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Polymicrogyria (PMG) is a malformation of cortical development
characterized by an irregular gyral pattern and its diagnosis and sever-
ity have been qualitatively judged by visual inspection of imaging fea-
tures. We aimed to provide a quantitative description of abnormal
sulcal patterns for individual PMG brains using our sulcal graph-based
analysis and examined the association with language impairment.
The sulcal graphs were constructed from magnetic resonance images
in 26 typical developing and 18 PMG subjects and the similarity
between sulcal graphs was computed by using their geometric and
topological features. The similarities between typical and PMG
groups were significantly lower than the similarities measured within
the typical group. Furthermore, more lobar regions were determined
to be abnormal in most patients when compared with the visual diag-
nosis of PMG involvement, suggesting that PMG may have more
global effects on cortical folding than previously expected. Among
the PMG, the group with intact language development showed sulcal
patterns more closely matched with the typical than the impaired
group in the left parietal lobe. Our approach shows the potential to
provide a quantitative means for detecting the severity and extent of
involvement of cortical malformation and a greater understanding of
genotype–phenotype and clinical-imaging features correlations.

Keywords: cortical malformation, graph matching, polymicrogyria, sulcal
pattern

Introduction

Polymicrogyria (PMG) is a malformation of cortical develop-
ment in which the process of normal cortical development is
interrupted during the late stages of neuronal migration; the
result is the formation of multiple small gyri and abnormal
cortical lamination (Barkovich 2010). Patterns of cortical invol-
vement have been classified and described according to the
distribution of the PMG including bilateral frontal (Guerrini
et al. 2000), bilateral frontoparietal (Piao et al. 2002; Chang
et al. 2003), bilateral perisylvian (Kuzniecky et al. 1993), bilat-
eral parieto-occipital (Guerrini et al. 1997), generalized PMG
(Chang et al. 2004), and also unilateral PMG (Chang et al.
2006). A recent study determined the relative frequencies of
different PMG patterns with 328 patients and defined the spec-
trum of their imaging features (Leventer et al. 2010). The main
patterns of PMG were perisylvian (61%), generalized (13%),
frontal (5%), and parasagittal parieto-occipital (3%) and each
of the patterns was further divided into subtypes based on
distinguishing imaging characteristics (Leventer et al. 2010).

This interest in subtype distinction arises from the desire to
better understand the etiology and clinical consequences of the
PMG. For example, different topographic distributions of PMG

involvement can be caused by mutations in different genes
involved in regional patterning of the cerebral cortex at early
stages of development (Rakic 2004; Jansen and Andermann
2005). In particular, it was found that bilateral frontoparietal
PMG was associated with mutations of the GPR56 gene (Piao
et al. 2004). In addition, the clinical presentation appears to be
related to the extent of cortical involvement of PMG with
patients showing more extensive regions of PMG were more
likely to present with a global developmental delay and at an
earlier age than those showing more focal involvement
(Barkovich and Kjos 1992; Barkovich 2010; Leventer et al.
2010). However, to date, the diagnosis and classification of PMG
patterns have been qualitatively assessed by a visual inspection
of 2D images by a neuroradiologist. As a result subtle regions of
PMG may be missed, the extent of lobar involvement variably
reported and there is the potential for inter-reader variability. In
addition visual assessment of the type and extent of PMG
cannot provide a truly quantitative evaluation. An accurate quan-
titative characterization of abnormal sulcal patterns in PMG
could help optimize and standardize characterization of PMG as
well as provide a basis for more detailed genotype–phenotype
correlation and clinical phenotype-imaging correlation.

Our recent study suggested a method for performing a
comprehensive and quantitative analysis of sulcal patterns
using sulcal pits (Im, Pienaar et al. 2011). Sulcal pits are
defined as the deepest local points of sulci and their spatial
distribution is hypothesized to be related to brain functions
that are under tight genetic control (Regis et al. 2005;
Lohmann et al. 2008; Im et al. 2010; Mangin et al. 2010). We
represented the sulcal pattern as a graph structure with sulcal
pits as nodes and automatically compared different sulcal
graphs by computing a similarity value. Our method con-
siders not only the geometric features of sulcal folds them-
selves, but also intersulcal geometric and topological
relationships to highlight the interrelated arrangement and
patterning of sulcal folds (Im, Pienaar et al. 2011). PMG
brains show irregular gyral patterns with abnormally oriented
multiple small gyri. We hypothesized that their sulcal pits and
sulcal segments would show different positions, depth, size,
and spatial arrangements compared with normal and could ef-
fectively characterize individual cortical involvement in PMG.

