformation
[Zuurbier et al 2019]. Until further data are available, use of antithrombotics can be considered after weighing
the individual's risk of CCM hemorrhage and the risk of not using antithrombotics for the suggested indication
with close monitoring thereafter [Flemming et al 2013].

Thrombolytic agents are often used for ischemic stroke or pulmonary embolism and include alteplase and
tenecteplase, among others. Limited data exist regarding the use of thrombolytic agents in individuals with
CCMs. In one study of 967 individuals receiving thrombolytics for presumed cerebral ischemia, 20 had at least
one cavernous malformation [Erdur et al 2014]. Only one of 11 individuals had evidence of a hemorrhagic CCM
post thrombolytic use, and it was thought that the CCM was possibly responsible for the presenting symptoms,
not cerebral ischemia, once an MRI was performed. Per American Stroke Association guidelines [Powers et al
2019] regarding use of thrombolytics in the setting of an intracranial vascular malformation, "IV TPA may be
considered in individuals with stroke with severe neurologic deficits and a high likelihood of morbidity and
mortality to outweigh the anticipated risk of hemorrhage."

Oral female hormones (including oral contraceptives and menopausal therapy). A recent cohort study
comprised of 722 females with both sporadic and familial CCM noted an increased risk of hemorrhage in
individuals with CCMs taking oral female hormones [Zuurbier et al 2023]. This study was limited in identifying
the duration, dose, and compliance with these medications. Until further data are available on which individuals
are at highest risk, affected females should be cautioned regarding use of oral female hormones.

Radiation. Radiation to the central nervous system is associated with de novo lesion formation in FCCM
[Larson et al 1998, Nimjee et al 2006, Golden et al 2015b]. These lesions appear to be histologically different
from the cavernous malformations found prior to radiation [Cha et al 2015].

Evaluation of Relatives at Risk

It is appropriate to clarify the genetic status of apparently asymptomatic older and younger at-risk relatives of an
affected individual in order to identify as early as possible those who would benefit from prompt initiation of
surveillance and awareness of agents/circumstances to avoid. Evaluations can include:

« Molecular genetic testing if the pathogenic variant in the family is known;
« Brain and/or spinal cord MR imaging including susceptibility-weighted imaging (SWI) or gradient echo
(GRE) if the pathogenic variant in the family is not known.

See Genetic Counseling for issues related to testing of at-risk relatives for genetic counseling purposes.

Pregnancy Management

Pregnant women with FCCM who have had recent brain or spinal cord hemorrhage, epilepsy, or migraine
require close observation during pregnancy.

Pregnant women with suspected FCCM should undergo counseling regarding the risk for the fetus and genetic
testing options.

In general, women with epilepsy or a seizure disorder from any cause are at greater risk for mortality during
pregnancy than pregnant women without a seizure disorder; use of anti-seizure medication (ASM) during
pregnancy reduces this risk. However, exposure to ASM may increase the risk for adverse fetal outcome
(depending on the drug used, the dose, and stage of pregnancy during which the medication is taken).



18 GeneReviews®

Nevertheless, the risk of an adverse outcome to the fetus from medication exposure is often less than that
associated with an untreated maternal seizure disorder. Neurologists should be involved in the care of pregnant
women with CCMs and seizures in the preplanning period or early pregnancy. ASMs should be reviewed to
make sure the least teratogenic medication is being used and that women receive folate supplementation. ASM
levels may need to be monitored during pregnancy. If a pregnant woman has a breakthrough seizure after a time
of stability without an obvious provoking factor (e.g., fever or low ASM level), a brain MRI without contrast is
safe and should be considered.

