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ORIGINAL RESEARCH
ADULT BRAIN

Schizencephaly in Hereditary Hemorrhagic Telangiectasia
J.J. Gaines, B.C. Gilbert, J.R. Gossage, W. Parker, A. Reddy, and S.E. Forseen

ABSTRACT

BACKGROUND AND PURPOSE: The presence of malformations of cortical development in patients with hereditary hemorrhagic
telangiectasia has been reported on previous occasions. We evaluated a sample of adults with hereditary hemorrhagic telangiecta-
sia for the presence of malformations of cortical development, spatial coincidence of malformations of cortical development and
AVMs, and the coincidence of brain and pulmonary AVMs.

MATERIALS AND METHODS: A total of 141 patients 18 years of age or older who were referred to the Augusta University hereditary
hemorrhagic telangiectasia clinic and underwent brain MR imaging between January 19, 2018, and December 3, 2020, were identified.
MR imaging examinations were reviewed retrospectively by 2 experienced neuroradiologists, and the presence of malformations of
cortical development and AVMs was confirmed by consensus. Demographic and clinical information was collected for each case,
including age, sex, hereditary hemorrhagic telangiectasia status by the Curacao Criteria, mutation type, presence of malformations
of cortical development, presence of brain AVMs, presence of pulmonary AVMs, and a history of seizures or learning disabilities.

RESULTS: Five of 141 (3.5%) patients with hereditary hemorrhagic telangiectasia had malformations of cortical development. Two of
the 5 patients with polymicrogyria also had closed-lip schizencephaly. One of the patients had a porencephalic cavity partially lined
with heterotopic GM. The incidence of spatially coincident polymicrogyria and brain AVMs was 40% (2/5 cases). Of the patients
with hereditary hemorrhagic telangiectasia and malformations of cortical development, 4/5 (80%) had pulmonary AVMs and 2/5
(40%) had brain AVMs.

CONCLUSIONS: To our knowledge, we are the first group to report the presence of schizencephaly in patients with hereditary
hemorrhagic telangiectasia. The presence of schizencephaly and porencephaly lends support to the hypothesis of regional in utero
cerebral hypoxic events as the etiology of malformations of cortical development in hereditary hemorrhagic telangiectasia.

ABBREVIATIONS: HHT ¼ hereditary hemorrhagic telangiectasia; MCD ¼ malformation of cortical development

Hereditary hemorrhagic telangiectasia (HHT), also known as
Osler-Weber-Rendu syndrome, is an autosomal dominant

disorder that results frommutations in genes related to blood ves-
sel formation. The 2 primary forms of HHT, HHT1 and HHT2,
account for up to 85% of HHT diagnoses. HHT1 is caused by
mutations of the ENG gene (coding for endoglin); and mutations
in the ACVRL1 gene (coding for ALK1) result in HHT2. The
products of these genes are receptor proteins involved in the

transforming growth factor b signaling pathway. This pathway
regulates normal endothelial cell growth, migration, and prolife-
ration. Without functioning endoglin and ALK1, vessels form
abnormal connections and exhibit a tortuous and leaky endothe-
lium that has a tendency to rupture.1

Common clinical symptoms of HHT include recurrent nose-
bleeds and telangiectasias of the hands, face, and oral cavities.
HHT exhibits age-related penetrance with more severe symptoms
seen later in life. AVMs can be found in pulmonary (40%–60%),
hepatic (50%–75%), gastrointestinal (50%–78%), cerebral (10%),
and spinal (1%) circulations. Complications related to CNS AVMs
can present as headache, seizure, intracranial hemorrhage, or
stroke.

