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Abstract
Background—Schizophrenia and related psychoses are associated with brain structural
abnormalities. Recent findings in ‘at risk’ populations have identified progressive changes in various
brain regions preceding illness onset, while changes especially in prefrontal and superior temporal
regions have been demonstrated in first-episode schizophrenia patients. However, the timing of the
cortical changes and their regional extent, relative to the emergence of psychosis, has not been
clarified. We followed individuals at high-risk for psychosis to determine whether structural changes
in the cerebral cortex occur with the onset of psychosis. We hypothesized that progressive volume
loss occurs in prefrontal regions during the transition to psychosis.

Methods—35 individuals at ultra-high risk (UHR) for developing psychosis, of whom 12
experienced psychotic onset by 1-year follow-up (‘converters’), participated in a longitudinal
structural MRI study. Baseline and follow-up T1-weighted MR images were acquired and
longitudinal brain surface contractions were assessed using Cortical Pattern Matching.

Results—Significantly greater brain contraction was found in the right prefrontal region in the
‘converters’ compared with UHR cases who did not develop psychosis (‘non-converters’).

Conclusions—These findings show cortical volume loss is associated with the onset of psychosis,
indicating ongoing pathological processes during the transition stage to illness. The prefrontal volume
loss is in line with structural and functional abnormalities in schizophrenia, suggesting a critical role
for this change in the development of psychosis.
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1. Introduction
Schizophrenia and related psychoses are associated with brain structural and functional
abnormalities. In structural magnetic resonance imaging (MRI) studies, brain volume
reductions have been found in both chronic and first-episode schizophrenia patients (Shenton
et al. 2001) and also in affective disorder (Strakowski et al. 2005), but whether there is ongoing
brain tissue loss prior to, or following, onset of these psychoses, is less clear (Mathalon et al.
2003; Weinberger and McClure 2002). Although accumulating data have shown that various
brain regions experience progressive tissue loss after the first psychotic onset of schizophrenia
(Ho et al. 2003; Lieberman et al. 2005; Nakamura et al. 2007; Salisbury et al. 2007; van Haren
et al. 2007), the timing and regional pattern of these changes remains unclear, and it is unknown
whether these changes are caused by the effect of long-term illness or medications (Pantelis et
al. 2005).

Two studies to date have attempted to address these questions by identifying individuals at
heightened risk for psychosis due to mental state change and/or family history, and by tracking
brain changes from pre-onset stages through transition to illness. Pantelis and colleagues
(Pantelis et al. 2003a) examined gray matter changes in individuals at ultra-high risk (UHR)
for psychosis followed for one year to assess those converting to psychosis (‘converters’)
compared to ‘non-converters’. The converters showed gray matter loss in the left inferior
frontal region, left medial and inferior temporal regions and bilaterally in the cingulate, but the
group by time interaction did not reach significance. Job and colleagues (Job et al. 2005)
reported gray matter loss in the left inferior temporal gyrus, left uncus and the right cerebellum
in their genetic high-risk subjects who developed schizophrenia during or beyond a 2-year
follow-up period. However, no significant group differences in gray matter loss were found in
a direct comparison to subjects who did not develop schizophrenia or healthy controls. Both
studies suggested that tissue loss occurs over time among individuals at risk for psychosis, but
neither study was adequately powered to compare rates of loss among converters relative to
non-converters. Since the brain undergoes developmental changes during adolescence and
early adulthood, particularly in prefrontal cortex, the observed gray matter reduction may not
be pathologic but, rather, developmental in nature (Pantelis et al. 2007). Therefore, whether
the changes are related to the onset of psychosis remains unanswered, and can only be
determined by a between-group comparison in a longitudinal design.