Focal neurologic deficits or significant or severe headaches during pregnancy should be evaluated. In addition to
the concern of CCM hemorrhage, other neurologic causes should be ruled out (e.g., ischemic stroke, cerebral
venous thrombosis). Three large studies have suggested that the risk of symptomatic hemorrhage does not differ
between pregnant and non-pregnant women. These studies are somewhat limited by the number of women who
become pregnant after a diagnosis of CCM [Witiw et al 2012, Kalani & Zabramski 2013, Joseph et al 2021].
Given that most individuals present in their late 30s or early 40s, many women have completed childbearing or
may defer pregnancy after a diagnosis of FCCM, thus limiting the numbers of individuals in such studies. One
study estimated that the overall risk of symptomatic hemorrhage is 3% during pregnancy, similar to the risk
reported in natural history studies [Kalani & Zabramski 2013]. This study noted that the risk was 1.8% per
pregnancy in the sporadic CCM group versus 3.6% in the FCCM group. However, only five total symptomatic
hemorrhages occurred during pregnancy (including two hemorrhages in one individual). Thus, the numbers are
small, and it is unclear if there is a true difference in rates between individuals with sporadic and familial CCMs.

Affected women and obstetricians are frequently concerned that the risk of increased blood pressure and
intrathoracic pressure during labor could lead to CCM hemorrhage. However, review of the literature finds
clinical events during labor to be extremely rare [Joseph et al 2021].

See MotherToBaby for further information on medication use during pregnancy.

Therapies Under Investigation

Stereotactic radiosurgery. There are no published randomized clinical trials of radiosurgery versus observation
in individuals with CCM. In general, data are derived mainly from single centers with limited follow up. Data
suggest that the risk of hemorrhage from a CCM can be reduced to 1%-2% per year, but that effect is not seen for
up to two years. The risk of treatment complications has been estimated at approximately 2%-4% [Poorthuis et al
2019]. Since natural history studies similarly show a decline in hemorrhage rate after two years [Horne et al
2016], there is debate on the efficacy of this therapy for CCM. This has led to the Cavernomas: A Randomized
Effectiveness (CARE) trial comparing neurosurgery or stereotactic radiosurgery to conservative management in
the United Kingdom (NIHR128694).

As radiation may induce CCM formation, the 2017 Synopsis of Guidelines for the Clinical Management of
Cerebral Cavernous Malformations [Akers et al 2017] states that "radiosurgery is not recommended for
asymptomatic CCMs, for CCMs that are surgically accessible, nor in familial CCM because of concern about de
novo CCM genesis (class III, level C)."

Propranolol. Propranolol has been used successfully in the treatment of facial hemangiomas in infants. Several
case reports and series suggested a possible benefit for CCMs. In a recent randomized, open-label, blinded end-
point Phase II pilot trial (Treat_CCM), propranolol was safe and well tolerated in individuals with FCCM. While
the study was not adequately powered to investigate efficacy, treatment with propranolol was possibly beneficial
in reducing the incidence of clinical events in individuals with symptomatic FCCM [Lanfranconi et al 2020,
Lanfranconi et al 2023].

Atorvastatin. Statins have shown reduction of lesion burden in mouse models of CCMs by indirectly inhibiting
Rho kinase [Whitehead et al 2009]. The ongoing Atorvastatin Treatment of Cavernous Angiomas With


https://www.mothertobaby.org/

Familial Cerebral Cavernous Malformations 19

Symptomatic Hemorrhage Exploratory Proof of Concept (AT CASH EPOC) study (NCT02603328) is assessing
the efficacy and safety of atorvastatin (80 mg daily) versus placebo in individuals with recent symptomatic brain
hemorrhage. Results are anticipated in 2024.

Rec-944. Rec-944 targets superoxides. There are preclinical data suggesting a role for oxidative stress in the
pathogenesis of CCMs. Phase I trials using this compound have been completed and Phase II trials are ongoing
(NCT05085561).

Diet. Data has emerged regarding the impact of the gut microbiome on cavernous malformation lesion
formation and behavior in animal models of CCMs [Tang et al 2017, Tang et al 2019]. Genetically altered mice
fed a diet high in emulsifiers had higher CCM lesion burden due to reduced thickness of the gut mucosal barrier
allowing gram-negative bacteria to enter the bloodstream and trigger the TLR4 inflammatory pathway, leading
to lesion formation. It is further notable that loss of gut epithelial PDCD10 results in reduced mucin production,
also allowing further translocation of gram-negative bacteria into the bloodstream, which may be one of the
explanations as to why pathogenic variants in PDCD10 have earlier and more severe disease [Tang et al 2019].
While there are no clinical trials in humans regarding the efficacy of such a diet, a diet with limited processed
foods seems reasonable based on other positive health effects. There are no data on whether there would be
positive or negative effects from pro- or prebiotics.

