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Abstract

Background—A systematic study of cortical surface parameters in adolescent offspring of
schizophrenia subjects before clinical manifestation could clarify neurodevelopmental antecedents
of increased genetic risk. We examined these measures obtained on structural magnetic resonance
imaging (MRI) scans at baseline and one year on a series of offspring and healthy subjects.

Methods—We measured cortical surface area, curvature and thickness using BRAINS2 on
structural MRI scans acquired using 1.5T GE whole body scanner on all subjects. We examined the
differences between study groups at baseline using mixed effects models, and longitudinal trajectory
of these measures using linear mixed effects models.

Results—At baseline, offspring of schizophrenia parents showed reduced gyral surface area in the
fronto-parietal lobes along with increased sulcal curvature and parietal gyral cortical thinning
compared to healthy subjects. Prospective follow up of these subjects for one year showed shrinking
of the total surface area, especially in the bilateral frontal and occipital regions along with preservation
of cortical thickness among offspring of schizophrenia parents whereas healthy subjects showed
preserved or increased surface area and cortical thinning. Correlation of these measures with lobar
volumes were not observed at baseline cross-sectional comparisons but were observed in longitudinal
examinations.

Discussion—Our observations suggest that adolescents with genetically elevated risk for
schizophrenia show altered cortical surface measures affecting cortical surface area and thickness
differentially suggesting a divergent trajectory of neurodevelopment. Cortical surface measures
appear to be more sensitive to genetic liability to schizophrenia compared to volumetric measures.
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1. Introduction

Schizophrenia is proposed to be a neurodevelopmental disorder (Murray and Lewis 1987;
Weinberger 1987). The genetic factors significantly contribute to its risk (Gottesman and
Shields 1966). In majority of cases, it is proposed that the pathophysiological processes may
begin much before the clinical manifestation, possibly in the prenatal life (Murray and Lewis
1987; Weinberger 1987). Examining the first-degree relatives of schizophrenia probands
before the illness onset could potentially provide neurobiological data that may be relatively
less affected by the clinical phenotype (Diwadkar et al. 2004; Gottesman and Shields 1973;
Gottesman 1991). Such data could prove valuable to identify reliable intermediate phenotypes
because first degree relatives have approximately 10 times higher risk for developing
schizophrenia compared to the general population. Such reliable intermediate phenotypes may
be used to conduct a prospective evaluation to delineate their developmental trajectory and
possibly the pathophysiological pathways.

Altered regional brain volumes have been reported among the offspring subjects (Job et al.
2005; Keshavan et al. 1997; Lawrie et al. 1999). Volumetric measures may not reveal
abnormalities in neurodevelopmentally relevant characteristics in the cortex, such as cortical
thickness, curvature or surface area. Such alterations could better depict abnormalities in brain
development that may have implications for its function. The importance of examining cortical
surface maps among individuals genetically at an elevated risk for schizophrenia is supported
by significant correlations of the entire cortex and global cortical surface area, especially in
the association cortices with genetic factors (Schmitt et al. 2009). In a related study, the same
group found substantial heterogeneity in heritability between the cortical regions; the strongest
being the frontal region followed in a descending order by the temporal, parietal and occipital
regions (Schmitt et al. 2008). Further, heritable reductions in cortical thickness were observed
among schizophrenia subjects; however, the reduction in thickness among siblings of
schizophrenia subjects did not reach statistical significance (Goldman et al. 2009). These
authors suggest that the cortical thickness may not be a strong intermediate phenotype.
Therefore, examining the cortical surface patterns that includes surface area, curvature and
thickness together and their developmental trajectory could provide better insight into the brain
development among these subjects.

