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Dynamically Spreading Frontal and Cingulate
Deficits Mapped in Adolescents With Schizophrenia
Christine N. Vidal, PhD; Judith L. Rapoport, MD; Kiralee M. Hayashi, BS; Jennifer A. Geaga, BS; Yihong Sui, BS;
Lauren E. McLemore, BS; Yasaman Alaghband; Jay N. Giedd, MD; Peter Gochman, MA; Jonathan Blumenthal, MA;
Nitin Gogtay, MD; Rob Nicolson, MD; Arthur W. Toga, PhD; Paul M. Thompson, PhD

Context: We previously detected a dynamic wave of gray
matter loss in childhood-onset schizophrenia that started
in parietal association cortices and proceeded frontally
to envelop dorsolateral prefrontal and temporal corti-
ces, including superior temporal gyri.

Objective: To map gray matter loss rates across the me-
dial hemispheric surface, including the cingulate and me-
dial frontal cortex, in the same cohort studied previously.

Design: Five-year longitudinal study.

Setting: National Institute of Mental Health, Bethesda, Md.

Subjects: Twelve subjects with childhood-onset schizo-
phrenia, 12 healthy controls, and 9 medication- and IQ-
matched subjects with psychosis not otherwise specified.

Interventions: Three-dimensional magnetic reso-
nance imaging at baseline and follow-up.

Main Outcome Measures: Gyral pattern and shape
variations encoded by means of high-dimensional elas-
tic deformation mappings driving each subject’s corti-
cal anatomy onto a group average; changes in cortical gray
matter mapped by computing warping fields that matched
sulcal patterns across hemispheres, subjects, and time.

Results: Selective, severe frontal gray matter loss oc-
curred bilaterally in a dorsal-to-ventral pattern across the
medial hemispheric surfaces in the schizophrenic sub-
jects. A sharp boundary in the pattern of gray matter loss
separated frontal regions and cingulate-limbic areas.

Conclusion: Frontal and limbic regions may not be
equally vulnerable to gray matter attrition, which is con-
sistent with the cognitive, metabolic, and functional vul-
nerability of the frontal cortices in schizophrenia.
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S CHIZOPHRENIA IS A SEVERE AND

debilitating neuropsychiat-
ric disorder, with cognitive
disturbances that include de-
lusions, hallucinations, and

psychosis. The cause of the disorder is un-
known, but the study of severe, early-
onset cases has disclosed a dynamic wave
of cortical gray matter loss that spreads
across the lateral surface of the brain as the
disease progresses.1 To relate this deficit
trajectory to normal development and cog-
nition, it is vital to determine whether brain
systems are differentially affected. Neu-
roanatomic and imaging studies consis-
tently describe frontal and cingulate defi-
cits in patients with schizophrenia.2-5 No
study, to our knowledge, has mapped how
these deficits emerge or progress in early-
onset cases. Using a new method, we
mapped, for the first time, the transit of
these deficits on the medial hemispheric
surface, including key frontal and limbic
regions implicated in schizophrenia.

Childhood-onset schizophrenia
(COS)—in which psychotic symptoms oc-
cur by age 12 years—is a very rare form
of the disorder that is neurobiologically
continuous with the later-onset disor-
der.6-8 Adolescents with schizophrenia have
a similar clinical presentation, with more
severe premorbid symptoms and poorer
prognosis.9-11 Schizophrenia has been de-
scribed as a neurodevelopmental disor-
der12-14 that may be triggered by excess cor-
tical “pruning” during adolescence.15

However, the timing and dynamics of the
cortical deficits are unknown.

In a previous study of COS,1 we de-
tected a dynamic wave of gray matter loss
that started in parietal association corti-
ces and proceeded frontally to envelop dor-
solateral prefrontal and temporal corti-
ces, including superior temporal gyri. In
the present study, we used a new compu-
tational method to map gray matter loss
rates across the medial hemispheric sur-
face, including the cingulate and medial
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frontal cortex, in the same cohort. The longitudinal de-
sign (5-year interval between images) tracks the disease
as it evolves through the medial cortex, demonstrating
the pattern of disease-specific loss. Our goal was also to
link these deficits with cognitive and clinical assess-
ments in the same subjects.

