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ABSTRACT

Objectives: To determine the involvement of the midbrain and hindbrain (MHB) in the groups of
classic (cLIS), variant (vLIS), and cobblestone complex (CBSC) lissencephalies and to determine
whether a correlation exists between the cerebral malformation and the MHB abnormalities.

Methods: MRI scans of 111 patients (aged 1 day to 32 years; mean 5 years 4 months) were
retrospectively reviewed. After reviewing the brain involvement on MRI, the cases were reclassi-
fied according to known mutation (LIS1, DCX, ARX, VLDLR, RELN, MEB, WWS) or mutation phe-
notype (LIS1-P, DCX-P, RELN-P, ARX-P, VLDLR-P) determined on the basis of characteristic MRI
features. Abnormalities in the MHB were then recorded. For each structure, a score was as-
signed, ranging from 0 (normal) to 3 (severely abnormal). The differences between defined groups
and the correlation between the extent of brain agyria/pachygyria and MHB involvement were
assessed using Kruskal–Wallis and �2 McNemar tests.

Results: There was a significant difference in MHB appearance among the three major groups of
cLIS, vLIS, and CBSC. The overall score showed a severity gradient of MHB involvement: cLIS (0
or 1), vLIS (7), and CBSC (11 or 12). The extent of cerebral lissencephaly was significantly corre-
lated with the severity of MHB abnormalities (p � 0.0029).

Conclusion: Our study focused on posterior fossa anomalies, which are an integral part of cobble-
stone complex lissencephalies but previously have not been well categorized for other lissenceph-
alies. According to our results and the review of the literature, we propose a new classification of
human lissencephalies. Neurology® 2009;72:410–418

GLOSSARY
A � autosomal; ACC � agenesis of corpus callosum; AD � autosomal dominant; AP � anteroposterior; AR � autosomal
recessive; CBL � cerebellar; CBSC � cobblestone complex; cLIS � classic lissencephaly; CMD � congenital muscular dys-
trophy; CSZ � cell-sparse zone; DV � dorsal–ventral; FCMD � Fukuyama congenital muscular dystrophy; IVH � inferior
vermis hypoplasia; LV � lateral ventricle; m � medulla; M � midbrain; MDS � Miller–Dieker syndrome; MEB � muscle–eye–
brain; MHB � midbrain and hindbrain; MR � magnetic resonance; ND � not determined; P � pons; RC � rostrocaudal; SCBH �
subcortical band heterotopia; SELH � subependymal linear heterotopia; V � vermis; vLIS � variant lissencephaly; WI � weighted
image; WWS � Walker–Warburg syndrome; XLD � X-linked dominant; XLR � X-linked recessive.

The term lissencephaly (smooth outer brain surface) refers to a paucity of gyral and sulcal
development.1 It encompasses a spectrum of gyral malformations ranging from complete agyria
to regional pachygyria and includes subcortical band heterotopia. Lissencephaly has been tradi-
tionally classified in two distinct groups: classic (cLIS, formerly called lissencephaly type 1) and
cobblestone complex (CBSC, formerly called lissencephaly type 2) based on both brain imaging
and pathology. To date, five genes have been identified as causing or contributing to human
cLIS: LIS1, 14-3-3� in Miller–Dieker syndrome (MDS), DCX, RELN, and ARX.1-6 A new
classification has recently been proposed defining four groups of cLIS differing from each other
by genetics and neuropathologic features of the cerebral cortex, cerebellum, and brainstem.3 1)
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LIS1 mutations and MDS show a four-
layered cortex predominantly posterior with
white matter heterotopia in the cerebellum, a
normal three-layered cerebellar cortex, and
normal to small pons. 2) DCX mutations
show a four-layered cortex similar to LIS1 but
predominantly anterior; cerebellar and pon-
tine abnormalities are similar to those in LIS1
mutations. 3) ARX mutations have a three-
layered cortex; the cerebellum is normal, but
the pons is small due to hypoplastic cortico-
spinal tracts. 4) Lissencephaly with a two-
layered cortex, diffuse involvement of the
brain surface with no gradient; the cerebellum
is extremely hypoplastic with pontine and
medullary disorganization. No RELN-like
mutations were studied. The authors divided
these lissencephalies into two groups: LIS1
and DCX were classified as cLIS, whereas ARX
and two-layered lissencephalies were classified
as variant lissencephaly (vLIS).3