In this study, we quantified abnormal sulcal patterns in
PMG brains using the graph-based sulcal pattern analysis at
the lobar regional level to provide a more explicit and de-
tailed description of their anatomical phenotype. To deter-
mine whether there was a relationship between our lobar
regional quantitative measurement and a clinical feature, we
examined the association with language impairment (deficits
in comprehension, production, and use of language), which
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is one of the typical features of developmental delay in PMG
(Guerreiro et al. 2002; Piao et al. 2004; Jansen and Ander-
mann 2005; Saporta et al. 2011). Because PMG patterns are
highly heterogeneous in terms of topographic distribution, in
addition to the group analysis, we compared the quantitative
characterization with two neuroradiologist’s visual diagnosis
of lobar involvement for individual PMG subjects. To evaluate
the sensitivity of our methodology, we analyzed an additional
feature, cortical curvature, which has been widely used to
quantify the shape of the cortical folds (Gaser et al. 2006;
Rettmann et al. 2006; Im, Lee, Lyttelton et al. 2008; Im, Lee,
Seo et al. 2008; Pienaar et al. 2008; Mangin et al. 2010), and
compared it with our approach.

Materials and Methods

Participants
PMG patients were identified retrospectively from a search of existing
patient data at the Boston Children’s Hospital in the United States of
America. Inclusion in this study was based on the following criteria:
1) pediatric age group (younger than or equal to 18 years), 2) con-
firmed clinical diagnosis of epilepsy, based on a history of at least two
separable seizure events, 3) diagnosis of PMG established by pathol-
ogy or magnetic resonance imaging (MRI), 4) MRI examination per-
formed at 3 T, 5) language development characterized by a pediatric
neurologist. Refinements to the above-defined patient population
were based on the inspection of significant motion or other artifactual
degradation of image quality.

An age-matched typical developing control group was also retro-
spectively identified from existing patient data with the following
inclusion criteria: 1) subjects presented for evaluation of headache, 2)
subjects must have had an MRI examination of the brain performed at
3 T (identical protocol to the exam performed in the patient group),
3) subjects must have had their language development characterized
as typical by a pediatric neurologist. Exclusion criteria for the norma-
tive cohort were as follows: 1) any neurologic abnormality by history
or physical exam, 2) any degree of language impairment, 3) any MRI
abnormality.

The final sample of this study consisted of 26 typical controls (n
[male/female]: 8/18, age [mean ± SD, range]: 8.9 ± 5.0, 2–18 years)
and 18 PMG patients (n = 12/6, age: 8.8 ± 5.3, 2–18 years). This study
was approved by the local Institutional Review Board.

MRI Acquisition and Diagnosis
All imaging was performed on two 3 T magnets (Siemens, Tim Trio).
The following sequence was obtained for each patient: Sagittal Mag-
netization Prepared Rapid Gradient Echo (MPRAGE; TR/TE: 2530 ms/
3.39 ms; 1 acquisition; flip angle: 7 degrees, inversion time: 1100 ms;
FOV: 22 cm; acceleration factor: 2; voxel size [mm]: 1 × 1 × 1).

Based on standard anatomic images, the location of the dysplastic
cortex in PMG patients was evaluated by two pediatric neuroradiolo-
gists blinded to the sulcal patterning analysis and language data.
Specifically, each lobe in each hemisphere of each patient was cate-
gorized as involved or not-involved by PMG by visual inspection
(Fig. 1). The 18 patients were divided into three groups based on
their language development: 1) intact: appropriate for age [n = 8], 2)
mild-to-moderate impairment: some language development, but
delayed by comparison with piers (either expressive or receptive)
[n = 6], 3) profound impairment: the absence of oral language [n = 4].
Table 1 presents clinical notes of the regional and hemispherical PMG
involvement and language development assessment observed in our
experimental cohort.

Image Processing
The images were processed to extract cortical surfaces using the Free-
Surfer pipeline (Dale et al. 1999; Fischl et al. 1999). This processing

includes removal of non-brain tissue (Segonne et al. 2004), Talairach
transformation, tissue segmentation, intensity normalization (Sled
et al. 1998), tessellation of the gray matter white matter boundary,
automated topology correction (Fischl et al. 2001; Segonne et al.
2007), and surface deformation following intensity gradients to opti-
mally place the gray/white matter and gray matter/cerebrospinal fluid
boundaries (Dale et al. 1999). Once the cortical models were recon-
structed, they were automatically parcellated into anatomical regions
based on lobar and gyral/sulcal structure (Fischl et al. 2004; Desikan
et al. 2006). We used the left and right whole hemispheres and lobar

Figure 1. Visual diagnosis of PMG involvement and the reconstruction of the white
matter surface and its lobe parcellation from individual PMG MRI data (L: left, R:
right). The white matter surface is overlapped to a raw volume image. High frequency
gyration is represented with abnormal shape in the reconstructed surface. Sagittal
and axial images and the surface model demonstrate dysplastic cortex involving the
frontal lobes and perisylvian regions of the temporal and parietal lobes (arrows). It
can be compared with the white matter surface and volume images of an individual
typical subject.