In the present study, we assessed subtle cortical changes during illness transition, using higher
resolution MRI images in a larger sample of the Melbourne UHR subjects. We used Cortical
Pattern Matching to directly compare longitudinal brain surface contractions in converters with
non-converters followed for one year. Cortical Pattern Matching is an advanced brain warping
technique that can achieve accurate anatomical correspondence between brain surfaces, after
which point-wise statistical comparisons were performed. It has proven successful in detecting
longitudinal changes of cortical gray matter density and thickness in normal and pathological
development and degeneration (Thompson et al. 2004). Brain surface contraction is defined
as the subvoxel-resolution distance between anatomically corresponding brain surface points
of baseline and follow-up brain scans, the measure of which is an integrated part of Cortical
Pattern Matching (Sowell et al. 2001). We hypothesized that greater brain surface contraction
occurs in UHR converters compared with non-converters and that these changes are most
pronounced in frontal brain regions previously shown to be affected in schizophrenia (Cannon
et al. 2002; Ho et al. 2003; Lieberman et al. 2005; van Haren et al. 2007).
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2. Method
2.1. Participants

Participants were recruited from the Personal Assessment and Crisis Evaluation (PACE)
Clinic, a clinical research program for prodromal patients in Melbourne, Australia (Yung et
al. 2004). Criteria for identification of the UHR subjects are listed in Table 1. Validated criteria
for onset of acute psychosis have also been developed (Table 1) (Yung et al. 2003). Trained
psychologists or psychiatrists conducted the clinical interviews and determined whether
participants met UHR intake criteria and criteria for acute psychosis (Yung et al. 2004).

The UHR subjects were aged between 14 and 30 years at intake, had not experienced a previous
psychotic episode or received neuroleptic medication, did not have a neurological disorder,
and were not intellectually disabled (IQ>70).

The study was approved by the local research and ethics committee in Melbourne, Australia,
and by Internal Review Board at the University of California, Los Angeles, USA. After
complete description of the study to the subjects, written informed consent was obtained.

Clinical assessments and MRI scans were conducted at two time points. The planned follow-
up time was 1 year, unless onset of psychosis occurred earlier. In the latter cases, the second
assessment was conducted as soon as possible after transition. In practice, however, the interval
time varied for reasons including difficulty in maintaining contact with the participants, and
treatment needs taking priority.

Thirty-five UHR participants who had both baseline and follow-up scans were included.
Twelve participants developed a full psychotic episode over the follow-up period. The
diagnostic breakdown of psychotic disorders in converters was: schizophrenia (n=4);
schizoaffective disorder (1); bipolar disorder (2); major depression with mood incongruent
psychotic symptoms (3); brief psychotic episode (1); and psychosis not otherwise specified
(1). At follow-up, non-converters had either no psychiatric diagnosis (n=14), or were diagnosed
with non-psychotic disorders (major depression 4; dysthymia 2; obsessive-compulsive disorder
1; general anxiety disorder 1; eating disorder 1). There was no significant difference in gender,
handedness, premorbid IQ, age, and inter-scan interval between the converters and non-
converters (Table 2). Complete information on medications was not available. At follow-up
scans, one converter was on risperidone (3mg/day), one on chlorpromazine (150mg/day) and
valporate (1,500mg/day), and the other was on citalopram (20mg/day) and valporate (1,500mg/
day); one non-converter was on venlafaxine (225mg/day) at follow-up. Three converters and
6 non-converters had records for drug use (including tetrahydrocannabinol, cocaine, and LSD)
during the follow-up period. No head injuries were recorded.

All but one subject (n=20) who participated in a previous longitudinal study using low-
resolution T2-weighted and proton density images (Pantelis et al. 2003a) were included in the
present analysis; the one case was excluded because T1-weighted images were not available.
The present study incorporates 15 new participants (3 converted, 12 non-converted) and utilizes
previously unpublished high-resolution T1-weighted anatomical images obtained at baseline
and follow-up.