Numerous genes have been identified in
association with the CBSC (also called
dystroglycanopathies).7-12 Most affected pa-
tients have symptoms of congenital muscular
dystrophies (CMDs) with CNS involvement.
Among these disorders, three phenotypes are
well defined: Fukuyama congenital muscular
dystrophy (FCMD), Walker–Warburg syn-
drome (WWS), and muscle–eye–brain dis-
ease (MEB).1,7-11 These phenotypes have been
associated with mutations of multiple genes in-
volved in O-glycosylation of �-dystroglycan, in-
cluding FCMD, FKRP, POMT1, POMT2,
LARGE, and POMGnT1.12

The aim of our study was to determine the
involvement of the midbrain and hindbrain
(MHB) in these disorders, and to determine
whether a correlation exists between the cere-
bral malformation and the MHB characteris-
tics as determined by MRI.

METHODS MRI scans or portions of MRI scans of 120 pa-
tients were retrospectively reviewed. The scans were acquired
from the private teaching collection of the senior author (ac-
quired over 22 years), from the teaching file of the radiology
department at our institution (searching using lissencephaly,
agyria, pachygyria, band heterotopia, cobblestone malformation,
and congenital muscular dystrophy as key words), and from MRIs
reviewed for a study of the genetics of epilepsy. MRIs were only
included if good quality images of the cerebrum (to assess the
type and severity of the cortical malformation) and posterior
fossa were available as determined by a consensus of the authors.

Most studies included T1-weighted and T2-weighted images
with scans performed in at least two planes. Four cases were
excluded because only CT images were available and, therefore,
assessment of the posterior fossa content was suboptimal. Five
others were excluded because the posterior fossa structures were
not assessed on magnetic resonance (MR) images available. The
remaining 111 MRI studies were analyzed. Patients were aged 1
day to 32 years (mean 5 years 4 months; median 2 years) at the
time of MRI, including 54 men, 41 women, and 16 with un-
available sex information. The MRIs included sagittal and axial
T1-weighted, axial, and coronal T2-weighted images with slices
of 3- to 5-mm thickness. Cases were classified as “lissenceph-
alies” in the database according to the diagnosis based on brain
MRI features or known genetics. Clinical information was not
often available; when available, it was usually brief, reporting
mental retardation and seizures and, sometimes, family history.
After reviewing the brain involvement, the cases were reclassified
according to known mutation (LIS1, DCX, ARX, VLDLR,
RELN, MEB, WWS) or mutation phenotype (LIS1-P, DCX-P,
RELN-P, ARX-P, VLDLR-P) according to characteristic MR fea-
tures1; many of the patients were imaged before testing for spe-
cific mutations was available and were not able to be found;
therefore, the number with a confirmed genetic diagnosis is low.
Phenotypes were determined as follows:

• LIS1-P: agyria (absence of gyri) or pachygyria (few broad
and flat gyri) more severe posteriorly (parietal and occipi-
tal lobes) than anteriorly with a thick cortex (10–15 mm),
smooth brain surface, reduced white matter, and cell-
sparse zone between a thin outer layer cortex and a thick
inner layer of gray matter (figure 1A).

• DCX-P: the same features as in LIS1-P but more severe in
anterior brain (frontal or frontocentral regions). Band het-
erotopia that was more severe in the frontal and frontopa-
rietal regions was included in this group (figure 1C).

• RELN-P: thickened cortex (8–10 mm) with too few sulci,
decreased hippocampal rotation, no cell-sparse zone.

• ARX-P: moderately thick cortex (5–7 mm) with undersul-
cation most severe in temporal and occipital lobes, absence
of corpus callosum, and small, dysplastic basal ganglia. No
ARX-P were identified in our database.

• Not determined (ND): no definite genetic diagnosis and
features too non specific to propose a “probable” genetic
diagnosis.