Table 1
Clinical data (age, gender, PMG regional involvement, and language score) for individual PMG
patients

Age (year) Gender Lobar regional involvement of PMG Language score

17 M R-F 1
14 M R-T, R-P, R-O 2
16 M B-F, B-P 2
9 F B-F, R-T, R-P, R-O 1
9 M L-F, L-T, L-P 1
6 M B-F, B-T, B-P 2
6 F R-F, R-T, R-P 1
6 F L-F, L-T, L-P 1
4 F B-F 2
18 M B-T, B-O 1
5 M L-F, L-P 2
3 M B-F, B-T 3
3 F B-F, B-T, R-P 3
2 M B-F, B-T, B-P 3
8 F L-F, L-T, L-P 2
14 M L-F, L-T, L-P 1
5 M B-F, B-T, B-P 3
14 M R-F 1

M, Male; F, Female; B, both hemispheres; L, left hemisphere; R, right hemisphere; F, frontal; T,
temporal; P, parietal; O, occipital.
Language score data: 1, intact; 2, mild-to-moderate impairment; 3, profound impairment.
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regions (including inter-hemispheric and basal surfaces) of the white
matter surface (gray/white matter boundary) for sulcal pattern analy-
sis in this study. The reconstruction of the white matter surface from
individual PMG MRI data and its lobe parcellation were visually in-
spected for each subject to ensure accuracy. An example PMG subject
and typical white matter surface are shown in Figure 1. The high fre-
quency of small gyri in PMG was represented as abnormal shape in
the reconstructed surface. The same surface reconstruction method
was used for the cortical thickness analysis of patients with PMG in a
previous study (Oliveira et al. 2009).

Quantitative Comparison of Sulcal Pattern Using Sulcal Graph
Matching
The sulcal pattern was represented with a graph structure using sulcal
pits as the nodes. Sulcal pits are defined as the deepest local point in
a sulcal catchment basin. Sulcal pits and their sulcal catchment basins
can be automatically identified by using a sulcal depth map on the
white matter surface (Im et al. 2010). The sulcal depth was computed
by integrating the dot product of the movement vector during
inflation with the surface normal vector at each vertex (Fischl et al.
1999). We used a watershed segmentation algorithm based on a
depth map to extract sulcal pits on triangular meshes (Im et al. 2010)
(Fig. 2). Each sulcal pit corresponded to a node in the graphical rep-
resentation. If sulcal basins met, sulcal pits in those basins were con-
nected with an undirected edge (Fig. 2). To quantitatively compare
different sulcal graph sets, we used the geometric features of nodes
(3D position [x, y, z], depth [d] and the area of sulcal basin [s]) and
their relationship. We also exploited the features of graph topology
(the number of edges and the paths between nodes [c]) to reflect the
interrelated sulcal arrangement and patterning. These features were
weighted to give their relative importance, F = (wxx, wyy, wzz, wdd,
wss, wcc). We determined the optimal match having the minimum
difference of the features between two sulcal graphs and then

computed their similarity, which ranged from 0 to 1, by using a spec-
tral matching technique (Leordeanu and Hebert 2005; Lyu et al. 2010;
Im, Pienaar et al. 2011). A pair of graphs, P and Q, containing m and
n nodes, respectively, can be represented as follows:

P ¼ f p1; p2; . . . ; pmg andQ ¼ fq1; q2; . . . ;qng:

We constructed a matrix M by measuring affinity values, F(pi)− F(qj),
of all possible pairs of two nodes in graphs P and Q. The relationships
of the nodes within the same graph were compared between P and Q,
(F(pi)− F(pk))− (F(qj)− F(ql)), which also composed the affinity
matrix M. Next, the M was used to choose a subset matrix C of con-
sistent pairs, determining the optimal match between P and Q, and
their similarity was defined as the mean of affinity values from C
(Leordeanu and Hebert 2005; Im, Pienaar et al. 2011). When two
sulcal graphs had different number of nodes, our method allowed
their partial matches and decreased their similarity using a weighted
penalty term based on the number of unmatched nodes (wncnc).

Furthermore, this method also allows variable weighting of geo-
metric and topological features, to assess their relative importance on
sulcal pattern similarity. First, all five features were optimally
weighted in the sulcal pattern matching and similarity measure. Once
given the optimal match between the nodes in different sulcal graphs,
various similarities were measured by changing the weights. We eval-
uated the impact of each individual feature on similarity measures by
setting all weights of the other features to 0. All sets of weights for
the similarity measure are shown in Table 2. The set of all 5 weights
(wx,y,z = 0.025, wd = 0.8, ws = 0.03, wc = 0.1, and wnc = 0.3) were
chosen through many experiments of matching between different
brains in our previous study (Im, Pienaar et al. 2011). When we used
only one non-zero weight, we simply multiplied the weight by 2 or 3
for an appropriate range of the similarity value. Figure 2 shows the
example of the identification of sulcal pits and sulcal basins, and the
construction of sulcal graphs and their optimal matching and simi-
larity measure in the temporal lobe from two different brains. The
sulcal basins paired by matching are marked with the same color
and unmatched sulcal pits are colored black. We have previously
explained the methodological procedures in more detail and showed
that our algorithm extracted reliable similarity measures between
sulcal graphs of different individual brains in spite of a large number
of noisy sulcal pits and spatial deformations (Im, Pienaar et al. 2011).