2.2. Image Processing and Analysis
All participants were scanned twice on a 1.5T General Electric Signa MRI scanner. A three-
dimensional volumetric spoiled gradient recalled echo (SPGR) sequence generated 124
contiguous, 1.5 mm coronal slices. Imaging parameters were: TE=3.3 msec; TR=14.3 msec;
flip angle, 30°; matrix size, 256 × 256; field of view, 24 × 24 cm matrix; voxel dimensions,
0.938 × 0.938 × 1.5 mm. A numerical code was used to ensure blind analysis of data.
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For each scan, a radio-frequency bias field correction was performed. The cerebral image was
extracted from the remainder of each head image, and was manually refined for further
accuracy. The baseline and follow-up brain images were coregistered to a standard 3D
coordinate space (Mazziotta et al. 1995) with 9 degree-of-freedom linear transformations,
while image scales were corrected using intracranial volumes. Cortical Pattern Matching was
performed in the standard space.

For each scan, a cortical surface model was extracted using an automated method (MacDonald
et al. 2000). In this process, a spherical mesh surface was continuously deformed to fit the
cortical surface that best differentiated brain tissue and cortical CSF, and a high-resolution
surface model representing 65 536 brain surface points was created. On each hemisphere of
the surface model, 17 major anatomical landmark curves were manually traced following major
sulci. In addition, a set of 8 control curves along the longitudinal fissure that delineate the
lateral surface and the medial surface were traced. The tracing protocol is available on the
Internet (http://www.loni.ucla.edu/~esowell/edevel/new_sulcvar.html). All sulci and control
curves were traced by an image analyst blind to subject demographics and diagnosis. The
reliability of tracing was tested on 6 standard brain surfaces, and the average distance between
the sulcal curves tracing by the current analyst and the standard sulcal curves was <2mm in
most regions.

The brain surfaces and curves were then flattened to a 2D plane, and average curves were
created by averaging the positions of the same curves across all subjects. The brain surfaces
were elastically warped to each other based on matching individual curves to their
corresponding average curves in the 2D plane, while the coordinate positions of each surface
point in their 3D space were preserved.

The distance between a center position of the brain (the origin of the standard space,
approximately at the midline decussation of the anterior commissure) and each brain surface
point was calculated (Sowell et al. 2001). The difference of the above radial distances between
the follow-up and baseline brain surfaces at each anatomically corresponding point was defined
as brain surface contraction, which reflected local tissue loss or growth over time. The resulting
values at all brain surface voxels were then assigned to the corresponding voxel location in the
group average surface to create composite maps of brain surface contraction.

2.3. Statistical analysis
Individual brain surface contraction was annualized by dividing the contraction value in
millimeters by the between-scan interval in years, and this surface contraction rate was taken
as the primary variable for the following statistical analyses. The contraction rate was used as
a parsimonious control for different between-scan intervals among subjects, and should not be
extrapolated beyond the range of the follow-up period. T-tests were performed to compare
surface contraction rates between the two UHR groups at each brain surface points, and P-
maps were generated. Standard permutation tests were conducted to confirm that the significant
changes were not purely by chance. We conducted 100 000 randomized permutations
(randomly assigning subjects to groups) in the frontal, parietal, occipital, and temporal lobes.
Between-group differences were considered significant if less than 5% (p<0.05) of the results
from all random permutations exceeded the difference detected in the groupings. In addition,
we compared the converters with the non-converters with no psychiatric diagnoses at follow-
up, using the same statistical method as above.
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3. Results
3.1. Between-group difference

Figure 1 shows the average brain surface contraction rate (mm/year) both for individuals who
converted to psychosis and individuals who did not convert and the maps of statistical
significance (P values, uncorrected for multiple-voxel comparisons) in between-group
comparison. In contrast to the average rate of surface contraction in non-converters, the
magnitude of which was less than 0.2 mm/year (upper row), the converters showed greater
brain surface contraction in bilateral dorsolateral prefrontal regions, with a maximum
magnitude of 0.4 mm/year (middle row). In the between-group comparison, prefrontal regions
showed the most prominent difference. There was no major region where converters showed
less contraction or greater expansion than non-converters.

Using permutation tests with p-value at 0.05 as the predefined threshold, the between-group
difference in right frontal lobe remained significant (p=0.030), while the differences in left
frontal lobe showed trends towards significance (p=0.077). No significant results appeared in
other regions of interest.