The VLDLR mutation was proposed (VDLR-P) for patients
having the so-called dysequilibrium syndrome.13,14 Patients with
cLIS (LIS1, LIS1-P, DCX, DCX-P) were designated as cLIS, and
those with ARX, RELN, RELN-P, and ND were designated as
vLIS. All cases with defined mutations of O-glycosylation genes
(FKRP, POMGnT1) and those without defined mutation
(CMD-P) but features of CBSC on brain MRI were classified as
CBSC. Cases not fitting the previously defined groups were con-
sidered to be a new group. We did not include CMD with Mer-
osin deficiency in this study, because it does not manifest brain
features of CBSC and is not of the group of disorders previously
called type 2 lissencephaly.15

After this initial classification, the posterior fossa in each case
was carefully reviewed with separate attention to the midbrain,
the pons, the medulla, the cerebellar vermis, and the cerebellar
hemispheres. Morphologic features were then recorded accord-
ing to a systematic visual analysis as follows:

• Midbrain: dorsal–ventral (DV) and rostrocaudal (RC)
size, tectal size, and collicular morphology.
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• Pons and medulla: DV and RC size. Hypoplasia refers to

loss of pontine anterior curvature and small ventral pons.

• Cerebellar vermis: Anteroposterior (AP) and RC size. Hy-

poplasia refers to a small vermis showing a few or no fis-

sures and no identifiable prepyramidal fissure; dysplasia

refers to abnormal foliation or disorientation of fissures.

The presence or absence of cysts was noted.

• Cerebellar hemispheres: overall size and fissures. Hyp-

oplasia, dysplasia, and cysts were defined with same crite-

ria as for the vermis.

The degree of involvement was further characterized as mild

or severe, based on consensus by the authors.

For statistics, a score was assigned for each main feature:

normal � 0; mildly hypoplastic (including inferior vermis hyp-

oplasia) � 1; severely hypoplastic (including vermian hypopla-

sia) � 2; dysplastic (including cerebellar and vermian cysts as

well as pontomedullary “kink”) � 3. To assess the differences

between defined groups of patients based on MHB features and

to evaluate the correlation between the brain agyria/pachygyria

and MHB involvement, nonparametric statistical tests were used,

Kruskal–Wallis test for multiple group comparison and �2 McNemar

test (Statistica version 7.1, StatSoft France, 2005, www.statsoft.fr). A p
value less than 0.05 was considered significant.

RESULTS Table e-1 (on the Neurology® Web site at
www.neurology.org) shows all patients included in
the study listed by number, sex, and age, and classi-
fied according to lissencephaly groups and genotype/
phenotype. For each patient, corresponding forebrain,
midbrain, and hindbrain involvement are reported.

Table 1 summarizes the results of the statistical
tests. Only significant p values are reported to show
group differences. The discriminating MR feature
makes the difference between groups for each MHB
structure. Significant differences were found be-
tween cLIS and vLIS, and between cLIS and
CBSC. Moreover, according to the predefined
score assignment, we found a severity gradient of
MHB involvement.

Normal mid-hindbrain was found in 85% of cLIS
patients, including all LIS1, 60% of LIS1-P, 50% of
DCX, and 58% of DCX-P (figure 1, A and B). Mod-
erate mid-hindbrain involvement corresponded to
isolated inferior vermis hypoplasia (IVH), small or
hypoplastic vermis, cerebellar hemispheres, mid-
brain, pons, or medulla. Among the cLIS patients
with IVH, 75% were either DCX or DCX-P (in equal
proportions) (figure 1, C and D). Severe mid-
hindbrain involvement included severe hypoplasia or
dysplasia of the vermis and cerebellar hemispheres,
cysts within the vermis and cerebellar hemispheres,
midbrain hypoplasia or dysplasia, severe hypoplasia
of the pons and medulla, pontomedullary kink, and
pontine midline cleft. These features were remark-
ably predominant among the vLIS (figure 1, E–G)
and CBSC groups, differentiating them significantly
from cLIS groups (table 1). Interestingly, all patients
with WWS phenotype had a ventral midline pontine
cleft associated with severe hindbrain hypoplasia (fig-
ure 2).

We found an association between agyria/
pachygyria of the entire brain (with or without gradi-
ent) and severe MHB involvement (p � 0.0029).