Analysis of Sulcal Pattern Similarity with the Typical in PMG
Using our methodology, sulcal pattern similarities of all possible pairs
were automatically computed and a similarity matrix (44 × 44) was
constructed for left and right hemispheres and lobes with various sets
of weights. We first tested whether the similarity within typical group
was significantly different when compared with the similarity
between typical and PMG groups. Each typical subject (ai) had a
mean similarity (S′) with the other 25 typical subjects. For each PMG

Figure 2. Similarity measure of the sulcal pattern in the temporal lobe between two
different brains. Sulcal pits and their sulcal catchment basins are identified on the
white matter surface using the watershed segmentation applied to sulcal depth map.
Each sulcal pit corresponds to a node in the graph structure. When sulcal basins
meet, sulcal pits in those basins are connected with an undirected edge. Two sulcal
graphs are optimally matched and their similarity is measured by using the geometric
features of nodes (3D position, depth and area of sulcal basin) and their relationship,
and the graph topological features (the number of edges and the paths between
nodes) and the number of unmatched nodes. The sulcal basins paired by matching
are marked with the same color and unmatched sulcal pits are colored black.

Table 2
Sets of weights for sulcal pattern similarity measure

Weights

wx,y,z wd ws wc wnc

0.025 0.8 0.03 0.1 0.3
0.050 0 0 0 0
0 1.6 0 0 0
0 0 0.09 0 0
0 0 0 0.3 0
0 0 0 0 0.9

All five features are weighted in the sulcal pattern matching and similarity measure. In addition,
only one feature is weighted and the other features are set to 0 to examine the effect of each
individual feature on the sulcal pattern similarity.
wx,y,z, wd, ws, wc, and wnc are weights for 3D position, sulcal depth, area of sulcal basin, graph
topology, and the number of unmatched nodes between graphs, respectively.
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subject (bi), the mean similarity with all 26 typical subjects was calcu-
lated.

A ¼ f1; 2; 3; . . . ; 26g; B ¼ f1; 2; 3; . . . ; 18g

S0ðaiÞ ¼
P

j[A;i=j Sðai;ajÞ
nðAÞ � 1

ði [ AÞ; S0ðbiÞ ¼
P

j[A Sðbi;ajÞ
nðAÞ ði [ BÞ;

where A and B are subject ID for typical and PMG groups, respect-
ively, n is the number of subjects in the group, and S is the sulcal
pattern similarity between two subjects. The differences between the
typical and PMG in the mean similarity (S′ (a) vs. S′ (b)) were exam-
ined with an independent two sample t-test.

There were more females than males in the typical group and
the reverse in the PMG group, accordingly gender ratio was a possible
confounding effect on our analysis. Hence we checked whether the
similarity between males and females was significantly lower than
the similarity within the same gender in each group using the same
approach described above. Moreover, we statistically compared the
number of sulcal pits between the typical and PMG using the two
sample t-test to examine whether the differences in the sulcal pattern
were simply caused by the different number of pits.

To find the relationship between the similarity with the typical and
the language function in the PMG, we compared the three PMG
groups, which were divided according to the language score ranging
from 1 to 3 (1: intact, 2: mild-to-moderate impairment, 3: profound im-
pairment). We analyzed the mean similarities with typical subjects
between the groups with the Kruskal–Wallis test, which is a non-
parametric method for one-way analysis of variance. Since the
difference among the three groups could occur by chance, a
permutation-based test was carried out to correct for the occurrence of
false positives. Data were randomly assigned to three groups at 10 000
times and test statistics were calculated for each data set. We counted
the number of times the statistical value in the original data set was
smaller than the statistical value obtained from the randomly re-
sampled data sets, and divided that value by the number of random
permutations (10 000). All statistical tests were performed for left and
right hemispheres and lobes with several different sets of weights.