Compared to the 14 non-converters with no psychiatric diagnoses, the converters also showed
greater contraction rate in the prefrontal region, but with the smaller sample size, the difference
was not significant in the permutation tests (Fig. 2).

3.2. Method Validation
Because the rate of change in brain surface contraction detected in this study was below the
level of intrinsic image resolution, it would not have been detected using an approach dependent
on voxel-level quantitation such as gray matter density. To determine whether the measure of
brain surface contraction is related to changes in brain volume, we quantified local cortical
brain tissue density (i.e., gray and white matter in contiguous 5mm spheres) using the Cortical
Pattern Matching method, and correlated this metric with that for brain surface contraction
across all individuals included in this study. Highly significant correlations were observed
covering most brain surface areas, as shown in the maps of Pearson’s R values and P values
(Figure 3). This result supports the hypothesis that the brain surface contraction was caused
by local brain tissue loss. It is not possible in this method to determine whether the local brain
tissue loss is driven principally by reductions in gray matter, white matter, or both. It should
be noted that the difference in brain tissue density between the two groups did not achieve
statistical significance.

4. Discussion
This is the first study to show statistically significant MRI brain structural change around the
time of onset of psychosis using a direct between-group analysis comparing converted to non-
converted UHR subjects. We found greater brain surface contraction rate in UHR subjects who
converted to psychosis compared to those who did not during a one-year follow-up. Converters
showed increased brain contraction in the right prefrontal region, while left prefrontal and left
and right occipital regions showed trends towards significance.

The limitations of the study included the relatively small sample size of the UHR converter
group (n = 12) and the lack of a healthy control group. Although the included UHR non-
converter group was the most appropriate to control for potential influence of the prodromal
status on the brain, a healthy control group would further address the deviation from normal
brain changes. In addition, the follow-up scans were not acquired immediately after the
psychosis onset, so the possibility that factors secondary to psychosis or its treatment
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contributed to the greater brain change in the converters can not be excluded. These limitations
need to be examined in future studies.

In a prior report using lower-resolution T2 and proton density dual-echo image data on a subset
of the subjects from this study, no significant differences were found in gray matter changes
between converters and non-converters (Pantelis et al. 2003a). In the present study, additional
converters and non-converters were involved in the comparison, in which higher resolution T1
scans were used, thereby providing additional sensitivity and statistical power. Further, a new
parameter of longitudinal brain change, brain surface contraction, with resolution at a sub-
voxel level, was adopted, in contrast to the gray matter density analysis used in the previous
voxel-based morphometry analysis. In combination with the cortical pattern matching method,
which provides a precise brain surface registration across subjects, the surface contraction
measurement showed an advantage in detecting subtle changes. The maximum group-mean
local brain surface contraction rate was less than 0.3 mm/year, which is within one third of the
image voxel size. Such a subtle change could not be detected by any metric dependent on a
voxel-level or coarser resolution, e.g., gray matter density. The measure of gray matter density
also relies on the accuracy of image tissue classification, which can be confounded by partial
volume effects. Although in the prior study significant gray matter reduction was found for
converters (but not in the comparison between converters and non-converters) in several brain
regions including the cingulate, parahippocampal gyrus, and the cerebellum, these regions were
not examined in this surface-based approach.