Examination of cortical surface parameters using magnetic resonance imaging (MRI) offers
the advantage of unravelling the dynamic changes in an in vivo environment. Thinning of the
anterior, subcallosal, and rostral cingulate along with paracingulate regions predicted
development of psychosis among the “ultra-high risk” subjects (Fornito et al. 2008). This
suggests predictive ability of region-specific surface parameter changes in this population.
Unaffected adult first degree relatives of schizophrenia demonstrated reversed asymmetry of
sulcal thickness (Goghari et al. 2007a) and cortical surface area (Goghari et al. 2007b) in the
cingulate and the superior temporal cortex. Another study on “ultra-high risk” subjects
observed ‘contraction’ of the right dorsolateral prefrontal cortical surface area over 1 year
among those who developed psychosis (converters) compared to those who did not (non-
converters) (Sun et al. 2009.). There is paucity of both cross-sectional and longitudinal studies
on unaffected adolescent offspring of schizophrenia subjects.

Normal cortical development appears to follow a predictable pattern and trajectory of changes.
Deviations in this pattern and trajectory may suggest abnormal neurodevelopment. During the
fetal development, cortical gyration and sulcation proceeds in stages where frontoparietal
region near the central sulcus and medial occipital regions show the first gyral and sulcal
formation followed by the parietal, occipital and posterior temporal, and then by the
frontobasal, anterior frontal and anterior temporal regions (van der Knaap et al. 1996). Dynamic
mapping using MRI scans showed that the cortical maturation progressed from lower order
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cortices to the higher order association areas, and from phylogenetically older areas to the
newer ones among healthy subjects (Gogtay et al. 2004). Using the same method, schizophrenia
subjects showed grey matter loss that spread from parietal to prefrontal and temporal regions
compared to healthy subjects (Thompson et al. 2001b). Longitudinal imaging studies on adult
schizophrenia subjects observed a progressive loss of grey matter in the frontal (Gur et al.
1998) and temporal (Lieberman et al. 2005; Nakamura et al. 2007) regions. Such observations
among individuals at elevated risk for schizophrenia could provide useful data on the trajectory
of in vivo neurobiological markers leading up to clinical manifestation.

Among the cortical surface measures, cortical surface area, thickness and curvature may
comprehensively reflect the course of neurodevelopment. Brain development is a complex
process involving several overlapping phases of neuronal proliferation, neuronal migration,
differentiation, synaptogenesis, myelination, synaptic pruning, and plasticity that may last well
into late adulthood. One proposal for the formation of cortical gyration posits that variations
in axonal tension during the formation of cortico-cortical connections determine the number
and shape of the neuronal cells (Hilgetag and Barbas 2005; Van Essen 1997). The human
cerebral cortex is an extensively folded sheet of neuropil with more than 50% buried within
the sulci. Disruption of corticocortical connectivity associated with variations in the
gyrification pattern (Rakic 1988) may be reflected in the above measures. Further, neurons
localized to the gyral and sulcal cortical layers may be morphologically different (Rakic
1988; Sisodiya et al. 2000); therefore, examining the gyral and sulcal measures may provide
additional clues.

In this study, we examined cortical surface area, curvatures, and thickness in a well
characterized cohort of offspring of probands with schizophrenia/schizoaffective disorder in
comparison to matched healthy subjects. We tested the following hypotheses: (1) the cortical
surface area, thickness and curvature will be reduced among offspring compared to healthy
subjects, (2) such reductions will be more prominent in the frontal and temporal lobes, and (3)
the study groups follow different trajectories of cortical development.

