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Abstract
Background—Neuroanatomic studies have not yet addressed how subtle phenotypic distinctions
in psychosis alter the underlying brain changes, and whether there is evidence for psychosis as a
dimensional construct. We explored the relationship of cortical GM thickness to psychotic
phenotypes in children.

Methods—Cross-sectional comparison of anatomic brain imaging between patients referred as
childhood-onset schizophrenia (COS) but ruled out after a drug free inpatient observation. Groups
included: patients with no evidence of psychosis (n=22) after drug free observation, patients with
psychosis not otherwise specified (PNOS; total n=29) further divided into those without other axis
I diagnoses (n=13) and those with other axis I comorbidities (n=16), age/sex matched COS
patients (n=48), and 51 matched healthy controls. GM cortical thickness was compared between
the groups, and regressed on patients’ SAPS, SANS and GAS scores.

Results—Patients with no evidence of psychosis showed no cortical GM deficits. Presence of
psychosis (PNOS with or without co-morbidities) showed some areas of temporal and prefrontal
deficits, more subtle compared to the extensive bilateral cortical deficits seen for COS. GAS
SAPS and SANS scores showed a relationship with cortical GM thickness although it did not
survive adjustment for multiple comparisons.

Conclusions—These results highlight the need for careful phenotypic characterization, as subtle
diagnostic distinctions appear to reflect distinct underlying patterns of brain deficits. The
incremental nature of cortical deficits from no psychosis to PNOS to COS may further support
dimensional model for psychosis.
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Introduction
Anatomic magnetic resonance imaging (MRI) studies in schizophrenia have established
structural brain deficits including reduced cortical gray matter (GM) volume, lateral
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ventricular enlargement (Ho et al., 2003; Wright et al., 2000), reduced volumes of the
superior temporal gyrus (STG)(Barta et al., 1990) and medial temporal lobe structures
(Shenton et al., 2001). These cortical GM deficits are more pronounced in childhood-onset
schizophrenia (COS) which, defined as onset of psychosis before age 13, is a rare, severe,
and treatment-refractory form of adult onset schizophrenia (AOS)(Rapoport and Gogtay,
2008). COS shows an exaggerated pattern of the normal GM maturational trajectory which
appears as a wave of parieto-frontal GM loss during adolescence (Gogtay et al., 2004;
Thompson et al., 2001) that merges into the AOS pattern of prefrontal and temporal GM
deficits as these patients become young adults(Greenstein et al., 2006).

Epidemiologic studies show that psychotic symptoms are surprisingly common in non-
schizophrenic clinical samples (Biederman et al., 2004; Garralda, 1984; Ulloa et al., 2000)
as well as in otherwise healthy children (McGee et al., 2000; Scott et al., 2009; Yoshizumi et
al., 2004) with some reports of psychotic symptoms in as many as 19% otherwise healthy
children by age 12 (Johns et al., 2004; Polanczyk et al., 2010; van Os et al., 2009; Wiles et
al., 2006). Furthermore, psychotic symptoms in adults (van Os et al., 2009) and in
children(Polanczyk et al., 2010), appear to be associated with the same risk factors for
schizophrenia and other psychotic disorders (Lataster et al., 2009; Polanczyk et al., 2010).
These findings have increasingly raised the possibility that psychosis could be a dimensional
rather than a categorical construct as currently described (Dutta et al., 2007).

The diagnostic specificity and dimensionality of brain abnormalities associated with
psychotic symptoms, however, has not been explored. If psychosis is indeed a dimensional
construct, then it is possible that the underlying brain abnormalities may reflect the presence
or absence of psychosis as well as the severity of psychosis. Existing literature provides
some evidence. GM deficits in COS, with a more severe phenotype, are more profound
compared to the adult onset illness (Gogate et al., 2001). In adults, studies on bipolar I
disorder that include patients who have psychotic symptoms (Lopez-Larson et al., 2002;
Takahashi et al., 2009; Tost et al.) also show fronto-temporal GM abnormalities as seen in
schizophrenia, while studies on non psychotic bipolar patients show no cortical GM
abnormalities (Koo et al., 2008; McDonald et al., 2006; Scherk et al., 2008). Similarly, more
recent early psychosis studies also support the psychosis continuum as patients with milder/
prodromal phases of psychosis appear to show some subtle functional (Fusar-Poli et al.;
Fusar-Poli et al.) and structural(Fusar-Poli et al.; Fusar-Poli et al.) alterations in fronto-
striatal circuits.