Quantitative Individual Analysis and Discrimination
We also examined whether the similarity of each individual PMG
patient with the control group is outside the normal range by measur-
ing its relative position in the distribution of all the typical controls.
For example, see Figure 3 which shows a histogram of the distri-
bution of similarity scores for the typical group, ranging from about
0.733 to about 0.763. For a given individual PMG patient bi with
score S′ (bi), we simply count the number of typical subjects that had
a lower score, n′ (bi), and express that value as a ratio R(bi) to the
total number of typical subjects (n(A) = 26). Thus, in the figure, S′
(bi) = 0.735, and only a single typical subject had a lower similarity
value, resulting in a ratio R(bi) of 1/26. More formally,

RðbiÞ ¼ n0ðbiÞ
nðAÞ ; n0ðbiÞ ¼ nfaj jS0ðajÞ , S0ðbiÞg ði [ B; j [ AÞ:

In effect, R(bi) is the value of the cumulative distribution of the
normal similarities at the similarity of a PMG subject bi. This ratio
ranges from 0 to 1 with the lower values indicating lower similarity
between subject bi and the space of all the typical controls. The PMG
patients were visually inspected for lobar involvement, with a value
of “1” in a lobe indicating involvement and a value of “0” indicating
no involvement. In our quantitative analysis, if a patient had an R(bi)
of less than 0.05 (= 5%) for some similarity measure S′ (bi) in a given
lobe, that lobe was tagged as presenting an abnormal sulcal pattern.
We then generated cross tables for each lobe comparing number of
patients with obvious visual presentation of PMG to the frequency of
values that were quantitatively measured with R < 0.05. A subsequent
set of tables were also generated for cases, where R = 0.

The similarity values in the control group might not be accurately
sampled such as in the tail of the distribution because it was not

based on a large sample. Hence, we additionally performed a para-
metric modeling of the typical group distribution and statistical test as
well as measuring the R value for the individual analysis. The individ-
ual similarity value of PMG patient S′ (bi) was compared with the
similarity values of the typical controls S′ (a) using a one sample t-test
for all lobar regions. When a patient showed a significantly lower
similarity than the typical group, that patient was discriminated as
having abnormal sulcal pattern in a given lobe. For strict individual
discrimination, the significance level was conservatively set to a
threshold of P = 10−5. The cross tables comparing the results of quan-
titative discrimination to visual diagnosis were also generated.

Visual diagnosis (per lobe)

Presenting with PMG No PMG seen

Quantitative
discrimination

Abnormal
(R< 0.05 or R= 0, P< 10−5)

a (number of patients) b

Typical
(R≥ 0.05 or R> 0, P ≥ 10−5)

c d

Cortical Mean Curvature Analysis
We measured the mean curvature on a discrete surface model of the
inner cortex to characterize abnormal cortical folding in PMG brains
(Pienaar et al. 2008). The original cortical surfaces had noisy features
and small geometric variations in shape, and therefore their curvature
maps were not smooth. We smoothed the curvature maps using a
surface-based heat kernel smoothing with a full-width half-maximum
value of 20 mm (Chung et al. 2005). The absolute values of the mean
curvatures were measured to quantify the complexity of the cortical
folding shape (Luders et al. 2006; Im, Lee, Lyttelton et al. 2008; Im,
Choi et al. 2011) and averaged for left and right hemispheres and
lobes. A previous study showed a significant relationship between the
absolute mean curvature and the brain size measured by intracranial
volume (Im, Lee, Lyttelton et al. 2008). The intracranial volumes were
calculated after skull stripping (Dale et al. 1999) and the absolute
mean curvatures were corrected for those volumes using linear

Figure 3. An example diagram for the definition of the ratio, R. S′ (a) is the mean
similarity of sulcal patterns which is measured for each typical subject with the other
typical subjects, ranging from about 0.733 to about 0.763. S′ (bi) is the mean
similarity value 0.735 between a PMG subject and all typical subjects. We count the
number of the typical subjects that had a lower score, and express that value as a
ratio R(bi) to the total number of typical subjects (= 26). In the figure, only a single
typical subject had a lower similarity value, resulting in a ratio of 1/26.
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regression and obtaining residuals. We then performed the group
analysis and individual discrimination using the same tests as ex-
plained above.

Results

Low Mean Similarity Between PMG and Typical Groups
in the Sulcal Pattern
We first confirmed that there was no significant gender effect
on our results. The similarity between males and females was
not significantly different when compared with the similarity
within the same gender in both typical and PMG groups for
all regions. The PMG subjects showed a low mean similarity
with the typical subjects in the sulcal pattern. Statistical tests
were performed for each hemisphere and lobe with six sets
of weights. For global analysis in the left and right hemi-
spheres, the similarities between typical and PMG groups
were significantly lower than the similarities measured within
the typical group at the 0.05 level of P in all sets of features.
The differences were highly significant at the 0.001 level of P
for the whole feature, sulcal graph topology and the number
of unmatched nodes in both hemispheres, and depth and
area of sulcal basin in the left hemisphere. In the lobar
regional sulcal pattern analysis using the whole feature, the
mean similarities were significantly lower in the PMG than in
the typical for all lobes (P < 0.05) except for the right occipital
lobe. Among them, left temporal and parietal, and right
frontal and parietal lobes showed strong statistical signifi-
cances (P < 0.001). When using each feature independently,
significantly lower mean similarities with the typical group
were frequently observed in the PMG. However, the differ-
ences between the typical and PMG in the mean similarity
were relatively low in both occipital lobes and right temporal
lobe when compared with other regions. All statistical results
are presented in Table 3. In the case of the number of sulcal
pits, there was no significant difference between the two
groups in all regions (Table S1 in Supplementary Material).