Figure 1 Classic and variant lissencephalies

(A and B) Patient 2 with LIS1 mosaicism. Axial T2-weighted image (WI) (A) shows a
pachygyria with a gradient that is worse posteriorly. The inner cortex is thick and separated
from the outer thin layer (black arrowheads) by a cell-sparse zone (white arrowheads) that
has signal intensity of myelinated white matter with some areas of hyperintensity. Sagittal
T1WI (B) shows the smooth surface of the brain involving the posterior frontal, parietal, and
occipital cortices (white arrowheads). In the posterior fossa, midbrain and hindbrain appear
normal. The vermis is normal with visible primary fissure (short arrow) and prepyramidal
fissure (long arrow) defining three parts in equal proportions. (C and D) Patient 34 with DCX
mutation. Axial T1WI (C) shows a thick cortex with few broad gyri (white arrowheads) that
are worse anteriorly. On the sagittal T1WI (D), the inferior vermis (arrowheads) appears
small compared with the anterior vermis (limited posteriorly by the primary fissure [arrow]).
The other posterior fossa structures are normal. (E) Patient 61 with presumed RELN muta-
tion having the same brain magnetic resonance features as his female sibling (patient 59) in
whom RELN mutation was found. On sagittal T1WI, pachygyria is worse anteriorly, the mid-
brain (M) is small, and the pons (P) is hypoplastic, resulting in the flattening of its ventral
aspect (double arrows). The medulla (m) is mildly hypoplastic, whereas the vermis is severely
hypoplastic. (F) Patient 54 with ARX mutation. Sagittal T1WI shows agenesis of the corpus
callosum with prominent anterior commissure (arrowheads), small basal ganglia (arrow), hy-
poplastic midbrain (M), pons (P) and medulla (m), and hypoplastic and dysplastic vermis (V).
(G) Patient 89, from a Hutterite family, having dysequilibrium syndrome and VLDLR muta-
tion. Sagittal TIWI shows same features of midbrain and hindbrain involvement as in RELN
mutation (A), including a severe hypoplasia of the vermis (V) and cerebellar hemispheres.

412 Neurology 72 February 3, 2009



T
ab

le
1

S
ta

ti
st

ic
al

an
al

ys
es

S
tr

uc
tu

re
D

is
cr

im
in

at
in

g
M

R
If

ea
tu

re
G

ro
up

d
if

fe
re

nc
es

p
V

al
ue

(<
0

.0
5

)