Malformations of cortical development (MCDs) are a diverse
group of neurodevelopmental disorders. Cortical development is
a highly structured process that involves a complex set of pre-
cisely timed events. Disruptions in cell proliferation, neuronal
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migration, and postmigrational cortical organization, caused by
environmental or genetic factors, can result in MCDs.2 The
exact mechanisms of MCD formation are largely unknown. The
clinical presentation of MCDs is highly variable and ranges
from asymptomatic to intellectual disabilities and epilepsy.3

Pathologic findings are equally heterogeneous and may include
excessive cortical folding, abnormal cell arrangement, and
fusion of gyral surfaces.4

The presence of MCDs in patients with HHT has been reported
on 3 previous occasions, once in a pediatric sample5 and twice in
adult samples.6,7 The prevalence of MCDs in HHT in these studies
ranged between 5% and 12%. To date, nearly all of the MCDs
reported in patients with HHT have been polymicrogyrias. Unlike
polymicrogyrias in general, polymicrogyrias in patients with
HHT are largely unilateral, more focal, and rarely associated
with symptoms.

Klostranec et al7 reported a sample of patients with HHT with
MCDs that were spatially coincident with AVMs and proposed a
mechanism by which endoglin impairment leads to regional
hypoperfusion which, in turn, leads to impairment in neuronal
migration and cortical organization. Palagallo et al5 reported spa-
tially coincident MCDs and AVMs in one-quarter of their sam-
ple. They also found that patients with HHT and MCDs were
statistically more likely to have pulmonary and brain AVMs than
patients with HHT without MCDs.

In the current study, we evaluated a sample of adults with
HHT for the presence of MCDs, spatial coincidence of MCDs
and AVMs, and the coincidence of brain and pulmonary
AVMs.

MATERIALS AND METHODS
Consent requirements were waived by the internal review board
for this retrospective chart review study. A total of 141 patients
18 years of age or older who were referred to the Augusta
University HHT clinic and who underwent brain MR imaging
between January 19, 2018, and December 3, 2020, were identified.
All MR imaging examinations were performed using a 3T field
strength and included pre- and postcontrast 3D T1-weighted
FSPGR images. MR imaging examinations were reviewed retro-
spectively by 2 board-certified radiologists who hold Certificates of
Added Qualification in Neuroradiology (B.C.G. and S.E.F.) with 7
and 10 years of experience, respectively.

The presence of MCDs and AVMs was confirmed by consen-
sus. MCDs were defined in accordance with Severino et al.8

AVMs were defined as a network of dilated vessels (ie, nidus)
with dilated feeding arteries and dilated draining veins. The
Curacao Criteria were used to diagnose HHT and included the
following: 1) spontaneous and recurrent epistaxis, 2) mucocuta-
neous telangiectasias, 3) visceral AVMs, and 4) HHT diagnosis in

a first-degree relative. The diagnosis of
HHT was considered “definite” if 3 or 4
of these criteria were met, “possible” if
2 criteria were met, and “unlikely” if
,2 criteria were met.9

Demographic and clinical informa-
tion was collected from the medical
record for each case, including age, sex,
HHT status by the Curacao Criteria,
mutation type, presence of MCDs, pres-
ence of brain AVMs, presence of pulmo-
nary AVMs (including the presence of
macroscopic pulmonary AVMs or a
delayed right-to-left shunt on contrast
echocardiography), and a history of seiz-
ures or learning disabilities. Descriptive

Summary of 141 patients
Demographics Summary

Sex
Male 36.9%
Female 63.1%

Age (mean) (yr) 45.3
MCD
Yes 5
No 136

HHT mutation
Endoglin 35.4%
ALK 1a 27.7%
SMAD4a 2.8%
RASA1 0.7%
Negative � 5 15.6%
Unknown/not tested 17.7%

AVMs
Brain AVM 12.0%
Brain AVM (possible) 2.8%
Pulmonary AVM (macroscopic)b 43.3%
Pulmonary AVM (microscopic)b 32.6%
Spinal AVM 0.7%
Brain vascular malformations
Developmental venous anomaly 14.9%
Capillary vascular malformation, definite 1.4%
Capillary vascular malformation, possible 4.3%

Curacao category
Definite HHT 79.4%
Possible or suspected HHT 12.1%
Probable 4.3%
Unlikely 4.3%

aALK1 includes 2 variants of unknown significance; SMAD4 includes 1 variant of
unknown significance.
bPulmonary AVMs were defined as macroscopic if they were definitely visible on
a CT scan and microscopic if contrast echocardiography showed a Grade 1 or
greater delayed shunt and the CT findings were negative.