2. Methods

2.1. Clinical Evaluation

Thirty-one individuals between ages 10 and 20 (12 males and 19 females, mean age 16.26+2.76
years) with at least one parent diagnosed with schizophrenia/schizoaffective disorder were
included in this study. Parents were administered the Structured Clinical Interview for DSM
IV diagnoses (SCID-I) (First 1997) to confirm the diagnoses. We ascertained the diagnoses
using DSM-IV criteria at consensus conference meetings attended by senior clinicians (MSK,
KMP, DM). The participants were identified at the Western Psychiatric Institute and Clinic
(WPIC), Pittsburgh. Offspring of schizophrenia parents with a lifetime history of DSM-1V
diagnosis of a psychotic disorder (e.g. schizophrenia, schizophreniform illness or
schizoaffective disorder), mental retardation, significant head injury, significant history of or
current medical or neurological illness were excluded. Among the high risk subjects, 19 had
no psychiatric diagnoses while others were diagnosed with axis | disorder (major depression
7, ADHD 2, PTSD 2 and cannabis abuse 1). The mean age at onset of psychotic episode among
parents was 24.66+8.69 years after excluding 7 parents on whom we did not have the age of
onset. Age of onset is defined as age at which first psychotic symptom was experienced. Of
these parents 19 parents were diagnosed with schizophrenia and the rest had schizoaffective
disorder. Thirty-three healthy comparison subjects (14 males and 19 females; mean age 17.20
+3.81 years) were also recruited from the same neighborhoods as the offspring. The groups
did not differ significantly in the age (t=1.13, p=0.26) or gender distribution (x2=0.09, p=0.76).
None of the healthy subjects had an axis | disorder. There were 15 Caucasians among offspring
and 17 among healthy subjects (x2=12.28, p=0.001). Subjects (both offspring and healthy
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subjects) with current substance use disorder were excluded from the study. Subjects from both
groups were evaluated by using the Structured Clinical Interview for DSM-IV Axis | Disorders
(SCID-I) (First 1997), supplemented by the Behavioral Disorders sections of the K-SADS
(Kaufman et al. 2000). All subjects provided written informed consent following full
description of the studies. The parent or guardian also provided informed consent for subjects
aged less than 18 years, and the subjects provided assent. All experimental protocols were
approved by the University of Pittsburgh Institutional Review Board.

2.2. Imaging Methods

MRI scans were acquired on GE 1.5T whole body scanner. All scans were acquired using 3-
dimension spoiled gradient recalled (3D SPGR) acquisition in the steady state pulse sequence.
One hundred twenty four 1.5 mm thick contiguous images were acquired in the coronal section
perpendicular to the AC-PC line (TE=5 m sec, TR=25 m sec, acquisition matrix=256 x 192).
Scans with motion artifacts were not included in the analysis.

We used BRAINS2 package to conduct post-processing of the MRI scans (Magnotta et al.
2002). All images were resampled to 1 mm slices and realigned along the AC-PC line. T2 and
proton density (PD) images were co-registered to the T1 images using the automatic image
registration (AIR) algorithm. All images were segmented into grey, white and CSF (k>0.95).
Using the built-in surface generation algorithm, cortical surface parameters were measured
(Magnotta et al. 1999; Magnotta et al. 2002). This program generates surfaces for each
hemisphere separately after removing cerebellum and brain stem. A triangle isosurface is
generated similar to marching cubes algorithm. The program initially can place more than
300,000 triangles that are then decimated to about 100,000 using built-in algorithms. The
surface program of the BRAINS2 package generates triangle isosurfaces to measure area at
pixel intensity of 130 that represents pure grey matter — parametric center of grey matter
intensity (Imaging Lab lowa Neuroimaging Center 2006). This method erodes 50% of the grey
matter that allows the measurements to reach the cortical depths and also eliminate the problem
of “buried cortex” where the pixel from the one side of the gyral grey matter touches that from
the other side. During the process of surface generation, curvature, area and thickness are
computed. While running this program, each scan was visually inspected to insure that all lobes
were parsed and separated with good quality. Specifically, we inspected the generated surfaces
for intrusion into other hemispheres and cerebellum, poor midline alignment, traces missing
in a slice, and misclassification of sulci and gyri. We also inspected the measured surface data
for outliers and such scans were rerun to fix the problems. This method has been validated
using phantom images of two simple geometrical structures (a sphere and a cube) with
acceptable variations. Similarly, reliability has been tested by rescanning the same individual
two weeks later (Magnotta et al. 1999; Magnotta et al. 2002). Although surface area and
thickness can be intuitively conceived, the measurement of curvature merits more description.
A curvature is defined as the reciprocal of the radius of the smallest imaginary circle that fits
a given curvature. Therefore, as the radius of the ‘inserted circle’ increases, the curvature
decreases and vice versa as shown in fig 1.