We expected to find an exaggerated pattern of me-
dial frontal gray matter loss consistent with our previ-
ous findings of late dorsolateral prefrontal loss. We also
expected correlations between medial cortical deficits and
clinical and cognitive scores, and these were assessed by
means of 4-dimensional maps. Finally, we studied sex
effects and hemispheric asymmetry in these deficits, al-
though these analyses were more exploratory.

METHODS

SUBJECTS

Twelve schizophrenic subjects (6 boys and 6 girls) and 12 healthy
volunteers (6 boys and 6 girls), as well as 9 additional medica-
tion- and IQ-matched subjects (6 boys and 3 girls), were re-
cruited as part of an ongoing National Institute of Mental Health
(NIMH) study of COS.7 All subjects were studied prospectively
during a 5-year period. All subjects with COS satisfied DSM-
III-R diagnostic criteria for schizophrenia,16 with onset of psy-
chotic symptoms by age 12 years (Figure1). They all had a his-
tory of poor response to, or intolerance of, at least 2 atypical
neuroleptics. They had a mean±SD full-scale IQ at study entry
of 70.4±12.9 and no other active neurologic disease or medical
condition. Diagnosis was determined from clinical and struc-
tured interviews with the adolescents and their parents based on
portions of the Schedule for Affective Disorders and Schizophre-
nia for School-Age Children–Epidemiologic Version17 and of the
Diagnostic Interview for Children and Adolescents Revised,18 as
well as from previous records. Psychopathologic symptoms were
evaluated by means of the Scale for the Assessment of Positive
Symptoms (SAPS),19 the Scale for the Assessment of Negative
Symptoms (SANS),19 and the Children’s Global Assessment Scale
(CGAS).20 Normal adolescents were screened for medical, neu-
rologic, and psychiatric illness and learning disabilities.7 We
matched the cohorts for age (Table), sex, follow-up interval

(which was identical), social background, and height. Medica-
tion and IQ effects were assessed by analyzing a second group
of nonschizophrenic medication-matched subjects with psycho-
sis not otherwise specified (PNOS). The 9 age- and sex-
matched subjects with PNOS7,22 received the same medication
as the schizophrenic group at baseline and were referred to NIMH
with a diagnosis of COS, which was ruled out after a complete
medication washout. They were also matched for IQ, age, and
sex with the subjects with COS (mean ± SD IQ, 76.0 ± 10.0), and
matched for baseline age and sex with the healthy controls. These
children had very transient psychotic symptoms, emotional li-
ability, poor interpersonal skills, normal social interest, and mul-
tiple deficits in information processing.7,12,22 They were less se-
verely impaired than the COS group but continued to have a
mixture of mood and behavioral problems. None was schizo-
phrenic at follow-up but rather exhibited chronic mood distur-
bance and lack of behavioral control; they were treated with both
typical and atypical neuroleptics for these symptoms (at doses
similar to those used for COS), which were quite effective in con-
trolling the behaviors.

MAGNETIC RESONANCE IMAGING

Three-dimensional (3D) (2562�124 resolution) T1-weighted fast
spoiled gradient echo magnetic resonance (MR) imaging vol-
umes were acquired from all 33 subjects. All images were ac-
quired on the same 1.5-T scanner (Signa; General Electric Co,
Milwaukee, Wis) at the National Institutes of Health Clinical Cen-
ter, Bethesda, Md. Imaging variables were as follows: time to echo,
5 milliseconds; time to repeat, 24 milliseconds; flip angle, 45°;
number of excitations, 1; and field of view, 24 cm. The same set
of 12 healthy controls were scanned at baseline and after a 5-year
interval (Figure 1; Table shows mean age). In parallel, the 12
age- and sex-matched schizophrenic subjects were identically
scanned at the same ages and intervals.

IMAGE PROCESSING AND ANALYSIS

Images acquired across the multiyear time span were pro-
cessed as follows. Briefly, for each scan pair, a radiofrequency
bias field correction algorithm eliminated intensity drifts due
to scanner field in homogeneity. The initial scan was rigidly
aligned (registered) to the target23 and resampled with the use
of chirp-Z (in-plane) and linear (out-of-plane) interpolation.