Here we compare regional cortical GM thickness for three unique groups of pediatric
patients referred for evaluation for childhood onset schizophrenia, but excluded after an
inpatient medication free diagnostic observation. In the NIMH COS study, the COS
diagnosis is finalized after an inpatient evaluation that usually includes medication washout
with up to three week drug-free observation. We have used three subgroups of ‘ruled out’
patients as follows: i) those who show no evidence of psychosis after inpatient evaluation
but have other axis I diagnosis (e.g. anxiety disorder etc), ii) those who show transient, mild
psychotic symptoms (and received the label psychosis not otherwise specified (PNOS)) but
had no other axis I diagnosis, and iii) those who had psychotic symptoms in addition to other
axis I diagnoses (PNOS with comorbidities). Since all these children were originally referred
with the diagnosis of COS, they had similar medication/treatment histories. We also selected
an age/sex matched group of COS patients and a common matched group of healthy
controls, and compared GM cortical thickness across the five groups. We hypothesized that,
if the brain involvement in psychosis was dependent on accurate diagnostic characterization
and if the psychosis was indeed a dimensional construct then; i) the ‘non-psychotic’ ‘rule-
out’ patients would show no GM deficits; and ii) the presence of psychosis in the ‘PNOS’
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groups may result in some cortical GM deficits, most probably in prefrontal and temporal
cortices, that would be less severe than typically seen for COS.

Methods and Materials
Since 1991, out of over 3,000 nationwide referrals, over 200 cases have been admitted for
inpatient evaluation of which 117 to date have received the COS diagnosis, in most cases
after medication washout. The inclusion and exclusion criteria have been described
elsewhere (McKenna et al., 1994). Almost all patients that are offered inpatient observation
undergo a complete medication washout followed by drug free observation up to 3 weeks.
This is done mainly to achieve a diagnostic clarity, and only in rare instances final diagnosis
of COS is offered without a complete washout. Among those that were ruled out as having
schizophrenia, a group of patients showed ‘no evidence’ of psychosis during their entire stay
at the NIMH (n= 22, age: 12.4±2.4). These patients, however, had other Axis I diagnoses
which are shown in Table 1. 29 other patients who were ruled out as having schizophrenia,
did have psychotic symptoms and were given a diagnosis of psychosis not otherwise
specified (PNOS). Of these, 13 (average age: 11.6±2.9) had no other comorbid axis I
diagnoses while 16 (average age: 13.2±2.8) had psychotic symptoms associated with other
axis I diagnoses (see Table 1). In order to evaluate the effect of co-morbidities on brain
development (if any), these two groups were considered separately during the analyses. A
comparison group of age- and sex-matched COS patients (n=48, average age: 12.5±2.2) was
identified from the COS cohort and a sample of healthy controls (n= 51, average age:
12.5±2.2) was identified that matched with the three patient groups. The recruitment details
for healthy controls are described elsewhere (Giedd et al., 1999). The study was approved by
the NIMH institutional review board and written consents and assents were obtained from
parents of minor patients, and patients themselves respectively.

MRI acquisition and analysis
All magnetic resonance scans were obtained on the same 1.5-T GE Signa MRI scanner
(General Electric Medical Systems, Milwaukee, Wisconsin) with previously described
standardized head placement (Giedd et al., 1996). T1-weighted, 3D (256×256×124) fast
spoiled gradient echo volumes were obtained with contiguous 1.5-mm slices in the axial
plane and 2.0-mm slices in the coronal plane. These resolution parameters have been
maintained throughout the study for continuity. Imaging parameters were: echo time of 5ms,
repetition time of 24ms, 45° flip angle, number of excitations equaled 1, acquisition matrix
of 256×192, and 24-cm field of view.

