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Several studies have sought to test the neurodevelopmental hypothesis of schizophrenia through analysis of cor-
tical gyrification. However, to date, results have been inconsistent. A possible reason for this is that gyrification
measures at the centimeter scale may be insensitive to subtle morphological changes at smaller scales. The
lack of consistency in such studies may impede further interpretation of cortical morphology as an aid to under-

Key ‘.NOTdS‘I standing the etiology of schizophrenia.
Intrinsic curvature . . - .
Gyrification In this study we developed a new approach, examining whether millimeter-scale measures of cortical curvature

are sensitive to changes in fundamental geometric properties of the cortical surface in schizophrenia. We deter-
mined and compared millimeter-scale and centimeter-scale curvature in three separate case-control studies;
specifically two adult groups and one adolescent group. The datasets were of different sizes, with different
ages and gender-spreads. The results clearly show that millimeter-scale intrinsic curvature measures were
more robust and consistent in identifying reduced gyrification in patients across all three datasets.

To further interpret this finding we quantified the ratio of expansion in the upper and lower cortical layers. The
results suggest that reduced gyrification in schizophrenia is driven by a reduction in the expansion of upper cor-
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tical layers. This may plausibly be related to a reduction in short-range connectivity.

© 2012 Elsevier Inc. Open access under CC BY license.

Introduction

A major challenge in schizophrenia research is to identify and
characterize a core pathophysiology that could account for the wide
array of symptoms. Clearly, the deficit must be diffuse and pervasive
(White and Hilgetag, 2011), a fact that has been reflected in an em-
phasis on explanatory models that appeal to disruptions in neural
connectivity (Harrison, 1999). Such ideas have been embedded in more
specific theories such as cognitive dysmetria (Andreasen and Paradiso,
1998; Andreasen et al., 1999), cerebral asymmetry (Crow, 2008), and
the reduced neuropil hypothesis (Selemon and Goldman-Rakic, 1999),
each implicating aberrant connectivity as the structural substrate for
functional abnormalities. These theories have been supported by a
wealth of independent evidence ranging from abnormal functional
connectivity (Honey et al., 2005; Micheloyannis et al., 2006), loss of
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asymmetry in minicolumn separation and cortical volumes (Bilder
et al., 1994; Turetsky et al,, 1995), and reduced inter-neuronal spacing
(Buxhoeveden et al., 2000). However, a striking aspect of the findings
from brain imaging studies of schizophrenia is the heterogeneity of
observations, with many studies failing to replicate findings or even
producing conflicting results (Chua and McKenna, 1995; Shenton
et al., 2001).

Although the structural evidence is inconclusive, there is a general
consensus that schizophrenia is, at least partly, a disorder of neuro-
development (Rapoport et al., 2005; Weinberger, 1987). Consistent
with this view is a lack of gliosis (Roberts et al., 1987), the presence of
structural abnormalities at an early stage in first-episode patients, and
the presence of behavioral abnormalities prior to the onset of symptoms
(Khandaker et al., 2011).

In an attempt to account for both abnormal neurodevelopment and
abnormal connectivity, some studies have sought to identify changes in
cortical gyrification (for a review see White and Hilgetag, 2011; Mangin
et al,, 2010). Gyrification is the process of tangential surface expansion
by which an increasingly large surface area is fit into a relatively small
volume (Pillay and Manger, 2007). With expansion, the initially smooth
surface begins to buckle. Although the factors that govern this buckling
are still under examination, most theorists concur in relating it to
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underlying cortical connectivity (Richman et al, 1975; Van Essen,
1997). The degree of buckling - gyrification - is generally quantified
as the relative increase in surface area of the cortex compared to a
reference surface such as a convex hull (Zilles et al., 1988): a larger
ratio implying a greater degree of gyrification. Gyrification is temporally
non-linear (Armstrong et al., 1995), and is influenced by intra-uterine
factors affecting cortical formation and modulating subsequent neuro-
behavioral development (Dubois et al., 2008).

Given that gyrification is shaped by development and connectivi-
ty, it ought to be a useful measure in schizophrenia. Disappointingly,
however, case-control studies have produced equivocal results, with
some reporting increase (Harris et al., 2007; Narr et al., 2004; Vogeley
etal., 2001), others decreases (Cachia et al., 2008; Penttila et al., 2008;
Mclntosh et al., 2009), and some no change (Highley, 2002). Clinical
heterogeneity, methodological differences (including the various use
of two or three-dimensional parameters), cohort size and different se-
lection of regions of interest have all been suggested as reasons for
these discrepancies. However a further reason for this inconsistency
may lie in the scale at which these measures are made. Typically,
gyrification is measured at the centimeter scale, but this may be
sub-optimally gross. Sulci and gyri are themselves the aggregate of bio-
logical components and forces such as neuronal proliferation and corti-
cal expansion that occur at scales many orders smaller. As such, subtle
differences in the factors that contribute to cortical morphology may
be obfuscated when measured at larger scales. Central to the present
paper, we propose an alternative method that, by quantifying differ-
ences in cortical morphology at a millimeter-scale across the cortex,
may enable a more sensitive and reliable identification of differences
in morphology and, hence, distinguish more consistently between
schizophrenic patients and healthy controls.