12 COS
6 M + 6 F

Onset of Psychosis by Age 12 y
12 NV

6 M + 6 F

9 PNOS
6 M + 3 F

Medication-Matched Group

3D T1-Weighted MR Imaging Volumes
1.5-T Scanner

Last

Cognitive and Clinical 
Assessments at Follow-up:

FSIQ
SANS and SAPS
CGAS

Cognitive and Clinical 
Assessments at Baseline:

FSIQ
SANS and SAPS
CGAS

First

Time

Figure 1. Subjects and magnetic resonance (MR) imaging. Subjects with childhood-onset schizophrenia (COS), normal volunteers (NV), and subjects with
psychosis not otherwise specified (PNOS) were scanned twice, 5 years apart. When the baseline and follow-up scans were acquired, a cognitive and clinical
evaluation was made, including the full-scale IQ (FSIQ), the Scale for Assessment of Positive Symptoms (SAPS), the Scale for Assessment of Negative Symptoms
(SANS), and the Children’s Global Assessment Scale (CGAS). Scores are reported in the Table and in the “Results” section. 3D indicates 3-dimensional.
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TISSUE MAPS

To equalize image intensities across subjects, registered scans
had their intensity histograms matched. A supervised tissue clas-
sifier generated detailed maps of gray matter, white matter, and
cerebrospinal fluid, as described in previous studies.24,25 The
interrater and intrarater reliability of this protocol has been de-
scribed previously.25 Gray and white matter maps were re-
tained for subsequent analysis.

3D CORTICAL MAPS

A surface model of the cortex was automatically extracted26 for
each subject and time point as described previously,1 but modi-
fied to extract the interhemispheric (medial) cortical surface
for both brain hemispheres, allowing cingulate and other lim-
bic, frontal, parietal, occipital, and ventral cortices to be re-
solved, as well as the corpus callosum.27 This software de-
forms a meshlike surface to fit a cortical surface tissue threshold
intensity value from the brain volume. The intensity thresh-
old was defined as the MR imaging signal value that best dif-
ferentiated cortical cerebrospinal fluid on the outer surface of
the brain from the underlying cortical gray matter.

CORTICAL PATTERN MATCHING

An image analysis technique known as cortical pattern match-
ing27 was used to localize disease effects on cortical anatomy
over time and to increase the power to detect systematic group
differences and changes. The approach models and controls for
gyral pattern variations across subjects. It visualizes average maps
of cortical change in a population and encodes its variance and
any group differences. From each subject’s cortical models at
different time points, a 3D deformation vector field was com-
puted measuring brain surface shape change across the time
interval.1 This accommodates any brain shape changes when
cortical gray matter is compared within a subject across time.
The deformation reconfigures the earlier cortex into the shape
of the later one, matching the entire gyral patterns and corti-
cal surfaces in the pair of 3D image sets.

Matching Cortical Anatomy Across Subjects

A second deformation was computed that matches gyral pat-
terns across all the subjects in the study, in addition to the de-
formation that matches anatomy over time. This allows data
to be averaged and compared across corresponding cortical re-

Table. Demographic and Clinical Characteristics and Medication Information for the COS, PNOS, and NV Groups*

Characteristics

Mean ± SD

t Statistic P Value
COS

(n = 12)
PNOS
(n = 9)

NV
(n = 12)

Baseline age, y 14.1 ± 2.7 13.6 ± 2.7 13.5 ± 2.4 0.4 .68 (COS, PNOS)
0.6 .54 (COS, NV)
0.1 .90 (NV, PNOS)

Follow-up age, y 18.7 ± 3.1 16.4 ± 2.3 18.0 ± 2.8 1.8 .08 (COS, PNOS)
0.5 .61 (COS, NV)
1.4 .17 (NV, PNOS)

Full-scale IQ at baseline† 68.0 ± 17.5 77.9 ± 12.8 123.9 ± 16.9 1.4 .18 (COS, PNOS)
Full-scale IQ at follow-up† 70.2 ± 14.6 77.0 ± 11.1 123.9 ± 16.9 1.1 .29 (COS, PNOS)
Clinical functioning at time 1‡

SANS 73.7 ± 15.7 23.6 ± 21.0 NA 5.4 �.001
SAPS 58.2 ± 17.6 23.0 ± 23.2 NA 3.6 .002
CGAS 28.4 ± 10.8 52.0 ± 18.9 NA 3.3 .005