Lobar volumes were measured using lobar masks defined in the Wake Forest University
PickAtlas (Maldjian et al. 2003) program within the Statistical Parametric Mapping, version
5 (SPM5) (http://www.fil.ion.ucl.ac.uk/spm/software/spm5/). This semi-automated method of
measuring the volumes provides grey, white and cerebrospinal fluid (CSF) volumes of each
lobe separately. We used the combined volumes of grey, white and CSF volumes to calculate
the total volumes of each lobe, which was used in examining the convergence of changes in
surface parameters with lobar volumes.
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2.3. Statistical plan

We first examined the total surface area for the entire brain between the study groups. We did
not examine the curvature and thickness for the entire brain because mean curvatures and
thickness for the entire brain is difficult to interpret. Next, we examined the surface area,
cortical curvature and thickness using mixed models and examined the group effect, group x
type (gyral or sulcal), group by hemisphere and group % lobe x hemisphere interactions. To
examine alterations in these cortical measures over the follow up period, we compared baseline
and one year follow up data using linear mixed-effects models. Older individuals consistently
had less brain curvature (all p <.070), with the exception of occipital lobe curvature. In addition,
older individuals had consistently less brain density for all lobes examined (all p < 0.004). Sex
effects were observed for frontal, parietal, and temporal surface area (all p <0.076), with males
demonstrating greater surface area in these regions. As such, all models included age and
gender as covariates. We used both Cohen’s d and r to report effect sizes.

3. Results

The results are presented for baseline cross-sectional analyses followed by changes in
longitudinal measures. The latter also includes differences observed cross-sectionally at year
1.

3.1 Overview of the results of baseline cross-sectional measures

The total surface area of the brain did not differ significantly between the two groups (Healthy
Subjects, 1758.31 + 164.40 cm?; offspring, 1729.88 + 161.04 cm?; F(1, 64)=0.4, p=0.5, NS).
The main effect of study group was observed on the parietal lobe gyral curvature (p=0.02). We
observed group by type interaction at the frontal and parietal surface areas, and parietal cortical
thickness. We did not observe significant differences in the group by hemisphere and group
by lobe by hemisphere interactions on any of the surface measures (Table 1).

3.1.1 Frontal lobe—We observed a significant group by type interaction (p=0.027) for the
surface area with a small effect size (Cohen’s d=0.24, r=0.11). Frontal gyral surface area was
reduced among offspring of schizophrenia parents compared to healthy control subjects.
Further the main effect of group, and group by type interaction on the curvature showed trend
toward significance. Frontal curvature was increased (p=0.096) at the sulcal regions (p=0.073)
among offspring compared to healthy subjects. There were no differences in the frontal lobe
cortical thickness. The reduction in the gyral surface area was approximately 2.5% among the
offspring compared to controls at baseline (Table 1). No significant differences were observed
in the frontal grey matter volume between the groups at baseline.

3.1.2. Parietal lobe—We observed significant group by type interactions on all three surface
parameters surface area p=0.001; curvature p<0.001; thickness p=0.005). Gyral surface area
and gyral cortical thickness were reduced by 8.6% and 4.5%, respectively among offspring
compared to controls. Sulcal curvature was increased by 3.75% among the offspring compared
to controls. The effect sizes were medium for the surface area (Cohen’s d=0.64, r=0.31) and
curvature (Cohen’s d=0.57, r=0.27) whereas it was small for the thickness (Cohen’s d=0.31,
r=0.15). We did not observe a significant main effect of study groups, group by hemisphere
or group by hemisphere by type interactions (Table 1). No differences were observed between
groups in parietal gray matter volume at baseline.