A crucial, if not often explored, aspect of cortical morphology is the
distinction between the extrinsic and intrinsic surface properties
(Griffin, 1994). During development, the expansion of the cortical sur-
face is associated with the characteristic folding of the cortex, an extrin-
sic property in the sense that the folding is not a function of the surface
itself, but rather reflects how it is embedded in space. As well as folding,
developmental expansion may also give rise to another type of curva-
ture, namely intrinsic curvature (Ronan et al,, 2011) (see Fig. 1). This
is so called because it is intrinsic to the shape of the surface, i.e. unlike
folding it cannot be removed without deforming or tearing the surface.
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Intrinsic curvature may be conceptualized as a product of differential
expansion. It may be visualized thus: if an area expands at a uniform
rate in all directions the surface will remain flat, however if the center
grows faster than the edges, it will induce a positive curvature with a
shape similar to a hemisphere, if the edges grow more quickly than
the center the result will be a hyperbolic surface (saddle-shaped)
(Fig. 1). The greater the rate of differential growth, the greater the de-
gree of induced curvature in the surface, and hence the greater the in-
crease in surface area relative to a flat plane. Thus intrinsic curvature
may be thought of as capturing the surfeit or deficit of surface area rel-
ative to a flat plane. In this context, measures of the degree of intrinsic
curvature are analogous to other more commonly applied measures of
gyrification that quantify the ratio of one surface (the folded cortex)
to another (smooth reference surface). Crucially, using high-resolution
cortical surface reconstruction techniques, we can now quantify the de-
gree of intrinsic curvature at a millimeter-scale (Ronan et al., 2011),
thus offering a potential increase in the power to detect subtle differ-
ences in cortical morphology in schizophrenia.

In summary, the tangential expansion of the cortex causes the surface
to fold at a centimeter-scale (producing gyri and sulci), while simulta-
neously producing intrinsic curvature shapes (positive and negative cur-
vatures) at the millimeter-scale. By comparing each morphological
shape (folding and intrinsic curvature) to a reference surface we can
generate measures of cortical gyrification at two distinct scales. We pro-
pose that intrinsic curvature at the millimeter-scale may be an interme-
diary measure between neuronal processes at one end and larger-scale
gyri and sulci at the other. It thus may provide a more sensitive method
for distinguishing subtle differences in cortical morphology between
groups.

Developing a more sensitive measure of gyrification is useful, espe-
cially if it can help to resolve ambiguities that currently exist in the
schizophrenia literature. However it is important, too, that such obser-
vations may be used to establish a deeper understanding of the etiology
of schizophrenia. One method of exploring this is to contrast the relative
expansion of cortical layers. Alterations in neuronal populations be-
tween cortical layers have been shown to relate to alterations in
gyrification (Richman et al., 1975), and, furthermore, although all layers
in the cortex contribute to connectivity, the upper layers have on
average more short-range intra-cortical connectivity, whereas lower
layers have more long-range, inter-cortical connectivity (Valverde

MM- scale intrinsic curvature
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Fig. 1. The expansion of the cortex causes it to fold, producing gyri (green) and sulci (red) at the centimeter scale (illustrated in terms of smoothed mean curvature). However at the
millimeter scale, this expansion may give rise to intrinsically curved shapes. The spatial frequency of morphometric patterns varies depending on the scale measurements made; at
the centimeter-scale, the cortical folding of the cortex has a low frequency, whereas at the millimeter-scale, the pattern of intrinsic curvature (positive intrinsic curvature red; negative
intrinsic curvature blue) is much higher and does not follow the pattern of sulcal/gyral features. Under the hypothesis that intrinsic curvature is a morphological parameter of differential
surface expansion, as the degree of differential expansion increases, there is a corresponding increase in the degree of intrinsic curvature and hence the ratio of surface area to a flat plane.
Because of this, intrinsic curvature may be used as a marker of cortical gyrification analogous to the more ubiquitous centimeter-scale folding-based measures.
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et al,, 1985). Thus, as proposed previously (Armstrong et al., 1991), dif-
ferences in the ratio of upper to lower layer expansion can be related to
altered gyrification patterns (Richman et al., 1975), as well as used to
make inferences about the relative proportions of short-to-long range
cortical connectivity. Hence, under the hypothesis that intrinsic curva-
ture is a morphological marker of differential surface expansion, it
may be used to lend further insights in to the connectivity of the cortex.

In this experiment we characterized cortical gyrification at the
(standard) centimeter scale, and at the millimeter-scale (using intrinsic
curvature). Under the hypothesis that both large scale folding and
small-scale intrinsic curvature are functions of surface expansion, we
hypothesized that the standard gyrification measures would show a re-
lationship with intrinsic curvature, but that the latter would more con-
sistently identify group differences. In order to test this hypothesis we
assessed both scales of gyrification in three independent case-control
datasets (two adult groups and one adolescent group) and compared
the results. The results of our analysis were in agreement with our hy-
pothesis that millimeter-scale intrinsic curvature was more sensitive
to case—control differences in each group. To interpret our gyrification
findings in the context of connectivity, we further characterized the
ratio of intrinsic curvature (corrected for surface area) between the
outer (pial) and inner (white matter) surface.

It should be noted that our comparison of the performance of tradi-
tional gyrification and the intrinsic curvature measures entails some
ambiguity given that these measures operate at different scales as
well as measuring different characteristics. Therefore, in a further ex-
periment we sought to determine whether the increased sensitivity of
intrinsic curvature was due to the scale at which it was measured or
its geometric nature (i.e. an intrinsic as opposed to an extrinsic surface
parameter). To this end, in a series of analyses, we contrasted intrinsic
curvature between groups at increasing scales approaching the
centimeter-domain. We additionally quantified case-control differ-
ences in mean curvature (an extrinsic surface measure which reflects
surface folding) at the millimeter scale and contrasted this to our
millimeter-scale intrinsic curvature results.

Methods
Subjects and MR acquisition parameters

Three different datasets were analyzed; adolescent-onset schizo-
phrenia (AOS, with age at onset of symptoms <18 years old) in a longi-
tudinal dataset with two time points (baseline, follow-up), and two
adult-onset groups (Group 1, Group 2). Data for adolescents and adults
(Group 1) was collected with the guidance of the Oxford and Berkshire
Psychiatric Research Ethics Committees, UK. Data for adults (Group 2)
was collected under the guidance of the NHS Trust Local Research Ethics
Committee, Cambridge, UK. Written informed consent was obtained
from all participants (and their parents if under the age of 16).