G
ro

up
sc

or
e

fo
r

M
H

B
in

vo
lv

em
en

t

cL
IS

vL
IS

V
LD

LR
-P

C
B

S
C

N
D

LI
S

1
-P

D
C

X
-P

A
R

X
R

E
LN

-P
C

M
D

-P
M

E
B

W
W

S

C
B

L
ve

rm
is

H
yp

op
la

si
a

an
d

dy
sp

la
si

a
A

R
X

�
�

D
C

X
-P

0
.0

3
6

2
9

5
0

0
or

1
3

2
2

3
3

2
2

H
yp

op
la

si
a

an
d

dy
sp

la
si

a
C

M
D

-P
�

�
D

C
X

-P
0

.0
1

2
2

2
8

C
B

L
he

m
is

p
he

re
s

S
ev

er
e

hy
po

pl
as

ia
V

LD
LR

-P
�

�
D

C
X

-P
0

.0
1

8
4

9
6

0
0

1
2

2
3

3
2

0

D
ys

pl
as

ia
–c

ys
ts

C
M

D
-P

�
�

LI
S

1
-P

0
.0

4
1

0
1

8

D
ys

pl
as

ia
–c

ys
ts

C
M

D
-P

�
�

D
C

X
-P

0
.0

0
0

4
5

2

S
ev

er
e

hy
po

pl
as

ia
W

W
S

�
�

D
C

X
-P

0
.0

0
2

3
4

5

M
id

b
ra

in
M

ild
hy

po
pl

as
ia

V
LD

LR
-P

�
�

LI
S

1
-P

0
.0

2
1

6
2

1
0

0
1

1
1

3
1

or
3

3
0

D
ys

pl
as

ia
–l

ar
ge

te
ct

um
C

M
D

-P
�

�
LI

S
1

-P
0

.0
0

3
1

1
9

D
ys

pl
as

ia
–l

ar
ge

te
ct

um
C

M
D

-P
�

�
D

C
X

-P
0

.0
1

3
8

1
5

D
ys

pl
as

ia
–l

ar
ge

te
ct

um
W

W
S

�
�

LI
S

1
-P

0
.0

0
0

0
0

8

D
ys

pl
as

ia
–l

ar
ge

te
ct

um
W

W
S

�
�

D
C

X
-P

0
.0

0
0

1
1

2

D
ys

pl
as

ia
–l

ar
ge

te
ct

um
W

W
S

�
�

N
D

0
.0

0
5

5
4

4

P
on

s
M

ild
hy

po
pl

as
ia

C
M

D
-P

�
�

D
C

X
-P

0
.0

3
0

6
5

2
0

0
1

1
1

1
1

3
0

S
ev

er
e

hy
po

pl
as

ia
–d

ys
pl

as
ia

W
W

S
�

�
LI

S
1

-P
0

.0
0

0
0

0
6

S
ev

er
e

hy
po

pl
as

ia
–d

ys
pl

as
ia

W
W

S
�

�
D

C
X

-P
0

.0
0

0
0

0
1

P
on

to
m

ed
ul

la
ry

“k
in

k”
W

W
S

�
�

N
D

0
.0

0
6

1
3

7

M
ed

ul
la

M
ild

hy
po

pl
as

ia
V

LD
LR

-P
�

�
D

C
X

-P
0

.0
2

2
3

0
6

0
0

1
1

1
1

1
2

1

S
ev

er
e

hy
po

pl
as

ia
W

W
S

�
�

LI
S

1
-P

0
.0

0
0

1
7

6

S
ev

er
e

hy
po

pl
as

ia
W

W
S

�
�

D
C

X
-P

0
.0

0
0

0
3

9

T
ot

al
sc

or
e

0
1

7
7

7
1

1
1

1
1

2
3

S
ig

ni
fi

ca
nt

p
va

lu
es

fo
r

gr
ou

p
di

ff
er

en
ce

s
an

d
fo

r
ea

ch
m

id
br

ai
n

an
d

hi
nd

br
ai

n
(M

H
B

)s
tr

uc
tu

re
.D

is
cr

im
in

at
in

g
M

R
If

ea
tu

re
re

fe
rs

to
th

e
pr

ed
om

in
an

t
fe

at
ur

e
w

it
hi

n
th

e
fi

rs
t

gr
ou

p
ci

te
d

in
th

e
“G

ro
up

di
ff

er
en

ce
s”

co
lu

m
n.

G
ro

up
sc

or
e

is
th

e
sc

or
e

co
rr

es
po

nd
in

g
to

th
e

pr
ed

om
in

an
t

M
R

If
ea

tu
re

(t
he

m
os

t
fr

eq
ue

nt
in

ea
ch

gr
ou

p
ac

co
rd

in
g

to
st

at
is

ti
c

hi
st

og
ra

m
s)

.
cL

IS
�

cl
as

si
c

lis
se

nc
ep

ha
ly

;v
LI

S
�

va
ri

an
t

lis
se

nc
ep

ha
ly

;C
B

S
C

�
co

bb
le

st
on

e
co

m
pl

ex
;N

D
�

no
t

de
te

rm
in

ed
;C

B
L

�
ce

re
be

lla
r.

Neurology 72 February 3, 2009 413



Agenesis of corpus callosum (ACC) (1.27% of all
lissencephalies) was always associated with severe in-
volvement of the vermis; it was found in vLIS with
no defined genotype, as expected in all ARX muta-
tions, and in two patients with complete agyria and
undulating band heterotopia (figure 3, A and B). In
addition, periventricular nodular heterotopia was
seen in patients with normal to mild MHB involve-
ment and subependymal linear heterotopia (SELH)
in two patients with near total absence of the vermis
and hypoplastic pons (figure 3, C and D).

DISCUSSION This study used a database including
many patients with lissencephalies to perform a sys-
tematic review of MHB structures in a large series
including many types of lissencephalies. More than a
simple, exploratory approach to the distribution of
cerebellar and brainstem abnormalities in lissenceph-
alies, this study tested whether a relationship existed
between the type and extent of supratentorial in-
volvement and the involvement of the mid-hindbrain,
and whether, as hypothesized, the distribution among
different defined groups could help to predict the muta-
tion by associating the pattern of cerebral involvement
with mid-hindbrain involvement.

The patterns of cerebral involvement have been
well documented in human lissencephalies and have
helped to classify them and to correlate them with
histology and genetics.1-10 Consistent differences
were found in the gyral patterns among cLISs, with
the malformation more severe posteriorly in individ-
uals with LIS1 mutations and more severe anteriorly

in individuals with DCX mutations.4 These observa-
tions were later correlated with neuropathologic
findings as mentioned in the introduction.3 The pat-
tern of cortical brain involvement in cLIS is typically
different from what is seen in “cobblestone malfor-
mations” associated with defects in O-glycosylation
of �-dystroglycan.7-11,16 The agyria/pachygyria com-
plex seen in cLIS and vLIS is mainly the result of
incomplete migration of neurons,2-6 whereas CBSC
is primarily a result of overmigration of neurons,
many of which pass through gaps in the glial limiting
membrane.7-11 Involvement of the cerebellum and
the pons has been described in cLISs that were classi-
fied according to mutation analysis. Some authors
found hypoplasia of the cerebellar vermis to be more
common in patients with DCX mutations, whereas
both DCX and LIS1 sometimes had normal cerebel-
lum and brainstem.4 The new pathologic classifica-
tion recently proposed included cerebellum and
brainstem abnormalities associated with cLIS (LIS1
and DCX) and vLIS (ARX and two-layered cortex).3