Image analyses were done using a fully automated, validated cortical surface extraction
pipeline (Shaw et al., 2009). MRI scans were registered into standardized stereotaxic space
(MNI-ICBM152 non-linear sixth generation symmetric target) with a nine-parameter linear
transformation and were corrected for non-uniformity artifacts (Sled et al., 1998; Zijdenbos
et al., 2002). Volumes were then divided into gray matter (GM), white matter (WM),
cerebrospinal fluid (CSF), and background using an advanced neural net classifier (Tohka et
al., 2004). The Constrained Laplacian Anatomic Segmentation Using Proximities (CLASP)
surface extraction procedure(Kim et al., 2005) was used to generate surface meshes
determining the WM/GM interface. CT was calculated using the root mean square thickness
between corresponding nodes on the surface meshes in native space. Surface registration
was used to align CT measurements to maximize thickness value in terms of corresponding
gyral patterning between subjects. We used a 30-mm surface based blurring kernel that
maximizes statistical power and minimizes false positives (Lerch and Evans, 2005) for noise
reduction in thickness measurements. CT was then calculated in native space at 40,962
homologous points per hemisphere. Results were projected onto a three-dimensional
template where positive and negative values indicated relative increases and decreases in
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CT, respectively. Parcellation also generates measures of total lobar cortical volume, total
surface area and mean cortical thickness (MCT).

Statistical analysis
Demographic data—Group differences were tested with analyses of variance (ANOVA)
for continuous measures and chi-square tests of independence for categorical measures.
ANOVA assumptions of homogeneity of variance and normality were assessed and data
were visually screened for outliers.

Image Analyses
We used a general linear model to test for cortical thickness differences from controls at
40,962 points in each cerebral hemisphere. The independent variables included group (COS,
PNOS, clean rule-outs, and psychosis with other diagnoses, and healthy controls) age and
sex. Healthy controls were set as the reference group/intercept, and other groups’ differences
from controls were tested with t-tests. A mean cortical thickness value of less than 2.5 mm
was considered unrealistic and 1 scan below this threshold was excluded as an outlier. The
results were then projected onto a brain template to visualize thickness group differences
compared to healthy controls. We used the False Discovery Rate procedure to control for
type I errors and we set the alpha at q=0.05.

To explore the relationships between dimensional measures of psychosis such as illness
severity and cortical thickness, we combined all patient groups and then regressed cortical
thickness on SAPS, SANS and GAS scores (obtained at drug free baseline).

Statistical analyses were performed using R and SPSS version 16.0.

Results
Sample demographics are shown in Table 1.

There were no group differences in age at scan, sex, ethnicity, or handedness; however
results were covaried for age and sex to reduce error variance.

The GM deficit pattern in patient groups compared to matched, common set of controls is
shown in Figure 1. Mean cortical thickness (MCT) per hemisphere was significantly
different across groups and hence MCT was used as a covariate.

As seen in Figure 1, patients who had no evidence of psychosis after the medication washout
had no cortical deficits compared to controls across the entire hemisphere. The children who
had some evidence of psychosis (PNOS) showed mild cortical deficits. When divided
further ‘PNOS only (no other axis I comorbidities)’ sample showed mainly prefrontal (left
superior frontal, and bilateral posterior middle frontal) and temporal (left middle and
inferior, and a small area of right posterior-superior) cortical thinning, qualitatively smaller
compared to those seen for COS. Similarly, the group of ‘PNOS with other comorbidities’
also showed prefrontal (bilateral superior prefrontal) and temporal (bilateral superior, and
right middle temporal) cortical thinning, but additionally also showed some deficits in
parietal cortex and left medial prefrontal cortex. When the two PNOS groups were
combined, the degree or the quality of deficit pattern remained the same with mostly small
areas of prefrontal and temporal deficits. The COS patients, on the other hand, had more
pervasive deficits over prefrontal, parietal and temporal cortices bilaterally as have been
described previously in our other studies(Gogtay, 2008).
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We attempted to quantify cortical GM deficits by calculating the effect size (ES) at each
cortical point (Supplemental Figure 1). These analyses were limited by the small sample
sizes, which made the power inconsistent (with the largest COS group having the most
power for a more precise ES map). Despite this limitation, the ES results showed a more or
less similar pattern with minimal ES in non-psychotic subjects, which increased with the
psychosis and morbidities. All findings survived multiple comparisons using the False
Discovery Rate procedure.

