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Location of Periventricular Nodular Heterotopia Is Related
to the Malformation Phenotype on MRI

G. Gonzdlez, L. Vedolin, B. Barry, A. Poduri, C. Walsh, and AJ. Barkovich
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ABSTRACT

BACKGROUND AND PURPOSE: Periventricular nodular heterotopia are common malformations of cortical development that are asso-
ciated with many clinical syndromes and with many different neuroimaging phenotypes. The purpose of this study was to determine
whether specific malformation phenotypes may be related to location, side, or number of PNH as assessed by MR imaging.

MATERIALS AND METHODS: MR images of 200 patients previously diagnosed with PNH were retrospectively analyzed. PNH were
classified according to their location along the ventricles (anterior, posterior, or diffuse), side (unilateral or bilateral), and number of nodules
(<5, 610, or >10). The cerebrum, brain stem and cerebellum were analyzed to assess associated anomalies. Associations between PNH
location and the presence of other anomalies were tested by using Fisher exact test and x* test.

RESULTS: Posterior PNH were significantly associated with malformations of the cerebral cortex, diminished white matter volume, and
mid-/hindbrain anomalies. Diffuse PNH were associated with diminished white matter volume, callosal “anomalies,” and the presence of
megacisterna magna. Unilateral PNH were strongly associated with cortical malformations.

CONCLUSIONS: Certain malformation complexes are associated with PNH in specific locations: posterior PNH with cerebral cortical and
mid-/hindbrain malformations and diffuse PNH with callosal anomalies and megacisterna magna. Knowledge of these associations should
allow more directed analyses of brain MR imaging in patients with PNH. In addition, knowledge of these associations may help to direct
studies to elucidate the causes of these malformation complexes.

ABBREVIATIONS: aPNH = anterior periventricular nodular heterotopia; CC = corpus callosum; dPNH = diffuse periventricular nodular heterotopia; PNH =

periventricular nodular heterotopia; pPNH = posterior periventricular nodular heterotopia

H eterotopia represent malformations of cortical development
in which neurons do not migrate to their proper final loca-
tion." They are broadly classified by location as PNH, subcortical
heterotopia, and leptomeningeal heterotopia, the latter currently
being difficult to detect by imaging.” PNH are the most common
group, being identified as variably sized nodules of neurons along
the surface of lateral ventricles on imaging or postmortem studies.
Histologic analysis shows these nodules to exhibit rudimentary
lamination, resembling that in the cortex.’ Traditionally, PNH
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have been considered a result of impaired neuronal migration*;
however, recent evidence suggests that the primary cause may be
a disruption of the neuroependyma, which impairs postmitotic
neurons from attaching to radial glial cells and, therefore, impairs
initiation of the migration process.>*

PNH may be found incidentally in asymptomatic patients;
more frequently, they are discovered after imaging is performed
for delayed development or epilepsy.”'® Response to epilepsy
treatment is variable, ranging from good control with anti-
epileptic drugs to intractable epilepsy. Patients with no other cor-
tical disorders often have normal intelligence or mild intellectual
disability. However, those patients with associated malformations
can have developmental delay of variable severity.
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From a genetic and phenotypic point of view, patients with
PNH are also a heterogeneous group. The classic X-linked form is
usually caused by mutations of the FLNA gene.'' A rare auto-
somal recessive form is caused by mutations in the ARFGEF2
gene'? and is characterized by microcephaly and delayed myeli-
nation in addition to PNH. Indeed, PNH are found in many syn-
dromes; associations with several single-gene disorders, chromo-
somal anomalies® and some presumably disruptive causes'>'*
have been published. This heterogeneity suggests that genetic and
nongenetic processes may cause PNH. Some authors have noted
that those nodules located in the posterior segments of lateral
ventricles seem to be more frequently associated with other devel-
opmental brain anomalies.'>'® To test our hypothesis that the
location or number of PNH determines associations with specific
brain malformations, we undertook this retrospective study of
MR images in a large series of patients with PNH.