Adolescents

Seventeen AOS patients (9 males) (16.1+1.1 years) and fifteen
age-matched normal control subjects (10 males) (15.741.3 years)
were recruited over a period of 2 years from the Oxford regional adoles-
cent unit and surrounding units. All were diagnosed as having DSM-IV
schizophrenia using the Kiddie Schedule of Affective Disorders and
Schizophrenia (Kaufman et al., 1997). The mean interval between
scans was approximately 2 years for each group, and did not differ be-
tween groups. Age at follow-up was 18.2 (+1.4 years) for patients,
and 18 (& 1.6 years) for controls.

Structural MRI data were acquired using a 1.5 T Sonata MR imager
(Siemens, Erlangen, Germany) with a standard quadrature head coil
and maximum 40 mT m~! gradient capability at the Oxford Centre
for Clinical Magnetic Resonance Research (OCMR). Whole brain
T1-weighted images were acquired with a FLASH sequence using the
following parameters: coronal orientation, image matrix =256 x 256,

with 1x1 mm? in-plane resolution, 208 slices of slice thickness 1 mm,
TE=5.6 ms, TR=12 ms, and flip angle « =19°.

Adult: Group 1

Forty-six patients (36 males) (33.2+9 years) were recruited by
collaborating psychiatrists from Oxfordshire and Berkshire Mental
Healthcare Trusts. Diagnosis was confirmed using the Structural
Clinical Interview for DSM-IV Disorders (First et al., 1997). Forty-
four controls (32 males) were also recruited (30.4 4+ 8 years). There
were no statistically significant differences in age between patients
and controls. MR acquisition parameters were as above.

Adult: Group 2

Thirteen patients (8 males) (24.84-4.7 years) were recruited
from within the Cambridgeshire and Peterborough Mental Health
Partnership NHS Trust, with a first episode of psychosis that satisfied
the DSM-IV criteria for schizophrenia. Thirteen controls (9 males)
(26.5+9 years) were also recruited. There were no statistically sig-
nificant differences in age between patients and controls.

Structural MRI data were acquired on a GE Signa HDxt system
(General Electric, Milwaukee WI, USA) operating at 3 T at the
Department of Radiology, University of Cambridge. Whole-brain
T1-weighted images were acquired with an inversion recovery
prepped, fast 3D gradient-recalled echo sequence with the following
parameters: parallel to the ac-pc line, image matrix=>512x512,
with 0.4688x0.4688 mm? acquired in-plane resolution, and 120
slices of slice thickness 1.1 mm, TE =3880 ms, TR =9060 ms, and flip
angle o =20°.

Cortical reconstruction and analysis

Cortical reconstructions were generated using the software FreeSurfer
(Dale et al., 1999; Fischl et al., 1999; Fischl and Dale, 2000). The FreeSurfer
program was specifically developed for cortical reconstruction. In brief,
raw image data voxels are sub-sampled to voxels of side 1 mm?. After
that the data is normalized for intensity, RF-bias field inhomogeneities
are modeled and removed, followed by skull-stripping. The cerebral
white matter is subsequently identified after which the hemispheres
are separated, tessellated and deformed to produce an accurate and
smooth representation of the gray-white interface. These surface recon-
struction processes are conducted in native space. In case of inaccuracies,
the reconstructions may be edited by hand. These edits are made on
two-dimensional slices though the reconstruction and hence may be
considered to be effectively unbiased with respect to the morphological
parameters which are three-dimensional. The FreeSurfer program has
been demonstrated to be robust to differing scanner types and field
strengths (Han et al., 2006).

Measuring gyrification

Gyrification was assessed in two different ways, first at the
centimeter-scale using a three-dimensional measure called the local
gyrification index (IGI) (Schaer et al., 2008), and then at the millimeter-
scale by measuring intrinsic curvature of the cortex (Pienaar et al.,
2008; Ronan et al.,, 2011).

IGI. The IGI is a ratio of the total cortical surface area to a reference
surface, with higher indices implying a greater degree of gyrification.
In brief, the IGI is calculated per vertex as the ratio of surface areas be-
tween a patch of cortical area which follows the folding of the cortex,
and the area of a smooth reference surface (with radius of 25 mm).
This outer surface encloses and hence defines the area of the cortical
patch for each vertex. It is the ratio of these areas that generated the
IGI per vertex, and is considered to be a centimeter-scale measure of
the local folding of the cortex. Further details of these methods are
available in Schaer et al. (2008).
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For each subject the average IGI was calculated across each
hemisphere.

Gaussian curvature. Details of Gaussian, or intrinsic curvature have
been described elsewhere (Pienaar et al., 2008; Ronan et al., 2011).
Just like IGI, intrinsic curvature is calculated at every vertex of the
FreeSurfer-generated cortical surface reconstruction, albeit at a
millimeter-scale scale. In brief, for each vertex the Gauss-Bonnet
scheme (see Appendix A, Surazhsky et al., 2003) is used to generate
values of the principle curvatures of the surface at that point. In two
dimensions, the curvature of a line is defined as the reciprocal of
the radius of curvature of an osculating circle. For a point on a surface
however there are many different possible orientations in which cur-
vature may be calculated, generating a range of curvature values. The
maximum and minimum curvature values are always generated at
orientations that are orthogonal. These orientations are called the
principal directions, and the respective curvatures are the principal
curvatures (see Ronan et al., 2011). The product of the principal cur-
vatures is the intrinsic, or Gaussian curvature, K. Thus, the Gaussian
curvature per vertex is generated by multiplying together the princi-
ple curvatures at that vertex. Prior to this, the principle curvatures are
filtered (see Appendix A) to remove single vertex errors in the recon-
struction. After filtering, the intrinsic curvature per vertex is multi-
plied by the area of the vertex to correct for non-uniformity of
vertex areas in the reconstruction. The robustness of this process for
different levels of surface decimation has previously been investigat-
ed (see Appendix A and Ronan et al., 2011).