FIG 1. A 26-year-old woman with HHT. Sagittal 3D fast-spoiled gradient recalled imaging demon-
strates polymicrogyria involving the right posterior cingulate gyrus (A, yellow arrow). There is an
abnormal GM-lined cleft between the calcarine sulcus and the occipital horn of the right lateral
ventricle consistent with schizencephaly (A, red arrow). Coronal T1 image shows polymicrogyria
(B, yellow arrow) and schizencephaly (B, red arrow).

2 Gaines � 2022 www.ajnr.org



and inferential statistics were calculated with StatPlus soft-
ware (https://statplus.io/). The Fisher exact test was per-
formed with a threshold of P, .05 established for statistical
significance.

RESULTS
Patient demographic data are summar-
ized in the Table. Five of 141 (3.5%)
patients with HHT had MCDs. Of the 5
patients with HHT with MCDs, all 5
had polymicrogyria. All 4 patients with
HHTs with polymicrogyria in whom
testing was performed had endoglin
mutations. Two of the 5 patients with
polymicrogyria also had CSF-contain-
ing clefts lined with polymicrogyria
(ie, schizencephaly), both of which
were of the closed-lip variety (Figs 1
and 2). One of the patients had a por-
encephalic cavity partially lined with
heterotopic GM (Fig 3). The other 2
cases of polymicrogyria included an
18-year-old man (Fig 4) and a 28-
year-old man (Fig 5).

The incidence of spatially coincident polymicrogyria and
brain AVMs in this sample was 40% (2/5 cases; Figs 3 and 4).
Neither of the patients with schizencephaly had a spatially coinci-
dent brain AVM. Of the patients with HHT and MCDs, 4/5
(80%) had pulmonary AVMs and 2/5 (40%) had brain AVMs.
Summary data for patients with HHT and polymicrogyria are
seen in the Online Supplemental Data.

Patients with MCDs were not more likely to have coincident
brain AVMs than patients without MCDs. Two of 5 (40%)
patients with MCDs had brain AVMs, compared with 17/136
(13%) patients without MCDs (P ¼ .11). Patients with MCDs
were not more likely to have coincident pulmonary AVMs than
patients without MCDs. Four of 5 (80%) patients with MCDs had
pulmonary AVMs versus 103/136 (76%) patients without MCDs
(P¼ 1.0).

Three of the patients with MCDs reported a history of mi-
graine headaches. Two of the patients with MCDs were asymp-
tomatic. One of the patients with polymicrogyria reported right-
handed contracture and weakness. Both patients with schizence-
phaly reported a history of migraine headaches. None of the
patients with MCDs had a history of seizures or learning
disabilities.

DISCUSSION
Five of 141 (3.5%) patients in our sample of patients with HHT
had MCDs, in the general range of prevalence observed by other
authors examining adult patients with HHT.6,7 Polymicrogyria
was present in all 5 of these patients. A novel finding in our sam-
ple was the presence of 2 patients with schizencephaly. To our
knowledge, we are the first group to report the presence of schi-
zencephaly in patients with HHT. The clefts were unilateral, lined
with polymicrogyria, and closed-lip in morphology. Both patients
with schizencephaly had a history of migraine headaches. Neither
of these patients had a history of seizures or cognitive disabilities.
Schizencephaly is now added to the growing list of MCDs
reported in HHT, including polymicrogyria,5-7,10-12 nodular GM
heterotopia,5 and focal cortical dysplasia.6

FIG 2. A 20-year-old man with HHT. 3D volume T1 images demonstrate a closed-lip schizence-
phaly projecting through the right inferior parietal lobe that extends to the lateral margin of the
right lateral ventricle at the junction of the posterior body and atrium (A, red arrow). There is pol-
ymicrogyria involving the adjacent frontal and parietal cortex (A, yellow arrow). Coronal T1 image
shows polymicrogyria (B, yellow arrow) and schizencephaly (B, red arrow).