Search ClinicalTrials.gov in the US and EU Clinical Trials Register in Europe for access to information on
clinical studies for a wide range of diseases and conditions.

Genetic Counseling

Genetic counseling is the process of providing individuals and families with information on the nature, mode(s) of
inheritance, and implications of genetic disorders to help them make informed medical and personal decisions. The
following section deals with genetic risk assessment and the use of family history and genetic testing to clarify genetic
status for family members; it is not meant to address all personal, cultural, or ethical issues that may arise or to
substitute for consultation with a genetics professional. —ED.

Mode of Inheritance
Familial cerebral cavernous malformations (FCCM) is inherited in an autosomal dominant manner.

o The fairly common occurrence of asymptomatic vascular lesions may prevent recognition of an autosomal
dominant pattern of inheritance in a family [Denier et al 2004].

 Because a clinical diagnosis of FCCM can be established in an individual by the presence of multiple
lesions (independent of family history), an individual with a clinical diagnosis of FCCM may represent an
apparent simplex case (i.e., the only affected family member). Likewise, an individual with a molecular
diagnosis of FCCM (established by the identification of a heterozygous, germline FCCM-related genetic
alteration involving KRIT1, CCM2, or PDCDI10) may have an apparent negative family history.

« More than 5% of individuals with multiple lesions and/or a family history of CCMs do not have an
identifiable pathogenic variant involving any of the three genes known to be associated with FCCM.

o Sporadic cerebral cavernous malformations (CCMs) (i.e., CCMs caused by somatic pathogenic variants
and not expected to recur in other family members) are not addressed in this section (see Differential
Diagnosis).

Risk to Family Members
Parents of a proband

« Many individuals diagnosed with FCCM have a symptomatic parent.
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A proband with FCCM may have the disorder as the result of a de novo pathogenic variant. Individuals
with a de novo germline pathogenic variant - most commonly in PDCD10 - have been reported [Lucas et
al 2001, Denier et al 2004, Liquori et al 2008, Stahl et al 2008, Shenkar et al 2015]. However, the proportion
of individuals with FCCM caused by a de novo pathogenic variant is unknown, as the frequency of subtle
signs of the disorder in parents has not been thoroughly evaluated and molecular genetic testing data are
insufficient.

« If the proband is the only family member known to have FCCM, the following evaluations are
recommended for the parents to confirm their status and to allow reliable recurrence risk counseling:

o Molecular genetic testing (if a molecular diagnosis has been established in the proband); and/or
o Brain MRI including gradient echo (GRE) or susceptibility-weighted imaging (SWI).

Family history (e.g., history of seizures, focal neurologic deficits, or brain bleeds) may be helpful in
determining which parent is most likely to require a diagnostic evaluation.

o If the proband has a known pathogenic variant that cannot be identified in either parent and parental
identity testing has confirmed biological maternity and paternity, the following possibilities should be
considered:

o The proband has a de novo pathogenic variant.

o The proband inherited a pathogenic variant from a parent with germline mosaicism. Note: Testing
of parental leukocyte DNA may not detect all instances of somatic mosaicism and will not detect a
pathogenic variant that is present in the germ cells only.

o The family history of some individuals diagnosed with FCCM may appear to be negative because of failure
to recognize the disorder in family members, early death of the parent before the onset of symptoms, or
reduced penetrance in the parent with the pathogenic variant. Therefore, an apparently negative family
history cannot be confirmed unless appropriate evaluations (i.e., molecular genetic testing if the
pathogenic variant has been identified in the proband and/or brain MRI including GRE or SWI) has been
performed on the parents of the proband.