3.1.3. Temporal lobe—We observed a significant group by type interaction at the sulcal
curvature (p=0.006) with a reduced sulcal curvature (6.25%) among offspring compared to
controls. The effect size was medium (Cohen’s d=0.50, r=0.24). We did not observe a main
effect of study groups, or significant group by hemisphere or group by type by hemisphere
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interactions (Table 1). In addition, no baseline differences were observed between groups in
temporal gray matter volume.

3.1.4 Occipital lobe—We did not observe main effect of group or significant effect of
interactions on any of the baseline surface or grey matter volume measurements (Table 1).

3.2. Longitudinal trajectory of cortical measures

Of the 64 subjects at baseline, 31 subjects were followed up at one year (offspring=16, healthy
subjects=15). We did not observe differences in demographic, clinical and cortical surface
parameters between those who were followed up and those who were not. The total brain
surface area across the four lobes showed a significant change over time between the two
groups, with high risk subjects showing greater reductions in total surface area by 1.4%
compared to healthy subjects (F=5.40, p=0.021) after adjusting for age and gender. The
declining trajectory in surface area resulted in significantly less cortical surface area in high
risk subjects at follow-up (F=7.34, p=0.012). No interactions with brain hemisphere or other
changes were observed in surface area between high risk and healthy subjects.

3.2.1 Frontal lobe—We observed bilateral frontal lobe surface area loss (F=7.26, p=0.008)
among offspring of schizophrenia subjects compared to healthy subjects across both sulcal and
gyral measures, resulting in smaller surface area by 8% in offspring compared to healthy
subjects at follow-up (F=5.36, p=0.028) (Fig 2). Similarly, bilateral frontal lobe cortical
thickness (F=18.75, p<0.001) showed highly significant differential changes across gyral and
sulcal measurements, with offspring of schizophrenia parents demonstrating a maintenance or
slight increase in thickness and healthy subjects demonstrating slightly decreased cortical
thickness by 8.4% over time (Fig. 1). No significant interactions with hemisphere were
observed. No significant difference in cortical thickness was observed at follow-up in these
lobes.

3.2.2 Parietal lobe—showed thinning of cortex bilaterally (F=15.28, p<0.001) across both
gyral and sulcal measurements, with offspring demonstrating a maintenance or slight increase
in thickness and healthy subjects demonstrating decreases in cortical thickness by 5% over 1
year (Fig 1). No significant interactions with hemisphere or significant differences at follow-
up were observed.

3.2.3 Temporal lobe—Bilateral temporal lobe cortical thickness (F=12.80, p<0.001)
showed highly significant differential changes across gyral and sulcal measurements, with high
risk subjects demonstrating a maintenance or slight increase in thickness and healthy subjects
demonstrating decreases in cortical thickness by 6.8% in these regions over time (Fig 1). No
significant interactions with hemisphere were observed. While significant differential changes
were observed in thickness between high risk and healthy subjects, no significant differences
at follow-up were observed. Only the left temporal sulcal mean curvature demonstrated
differential change over time, with high risk subjects showing increased curvature during the
year of study (F=4.16, p=0.043). In addition, at follow-up, high risk subjects demonstrated
overall greater bilateral curvature in the temporal lobe compared to controls (F=5.14, p=0.032).

3.2.4 Occipital lobe—The occipital lobe surface (F=4.10, p=0.045) showed significant
longitudinal surface area loss by 6.7% in high risk subjects compared to healthy subjects across
both sulcal and gyral measures, resulting in smaller surface area by 7.9% in high risk subjects
compared to healthy subjects at follow-up (F=4.51, p=0.043) (Fig 1). No interactions with
brain hemisphere or other changes were observed in surface area between high risk and healthy
subjects.
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With regard to longitudinal volumetric changes, high risk subjects demonstrated significant
differential loss of gray matter in all lobes examined compared to healthy subjects in the frontal
(F=5.44, p=0.022), parietal (F=10.67, p=0.002), temporal (F=13.98, p<0.001) and occipital
(F=9.14, p=0.003) lobes. However, cross-sectionally at follow-up, only occipital (F=6.91,
p=0.014) and temporal (F=6.47, p=0.014) lobes demonstrated significant cross-sectional
reductions in controls but not high risk subjects.