MATERIALS AND METHODS

MR images of a group of patients with epilepsy that were reviewed
by the senior author during the past 12 years were retrospectively
examined. This study was approved by the institutional review
boards of the University of California at San Francisco and Boston
Children’s Hospital; patients or their guardians provided written
consent when they joined this study. Review of MR images of 1860
patients yielded 200 with multiple PNH; 89 were males (44.5%),
91 females (45.5%) and the sex of 20 patients (10%) was not
known because their records, having been reviewed early in the
course of the study, were no longer available. The average age at
the time of imaging was 7.9 years, with a range from fetal age to 70
years. Clinical information on the patients was limited, but most
were initially referred for epilepsy, often with developmental de-
lay or mental retardation. Because the images were acquired dur-
ing >12 years in different centers, by using different types of MR
imaging scanners and different protocols, the quality was rather
variable. The MRI of 189 patients (94.5%) included, at a mini-
mum, T1- and T2-weighted sequences acquired in sagittal and
axial planes. In the remaining 11 patients (5.5%), only 1 sequence
was obtained, in a single plane; most commonly, the sagittal series
was not acquired (in 7 patients, 3.5%). Two patients (1%) were
studied only by fetal MR imaging. All of the examinations were
reviewed and reported independently by 3 experienced neurora-
diologists (G.G., L.V., and A.].B.); a consensus was reached when
any disagreement was encountered.

Classification of Periventricular Nodular Heterotopia

The number, side, and location of the nodules of PNH were re-
corded for each patient. By number, they were classified as =5
nodules (group 1), 6—10 nodules (group 2), or >10 (group 3).
Unilateral PNH (uPNH) versus bilateral PNH (bPNH) was re-
corded. PNH location was classified by the ventricular segments
affected (Fig 1). Those in the frontal horns and/or bodies of the
lateral ventricles were classified as aPNH, while pPNH referred to
heterotopia located only in the trigones, temporal horns, or oc-
cipital horns of the lateral ventricles. Heterotopia located in all of
the ventricular segments was classified as dPNH. If heterotopia
were few (group 1) and scattered, they were classified as isolated
and not included in further analyses. We did not separate a FLNA-
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like pattern (PNH in the frontal horns, bodies, trigones, and oc-
cipital horns but not in the temporal horns) as separate from
other patterns because genetic analyses were not available in most
of our patients and the associated findings of megacisterna magna

and mild vermian hypoplasia are well-described.'”'®

Classification of Associated Disorders

Malformations of cortical development associated with the pres-
ence of PNH were identified and recorded according to the recent
classification by Barkovich et al,! as disorders of proliferation,
migration, or postmigrational organization. Acquired postnatal
injury was also recorded.

The volume of white matter and degree of myelination were sub-
jectively assessed. The authors reviewed MR imaging scans of 20 con-
secutive patients ranging in age from 8 days to 21 years, imaged for
seizures, cervical lymphadenopathy, abnormal vision, headaches, de-
velopmental delay, or Chiari I malformation (1 patient) to measure
the thickness of the band of WM between the most posteromedial
margin of both Sylvian fissures and the lateral border of the adjacent
ventricular trigone on axial images. The cortex and WM appeared
morphologically normal in all. The mean distance was 9.6 mm, and
all had measurements of =8.3 mm. The WM volume was con-
sidered to have decreased if the thickness of the WM was <7
mm between the most posteromedial aspect of the Sylvian fis-
sure and the adjacent ventricular margin in the T1 axial se-
quence (Fig 2F). In case of PNH along the trigonal margin, the
thickness of WM band was measured up to the lateral margin
of the heterotopic nodules. Myelination was compared with
the milestones established by Barkovich et al,'” depending on
the age of the patient. Each of the 3 telencephalic commissures
(CC, anterior commissure, and hippocampal commissure) was
assessed as per Hetts et al.?® The CC was classified as normal,
absent, hypogenetic, or hypoplastic. The anterior commissure
was classified visually as normal, absent, small (hypoplastic),
or thick. The hippocampal commissure was classified as pres-
ent or absent.

The basal ganglia and thalami were classified as normal, ab-
sent, dysmorphic, atrophic, damaged, or containing T2/FLAIR
hyperintensities. Because most imaging studies did not allow de-
tailed analyses of the hippocampi, the hippocampi were classified
as normal or (if alterations of size or morphology were present)
abnormal. The pituitary gland was judged abnormal if the ante-
rior lobe was absent or hypoplastic (anterior lobe of the same size
or smaller than posterior lobe) or the posterior lobe was ectopic or
absent. The olfactory apparatus was classified as abnormal if the
olfactory sulci were shallow or if the olfactory bulbs or nerves were
hypoplastic. The mid/hindbrain (brain stem, cerebellar hemi-
spheres, and vermis) findings were recorded as normal or (if ab-
sent, hypoplastic, dysmorphic, or atrophic) abnormal. T2/FLAIR
hyperintensity was considered abnormal. The presence or ab-
sence of megacisterna magna was also recorded.