Sibs of a proband. The risk to sibs of the proband depends on the clinical and genetic status of the proband's
parents:

o Ifa parent of the proband is affected and/or a parent is known to have the pathogenic variant identified in
the proband (regardless of the parent's clinical status), the risk to sibs is 50%.

o If the proband has a known KRITI, CCM2, or PDCD10 pathogenic variant and this pathogenic variant
cannot be detected in the leukocyte DNA of either parent, the risk to sibs is estimated to be 1% because of
the theoretic possibility of parental germline mosaicism [Rahbari et al 2016].

o If parents are clinically unaffected but their genetic status is unknown (because either the parents have not
been tested for the pathogenic variant identified in the proband or the proband does not have a genetic
alternation involving any of the three genes known to be associated with FCCM), the assumption of a
familial form must be made and sibs and parents offered brain MRI with GRE and/or SWI in order to
identify those who would benefit from prompt initiation of surveillance and awareness of agents/
circumstances to avoid.

Offspring of a proband. Each child of an individual with FCCM has a 50% chance of inheriting an FCCM-
related pathogenic variant.

Other family members. The risk to other family members depends on the status of the proband's parents: if a
parent is affected and/or has an FCCM-related pathogenic variant, the parent's family members may be at risk.
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Related Genetic Counseling Issues

See Management, Evaluation of Relatives at Risk for information on evaluating at-risk relatives for the purpose
of early diagnosis and treatment.

Family planning

 The optimal time for determination of genetic risk and discussion of the availability of prenatal/
preimplantation genetic testing is before pregnancy.

« Itis appropriate to offer genetic counseling (including discussion of potential risks to offspring and
reproductive options) to young adults who are affected or at risk.

DNA banking. Because it is likely that testing methodology and our understanding of genes, pathogenic
mechanisms, and diseases will improve in the future, consideration should be given to banking DNA from
probands in whom a molecular diagnosis has not been confirmed (i.e., the causative pathogenic mechanism is
unknown). For more information, see Huang et al [2022].

Prenatal Testing and Preimplantation Genetic Testing

If an FCCM-related pathogenic variant has been identified in an affected family member, prenatal and
preimplantation genetic testing are possible.

Differences in perspective may exist among medical professionals and within families regarding the use of
prenatal testing. While most centers would consider use of prenatal testing to be a personal decision, discussion
of these issues may be helpful.

Resources

GeneReviews staff has selected the following disease-specific and/or umbrella support organizations and/or registries
for the benefit of individuals with this disorder and their families. GeneReviews is not responsible for the
information provided by other organizations. For information on selection criteria, click here.

o Alliance to Cure Cavernous Malformation
Email: info@alliancetocure.org

www.alliancetocure.org

« MedlinePlus
Cerebral cavernous malformation
« American Epilepsy Society
aesnet.org
 Epilepsy Foundation
Phone: 800-332-1000; 866-748-8008
epilepsy.com
« Angioma Alliance DNA/Tissue Bank
The DNA/Tissue Bank provides researchers with biological samples and medical history for research projects.

www.angioma.org/DNA/TissueBank

« International Cavernous Angioma Patient Registry


https://www.ncbi.nlm.nih.gov/books/n/gene/app4/
https://www.alliancetocure.org/
https://medlineplus.gov/genetics/condition/cerebral-cavernous-malformation/
https://www.aesnet.org
https://www.epilepsy.com/
https://www.angioma.org/research-clinical-trials/participate-in-research/dna-tissue-bank/
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This registry is developed and supported by Angioma Alliance.

International Cavernous Angioma Patient Registry

Molecular Genetics

Information in the Molecular Genetics and OMIM tables may differ from that elsewhere in the GeneReview: tables
may contain more recent information. —ED.

Table A. Familial Cerebral Cavernous Malformation: Genes and Databases

Gene Chromosome Locus  Protein Locus-Specific HGMD ClinVar
Databases

CCM2 7pl3 Cerebral cavernous CCM2 database CCM2 CCM2
malformations 2 protein

KRITI 7q21.2 Krev interaction trapped =~ KRIT1 database KRIT1 KRIT1
protein 1

PDCDI10 3q26.1 Programmed cell death PDCDI10 database = PDCD10 PDCD10
protein 10

Data are compiled from the following standard references: gene from HGNC; chromosome locus from OMIM; protein from UniProt.
For a description of databases (Locus Specific, HGMD, ClinVar) to which links are provided, click here.