4. Discussion

The main findings of our study are a reduction in surface area along with preservation or slight
increase in cortical thickness among high risk subjects compared to healthy subjects. Reduction
in cortical surface area among high risk subjects was more prominently seen in the fronto-
parietal lobes whereas thickness was preserved in the frontal, parietal and temporal lobes.
Similar observations among schizophrenia subjects (Giedd et al. 1999; Gogtay et al. 2004)
suggest that such reductions may predate the illness. These findings provide clues to detectable
developmental brain alterations and their short term progression before the onset of the illness
among those at genetically elevated risk for schizophrenia/schizoaffective disorder.
Interestingly, correlations of surface parameters with volumes was observed for longitudinal
changes but not for cross-sectional comparisons suggesting that the cortical surface parameters
may be more sensitive indicators of genetic susceptibility to schizophrenia.

Examination of cortical surface parameters in a neurodevelopmental disorder such as
schizophrenia provides important clues to the cortical development. We observed significant
changes in all three surface parameters; cross-sectionally there were more widespread changes
in the surface area and curvature at baseline whereas longitudinally shrinking of surface area
associated with relative preservation of thickness among high risk subjects was noted. This
could be because cortex tends to grow tangentially as opposed to radially. Evolutionary data
suggests that the human cortex is estimated to have increased by more than 1000 times whereas
the thickness has grown by 2-3 times (Price 2004). Such observations are important because
cortical gyration is an intrinsic property of the growing brain and not a result of non-specific
mechanical constraints of a rigid skull box. This is supported by studies that noted folding of
the cortex in cultured hemispheres of mice in the absence of mechanical constraints of skull
with the application of lipophosphatidic acid (LPA) to embryonic mouse hemispheres
(Kingsbury et al. 2003). Expression of a stabilized form of p-catenin in CNS progenitor cells
of transgenic mice increased the cortical surface area and induced cortical folding (Chenn and
Walsh 2002, 2003). Differential growth of inner and outer cortical layers has also been
associated with cortical gyration (Richman et al., 1975). Besides, folding of the cortex may be
heritable because individual variations of several gyri and sulci are minimal, and does not
appear to be random (Cheverud et al. 1990; Eckert et al. 2002). Thus, individuals genetically
at an elevated risk for schizophrenia may be more vulnerable to preservation or expansion of
the surface area.

Our observations of reduced gyral and sulcal surface area and increased curvatures in different
lobes at baseline are intriguing. Although changes in surface area are relatively easier to
conceptualize, changes in curvature merit description (Fig 1). In this study, with decreased
gyral surface area, one would expect a decreased sulcal curvature if the pathology were to
affect the cortical layers uniformly. Further, relatively preserved gyral curvature along with
significant changes in sulcal curvature suggests that the pathology may affect gyral and sulcal
layers differentially. Systematic studies examining variations of neuronal receptor density and
morphology along the sulcogyral extent are sparse in the literature. One study that examined
the variations in the distribution of glutamatergic NMDA receptors along the sulcogyral regions
reported an increased immunoreactivity in lamina Il and 11 in the gyral crown and gyral lips
whereas it was barely detectable in the sulcus (Sisodiya et al. 2000). The same study observed
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that some individuals showed immunoreactivity in layers V and V1 of the sulcus but not the
gyral crowns. These authors rule out that these observations may be due to the section
orientation, edge effects or other methodological differences. This differential distribution of
NMDA receptors along the sulcogyral extent may assume significance during
neurodevelopment because glutamate transmission has been associated with proper neuronal
migration and axonal guidance (Rio et al. 1997;Yau et al. 2003). Taken together, altered
neuronal migration possibly mediated by glutamate transmission may underlie such
observations.