We found statistically significant relationship between
abnormality of sulcal pattern and language function in PMG
subjects. The group with intact language function showed sig-
nificantly higher similarity with the typical than the impaired
group in the depth (permutation test; P = 0.019) and the area
of sulcal basin (P = 0.009) in the left parietal lobe. For these
significant results, the distributions of the mean similarity
with the typical group and the differences according to the
language score are shown in box plots (Fig. 4). All statistical
results for the comparison of the three PMG groups are
provided in Supplementary Material Table S2.

Comparison Between Quantitative Discrimination
and Visual Diagnosis
For example, Figure 5 shows visual diagnosis and the result
of the quantitative ratios (R values) for the left hemisphere of
the individual PMG. MRI volume image of the same brain is
shown in Figure 1. For this patient, the frontal, temporal, and
parietal lobes were diagnosed to have PMG pattern (= 1). Our
quantitative ratios were also quite low in these lobes for a set
of all features, which were under 0.05. Even the frontal and
parietal lobes showed the 0 ratio, which means complete
deviation from the distribution of normal sulcal patterns. Ta
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When observing the effect of each individual feature, one or
more features showed the 0 ratio in each lobe.

The comparisons of quantitative discrimination with the
ratio, R < 0.05 or R = 0, and visual diagnosis are shown in the
cross tables for left and right four lobes with all patients
(Table 4). When the abnormal pattern was indicated in some
lobar regions by visual analysis, the quantitative method also
found the abnormality in most cases (number of patients
quantitatively detected as abnormal [R < 0.05]/visually diag-
nosed as PMG, left frontal: 11/13, left temporal: 9/9, left
parietal: 10/10, left occipital: 1/1, right frontal: 9/11, right
temporal: 6/8, right parietal: 9/9, right occipital: 3/3).
Moreover, the quantitative discrimination determined more
patients to be abnormal in all lobar regions than

neuroradiologists visually diagnosed (number of patients
detected quantitatively [R < 0.05] but not visually diagnosed,
left frontal: 1, left temporal: 4, left parietal: 2, left occipital:
11, right frontal: 5, right temporal: 4, right parietal: 4, right
occipital: 4). Only two cases were visually diagnosed but not
detected quantitatively with the criteria of the 0.05 ratio in the
left frontal and right frontal and temporal lobes.

Individual analysis based on a parametric statistical test
also judged more lobar regions as abnormal than visual
inspection detected for most patients (number of patients
detected quantitatively [P < 10−5] but not visually diagnosed,
left frontal: 3, left temporal: 7, left parietal: 5, left occipital:
12, right frontal: 6, right temporal: 5, right parietal: 6, right
occipital: 7) (Table 4). Abnormal sulcal patterns were not
detected by the quantitative discrimination only for one
patient in the left frontal and occipital and right frontal and
temporal lobes.

Table 4
Cross tables of quantitative discrimination and visual diagnosis

Visual diagnosis

Left Frontal PMG No PMG Temporal PMG No PMG
Quantitative discrimination
(R< 0.05, R= 0; P< 10−5)

Abnormal 11, 11 1, 1 Abnormal 9, 8 4, 4
12 3 9 7

Typical 2, 2 4, 4 Typical 0, 1 5, 5
1 2 0 2

Parietal PMG No PMG Occipital PMG No PMG
Abnormal 10, 8 2, 1 Abnormal 1, 0 11, 9

10 5 0 12
Typical 0, 2, 6, 7 Typical 0, 1 6 / 8

0 3 1 5
Right

Frontal PMG No PMG Temporal PMG No PMG
Abnormal 9, 8 5, 5 Abnormal 6, 5 4, 1

10 6 7 5
Typical 2, 3 2, 2 Typical 2, 3 6, 9

1 1 1 5

Parietal PMG No PMG Occipital PMG No PMG
Abnormal 9, 8 4, 4 Abnormal 3, 2 4, 4

9 6 3 7
Typical 0, 1 5, 5 Typical 0, 1 11, 11

0 3 0 8

Data: number of patients, first and second numbers in each cell are from the discrimination with
the criteria of R= 0.05 and 0, respectively. Third numbers in the next line are the results with
the P-value of 10−5.

Figure 4. The box plots of the mean similarity with typical group in the depth and area of sulcal basin in the left parietal lobe for 3 PMG groups (1: intact, 2: mild-to-moderate
impairment, 3: profound impairment). The group with unimpaired language function shows higher similarity with the typical than the impaired group.