Table B. OMIM Entries for Familial Cerebral Cavernous Malformation (View All in OMIM)
116860 CEREBRAL CAVERNOUS MALFORMATIONS; CCM

603284 CEREBRAL CAVERNOUS MALFORMATIONS 2; CCM2

603285 CEREBRAL CAVERNOUS MALFORMATIONS 3; CCM3

604214 KRIT1 ANKYRIN REPEAT-CONTAINING PROTEIN 1; KRIT1

607929 CCM2 SCAFFOLD PROTEIN; CCM2

609118 PROGRAMMED CELL DEATH 10; PDCD10

Molecular Pathogenesis

All three cerebral cavernous malformation (CCM) genes (KRIT1, CCM2, and PDCD10) are essential for blood
vessel growth and development and can regulate multiple downstream signaling pathways through their various
associated protein complexes. This can affect several processes including endothelial junction integrity and cell
migration. A single inherited pathogenic variant in one of these genes is believed to be sufficient to cause familial
CCM; however, the precise molecular mechanisms that lead to the formation of CCM lesions remains unclear. It
is known that the protein products of these genes can assemble into a ternary complex, as well as interact with
other proteins in the cell. Understanding the functions of these genes will continue to identify druggable
pathways that can be targeted for treating CCMs.

KRIT]1. Krev interaction trapped protein 1 (KRIT1) has a variety of functions within the vascular system and
throughout the body. This anchor protein plays a role in regulating cell structure and response to shear stress
through the integrin signaling pathway [Zawistowski et al 2002, Macek Jilkova et al 2014], maintaining
homeostasis of intracellular reactive oxygen species [Goitre et al 2010, Goitre et al 2014], and regulating
autophagy by activating the mTOR pathway [Marchi et al 2015]. KRIT1 also regulates endothelial cell-cell
junctions to maintain junctional stability and control of vascular permeability in response to inflammation
[Glading et al 2007, Borikova et al 2010, Corr et al 2012]. KRIT1 can activate angiogenesis through Delta-Notch
signaling [Wiistehube et al 2010, DiStefano et al 2014]. Loss of KRIT1 function leads to CCM lesion formation


https://angioma.patientcrossroads.org/
https://www.ncbi.nlm.nih.gov/gene/83605
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=83605
http://www.uniprot.org/uniprot/Q9BSQ5
http://www.uniprot.org/uniprot/Q9BSQ5
http://databases.lovd.nl/shared/genes/CCM2
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=CCM2
https://www.ncbi.nlm.nih.gov/clinvar/?term=CCM2[gene]
https://www.ncbi.nlm.nih.gov/gene/889
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=889
http://www.uniprot.org/uniprot/O00522
http://www.uniprot.org/uniprot/O00522
http://databases.lovd.nl/shared/genes/KRIT1
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=KRIT1
https://www.ncbi.nlm.nih.gov/clinvar/?term=KRIT1[gene]
https://www.ncbi.nlm.nih.gov/gene/11235
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=11235
http://www.uniprot.org/uniprot/Q9BUL8
http://www.uniprot.org/uniprot/Q9BUL8
http://databases.lovd.nl/shared/genes/PDCD10
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=PDCD10
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http://www.genenames.org/index.html
http://www.omim.org/
http://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/books/n/gene/app1/
https://www.ncbi.nlm.nih.gov/omim/116860,603284,603285,604214,607929,609118
https://www.ncbi.nlm.nih.gov/omim/116860
https://www.ncbi.nlm.nih.gov/omim/603284
https://www.ncbi.nlm.nih.gov/omim/603285
https://www.ncbi.nlm.nih.gov/omim/604214
https://www.ncbi.nlm.nih.gov/omim/607929
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through a loss-of-function mechanism where in the absence of KRIT1, endothelial cells become more stem cell-
like, proliferative, and invasive [Verlaan et al 2002, Maddaluno et al 2013].