The final result is a filtered value of positive or negative intrinsic
curvature for each vertex in the reconstruction. For further analysis,
the skew of the distribution of these values (rather than the average
of the distribution) is calculated per hemisphere per subject (see
Curvature skew section).

Investigating the effects of scale and intrinsic vs. mean curvature

To assess the role of scale in the sensitivity of intrinsic curvature,
we quantified intrinsic curvature over several increasingly gross
scales. We additionally investigated whether the nature of intrinsic
curvature as a more mathematically fundamental surface parameter
contributed to its sensitivity. To this end we additionally quantified
mean curvature at the millimeter scale and contrasted it with intrin-
sic curvature results.

Down-sampling the cortex to test for scale-sensitivity. In order to quan-
tify intrinsic curvature at several different scales, we mapped each
subject's original pial surface reconstruction to a standard template
with three different levels of resolution (decreasing resolution:
40,962, 10,242 and 2562 vertices respectively). These templates are
the standard FreeSurfer templates which are included in the vFS5.1 re-
lease. This mapping did not deform the shape of the surface, rather it
simply generated a new surface with larger and less numerous verti-
ces. Cortical intrinsic curvature was calculated on the down-sampled
surface for each of the three levels of resolution and used to assess the
effect of scale on the sensitivity of intrinsic curvature to case-control
differences.

Mean curvature. Mean curvature is a local measure of the degree of fold-
ing of a surface. For example, a surface with a gentle fold will have a more
modest mean curvature than one with a sharp fold. Mathematically
there is a categorical distinction between Gaussian and mean curvature.
The distinction between these types of curvature is most obvious when
we contrast the intrinsic curvature of a sphere with the extrinsic mean
curvature of a cylinder. Whereas it is possible to remove the mean curva-
ture of the cylinder by unfolding it to a flat plane, it is not possible to flat-
ten the sphere without deforming the surface. In other words intrinsic
curvature is an integral part of a surface, whereas the mean curvature
is not.

Experimentally the principle curvatures used to generate the
Gaussian curvature per vertex are also used to generate the mean cur-
vature at the vertex, where mean curvature is the average of the prin-
ciple curvatures. Once again filtered principle curvature values are
used to quantify mean curvature (see Appendix A).

While the millimeter-scale Gaussian curvature of the cortex has a
spatial frequency much greater than the folds of the cortex, the
millimeter-scale mean curvature reflects the extrinsic folding of gyri
and sulci (see Fig. 1).

Analysis

Curvature skew

As discussed above, the rate of differential expansion impacts on the
degree of intrinsic curvature, with greater rates producing proportion-
ately more extreme curvature values. However the differential compo-
nent of the expansion also implies that the shape of the distribution will
change, with proportionately fewer extreme curvature values produced
as the rate of differential growth increases (Ronan et al,, 2011). Thus,
the shape of the distribution will change as well as the relative position
of its average. For this reason we quantified for each subject the skew of
the intrinsic curvature distribution per hemisphere, rather than the av-
erage of the distribution per hemisphere (see Appendix B). Previous
studies of cortical intrinsic curvature have demonstrated that the distri-
bution of positive and negative values is heavily weighted toward zero
(Pienaar et al., 2008; Ronan et al., 2011). Thus, more extreme skew in-
dicates a distribution more heavily weighted toward zero intrinsic cur-
vature and hence may be interpreted as indicating less differential
expansion.

Statistics

Numerical transforms (BoxCox) were applied where appropriate
prior to linear regression analysis. Because each subject had two mea-
sures (one per hemisphere) for each morphological parameter, we
used repeated measures ANOVA to assess case-control differences
of curvature and [GI within each group, with age and surface area as
covariates. We also used repeated measures ANOVA to test for sex-
by-status (where “status” indicates patients and controls) interac-
tions, and hemisphere-by-status interactions within each parameter.
The values of the F (Fisher's) statistic, the degrees of freedom and
the corresponding p values were reported for each test.

Regression was used to test for status-by-surface (pial vs. white
matter) interactions for intrinsic curvature skew and surface area.
The statistical threshold for significance was set at an alpha value of
0.05, using bilateral p-values.

Results
Correlation of intrinsic curvature skew with IGI and surface area

When data were combined across groups, we observed a strong,
positive correlation between cortical surface area and each of the gyri-
fication parameters (negative curvature; F; 175 =12.6, p=<0.001: posi-
tive curvature; F; 178 =14.1, p=<0.001: [GI; F; 178 =347, p=<0.001).
This is as expected, given that gyrification at both scales is a function of
an increase in surface area. Unsurprisingly there were also strong corre-
lations between IGI and intrinsic curvature skew (negative curvature;
F1178 =244, p=<0.001: positive curvature; F; 173 =31.6, p=<0.001)
(see Fig. 2). This result has an implication for current gyrification theories
(see Discussion).