Figure 5. Visual diagnosis (1 = involved by PMG, 0 = notinvolved) and the
quantitative ratio R for the left hemisphere of an individual PMG brain. Sulcal pits and
their sulcal catchment basins are identified on the white matter surface. (x ,y ,z), d,
s, c, and nc are features for 3D position, sulcal depth, area of sulcal basin, graph
topology, and the number of unmatched nodes between graphs, respectively. MRI
volume image of the same brain can be seen in Figure 1.
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Group and Individual Analyses of Absolute Mean
Curvature
The absolute mean curvature in the PMG group was signifi-
cantly higher than in the typical control group in the left
frontal and parietal and right temporal lobes at the 0.05 level
of P. In many patients with PMG diagnosed by visual inspec-
tion, the absolute mean curvature failed to detect a quantitat-
ive difference from typically developing brains. This was true
for PMG visually diagnosed in all brain regions. In fact, using
R < 0.05 for the quantitative threshold, only the following frac-
tion of patients were classified as abnormal compared with
the number visually diagnosed, left frontal: 6/13, left tem-
poral: 1/9, left parietal: 5/10, left occipital: 0/1, right frontal:
2/11, right temporal: 1/8, right parietal: 1/9, right occipital:
0/3. A parametric statistical test also showed low sensitivity to
detect the abnormal areas. Statistical results of the group
difference and cross tables of quantitative discrimination and
visual diagnosis are shown in Supplementary Material Tables
S3 and S4.

Discussion

In this study, we provided quantitative measures detecting ab-
normal sulcal patterns in individual PMG brains using the
methodology of graph-based sulcal pattern comparison and
found their relationship with language function. We quanti-
fied a low similarity between typical and PMG sulcal patterns.
These results were statistically significant using a group analy-
sis. Although the significance level was different across differ-
ent lobar regions, the similarities between typical and PMG
groups were significantly lower than the similarities measured
within the typical group at the 0.05 level of P for all lobes in
one or more feature set. Additionally, for each individual
PMG brain, we provided quantitative ratios indicating how
similar its sulcal pattern was to the distribution of the typical
sulcal patterns in each lobe with various feature sets. Our
results showed quantifiable variable lobar involvement across
different patients, which reconfirmed previous qualitative
visual reports of the heterogeneous topographic distribution
of PMG involvement (Barkovich et al. 2005; Leventer et al.
2010). To understand how genetic disorders can selective
affect separate regions in the brain, it has been suggested that
the proliferative zone during embryonic development consists
of a heterogeneous population of progenitor cells that form a
“protomap” and different cells or regions in this zone become
separate targets for mutations in specific genes (Rakic 1988,
2004; Cholfin and Rubenstein 2008; Rakic 2009). This might
cause region-specific and heterogeneous involvement of PMG
across individuals. Development of a quantifiable measure to
characterize regional involvement in individuals offers the
potential to further explore potential genetic associations.

Our quantitative analysis using the sulcal pattern similarity
showed high sensitivity to detect group differences and dis-
criminate the abnormal areas that were visually detected.
Furthermore, more lobar regions were determined to be
abnormal in the quantitative discrimination in most patients
when compared with the visual diagnosis even with the cri-
teria of the 0 ratio or the low significance level. A common
shape feature, mean curvature, was also used for the same
group and individual analyses, but it was much less sensitive
than the sulcal pattern similarity in detecting abnormal

cortical areas. We demonstrated that the low sulcal pattern
similarity with the typical in PMG was not just affected by the
number of sulcal pits. Therefore, these findings suggest that
the geometric features and inter-relationships of the sulcal
pits and the shape of sulcal graph structure are the important
measure that characterizes abnormal cortical structure.
Further studies are required to determine whether our ap-
proach provides additional insights into the genetic classifi-
cation or clinical phenotype of PMG brains by providing
quantitative imaging features that are difficult to detect by
visual inspection alone.

The human brain develops the complex structural and
functional connectivity networks, which have been increas-
ingly elucidated by modern brain imaging techniques, such as
diffusion tensor imaging (DTI) and functional MRI (Hagmann
et al. 2011). Cortical areas do not develop independently, but
develop in relation to other areas (Leingartner et al. 2007;
O’Leary et al. 2007). This concept of interdependence of corti-
cal regions during development supports our results that
found more cortical involvement of PMG than visually per-
ceived. We suggest that PMG may have a secondary more
global effect on cortical folding, different from the frank high
frequency gyration that is visually perceivable, that is below
the threshold of visual detection. Thus, although some focal
areas are malformed and visibly detected, other areas might
be also affected and changed more subtly due to changes in
brain connectivity. These structural changes deviated from the
typical pattern would be compensatory or secondary to the
primary involvement. Future studies will be aimed at analyz-
ing the relationship between the sulcal patterns we detect and
structural or functional connectivity.