CCM2. Cerebral cavernous malformations 2 protein (CCM2), a protein with a PTB (phosphotyrosine-binding)
domain encoded by CCM2, binds to and regulates the localization of KRIT1. The CCM2 protein is a scaffold
protein for multiple signaling cascades including the p38 mitogen-activated protein kinase (MAPK) signaling
[Uhlik et al 2003, Fisher et al 2015] and Rho kinase signaling for maintenance of proper vascular integrity
[Whitehead et al 2009, Borikova et al 2010, Stockton et al 2010]. Animal models and molecular studies suggest a
two-hit genetic mechanism [Akers et al 2009, Pagenstecher et al 2009, Whitehead et al 2009].

PDCD10. PDCD10 encodes a 212-amino acid adaptor protein, programmed cell death 10 (PDCD10).
Overexpression of PDCD10 leads to activation of caspase 3 and increased cell death or apoptosis [Wang et al
1999, Guclu et al 2005]. PDCD10 is involved in a wide variety of cellular signaling processes and has been shown
to be part of the macromolecular complex including KRIT1 and CCM2 [Hilder et al 2007, Voss et al 2007].
Within the vasculature, PDCDI10 plays a critical role in vascular development (through VEGF signaling) and
regulation of angiogenesis (through DLL4-Notch signaling) [He et al 2010, You et al 2013]. The nature of
PDCDI0 pathogenic variants detected to date suggests a role for loss of function through haploinsufficiency or
somatic loss of heterozygosity [Akers et al 2009, Pagenstecher et al 2009].

Mechanism of disease causation. Biallelic loss of function (possible haploinsufficiency)

Molecular genetic analysis of CCMs from individuals with familial CCM (FCCM) identified a second somatic
pathogenic variant on the other allele of the same gene with the germline pathogenic variant [Akers et al 2009,
Pagenstecher et al 2009]. Next-generation sequencing studies have further showed that both copies of CCM
genes are mutated in lesional tissue in familial cases.

In some (but not all) sporadic cases, lesions can contain two somatic pathogenic variants that inactivate both
copies of the gene [Ren et al 2021].

Table 6. Familial Cerebral Cavernous Malformations: Gene-Specific Laboratory Considerations

1

Gene Special Consideration
o CCM2 has an alternatively spliced exon 1B.
CCM2 o Alarge 77.6-kb deletion that includes exons 2-10 is a common founder deletion in the US population; it is not

detectable by sequencing and requires deletion/duplication or CMA analysis, which may be performed as a first-tier
test in this population [Liquori et al 2007, Gallione et al 2022].

PDCD10 The first coding exon is exon 4.

1. Genes from Table 1 in alphabetic order.

Table 7. Pathogenic Variants Referenced in This GeneReview by Gene
Gene ! Reference Sequences DNA Nucleotide Change Predicted Protein Change Comment [Reference]

Common founder variant in North
America; up to 22% of persons may have

77.6-kb deletion incl exons 2-10 -- . . . . .
this pathogenic variant [Liquori et al
CCM2 NM_031443.3 2007]

Recurrent variant in persons of Ashkenazi

€-30+5_30+6delGCinsTT - Jewish descent [Gallione et al 2011]


https://www.ncbi.nlm.nih.gov/nuccore/NM_031443.3
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Table 7. continued from previous page.
Gene ! Reference Sequences DNA Nucleotide Change Predicted Protein Change Comment [Reference]

Possible founder variant in persons from

. A . 29T
€.987C> p-Cys329Ter Sardinia [Cau et al 2009]
NM_194456.1
KRITI NP_919438.1 Common founder variant in 70% of
c.1363C>T p-Gln455Ter Hispanic persons from northern Mexico

& American Southwest [Sahoo et al 1999]

Variants listed in the table have been provided by the authors. GeneReviews staff have not independently verified the classification of
variants.

GeneReviews follows the standard naming conventions of the Human Genome Variation Society (varnomen.hgvs.org). See Quick
Reference for an explanation of nomenclature.

1. Genes from Table 1 are in alphabetic order.
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