Intrinsic curvature and IGI: patients vs. controls
The results of gyrification analysis at the millimeter and centimeter

scale (positive and negative curvature skews, and IGI respectively) are
reported in Table 1 for each dataset, and illustrated in Fig. 3. For each



L. Ronan et al. / Neurolmage 63 (2012) 611-621 615

Negative Intrinsic Curvature Skew

Local Gyrification Index

cor =-0.34,

095 080 085  -0.80

-0.246

-0.245

-0.244

-0.243

p<0.001 9242

Positive Intrinsic Curvature Skew

- -0.246
-0.245
-0.244
. S IR SIS -0.243

cor=-0.4, 5
p < 0.001 -0.242

Fig. 2. Scatter plots depicting the increase in IGI (larger values) with increasing degree of intrinsic curvature skew (smaller values) for positive and negative intrinsic curvatures.

group, patients had more extreme curvature skew values than controls.
Linear analysis revealed significant differences in negative curvature in
three of the four groups (adolescents follow-up F;,3=8.3, p=0.01;
adults Group 1 F;g,=5.5, p=0.02; adults Group 2 F;15=79, p=
0.01). Patients also had more extreme positive curvature skew in all
datasets, but did not reach statistical significance in any group.

At the cm-scale there was also a pattern for reduced gyrification,
however only the largest adult dataset (F; g; =4.2, p=0.04) showed
a statistically significant difference.

There were no significant sex-by-status interactions or hemisphere-
by-status interactions for any parameter in any of the groups.

Intrinsic curvature and cortico-cortical connectivity

In order to interpret our finding of a reduced gyrification in schizo-
phrenia, we investigated the relative differences in intrinsic curvature
of the pial and white matter surface between patients and controls. To
do this we pooled all data across groups and analyzed case-control inter-
actions at the cm-scale (using surface area), and at the mm-scale (using
negative intrinsic curvature skew), with sex and age as covariates.

For the surface area analysis there was a significant difference for the
pial surface (F; 171 =4.7, p=0.03) but not for the white matter surface
(F1171=1.5, p=0.22). Linear analysis did not indicate a significant sur-
face (pial vs. white matter) by status (patient vs. control) interaction
(F1'342 =04, p= 053)

For negative intrinsic curvature skew, there were significant dif-
ferences between patients and controls for the pial (F;171=22.3,
p<0.001) but not for the white matter surface (F;;7;1=0.02, p=
0.88). Linear analysis indicated a significant surface (pial vs. white
matter) by status (patient vs. control) interaction, with controls
having significantly increased ratio of pial to white matter negative

Table 1

intrinsic curvature skew compared to patients (F; 342 =10.7, p=0.001)
(see Fig. 4).

Scaling intrinsic curvature

For the original pial reconstruction the average number of vertices
per hemisphere was approximately 150,000, with an average area per
vertex of 0.77 mm?. For successive levels of down-sampling the aver-
age number of vertices and their corresponding areas were 37,500
(2.78 mm?), 9300 (9.9 mm?), and 2300 (31.9 mm?) (see Fig. 5).

The results of average intrinsic curvature skew for each
sub-sampled reconstruction are broken down by diagnosis and
dataset in Table 2, along with the results of statistical analysis of
case-control differences. In summary the sensitivity to case-control
differences was reduced as the intrinsic curvature was quantified at
increasingly large scales.

Mean curvature: patients vs. controls

An example of cortical mean curvature is illustrated in Fig. 5. The re-
sults of average mean curvature skew are broken down by diagnosis
and dataset in Table 3, along with the results of statistical analysis of
case-control differences. For each dataset there were no statistically sig-
nificant differences in mean curvature between patients and controls.

Discussion

In this study, we sought to demonstrate that millimeter-scale mea-
sures of intrinsic curvature are a more sensitive, and reliable method
of quantifying cortical gyrification than the more usual centimeter-scale
extrinsic measures. We further sought to use intrinsic curvature to de-
velop deeper insights into the pathology of schizophrenia, specifically

Average values of gyrification (intrinsic curvature skew and IGI) broken down by diagnosis for each dataset, with results of linear analysis of group differences with surface area and

age as covariates. Text in bold indicates statistically-significant results at alpha=0.05.

Adolescents: baseline

Adolescents: follow-up

Adults Group 1 Adults Group 2

Patients Controls Patients Controls Patients Controls Patients Controls

Negative curvature skew —4.434+0.48 —4.1640.51 —4.714+0.63 —4.1540.38 —5.234+0.69 —4.8+0.56 —5.7640.87 —4.984+0.29
(F123=0.9, p=0.35) (F1,23=8.3, p=0.01) (F1,82=5.5,p=0.02) (F1,18="7.9,p=0.01)

Positive curvature skew 3314038 3.144048 3314045 3.134+0.19 3.6440.38 3454031 3.554+0.44 3.46+0.21
(F123=1.9,p=0.18) (F123=0.03, p=0.87) (F182=0.15,p=0.7) (F1,18=0.13,p=0.72)

IGI 3.144+0.14 3.254+0.21 3.114+0.16 3.174+0.19 2.9440.13 3.03+0.2 2.8940.13 2.8540.13

(F123=2.3,p=0.14)

(F1,23=0.001, p=0.98)

(F152=4.2, p=0.04) (F1.1s =021, p =0.66)
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Fig. 4. Interaction plots of surface (pial:white) and status (patient:control) for surface area and negative intrinsic curvature skew.

addressing what a reduced gyrification in schizophrenia might mean in
terms of cortical connectivity.

The introduction of a smaller-scale measure of gyrification was mo-
tivated by the apparent inconsistencies of previous studies. Given that
there is a large variability in clinical and demographic variables across
gyrification studies in schizophrenia, it was important to demonstrate
that smaller-scale intrinsic curvature measures were robust to these
variables, and hence sensitive to any common underlying pathology.
For this reason we included three independent, case-control datasets.
We note that, although within-study matching was ensured, the differ-
ent datasets were not matched in terms of age, gender-spread, illness
duration, number of subjects or MR acquisition centers. The results of
our analysis demonstrated that in all three datasets, intrinsic curvature
analysis confirmed a reduction of gyrification in the schizophrenia
groups. In contrast, larger-scale measures were less consistent and
only identified case-control differences in the largest dataset. In sum-
mary, these results confirm our hypothesis that millimeter-scale mea-
sures of gyrification are indeed potentially more sensitive than
larger-scale measures in identifying morphological abnormalities.