Statistical Analysis

For statistical comparisons in 2 X 2 contingency tables, the Fisher
exact test was used, and for those greater than 2 X 2, the X~ test was
used. A value of P < .05 was considered significant.



FIG1. PNH main patterns evaluated with TTinversion recovery—weighted image. Arrowheads show locations of heterotopia. Axial images show
an aPNH pattern with nodules restricted to the frontal horns (A) and bodies (B). Axial images demonstrate a pPNH pattern. Nodules are lining
trigones and temporal and occipital horns bilaterally (C), sparing the frontal horns and bodies (D). E and F, Axial images show a dPNH pattern with
nodules lining all of the walls of the lateral ventricles.

RESULTS
uPNH were identified in 42 patients (21%) and bPNH in 158
(79%). By number, 63 studies (31.5%) were group 1 (<5 PNH),
39 (19.5%) were group 2 (5-10 PNH), and 98 (49%) were group
3 (>10PNH). aPNHs were found in 43 patients (21.5%); pPNHs,
in 58 (29%); and dPNH, in 32 (16%). The remaining patients,
with a few scattered PNHs, were not further classified. The loca-
tion of the nodules in the ventricular segments is found in On-line
Table 1, and the distribution of isolated PNH, in On-line Table 2.
Cortical malformations were present in 66 patients (33%, On-
line Table 3). Disorders secondary to abnormal neuronal migra-
tion (Barkovich group I1') were most frequent (37 cases, 18.5%),
including Walker-Warburg syndrome (2 patients), lissencephaly-
pachygyria (4 patients), subcortical heterotopia (17 patients), and
subcortical heterotopia with polymicrogyria or schizencephaly
(14 patients). Disorders secondary to abnormal neuronal prolif-
eration (Barkovich group I') were next in frequency, with 16 cases
(8%). Microcephaly with a simplified gyral pattern was diagnosed
in 11 cases; 2 patients had microcephaly and a normal sulcation
pattern, while 2 had microcephaly with polymicrogyria. One pa-
tient had cortical dysplasia in the temporal lobe. Disorders due to
abnormal postmigrational cortical organization (Barkovich
group III) were observed in 13 patients (6.5%), all polymicrogyria
(including 1 with schizencephaly). Malformations of the cerebral
cortex were significantly more frequent in uPNH (52.4%) than in

bPNH, (27.2%, P = .003); cortical malformations were signifi-
cantly more frequent in pPNH (51.7%) compared with aPNH,
(14.0%, P = .0001) and in pPNH compared with dPNH (28.1%,
P = .045; Fig 2). No significant differences were found between
the type of cortical malformation and the location pattern of the
nodules (P = .131).

Reduced volume of cerebral WM was noticed in 138 patients
(69%). A significant difference in the incidence of reduced WM
volume was found between aPNH (51.2%) and pPNH (75.9%,
P = .012) and between aPNH and dPNH (84.4%, P = .003).
Delayed myelination was seen in 11.5% of cases with PNH. No
significant differences were found among the groups with differ-
ent patterns of PNH (On-line Table 4).

On-line Table 5 shows the frequency of abnormalities in fore-
brain commissures in relation to patterns of PNH. Significant
differences were found only when comparing the frequency of
abnormalities of the CC in aPNH (51.2%) with those in dPNH
(80.6%, P = .014; Fig 3). Although the frequency of agenesis and
hypogenesis was similar in both PNH patterns, the greater differ-
ence arose when comparing the percentages of hypoplasia: 43.8%
in dPNH and 23.3% in aPNH. Agenesis of the 3 main forebrain
commissures was found in 2 patients (1%), each with >10 PNHs
located bilaterally in the bodies, trigones, and temporal horns
(On-line Fig 1).

Abnormalities were common in the brain stem (19.5%),
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FIG 2. pPNH and malformations of cortical development. Axial T2 FSE images show PNH lining the wall of the right temporal and occipital horns
and trigone (arrowheads in A) and a large region of subcortical heterotopia in the right frontoparietal region (asterisks in B). C, Coronal Tl
inversion recovery—weighted image demonstrates bilateral PNH in the temporal horns (arrowheads) and bilateral parietal pachygyria (arrows).
D, Coronal inversion recovery—weighted image shows right temporal PNH (arrowheads) and bilateral perisylvian polymicrogyria (white arrows).
E and F, Axial T inversion recovery—weighted images demonstrate bilateral pPNH (arrowheads) and a left occipital schizencephaly (asterisk in
E). White arrows in F show the thickness of the WM band measured between the most posteromedial margin of Sylvian fissure and the lateral
border of the ventricular trigone. In this case, it was diminished (5 mm).