Clinical functioning at time 2‡
SANS 49.8 ± 28.4 22.9 ± 19.2 NA 2.2 .04
SAPS 16.5 ± 10.3 11.8 ± 8.5 NA 1.0 .35
CGAS 42.4 ± 18.6 40.6 ± 15.1 NA 0.2 .83

Medication at baseline§
Typical antipsychotics 854.5 ± 800.4 1793.9 ± 2650.1 NA 1.0 .33
Atypical antipsychotics 65.5 ± 50.2 5.0 ± 1.7 NA 2.0 .10
Mood stabilizers 800.0 ± 192.3 1310.0 ± 323.4 NA 1.0 .21
Antidepressants NA NA NA NA NA

Medication at follow-up§
Typical antipsychotics 502.0 ± 673.2 633.3 ± 665.8 NA 0.3 .81
Atypical antipsychotics 182.6 ± 112.1 94.8 ± 184.9 NA 1.1 .29
Mood stabilizers 2016.6 ± 772.1 1340.6 ± 198.9 NA 1.0 .35
Antidepressants 132.5 ± 70.9 150.0 ± 20.4 NA 0.2 .82

Abbreviations: CGAS, Children’s Global Assessment Scale; COS, childhood-onset schizophrenia; NA, not applicable; NV, normal volunteers; PNOS, psychosis
not otherwise specified; SANS, Scale for the Assessment of Negative Symptoms; SAPS, Scale for the Assessment of Positive Symptoms.

*Higher scores on the SANS and SAPS represent greater symptom severity, while higher scores on the CGAS represent better functioning.
†According to the Wechsler Intelligence Scale for Children or Wechsler Adult Intelligence Scale.
‡Comparison between COS and PNOS.
§Antipsychotics included thiothixene, clozapine, haloperidol, chlorpromazine hydrochloride, trazodone hydrochloride, olanzapine, thioridazine hydrochloride,

risperidone, and mesoridazine besylate. Mood stabilizers included divalproex sodium, lithium carbonate, valproic acid, valproate sodium, carbamazepine, and
gabapentin. Antidepressants included sertraline hydrochloride, clomipramine hydrochloride, imipramine hydrochloride, fluvoxamine maleate, and fluoxetine
hydrochloride. Medication dosage is given in milligrams per day and is the dosage patients received for maintenance. Dosages for typical antipsychotics are
reported in terms of chlorpromazine equivalents (milligrams per day) according to the formula proposed by Davis.21 Risperidone was considered atypical unless
its dosage was above 6 mg/d (for more details regarding this formula and its definitions, see Davis21).
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gions (the algorithm for this is described in Thompson et al28,29).
A set of sulcal landmarks per brain is used to constrain the map-
ping of one cortex onto another. This associates correspond-
ing cortical regions across subjects. An image analyst (C.N.V.),
blind to subject diagnosis, sex, and age, traced each of 11 sulci
in each hemisphere on the medial surface rendering of each sub-
ject’s brain. Landmarks were defined according to a detailed
anatomic protocol30-33 based on the Atlas of the Cerebral Sulci.34

This protocol is available on the Internet33 and has known in-
terrater and intrarater reliability, reported previously.32

Average Cortical Model Construction

To create an average 3D cortical model for each group of sub-
jects, the following steps were used.1 For each subject, all sulcal-
gyral landmarks (Figure 2C and E) were flattened into a
2-dimensionalplanealongwith thecorticalmodel.35 Acolorcode
(Figure 2E) retains the original 3D position of each cortical point
as a red, green, and blue color triplet plotted in the 2-dimensional
parameter space. Once data are in this flat space, sulcal features
are aligned across subjects with a warping technique. Local mea-
suresofgraymatterdensitywereconvectedalongwiththesewarps
and plotted on the average cortex before statistical analysis. Con-
founding effects of cross-subject anatomic variance are greatly
reduced, empowering detection of disease effects.