In the subsequent analysis, we sought to understand more fully
why the millimeter-scale intrinsic curvature showed this consistent
increase in sensitivity. One possibility is that it is a consequence of
the smaller scale at which intrinsic curvature was quantified com-
pared to traditional gyrification measures. Clearly, measures at

Table 2

increasingly smaller scales offer more detail and hence are more like-
ly to be sensitive to case-control differences. Another possibility is
that the sensitivity reflects the intrinsic nature of the Gaussian curva-
ture as a surface parameter. The cortical surface has widespread in-
trinsic curvature (Griffin, 1994; Ronan et al., 2011) and it could well
be that this property is key to its functional integrity, thus making in-
trinsic geometry an important complementary measure for charac-
terizing alterations in schizophrenia. In order to explore these two
possibilities we evaluated intrinsic curvature at different levels of res-
olution, as well as determined whether an extrinsic measure (mean
curvature) became sensitive to group differences when it was carried
out at the millimeter scale. The results of these analyses demonstrate
that at the millimeter scale, intrinsic but not extrinsic curvature mea-
sures were sensitive to case-control differences. Moreover, with in-
creasing scale, the intrinsic curvature measure showed reduced
sensitivity. Taken together these results suggest that it is the intrinsic
nature of Gaussian curvature in addition to its scale that is key to the
reported sensitivity. In short, we have demonstrated that it is not only
the scale of the measure but also the geometric nature of the measure
that is important in generating a reliable and consistent biomarker of
cortical morphology and its alteration in schizophrenia.

Intrinsic curvature at the millimeter-scale has a high spatial frequen-
cy, reflecting the small scale at which it is measured. Because of this high
spatial frequency, is it not feasible to use this measure for more standard

Average values of intrinsic curvature skew broken down by diagnosis and dataset for each of the three levels of down-sampled pial surfaces: For each down-sample level, the
average number of vertices per hemisphere and their corresponding area was: down-sample 1: 37,500 vertices of area 2.78 mm?; down-sample 2: 9300 vertices of area

9.9 mm?; and down-sample 3:2300 vertices of area 31.9 mm?.

Adolescents: follow-up

Adults Group 1

Adults Group 2

Patients Controls Patients Controls Patients Controls
Down-sample 1
Negative curvature skew —3.874+0.48 —4.174+0.45 —3.934+042 —3.9+0.36 —4.4840.5 —4.77+0.78
(F1,23=6.2, p=0.03) (F1.82=0.04, p=0.84) (F1,18=0.04, p=0.85)
Positive curvature skew 3.624+0.7 3.734+£0.37 3.744+0.44 3.764+0.6 3.84+0.44 3494047
(F123=2.7,p=0.12) (F152=1.9,p=02) (F1,1s=6.2, p=0.02)
Down-sample 2
Negative curvature skew —2.724+0.26 —2.77+0.24 —2.774+0.22 —2.794+0.21 —2.9540.26 —340.29
(F=2.7,p=0.12) (F=027,p=0.6) (F1,18=0.5,p=0.5)
Positive curvature skew 2.55+04 2414023 2.5540.33 2.6240.45 25402 249+40.22
(F123=0.7,p=0.43) (F1.82=2.6, p=0.1) (F1,18=0.02, p=0.9)
Down-sample 3
Negative curvature skew —191+0.11 —1.844+0.19 —1.874+0.17 —1.894+0.15 —1.894+0.16 —1.93+0.18
(F123=2.5p=0.13) (F1.82=04, p=0.52) (F1,18=0.74,p=04)
Positive curvature skew 1.38+0.18 1.38+0.28 1.36£0.13 1.37+£0.24 1.41+£0.15 1.38+0.14

(F1.23 =001, p=0.92)

(Fi,82=04,p=0.53)

(F1.15 =05, p=0.49)
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Table 3

Average values of mean curvature skew broken down by diagnosis and each dataset, with results of linear analysis of group differences with surface area and age as covariates.

Adolescents: follow-up

Adults Group 1

Adults Group 2

Patients Controls Patients Controls Patients Controls
Negative curvature skew —1.5940.11 —1.554+0.07 —1.61+0.09 —1.6+0.11 —1.56+0.08 —1.544+0.08
(F1,23=8,p=02) (Fi.82=0.1,p=0.74) (F1,18=0.6,p=04)
Positive curvature skew 2434048 234025 2.264+0.38 226+0.34 242 +0.55 244+0.73

(Fi123=0.7,p=04)

(F1,82=0.1, p=0.8)

(F1.15=0.03, p =0.86)

per-vertex measures across the cortical surface, however other param-
eters based on the intrinsic geometry of the cortex (Griffin, 1994)
might be adapted for this purpose in future studies. The identification
of a consistent global change is an important step toward demonstrat-
ing the power of intrinsic parameters to identify subtle differences in
cortical morphology. Further region-of-interest studies may be able to
address the question as to whether these global changes are driven by
specific and consistent regional deficits, or whether the difference iden-
tified here represents a pervasive global dysfunction as suggested by
functional network analyses (Micheloyannis et al., 2006). In any case,
though specific regional differences may emerge in future studies, for
our purpose, the demonstration that the consistent group differences
are visible at the whole hemisphere level provides clear evidence of
the potential value of adopting this method in characterizing morphom-
etry in both healthy and patient populations.