FIG 3. Heterotopia and commissure anomalies. Tl inversion recovery—weighted images in a 12-year-old boy with dPNH on the right cerebral
hemisphere. A, Right parasagittal image shows multiple PNH lining the entire margin of the lateral ventricle. B, Sagittal image demonstrates
agenesis of the corpus callosum with a thick anterior commissure (arrowhead) and an anteriorly positioned hippocampal commissure (arrow).
A vascular structure is running along of the top of the third ventricle (open arrowhead). C, Coronal image shows moderate white matter volume
reduction in the right hemisphere. The fornices are properly located at the roof of the third ventricle (arrows). PNH is seen in the margin of the
frontal and temporal horns (arrowheads).

cerebellar vermis (28%), and cerebellar hemispheres (15%; On- (Fig 4). Cerebellar hemispheric malformations were associated
line Table 6). Malformations of the brain stem (31.0% versus ~ more strongly with many PNHs (group 3, 21.4%) than fewer
9.3%, P < .014) and vermis (37.9% versus 14.0%, P = .007) were  (groups 1 and 2, 16.2%, P <.017) and with pPNH (24.1%) rather
more strongly associated with pPNH than aPNH, respectively ~ than with aPNH (7.0%, P < .031). The overall frequency of mega-
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FIG4. pPNH and posterior fossa anomalies. A and B, An TI-day-old boy with microcephaly. Small
PNH are present in the trigones (black arrowheads in A [axial T2 spin-echo—weighted image]).
Other findings include a small pons (p in B [sagittal T1 spin-echo—weighted image]), a hypoplastic
and dysmorphic vermis (white arrowheads), and a large inferior cerebellar peduncle (arrow). C
and D, A 2-year-old boy with PNH in the trigones (black arrows in C [coronal T1 inversion
recovery—weighted image]) and a very small vermis (white arrowheads), dysplastic and small
cerebellar hemispheres (black arrowheads), and megacisterna magna (MCM).

cisterna magna in patients with PNH was 12% (On-Line Table 6);
megacisterna magna was more strongly associated with dPNH
(31.3%) than with aPNH (0.0%, P < .0001) or pPNH (5.2%, P =
.0013) and with >10 PNH (21.4%) than with <10 PNH (6.7%,
P <.0001).

Although abnormalities of the basal ganglia, thalami, hip-
pocampi, pituitary/hypothalamus, and myelination were identi-
fied among the different patterns of PNH (On-line Tables 4 and
7), no significant differences were associated with PNH number
or location.

DISCUSSION
The most important finding in this study is that PNH occurs
in different patterns that tend to be associated with different types
of malformations. Among these patterns, pPNH is particularly
distinct because of its significant association with malformations
of the cerebral cortex and anomalies of the mid-/hindbrain. The
importance of these associations is 2-fold: First, they alert physi-
cians rendering care to these patients to look for specific associ-
ated anomalies; and second, they may help in the search for cau-
sation, genetic or disruptive.

Many phenotypes of PNH have been described. The classic
X-linked form, secondary to FLNA mutations, is seen almost ex-

clusively in women and is characterized
by bilateral symmetric heterotopic nod-
ules along the frontal horns, bodies, and
trigones of the lateral ventricles; the tem-
poral horns are relatively spared and
megacisterna magna is common, often in
conjunction with cerebellar hypoplasia.'”
The clinical spectrum of FLNA mutations
is wide, however, and missense mutations
or mosaicism may result in unilateral
forms (also sparing the temporal horn) or
nonlethal expression in males.'®'®

PNH are quite common, and many
forms are not associated with FLNA. Of
182 patients, Parrini et al'® found that
only approximately half (54%) had the
classic pattern associated with FLNA mu-
tations. Ten patients (7 females, 3 males)
had pPNH; all had severe cerebellar ver-
mis hypoplasia, 8 had moderate-to-severe
cerebellar hemisphere hypoplasia, and 6
had callosal anomalies. They also re-
ported PNH with polymicrogyria, micro-
cephaly, hydrocephalus, limb anomalies,
Ehlers-Danlos syndrome, and fragile X
syndrome. However, they did not per-
form the detailed analysis of associated
brain anomalies that are reported here.
They noted neither the brain stem anom-
alies nor the reduced WM volume identi-
fied in this study. This study suggests that
patients with PNH can and should be di-
vided into groups based on the locations
of heterotopia within the ventricular sys-
tem. Patients with pPNH demonstrated a significant association
with developmental disorders of the cerebral cortex, and disorder
of the mid-/hindbrain; the latter may be related to the fact that the
occipital and temporal lobes are the posterior portions of the ce-
rebral hemispheres and, therefore, may have more overlap in gene
expression with mid-/hindbrain structures than do anterior por-
tions of the cerebrum. Patients with dPNH did not show signifi-
cant associations with cortical or brain stem anomalies but did
have significant association with mid-/hindbrain anomalies. The
low frequency of megacisterna magna in patients with pPNH also
supports it as a different malformation syndrome, distinguishing
it from aPNH and dPNH, and the form associated with FLNA
mutations.