Averaging Cortical Gray Matter Maps

A local measurement of gray matter density was made in each
subject and averaged across equivalent cortical locations. To
quantify local gray matter, we used a measure termed gray mat-
ter density, used in many previous studies to compare the spa-
tial distribution of gray matter across subjects.1,25,27,36-39 This mea-
sures the proportion of gray matter in a small region of fixed
radius (15 mm) around each cortical point. Given the large ana-
tomic variability in some cortical regions, high-dimensional elas-
tic matching of cortical patterns27,28 associated gray matter den-
sity measures from homologous cortical regions first across time
and then also across subjects. This cortical matching localizes
deficits relative to gyral landmarks; it also averages data from
corresponding gyri, which is impossible if data are mapped only
linearly into stereotaxic space. Annualized 4-dimensional maps
of gray matter loss rates within each subject were elastically re-
aligned for averaging and comparison across diagnostic groups.

MAPPING GRAY MATTER LOSS

Statistical maps were generated indicating locally the degree
to which gray matter loss rates were statistically linked with
diagnosis and clinical performance (CGAS, SANS, and SAPS
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Figure 2. Demonstration of cortical flattening. Cortical flattening and sulcal matching are anatomic modeling steps used to help create 3-dimensional average
cortical models and gray matter maps for subjects with childhood-onset schizophrenia and their matched controls. Each individual magnetic resonance image (A),
after removal of nonbrain tissues, is segmented into gray matter, white matter, and cerebrospinal fluid (CSF) (B). A 3-dimensional cortical model is created for
each subject, and 11 medial sulci and 7 reference lines are traced as 3-dimensional curves directly on this surface model (C). The surface is made up of discrete
triangular tiles (D), and a geometric flattening process is applied to lay out the cortical regions, and the sulcal curves that delimit them, as features in 2
dimensions (E). Information on where these cortical points originally came from in 3 dimensions is preserved in this 2-dimensional image format: using a
color-coding system, cortical points’ 3-dimensional locations (x, y, z) are given unique colors, and these colors are plotted into the flat map (E).
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scores). To do this, at each cortical point, a multiple regres-
sion was run to assess whether the gray matter loss rate at that
point depended on the covariate of interest (eg, test scores, di-
agnosis). The P value describing the significance of this link-
age was plotted at each cortical point by means of a color code
to produce a statistical map.

PERMUTATION TESTING

Maps identifying these linkages were assessed statistically by
permutation. The presence of significant effects in statistical
maps can be tested by Gaussian random field theory40 or by non-
parametric (eg, permutation) methods, both of which have been
applied in functional41 and structural25,37 brain imaging. We used
permutation to avoid making assumptions about the spatial co-
variance of the residuals42 (see Thompson et al28,29). The total
area of the average surface with suprathreshold statistics was
used rather than the number of surface vertices with supra-
threshold statistics because the total area is invariant to the sam-
pling density of points on the surface.

RESULTS

RATE OF GRAY MATTER LOSS
IN COS

Three-dimensional maps of brain changes, derived
from the same subjects over time, showed profound,
progressive gray matter loss in some medial wall
regions in schizophrenia (Figure 3A). In schizo-
phrenic subjects, a striking gray matter loss (peak val-
ues, �5% loss per year; pink colors in Figure 3A) was
observed in superior medial frontal regions including
the superior frontal and the precentral gyri. The cingu-
late gyrus was also progressively affected in the sub-
jects with COS, an effect detected only in the left
hemisphere. Also, the graph in Figure 3B shows a sig-
nificant difference between subjects with COS and
controls for loss rate in the left (P�.02) and right
(P�.01) medial frontal cortex, and a significant differ-
ence in the left (P�.047) cingulate gyrus. The cingu-
late sulcus forms a sharp boundary between the severe
gray matter loss in the medial frontal cortex and the
subtler cingulate deficit. Normal adolescents showed
subtle changes in the left and right superior medial
frontal areas (left, 1.02% loss/y; right, 1.20% loss/y), as
well as the right and left cingulate regions (left, 0.94%
loss/y; right, 1.19% loss/y).