Although the mixed diagnoses of the converters at follow-up make it difficult to associate the
observed changes with a particular psychotic disorder, it is intriguing to note that the
progressive surface contraction in the prefrontal region is in line with findings on schizophrenia
from several perspectives. The prefrontal cortex is involved in working memory, executive
function and other higher-order cognitive functions, all of which are impaired in schizophrenia,
with evidence for such deficits in high-risk cohorts (Brewer et al. 2006). In postmortem
neuropathological studies, the prefrontal region shows increased neuronal packing (Selemon
et al. 1995) and reduced dendritic spines (Glantz and Lewis 2000) without significant decrease
in neuronal number (Pakkenberg 1993). Defects in oligodendrocytes and myelin in the
prefrontal region have also been reported in schizophrenia and in bipolar disorder (Tkachev et
al. 2003). Cortical mapping in twins discordant for schizophrenia shows both genetic and
disease-specific influences on gray matter deficits in the prefrontal region (Cannon et al.
2002), and several susceptibility genes for schizophrenia have been found to be associated with
prefrontal structural or functional abnormalities (Cannon et al. 2005; Egan et al. 2001). In
longitudinal MRI studies of schizophrenia, frontal volume reduction has also been found (Ho
et al. 2003; Lieberman et al. 2005; Nakamura et al. 2007; Sun et al. 2008; van Haren et al.
2007). Non-schizophrenic psychotic disorders, including affective forms of psychosis, may
share some susceptibility genes and underlying neuropathological features in common with
schizophrenia (Craddock et al. 2006). Therefore, it is plausible that the prefrontal change is
shared by schizophrenia and other psychotic disorders.

The observation of progressive brain tissue loss during the period of onset of psychosis is
predicted by theories of schizophrenia that emphasize involvement of abnormal
neurodevelopmental processes (Cannon et al. 2003; Feinberg 1982–83; Pantelis et al. 2003b;
Woods 1998). For example, it has been suggested that the onset of schizophrenia may be
associated with an abnormal acceleration of the neuroregressive processes that occur as part
of normal brain development in adolescence, such as synaptic pruning. It is of interest in this
regard that gray matter reduction in the region detected as showing differential surface
contraction among the high-risk cases who converted to psychosis (superior frontal gyrus) has
been linked to schizophrenia-related sequence variations in the Disrupted-In-Schizophrenia-1
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(DISC1) gene (Cannon et al. 2005), which is known to regulate neurite outgrowth,
synaptogenesis, and other aspects of brain growth and plasticity (Porteous et al. 2006).

By including non-converters who could not be differentiated from subjects who were pre-
psychotic at intake as a comparison group, some identifiable trait or state factors shared by
these two cohorts were controlled for. These factors include prodromal symptoms, recreational
drug use, and developmental brain changes that are normally occurring during adolescence
and early adulthood. However, the follow-up scans were not acquired during or immediately
after the psychosis onset, so it is possible that factors secondary to psychosis or its treatment
contributed to the greater brain change in the converters.

Elevated levels of stress hormones have been considered a source of hippocampal volume
reduction in depression and other psychiatric conditions, including schizophrenia (Phillips et
al. 2006). In a recent study of a larger sample of the UHR subjects, larger pituitary volumes
were found in those who were pre-psychotic, and this was associated with proximity to
transition to illness (Garner et al. 2005), suggesting stress-related changes occur even prior to
psychosis onset. Stress and other disease processes may interact to cause the brain structural
changes and the emergence/exacerbation of psychosis (Phillips et al. 2006). This is consistent
with a multiple-hit model of psychosis (Pantelis et al. 2005), and has important implications
for the prevention and intervention of psychotic disorders.

While we cannot rule out an effect of antipsychotic medications, drug treatment is not likely
to be a major source of the observed changes. The results from primate studies examining
antipsychotic effects on brain volume are conflicting. While one study showed proliferation
of glial cells but not neuronal density change following chronic antipsychotic drug exposure
(Selemon et al. 1999), another study reported brain weight loss and volume reduction in animals
after chronic exposure (Dorph-Petersen et al. 2005). Antipsychotic medications have also been
associated with brain volume changes in human subjects. Typical and atypical drugs have
shown different effects in volumetric studies (Lieberman et al. 2005), with the latter being
associated with less brain volume reduction or even volume increase. In the present study the
majority of converted subjects received low-dose risperidone (an atypical antipsychotic drug)
after onset of psychosis.