GAS scores (when available) were significantly different between the patient groups
(ANOVA p < 0.05), which was driven by the difference between ‘ non-psychotic’ and COS
groups. When all patient groups were combined and cortical thickness was regressed on
GAS scores, areas of significant positive relationship were seen throughout the cortex but
more prominently on the left temporal cortex (Figure 2). However, this relationship did not
survive adjustment for multiple comparisons using false discovery rate statistic (FDR). The
SAPS (ANOVA p< 0.01) and SANS (ANOVA p<0.01) scores also were significantly
different between patient groups, which was also driven mainly by the difference between
‘non psychotic’ and COS groups (Table 1). SAPS and SANS scores however, did not show
significant relationship with GM cortical thickness.

Discussion
These results highlight the need for clear diagnostic characterization of psychosis and also
indirectly support a dimensional approach to cortical brain deficits in psychosis. The ‘non
psychotic rule out’ patients showed no cortical deficits, ‘PNOS’ patients with relatively
milder, transient, and non schizophrenic psychotic symptoms showed smaller areas of
prefrontal and temporal deficits, while the most severely psychotic COS patients has the
most profound deficits. This was also seen by the increasing effect size for the deficits (from
non psychotic to psychotic groups) in an incremental manner. Since all patient groups were
treated with similar medications, this is unlikely to be due to treatment.

Epidemiological and pharmacological data support a dimensional model of psychosis. In the
cortex, presence of psychosis correlated with the presence of brain deficits regardless of
other comorbidities. Moreover, increasing severity of psychosis appeared to cause
increasing brain deficits; enhanced by the presence of other co-morbidities (Figure 1), which
was also reflected by significant positive correlations with GAS (Figure 2). Clinically, it is
logical that psychosis could best be investigated on a continuum rather than through
categorical diagnoses. Self reported psychotic symptoms in the general population are more
common than previously perceived with prevalence estimates ranging from 5.5% (Johns et
al., 2004), to 17.5% in the Dutch cohort(van Os et al., 2001), to as high as 28% in the
national co-morbidity study in the US(Kendler et al., 1996). However, it appears that only a
subgroup of patients go on to develop the illness (Kendler et al., 1996), which was also
evident in the Dunedin birth cohort study, where 25% of the sample had reported at least one
delusional or hallucinatory experience that was not related to drug use or other illness by age
26, but only 3.7% fulfilled criteria for schizophreniform disorder. The presence of
hallucinatory experiences by age 11 was a strong predictor of developing schizophrenia by
age 26, suggesting a continuum between psychotic experience to full illness(Poulton et al.,
2000). Of particular importance, Polanczyk et al showed that self-reported positive
symptoms in non-schizophrenic populations by age 12 correlated with known risk factors
for schizophrenia at a later age showing a continuum of risk(Polanczyk et al., 2010).

The psychosis and functionality measures reflected increasing severity of illness as expected
(Table 1). For example, non-psychotic group had the lowest SAPS scores while the COS
group had the highest SAPS scores as expected. Although the SAPS and SANS measures in
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this study did not show significant correlations with cortical thickness, GAS scores (which
are a crude index of functional outcome and thus reflect the severity of illness and treatment
response) did show a positive correlation with cortical thickness in prefrontal and temporal
regions (Figure 3). Furthermore, qualitatively there were some areas of overlap between the
cortical deficit patterns and the regions where GAS scores correlated with cortical thickness.
(e.g. left temporal regions and superior frontal cortex; Figures 1 and 2). The specific regions
involved could reflect the psychosis pathology (e.g. involvement of temporal cortex in
auditory hallucinations), but perhaps more reflect that overall functionality influences
cortical thickness in a regionally specific manner, thus supporting the dimensionality of
phenotypic severity (not just psychosis). However, it is important to note that these findings
are weak at best as they did not survive adjustment for multiple comparisons.