They found the most severe involvement of the hind-
brain (hypoplasia) in vLIS group and, most notably,
in two-layered cortex. In our series, the mid-
hindbrain in cLIS ranged from normal to small
(more frequently among DCX and DCX-P patients)
in agreement with previous studies. Our observations
were similar, revealing an association between the ex-
tent of brain involvement and severity of MHB ab-
normalities (p � 0.0029). Marked to severe MHB
hypoplasia was most often found in patients with
pachygyria involving the entire cerebrum, relatively
thin cortex (5 mm or less), and no cell-sparse zone
(vLIS-ND, likely Forman’s two-layered cortex lissen-
cephaly). As discussed by previously cited authors,3

this association could be related to extensive impair-
ment of cortical fibers projecting to the pons as well
as hypoplasia of mid-hindbrain nuclei.

Of interest, we found a high rate of isolated infe-
rior vermis hypoplasia associated with DCX. This
sign is probably to be considered as the smallest de-
gree of MHB involvement and would give an inter-
esting clue for differential diagnosis if the finding is
substantiated on subsequent studies. MHB was se-
verely hypoplastic in ARX patients (with dysmorphic
features of the vermis) and in patients with RELN
mutations. Different phenotypes of lissencephaly
with cerebellar hypoplasia (LCH) are associated with
LIS1, DCX, and RELN genes.6,17

All patients initially classified as VLDLR and
VLDLR-P had MHB features similar to patients with
RELN mutation. Consequently, the two groups had
the same overall score for MHB involvement (table
2). Severe hypoplasia of the vermis was found in all
RELN (two cases) and in five of eight VLDLR and

Figure 2 Cobblestone complex in patient 107 with WWS phenotype

(A) Coronal T2-weighted image (WI) showing typical magnetic resonance appearance of
cobblestone complex with irregular inner layer of ectopic neurons (black arrowheads) and
overmigrated neurons at the surface of the cortex (white arrowheads) and between both
fibroglial bundles crossing the white matter radially, hydrocephalus, and profound hypomy-
elination. Midbrain and hindbrain (white stars on cerebellar hemispheres) are severely hyp-
oplastic with near total absence of the vermis and pontine midline cleft (black arrow). (B)
Sagittal T1WI showing the characteristic dysplastic large tectum (arrowheads), deformity
of the mid-hindbrain junction (pontomedullary “kink,” white line), and near total absence of
the vermis with very hypoplastic cerebellar hemisphere (white star).
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VLDLR-P patients. These were grouped together as
vLIS. The VLDLR mutation has been described as
responsible for the so-called dysequilibrium syn-
drome and can therefore be presumed in any patient
with characteristic clinical and brain MRI features.18

CBSC was formerly called type 2 lissencephaly.12

It is the main CNS feature of CMDs with
O-glycosylation defects of �-dystroglycan, even
though it is difficult to differentiate the genetic
causes on the basis of brain MRI because of overlap-
ping phenotypes.19-23 Cerebral, cerebellar, and brain-
stem abnormalities have been well documented in
the major phenotypes: FCMD, WWS, and MEB.
WWS displays severe cerebral cortical dysplasia, hy-
pomyelination, dysplastic tectum, pontomedullary
kink, severe hypoplasia of the vermis, and dysplastic
cerebellar hemispheres.1,10 A ventral midline cleft of
the ventral pons is often associated with MEB and
WWS and could also be considered among their typ-
ical MR features. The midline cleft is probably due to
reduced number of crossing pontine axons, possibly
resulting from impaired tangential migration of pon-

tine nuclei, as demonstrated in mice with mutation
of Large.24,25

We found that callosal agenesis is not uncommon
among patients with lissencephaly. ACC is among
the characteristic features of ARX-associated lissen-
cephaly.26,27 The frequent association of ACC with
vLIS-ND patients in our series suggests considering
this feature as a supplementary criteria to differenti-
ate cLIS from vLIS. It is important to note, however,
that ACC may also be found in other types of lissen-
cephalies.28 Interestingly, the cerebellar vermis was
dysplastic or severely hypoplastic in 13 of 14 patients
with ACC; it will be interesting to see whether this
association holds up in other series. A recent study of
callosal agenesis associated with DCX found that the
doublecortin protein might be involved in the early stages
of corpus callosum formation29; however, none of the
DCX or DCX-P patients in this study had ACC.