In summary, by using advanced methods optimized for detecting subtle local surface
contraction, we found significant prefrontal volume loss around the time of psychosis onset in
a unique ultra-high-risk cohort. These findings encourage further study to isolate the cellular
and molecular mechanisms underlying the onset of a psychotic illness and to determine whether
such changes are differential in the developmental course of different clinically defined
syndromes involving psychotic symptoms.
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Figure 1.
(Colored). Maps of average brain surface contraction rates and uncorrected p-maps of
converters v.s. non-converters comparison.
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Figure 2.
(Colored). Maps of average brain surface contraction rates and uncorrected p-values in the
comparison between converters v.s. non-converters with no follow-up psychiatric diagnoses.
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Figure 3.
(Colored). Maps of correlation between brain surface contraction and volume reduction of local
brain tissue (n=35).
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Table 1
Ultra-High-Risk Intake and Exit Criteria

Intake criteriaGroup 1: Attenuated psychotic symptoms

• Presence of at least one of the following symptoms: ideas of reference, odd beliefs or magical thinking, perceptual disturbance, paranoid ideation,
odd thinking and speech, odd behavior and appearance (2–3 on Unusual Thought Content scale; 1–2 on Hallucinations scale; 2–3 on Suspiciousness
scale or 1–3 on Conceptual Disorganization scale of BPRS)

• Held with a reasonable degree of conviction, as defined by a score of 2 on the Comprehensive Assessment of Symptoms and History (CASH) rating
scale for delusions

• Frequency of symptoms: at least several times per week

• Change in mental state present for at least one week and not longer than 5 years

Group 2: Brief limited intermittent psychotic symptoms (BLIPS)

• Transient psychotic symptoms: presence of at least one of the following – ideas of reference, magical thinking, perceptual disturbance, paranoid
ideation, odd thinking and speech (4+ on Unusual Thought Content scale; 3+ on Hallucinations scale; 4+ on Suspiciousness scale [or it is held with
strong conviction, as defined by a score of 3 or more on the CASH rating scale for delusions] or 4+ on Conceptual Disorganization scale of BPRS)

• Duration of episode of less than one week

• Symptoms resolve spontaneously

• The BLIP must have occurred within the past year

Group 3: Trait and state risk factors

• First-degree relative with a DSM-IV psychotic disorder or schizotypal personality disorder (as defined by DSM-IV)

• Significant decrease in mental state or functioning: maintained for at least a month and not longer than 5 years (reduction in GAF scale of 30 points
from premorbid level)

• The decrease in functioning occurred within the past year

Exit criteria: Acute psychosis

• Presence of at least one of the following symptoms: hallucinations (defined by a score of 3 or more on the Hallucinations scale of the BPRS);
delusions (defined by a score of 4 or more on the Unusual Thought Content scale of the BPRS or a score of 4 or more on the Suspiciousness scale
of the BPRS, or it is held with strong conviction, as defined by a score of 3 or more on the CASH rating scale for delusions or formal thought
disorder [defined by a score of 4 or more on the Conceptual Disorganization scale BPRS])

• Frequency of symptoms is at least several times a week

• Duration of mental state change is longer than one week

BPRS=brief psychiatric rating scale; CASH=comprehensive assessment of symptoms and history; GAF=global assessment of function scale. These are
the criteria for identifying people as high risk for psychosis. People are included if they meet criteria for one or more of the three groups.
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Table 2
Demographic Data of Ultra-High-Risk individuals

Converters (n=12) Non-converters (n=23) P Value

Sex (male/female) 7/5 12/11 0.728

Handedness (right/mixed/left) 10/0/2 18/1/4 0.760

Premorbid IQ 94.3±13.6 93.3±13.7 0.947

Age at 1st scan (years) 19.5±5.1 (13.9–29.1) 20.2±4.0 (14.3–27.5) 0.662

Age at 2nd scan (years) 20.7±5.2 (15.4–30.9) 21.6±4.0 (15.4–28.5) 0.581

Days between scans 443±186 (237–826) 511±289 (329–1361) 0.469

Age of onset (years) 20.1±5.0 (15.3–29.5)

Days between 1st scan and onset 211±141 (84–538)

Days between onset and 2nd scan 232±144 (15–534)

Data are mean±SD (range) unless otherwise stated.
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