Patients with pPNH pattern had significant reduction in WM
volume. It is known that some migration disorders, such as liss-
encephalies, have additional defects in axonal connectivity,”' and
it has been postulated that causative genes are implicated in both
neuronal migration and axon outgrowth.>> We may hypothesize,
by extension, that this may also be valid for heterotopia and that
those phenotypes that have greater association with cortical (neu-
ronal) disorders (eg, pPNH) will show a greater frequency of con-
nectivity abnormalities and, thus, diminished WM.

The reasons for the differences among the patterns of PNH are
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not known. Although it was initially thought to be the result of
abnormal neuronal migration, recent studies have suggested that
PNH might, instead, be the result of damage to the neuro-
ependyma, which causes disruption of the attachment of radial
glia; neurons in the regions of such disruption would not be able
to migrate into the intermediate zone and cortex but, rather,
would remain as nodules of neurons close to the ventricular sur-
face.” Mechanical neuroependymal disruptions, in addition to ge-
netic causes, might result in PNH if it occurs before the cessation
of neuronal proliferation and the beginning of migration. The
occurrence of PNH from disruptions might help to explain the
association of polymicrogyria and schizencephaly (both believed
to be disruptive in many cases') with PNH. One might speculate
that the posterior location might be related to the disproportion-
ate ventricular dilation often seen in the temporal horns and
trigones of children with hydrocephalus or to mutation of genes
that are disproportionately expressed within the temporal and
occipital ventricular zones. This hypothesis has the potential to be
an interesting area of research for the future. As mentioned briefly
above, the association of pPNH with mid-/hindbrain malforma-
tions might also suggest that genes expressed more strongly in the
posterior telencephalon (and therefore more likely to be ex-
pressed in the mid-/hindbrain) might be likely candidates in this
subgroup of patients with PNH.

dPNH has a similar phenotype to that in patients with FLNA
mutations, being significantly associated with megacisterna
magna and callosal abnormalities. Indeed, it is likely that some
patients with dPNH have mutations in the FLNA gene. Currently,
most dPNH syndromes are clinically defined’; at this time, only 2
chromosomal anomalies have been related to this phenotype: du-
plication 5p15.33 and deletion 6q27. The involved genes and their
functions are not understood nor is the cause for the PNH in
affected patients. No genes associated with aPNH have yet been
described.

One limitation of this study is the lack of comprehensive clin-
ical histories and genetic analyses in the patients. However, this
does not weaken the fundamental finding that specific distribu-
tions of PNH have strong associations with specific malformation
complexes. Another potential weakness is the retrospective nature
of this review: wide variability in MR imaging protocols, lack of
sequences in all planes, and disparate quality in images did not
allow a comprehensive evaluation of brain structures in every
patient. (An ideal MR imaging protocol for evaluating brain mal-
formations should include a volumetric sagittal T1 inversion re-
covery—weighted image with reformat in axial and coronal planes,
an axial T2 spin-echo—weighted image, a volumetric coronal T2
FSE-weighted image with reformat in the sagittal plane, and DTI
for study of WM tracts. In patients older than 1 year, a T2-FLAIR
sequence can be added.) Nonetheless, the large number of sub-
jects in this cohort provides solid and valid results, allowing good
morphologic characterization of the PNH and the accompanying
disorders. These results and their implications will, hopefully, en-
courage further research in this field.

CONCLUSIONS
The results of this study suggest that PNH should not be consid-
ered a single uniform entity. Indeed, it may be useful to consider
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aPNH, pPNH, and dPNH as distinct phenotypes within the spec-
trum of patients with PNH. Specific PNH patterns with their as-
sociated malformations may be considered as specific malforma-
tion complexes, likely with specific genetic causes in addition to
the known X-linked and autosomal recessive disorders. Nonge-
netic disruptive causes might be considered in some cases, espe-

cially in pPNH, which is associated with some known disruptive

developmental disorders.'>'*
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