In order to explore and interpret more fully our findings of reduced
gyrification in schizophrenia, we contrasted the ratio of intrinsic
curvature in the upper and lower layers of the cortex. Although all
layers of the cortex contribute to all types of connectivity, there is a
non-uniform distribution of connectivity, with upper layers favoring
proportionately more short-range connections in comparison to
lower layers. Based on the rationale that reduced area indicates less
connectivity (less room for connections) (Armstrong et al., 1991),
we proposed that a reduced ratio of inner to outer surface area may
imply a reduction in short-range connectivity. Our analysis revealed

a significantly reduced ratio of pial to white matter intrinsic curvature
in the schizophrenic patients (Fig. 4). Under the hypothesis that in-
trinsic curvature arises from surface expansion, these results may sug-
gest that a relative decrease in the expansion of upper cortical layers,
perhaps reflecting a decrease in the proportion of short-range connec-
tivity, is relevant to the pathology of schizophrenia. This result is in
keeping with the hypothesis that reduced differential expansion of
the cortex reflects a reduction in short-range tangential connectivity
(Ronan et al., 2011). Although the exact connection-length distribu-
tion has not been quantified in schizophrenia, empirical studies have
demonstrated a decrease in presynaptic and dendritic markers, (for
discussion see Harrison, 1999), and an overall reduction in neuropil
(Buxhoeveden et al., 2000; Selemon and Goldman-Rakic, 1999). In ad-
dition, network analyses have also observed longer path-lengths in
schizophrenia (Micheloyannis et al., 2006).

Our analysis also gave some insight into the possible forces that
govern gyrification. To date the mechanics of gyrification are poorly
understood. One theory is that it is driven by cortical expansion, and
mediated by axonal tension (Van Essen, 1997): strongly connected
regions are pulled together by axons, while less-strongly connected re-
gions “drift”. However a recent study directly measuring axonal tension
suggests that axons are not under the required tension to drive folding
(Xuetal, 2010). Indeed, the role of axons in gyrification had previously
been queried (Barron, 1950) following observations of the developing
cortex (of sheep) when isolated in utero from subcortical structures

A) Down-sampling the Cortical Mesh

Original
(150,000 vertices)

Down-sample 1
(37,500 vertices)

B) Cortical Mean Curvature

Pial Surface

Down-sample 2
(9,300 vertices)

Down-sample 3
(2,300 vertices)

Positive Mean
Curvature
Negative Mean
Curvature

White Matter Surface

Fig. 5. (A) The original cortical mesh of the pial surface and it's average convexity down-sampled over three scales. The vertices delineated are roughly within the same location and
illustrate the degree of detail lost at each successive iteration. (B) Cortical mean curvature on the pial and white matter surface. Positive and negative mean curvatures are indicated
by red and blue respectively. The spatial frequency of millimeter-scale mean curvature approximates the gyri and sulci of the cortex, and has a lower frequency than

millimeter-scale intrinsic curvature (See Fig. 1).
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prior to the developmental onset of gyrification. Despite this isolation,
essentially normal patterns of gyrification were observed. Thereafter,
it was proposed (Richman et al., 1975) that forces internal to the cortex
itself drive gyrification, either through differential laminar growth, or
inter-neuronal connectivity (Sisodiya, 1995; Toro and Burnod, 2005).
In each of these latter models, intra-cortical forces alone drive the
formation of gyri and sulci. For this reason, intrinsic curvature is an
ideal parameter of gyrification, being solely a function of differential
tangential expansion of the cortex. The predictions of these intra-
cortical gyrification theories are in keeping with our own observations
that intrinsic curvature at the small (millimeter) scale is related to mor-
phology at the centimeter scale. It appears that large-scale cortical fea-
tures of gyri and sulci are primarily a function of small-scale forces and
architecture internal to the cortex, and that these forces themselves
may be reflected in the differential geometry of the cortex. We discuss
below how this insight leads us to a more detailed interpretation of
morphometric abnormalities in our patient groups.

We have previously speculated that intrinsic curvature, as measured
here, may relate to the spatial distribution of neurons tangential to the
cortical surface and may therefore be a function of the combined effects
of neuronal density and differential expansion (Ronan et al.,, 2011). The
findings of the current study are, we feel, interesting and useful
irrespective of this theory of what intrinsic curvature may reflect at the
neural level. Nonetheless, if our previous speculation (Ronan et al,
2011) is correct, it suggests that the reduced level of intrinsic curvature
in schizophrenia reflects altered differential expansion and a corre-
spondingly altered cortical density. This would be in accord with existing
neuropathological studies, which have suggested increased cortical den-
sity (Selemon et al, 1995) and reduced inter-neuronal separation
(Buxhoeveden et al., 2000) in schizophrenia.

In closing, it is important to place these findings, and our suggestion
that careful scrutiny of the intrinsic properties of the cortical surface
may prove fruitful in developing our understanding of schizophrenia,
in the context of the broader literature. The onset of schizophrenia gen-
erally occurs between late adolescence and early adulthood. This coin-
cides with a period of synaptic pruning, myelination and arborisation
(Blakemore and Choudhury, 2006). Because of the overlap of these
connectivity-modulating mechanisms with the onset of clinical symp-
toms, these neurodevelopmental processes have been linked to the
pathophysiology of the disorder. However longitudinal, developmental
and epidemiological studies have provided strong evidence that abnor-
malities exist much earlier — as early as infancy, where developmental
milestones are delayed (Jones et al., 1994). Yet, because the classic diag-
nostic cues are not manifested until much later, the developmental hy-
pothesis of schizophrenia has largely been supposed to be one of early
insult followed by a period of latency, with full-blown symptoms
emerging later in response to normal, or further abnormal developmen-
tal processes specific to adolescence, such as synaptic pruning (Insel,
2010). This picture does not fully address the mechanism whereby cog-
nitive deficits (most resistant to treatment and therefore most likely to
be a fundamental hallmark of the disease) exist during a so-called latent
(prodromal) period (Khandaker et al, 2011). Rather the evidence
suggests that subtle abnormalities present at birth may be slowly aug-
mented throughout development, culminating in severe symptom
onset at the apex of development. If this is the case, then small-scale
measures of cortical intrinsic curvature may be useful in detecting
changes prior to the onset of clinical symptoms. Alternatively by utiliz-
ing a measure that has demonstrated consistency and sensitivity, it
might be possible to investigate more fully the neurodevelopmental hy-
pothesis of schizophrenia.
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Appendices
A. Intrinsic and mean curvature on the cortical mesh