The progression of cortical surface parameters during adolescence could provide additional
clues to the trajectory of neurobiological changes leading up to the clinical manifestation of
schizophrenia. Fetal developmental data reviewed earlier (van der Knaap et al. 1996), dynamic
mapping of healthy subjects (Gogtay et al. 2004) and longitudinal imaging of schizophrenia
subjects (Gur et al. 1998; Lieberman et al. 2005; Nakamura et al. 2007) suggest a relatively
predictable pattern of neurodevelopment. Our observations of differing trajectories in the
surface area and curvature over a relatively short period of follow up among offspring and
healthy subjects suggest an altered trajectory of neurodevelopment in the study groups (Fig 2).
Taking the observations at baseline and follow up together, there were differences in the
progression of cortical surface characteristics. Frontal and parietal surface areas showed
reductions at baseline but only frontal lobe continued to show decreases at follow up. This
could suggest that the fronto-parietal surface areas may start to show reduction earlier than 16
years age, and only frontal lobe continues to show ‘shrinking” of surface area. In contrast,
surface measures of the occipital lobe were not different at baseline but started to show
progressive reduction over 1 year.

Compared to this pattern, healthy subjects showed either an increase or preservation of surface
characteristics in these regions suggesting different trajectories of neurodevelopment in the
groups. In contrast, we observed cortical thinning only in the parietal gyral regions at baseline.
However, the longitudinal trajectory showed that the thickness remained almost the same
whereas healthy subjects were showing thinning. These observations suggest that while healthy
adolescents show increasing neuropil endowments through expanding the cortical surface area
along with cortical thinning offspring show shrinking of surface area while maintaining the
cortical thickness. Regardless of the mechanism, these observations suggest a divergent
trajectory of neurodevelopment.

MRI volumetric and post-mortem studies support this. MRI volumetric studies on healthy
children and adolescents have noted that the grey matter volume peaked in the frontal and
parietal lobes at about 12 years of age and temporal lobe at 16 years among healthy children
and adolescents after which a reduction was observed (Giedd et al. 1999). Another MRI study
noted similar pattern of grey matter loss starting from the dorsal parietal and sensorimotor
regions that spread laterally and caudally to the temporal cortices and anteriorly to the
dorsolateral prefrontal regions (Gogtay et al. 2004). Phosphorus (31P) magnetic resonance
spectroscopy (MRS) - a non-invasive technique that provides in vivo data on synaptic/dendritic
dynamics - studies on young relatives of subjects with schizophrenia have reported decreased
freely-mobile phosphomonoesters (free-PME) and increased freely-mobile phosphodiesters
(free-PDE) (Keshavan et al. 2003). Subjects with schizophrenia showed similar abnormalities
in membrane phospholipid metabolism in the prefrontal cortex (Pettegrew et al. 1991). PMEs
reflect the membrane phospholipid precursors and PDEs represent the breakdown products.
Higher free-PME are observed during the time and site of neuritic sprouting whereas elevated
free-PDEs are observed at the site and time of neuronal membrane breakdown (Geddes et al.
1997). A longitudinal developmental study noted a positive correlation of the PME/PDE ratio
with grey matter volumes in healthy children and adolescents (Goldstein et al. 2009) supporting
these observations. Thus, the pattern observed in the above 31P spectroscopy studies suggests
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an increased breakdown and decreased synthesis of membrane phospholipid that may suggest
increased synaptic pruning; however, the contribution of other neuronal events such as
decreased neuronal size cannot be ruled out. Additional support for such a possibility comes
from postmortem studies that have reported a phase of net synaptic elimination to start in the
auditory cortex that ends by 12 years of age whereas in the prefrontal cortex, it was observed
to extend into mid-adolescence (Huttenlocher 1979; Huttenlocher and Dabholkar 1997).
Furthermore, decreased spine density (Garey et al. 1998; Glantz and Lewis 2000), increased
neuronal density in area 9 (Selemon et al. 1995) and 46 (Selemon et al. 1998) associated with
smaller neuronal somal size in 9 (Selemon et al. 1995) and area 46 (Rajkowska and Goldman-
Rakic 1995a, b) have been noted in subjects with schizophrenia. Taking the MRI and post-
mortem studies together, our observations suggest that subjects at an elevated risk for
schizophrenia show significant reduction in neuropil density in certain regions of the cortex
over a 1-year follow up. Given the mean age of offspring and healthy subjects in our sample,
such reductions may be due to an early start of synaptic pruning or increased pruning among
the offspring of schizophrenia/schizoaffective disorder probands compared to healthy subjects.