Most malformations of cortical development do not involve
the entire cortex equally. Typical imaging features show a
region of maximal disruption of gyral folding and decreasing
severity extending away from that region, that is, a severity
gradient (Leventer et al. 2010). The severity gradient has been
found to be important in genotype–phenotype correlation for
some malformations of cortical development. For example, in
the case of lissencephaly, an anterior > posterior severity gra-
dient pattern was associated with mutations of the DCX gene
and the posterior > anterior pattern was associated with
mutations of the LIS1 gene (Pilz et al. 1998; Dobyns et al.
1999). The severity gradient of PMG involvement has been
visually investigated based on MR imaging patterns with the
concept that it may correlate with the underlying molecular
basis in PMG (Leventer et al. 2010). Our analysis shows that
the severity gradient can be perceived in the individual table
of the quantitative measurement, although we still need to
define a more systematic way to determine the severity gradi-
ent. For example, an individual PMG brain in Figure 5 shows
lower R ratios in more feature sets in the frontal lobe than
other lobes. We can notice the approximate severity gradient
from the maximal severity in the frontal lobe decreasing in
the parietal and temporal regions. Therefore, our method
could play an important role in providing an explicit unbiased
imaging phenotype for investigating the pathogenesis of cor-
tical malformations and genotype–phenotype correlation.

Our ability to show significant differences in left parietal
sulcal patterns in subjects with language impairment is con-
sistent with a previous study of language disorders in PMG
(Guerreiro et al. 2002). Severe clinical manifestation of devel-
opmental language disorder was present when the PMG
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pattern occurred around the entire extent of the sylvian
fissure, including the parietal region. The patients with PMG
restricted to the posterior parietal regions also had a mild
form of developmental language disorder (Guerreiro et al.
2002). Another recent DTI study found that the arcuate fasci-
culus could not be identified by fiber tracking in PMG patients
with severe impairment and no speech development (Saporta
et al. 2011). The left arcuate fasciculus is involved in language
function as it connects the perisylvian cortex including the
parietal lobe (Catani and Thiebaut de Schotten 2008). Conse-
quently our results in the left parietal lobe could be related to
changes of axonal pathways involved in language function.
Limitation of this analysis was the lack of multiple assessment
of language function. Future studies will further investigate
quantitative correlations between more clinical and imaging
features including DTI.

Our automatic detection of abnormal sulcal patterns was
not successful for all PMG patients. Abnormal patterns in
some lobar regions of PMG were not detected by the quanti-
tative method in a small number of patients with the 0.05
ratio (two patients in the left frontal and right frontal and tem-
poral lobes). We reviewed the raw images of those patients to
investigate the characteristics of the visually perceived PMG
regions. In these cases, the extent of PMG was localized to a
small region of the lobe and the cortical surface model exhib-
ited abnormal shape in the region of the high frequency gyra-
tion. However, when confined to such a small area, the
quantitative analysis was dominated by the neighboring gyral
structure and hence the global folding pattern was not af-
fected. Thus our method shows a limitation in detecting
small, localized abnormalities. In future work, we will explore
the ability of local shape information to improve the detection
of localized PMG and believe the addition of local shape
information will provide a more complete description of gyral
folding.

This study was based on a small set of patients, 18 PMG
patients. The ages of the patients were variable and their dis-
tribution was wide, ranging from 2 to 18 years. We carefully
matched the age distribution and composed the control group
with 26 typical developing subjects. Group analysis or indi-
vidual patient discrimination with a different control set using
a larger number of subjects may be useful to reduce false
positives. However, to date, this is the largest PMG population
studied with quantitative analysis as previous quantitative
imaging studies were primarily case studies based on a small
number of patients due to limitation of image acquisition for
patients and the lack of the use of advanced image analysis
techniques (Munakata et al. 2006; Trivedi et al. 2006; Oliveira
et al. 2009; Saporta et al. 2011). Our study is based on the
new automated method for quantitative image analysis with a
relatively larger set of patients when compared with these
prior studies. For data analysis, several approaches were em-
ployed to acquire robust results with our data set. Since the
three subgroups of PMG patients determined by the language
score were small, a permutation-based non-parametric test
was carried out for reliable statistical group analysis. In the
individual analysis and patient discrimination, we performed
a parametric statistical test as well as histogram ranking from
the distribution of the typical controls. The parametric statisti-
cal test showed that significantly abnormal sulcal patterns
were detected in most patients even at the extremely low sig-
nificance threshold of P-value (<10−5) (Table 4). Thus,

although, patients numbers are small, this is the largest report
to date and we believe we have adequately controlled for
false positives and have demonstrated the potential of our
approach.

In conclusion, our sulcal pattern analysis showed potential
for providing a quantitative and reliable means for measuring
the severity and extent of cortical involvement in PMG in
relation to clinical and functional deficits. This method might
be helpful in detecting and investigating the significance of
additional cortical folding abnormalities not visually detected
and may provide a more rigorous means to explore geno-
type–phenotype correlations and clinical phenotype-imaging
correlations.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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