The study also highlights the importance of careful phenotypic characterization, as the
underlying brain changes may reflect relatively subtle clinical features. Although the cortical
deficit pattern in the three psychotic patient groups did not exactly overlap, the GM deficits
were largely localized to prefrontal and temporal cortices, as has been described in adult
onset schizophrenia (Kuperberg et al., 2003; Narr et al., 2005; White et al., 2003; Wiegand
et al., 2004), as well as in COS as young (Greenstein et al., 2006). Healthy young siblings
and high-risk populations at risk for schizophrenia also show deficits in these regions
(Pantelis et al., 2003) (Gogtay et al., 2007). Functional imaging studies are ongoing to
examine more subtle correlates of abnormal circuitry development.

This study partially addresses the effect of antipsychotic medication on brain morphology.
Studies in non-human primates chronically exposed to either typical or atypical
antipsychotic medications reveal substantial reduction in gray matter volume, glial cell
number, and increased neuronal density in the parietal lobes(Konopaske et al., 2007) as well
as reduced fresh brain weight (Dorph-Petersen et al., 2005), although a recent meta-analysis
of 25 longitudinal volumetric studies was equivocal (Moncrieff and Leo, 2010). Although
this study cannot rule out the effect of medications on cortical GM, the fact that all four
patient groups had similar medication exposure at the time of MRI scan suggests that the
cortical deficits are less likely to be medication related.

There are several limitations to these data. First, a limitation of this cross-sectional study is
the lack of longer-term information, as many of these excluded subjects were lost to follow
up. Second, although this study provides some evidence for the dimensional nature of
psychosis, it is qualitative and indirect at best. Furthermore, rather than the dimensional
nature of psychosis, it could be the ‘illness burden’ that may be reflective of the brain
changes as all cases had significant morbidities in the first place. The effect size maps do not
exactly replicate the statistical maps (Figures 1 and Supplemental Figure 1) especially in
PNOS groups, most likely due to sample size limitations. Similarly, although the GAS
scores showed positive correlations with cortical thickness, we did not find significant
correlations of GM cortical thickness and positive and negative symptoms as continuous
measures, which could also be the result of small sample sizes. Finally, the clinically severe
nature of the phenotype results in frequent medication changes and variable medication
exposure, which could still influence the GM changes. The medication exposure is hard to
accurately quantify in this population, which in turn makes it difficult to explore the effects
of medications on GM findings. However, despite these limitations, these findings make a
strong case for careful phenotypic characterization of psychosis and provide neurobiological
support for a dimensional model for psychosis. Efforts to acquire longitudinal data on PNOS
and other early psychosis subjects, combined with other functional imaging modalities to
detect more subtle neurodevelopmental changes are currently underway.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Incremental cortical GM deficits with increasing severity of psychotic symptoms
Gray Matter (GM) cortical deficits among four patients groups compared to the common
group of healthy controls. Colors show areas of significant cortical GM deficits. Cortical
deficits show qualitative increase with the increasing severity of psychosis with non
psychotic patients showing no deficits while COS group showing the most extensive cortical
deficits.
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Figure 2. Relationship between cortical thickness and GAS scores in patients. Individual dots
represent GAS scores at medication washout and are color coded to represent groups on X-axis
Comparison of effect sizes (ES) for cortical GM deficits across patient groups relative to
controls. Incremental ES from non psychotic group to psychotic groups suggest increasing
GM involvement with psychosis. The lack of exact overlap between figures 1 and 2 is likely
to be due to sample size limitations especially in non-psychotic groups.
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