FIG 3. An 80-year-old man with HHT. Axial T2 FLAIR image shows
porencephaly with surrounding gliosis (A, yellow circle) and an AVM
in the left superior temporal gyrus (A, red arrow). Coronal volume T1
image shows porencephaly (B, yellow circle) partially lined by polymi-
crogyria (B, red arrow). Axial T2 FSE image shows flow voids associ-
ated with a small AVM (C, red arrow).
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Polymicrogyria is thought to arise from a brain insult occur-
ring in the late migration to early cortical organizational stages of
corticogenesis.2,4 All patients with HHT with polymicrogyria
reported to date, including our sample, have shown focal polymi-
crogyria, the pattern most commonly associated with hypoxic
events and infections. Generalized polymicrogyria is most com-
monly associated with congenital cytomegalovirus infection and
peroxisomal disorders.13 Overall, polymicrogyria is most com-
monly perisylvian in location and bilateral.4 All reported cases of
polymicrogyria in HHT to date, including our cases, are unilat-
eral and not strictly perisylvian in location.

Schizencephaly is widely believed to be the result of a
destructive lesion, particularly prenatal ischemic injuries.4,14-17

Porencephaly and schizencephaly are both considered to result
from destructive lesions that occur within different develop-
mental timeframes. If the destructive lesion occurs within
4–6months’ gestation, neuroglial migration is possible and pol-
ymicrogyria or GM heterotopia along the margins of the cavity
will result. After 6months’ gestation, the involved brain paren-
chyma is resorbed. Because neuroglial migration is no longer
possible, the cavity is not lined with polymicrogyria or GM het-
erotopia.3,16 The presence of patients with MCDs partially out-
lining porencephalic cavities in the current sample and in a
previous report5 may indicate that the ischemic events in these
patients occurred at the transition between the late migrational
and early cortical organizational stages of corticogenesis.

We were not able to replicate an earlier finding of the high
rate of spatially coincident MCDs and brain AVMs.7 Spatial

coincidence of brain AVMs and MCDs has been described by
multiple groups.5,10-12 Only 2 of our patients had an AVM spa-
tially related to an MCD. Palagallo et al5 reported spatial coinci-
dence of MCDs and AVMs in only 3 of 12 patients. There are
many possible explanations for these discrepant findings. First, it
is possible that MCDs or AVMs were present but below current
MR imaging resolution. Second, although suggestive imaging
findings were not present, it is possible that spatially coincident
AVMs were present and had spontaneously resolved. Third, spa-
tially coincident AVMs may have not yet developed at the time of
imaging. Finally, it is possible that spatial coincidence is an incon-
stant finding.

Patients with HHT with MCDs in our sample were not more
likely have pulmonary AVMs than patients with HHT without
MCDs. As in previous studies, all patients with HHT with MCDs
in our sample who were tested had HHT1 and did not have clini-
cally evident seizures or developmental or cognitive disabilities.

Our study has a number of limitations, first and foremost
being the retrospective nature of this study. Another limitation is
the small sample of patients obtained with this rare disease.
Although up-to-date MR imaging protocols for HHT were used
throughout the study period, it is possible that additional MCDs
and AVMs may not have been detected due to limitations in cur-
rent MR imaging protocols.

CONCLUSIONS
Our study replicates many of the findings of previous studies
showing an association between HHT and MCDs. To our
knowledge, we are the first group to report the presence of schi-
zencephaly in patients with HHT. The presence of schizence-
phaly and porencephaly lends support to the hypothesis of
regional in utero cerebral hypoxic events as the etiology of
MCDs in HHT.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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