Both the intrinsic and mean curvatures of the cortical surface were
quantified using the Gauss-Bonnet scheme, per vertex on the cortical
surface reconstruction. This makes use of the fact that the angles in a
triangle on an intrinsically curved surface do not sum to 180°. The
greater the degree of intrinsic curvature, the greater the deviation
from 180°. Thus the degree of intrinsic curvature per vertex on a cor-
tical surface is defined as the surfeit or deficit of the vertex angle (sum
of all triangles which define the vertex) divided by one third the sum
of the vertex area (sum of area of triangles which surround the ver-
tex) (Surazhsky et al., 2003) (Eq. (A.1)).

K, = 213_—2161 (A1)
3 2iA

where 6; is the angle subtended by ith vertex, and A; is the area of ith

vertex. The corresponding equation for mean curvature per vertex, H;

using the Gauss-Bonnet scheme is

1 2_illeillB
H. = 4<=dlEilPi A2
IS A (A2)

where ||ej]| is the total length of the vertex edges and p; is the devia-
tion of surface normal (see Surazhsky et al., 2003). In the FreeSurfer
program the mean and Gaussian curvatures for each vertex are
decomposed in to the principle curvatures. Because of per vertex er-
rors which can occur in surface reconstruction, these principle curva-
tures per vertex are filtered and then multiplied or averaged to give
Gaussian and mean curvature per vertex respectively. In this way
the effect of single vertex errors is minimized.

In order to filter the principle curvatures a limiting curvature
threshold is applied. This threshold is based on the limiting scale at
which intrinsic curvature may be reliably calculated, which is defined
by an osculating sphere with a radius one-half the diagonal of the unit
voxel. In the FreeSurfer process, all data are sub-sampled to a unit of
side 1 mm giving a limit of resolution of ¥2/2 mm, equivalent to a ra-
dius of curvature of 1.41 mm~! (Pienaar et al., 2008; Ronan et al.,
2011). Although surfaces are reconstructed at a sub-voxel scale
(being continuous), this value represents the threshold of reliable
curvature values. The principle curvatures are filtered by setting to
zero all values which exceed the limiting threshold. After filtering
the principle curvature values are then re-multiplied to generate a fil-
tered intrinsic curvature per vertex and a filtered mean curvature per
vertex of the cortical reconstruction. Only non-zero intrinsic and
mean curvature values are subsequently analyzed.

The reliability of this process was previously investigated. As de-
tailed elsewhere (Ronan et al.,, 2011), vertex-based measures may
be susceptible to artifacts due to local surface quantization effects
such as the number of triangles which comprise a vertex. To investi-
gate the sensitivity of intrinsic curvature measures to these effects
we applied surface decimation to cortical reconstructions of two spe-
cies (humans and chimpanzees) to determine whether the distribu-
tion of intrinsic curvature skew is robust to changes in how the
surface is quantized. The results of our analysis indicated that
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intrinsic curvature was sensitive to morphological differences be-
tween species over several different surface decimation levels.

B. Curvature skew

The use of skew rather than average curvature is prompted by the
interaction between the effect of size and the effect of differential ex-
pansion on the distribution of curvature values across a surface. To illus-
trate: consider a brain that is increasing in size. This increase acts to
decrease the average intrinsic curvature analogous to the way in which
a large sphere will have a lower degree of intrinsic curvature than a
small sphere. However because the surface does not expand uniformly
(because it is not a uniform structure and undergoes differential growth
rates), this means that the degree of differential expansion increases. By
definition this also means that the degree of intrinsic curvature increases.
Importantly because this change is differential, it implies that the distri-
bution of curvature shapes changes, with proportionately more extreme
curvature shapes generated. This change in proportion of curvature
shapes favoring more highly-curved shapes acts to increase the average
intrinsic curvature. Thus the value of average intrinsic is a combination
of the overall brain size increase and surface area expansion which each
act in opposite ways on the average intrinsic curvature value.

To avoid this ambiguity we quantify the skew of the intrinsic cur-
vature distribution which reflects only the distribution of curvature
shapes and hence can be considered to reflect the degree of differen-
tial expansion.

In the cortex the distributions of positive and negative intrinsic cur-
vatures have been demonstrated to be heavily skewed to favor modest
degrees of expansion. In other words, by the definition of skew, the me-
dian of the distribution is below the average value. As the distribution
changes to reflect proportionately more shapes with an increasing de-
gree of intrinsic curvature, there are more values approaching the
mean intrinsic curvature and hence the skew is said to decrease (note
a distribution has no skew when the median equals the mean). Thus
under the hypothesis that intrinsic curvature is a morphological marker
of differential expansion, increases in the degree of differential expan-
sion are reflected in less skew of the intrinsic curvature distribution.

These arguments are equally applicable to mean curvature which
also has a heavily skewed distribution favoring proportionately
fewer sharply folded shapes. Thus mean curvature skew is reported
rather than absolute values of mean curvature.
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