This study is limited by the small number of cases
with established genetic diagnoses. An attempt was
made to increase this number by assigning a pre-
sumed genetic classification based on established ce-
rebral MRI features in different lissencephaly groups
and correlation of imaging features with known
pathologic features such as cell-sparse zones, associ-
ated callosal anomalies, and cortical thickness. This is
obviously not scientifically rigorous and may be con-
sidered an artificial classification. However, we ob-
served relative homogeneity of MHB involvement
both within groups with presumed classification
(LIS1-P) and between groups with known and pre-
sumed mutations of the same gene (DCX, RELN,
and VLDLR). This homogeneity and our statistical
results emboldened us to group together those with
presumed and proved mutations for purposes of cor-
relation. Results of these groupings are shown in the
two first columns of table 2. For each structure ana-
lyzed, a gradient of involvement was found to be as-
sociated with each presumed genotype (mutation
phenotype) (table e-2). We suggest that these pre-
sumed groupings might be useful to determine
which tests for specific gene mutations should be per-
formed in such patients.

Based on the data in this project and that in the
literature, we propose a classification similar to that
recently proposed,3 separating cLIS (LIS1 and DCX)
from vLIS (RELN and ARX) (table 2). We included
VLDLR and some ND cases with markedly atypical
MR features, namely ND1, ND2, and ND3, within
the vLIS group. ND3 refers to a case with micro-
cephaly, paracentral pachygyria, and ACC re-
sembling Baraitser–Winter syndrome, but other
phenotypes may be associated with this syndrome.30

ND2 refers to two cases with undulating band heter-
otopia (a configuration that must be extremely rare,

Figure 3 Not-determined lissencephalies

(A and B) Patient 67 classified as not determined (ND). Axial T2-weighted image (WI) (A)
shows entire brain agyria with very thin outer cortex layer (black arrows) and undulating
gray matter heterotopia (white arrows) surrounding the enlarged lateral ventricles (LVs).
Sagittal T1WI (B) displays callosal hypogenesis with small posterior genu (white arrows) but
absent body (arrowheads), with small midbrain (M), pons (P), and medulla (m), and enlarged
dysplastic vermis. (C and D) Patient 78 classified as ND. Axial T2WI (C) shows agyria of the
entire brain with subependymal linear gray matter heterotopia bilaterally (white arrow-
heads) and marked ventriculomegaly in this microcephalic patient. Sagittal T1WI (D) dis-
plays callosal agenesis and extremely hypoplastic midbrain (M), pons (P), and medulla (m).
The entire cerebellum is nearly absent.
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because we found no previous reports) and ACC.
ND1 refers to two cases with complete agyria,
SELH, ACC, and severe MHB involvement. Further
investigations or more cases are needed to determine
whether the ND groups should be classified with
vLIS or in still another category.

As noted in the previous paragraph, it was diffi-
cult to determine which entities to include in the
vLIS category and how to classify them. More than
80% of vLIS patients did not have characteristic im-
aging findings (ND). The protein products of
VLDLR and RELN act in the same pathway but are
coded by different genes that have different patterns
of inheritance, so they were included as separate mal-
formations. Based on a previously cited work, we in-
cluded two-layered lissencephaly as part of the vLIS
category.3

Another weakness of this study is a lack of clinical
data that could help clinicians to better identify pa-
tients with these malformations. It would also have
helped to better classify those patients who were ulti-
mately assigned to the ND category. Despite this ob-
vious deficiency, important information has emerged
from this study for both radiologists and other physi-
cians interested in brain development. This study ex-
pands the categories of lissencephalies and adds to
the knowledge of associated malformations. This in-
formation will, hopefully, lead to further studies of
the molecular disorders involved in the many brain
anomalies associated with agyria and pachygyria and,
ultimately, a better understanding of the mechanisms
by which the brain is formed.
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