Our observations on the correlation of surface area measures with lobar volumes merit
discussion. While the lobar volumes showed reductions, cortical surface parameters showed
more extensive alterations that correlated with the pattern observed in previous studies (Gogtay
et al. 2004; Schmitt et al. 2008; Thompson et al. 2001a). This may suggest that the extent of
subtler neurodevelopmental changes may not be detectable by gross volumetric changes
supporting our earlier premise that the cortical surface measurements may be more useful.

Some of the strengths of our study are the use of a comprehensive set of cortical surface
parameters in young individuals genetically at an elevated risk for schizophrenia before the
clinical manifestation of psychosis. We have examined the baseline differences as well as the
longitudinal trajectory of these measures that show convergent results. Some weaknesses of
the study include a relatively smaller sample size for longitudinal comparisons that was mainly
due to the fact that this is an ongoing study. In addition, we have used lobar measures that may
not reveal differences at key brain regions involved in processing specific cognitive functions.

In summary, we report that offspring of schizophrenia parents show systematic differences in
cortical surface area and thickness compared to healthy subjects. In addition, the trajectory of
cortical development was different among offspring and healthy subjects during a short term
follow up. Examining associations between neurobiological changes, and neuropsychological
and behavioral data could provide better insights into the contribution of these neurobiological
changes to the clinical manifestation of schizophrenia. Incorporating neuropsychological and
behavioral data along with cortical measures could help in formulating a data-driven “close-
in” approach to identify ultra-high risk subjects who develop schizophrenia later in their lives.
Such an approach could potentially provide clues to develop preventive interventions. One of
our preliminary studies that incorporated neuropsychological, psychopathological and MRI
data demonstrates such an attempt (Eack et al. 2008). Longer term follow-up of these cortical
changes along with neuropsychological performance and prodromal symptoms could clarify
the bio-behavioral evolution of schizophrenia.
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Fig 1.

Depiction of measurement of curvature and its relationship with area. Gyral surface areas were
cortical laminae starting at half the distance between the deepest part of the sulcus to the tip of
the gyrus and traversing the gyral peak. Similarly, sulcal surface areas started midpoint between
the deepest part of the sulcus and the tip of the gyrus traversing the sulcus. Curvature (k) is the
reciprocal of the radius of the smallest imaginary circle inserted into the sulcal or gyral
curvature. Upper figure with an imaginary circle of a radius r has curvature k=1/r and the lower
curvature k'=1/r’. Assuming r>r’, the curvature of the upper figure is decreased compared to
that of the lower figure.

Schizophr Res. Author manuscript; available in PMC 2011 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Prasad et al.

Surtace Area

wChrerss

440

430 438

42

235

Page 14
Total Frontal Occipital
= . 8
{-o— HA & Y r
-& - CONTROL © =
— e - F.AN
e o o ™
; R
a 2 < 18 = N\
s ~ - e \
2 - < g A
g o 2 »,
f+ = 1 < N\,
i 3 - "
g d o
o 2 S — =
O — = —— 2
i £ —
T y T
)
Your Your Youu
Frontal Temporal Parietal
a - = a
~
UL, S 2 -
C ‘_/
2 1 . ® X
# § o >
: 4
£ — £ B
a - o
| =
T ] T T
Year Year Yen
Fig 2.

Progression of cortical surface areas over one year follow up among offspring and healthy
subjects. Graphs show that the healthy subjects show increase or preservation of surface area
while offspring consistently show a decrease in the frontal and occipital lobes.
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