SIGNIFICANCE OF
THE PROGRESSIVE LOSS

To understand whether these changes could be normal
fluctuations, the variability in both the anatomic distri-
bution and loss rates for gray matter were computed lo-
cally across the cortex and the significance of the changes
was established. Again, schizophrenic subjects exhib-
ited a significant gray matter loss, with progressive defi-
cits throughout the superior medial frontal cortex (left,
P�.0092; right, P�.0067, by permutation), including the
superior frontal and precentral gyri. A subtraction map
was created to emphasize the fundamental loss pattern
specific to the disease. The cingulate sulcus stands out

as the anatomic boundary between the precipitous loss
in medial frontal areas and the less affected limbic cor-
tex. Maps of the significance of the dynamic gray matter
loss in subjects with COS and normal adolescents are not
presented, as they show patterns that are almost identi-
cal to those seen in Figure 3. They confirm a highly sig-
nificant, progressive deficit localized primarily in the su-
perior medial frontal cortex of the subjects with COS
(Figure 3A, top row), with little loss in the medial wall
in normal adolescents (Figure 3A, middle row).
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Figure 3. Average rate of gray matter loss in normal adolescents and
schizophrenic subjects. A, The maps show the average local rates of loss for
gray matter in the medial cortex of subjects with childhood-onset
schizophrenia (COS) (top row), normal volunteer (NV) adolescents (middle
row), and the difference (Diff ) between both groups (bottom row). The
superior medial frontal cortex exhibits the most strongly progressive deficits
in the disease (left hemisphere, P�.008; right hemisphere, P�.03; 1-tailed
t test). Progressive cingulate loss in the left hemisphere was observed in the
group of adolescents with schizophrenia between 13 and 18 years of age
when compared with the normal subjects (P�.047, 1-tailed t test). The color
code shows the percentage of gray matter lost per year. B, We computed the
average gray matter loss rate for the 24 subjects in the 2 anatomic areas of
interest, the superior medial frontal cortex (MFC) and the cingulate gyrus
(CG) in both left and right hemispheres (Hem). Error bars indicate the SE of
the sample means, by region, in controls and subjects with COS. Individual
loss rates as percentages per year are plotted, showing significant group
separation for both right and left hemispheres in the frontal regions, and only
on the left side for the cingulate areas.
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SEX DIFFERENCES

Dynamic maps of gray matter loss were made for inde-
pendent samples of male and female schizophrenic sub-
jects and normal adolescents. Because some studies have
found differences between male and female schizo-
phrenic subjects in the severity or pattern of anatomic
deficits, we assessed whether the findings were ob-
served in both boys and girls. The same pattern of gray
matter loss was identified in the 2 groups (Figure 4, left
panels). Boys exhibited gray matter deficits in the supe-
rior frontal medial cortex (left, 2.15% loss/y; right, 2.02%
loss/y), as did girls (right, 1.58% loss/y; left, 1.80% loss/
y). The difference was not significant. A similar profile
and degree of progressive gray matter loss may operate
in COS, irrespective of sex.

SIGNIFICANCE OF EARLY AND LATE
GRAY MATTER DEFICITS

Because the dynamic maps (Figure 3 and Figure 4) cap-
ture only loss that intensifies over time, we were con-
cerned that earlier deficits may not have been detected
in these progression maps. To detect earlier loss, we com-
pared gray matter profiles across all 24 subjects at their
first scan (Figure 5, top row) and at their last scan 4.6

years later (Figure 5, bottom row). The maps in Figure 5
show the significance of these effects. Medial frontal cor-
tex was affected early in the disease from the anterior fron-
tal regions to the posterior limit of the precentral gyrus
in both right (P�.019) and left (P�.031) hemispheres.
This deficit was stronger at follow-up in each hemi-
sphere (left, P�.0011; right, P�.0004). The medial pa-
rietal cortex was also significantly affected early and late
in the disease (baseline: left, P�.023; right, P�.043; fol-
low-up: left, P�.001; right, P�.021). Importantly, the
cingulate is relatively preserved at the onset of the dis-
ease, but is significantly affected at follow-up, in the left
hemisphere (P�.0078). Frontal deficits, which are char-
acteristic of adult and childhood schizophrenia, were se-
verely progressive but still present in the early phase of
the disease. The time course of these gray matter losses
can be observed in video sequences (see supplementary
data in video format, available at http://www.loni.ucla
.edu/~thompson/chvidal/COS_MEDIAL/maps.html).
These movies show the significant progression of gray
matter loss in COS from the first scan (age 13 years) to
the last scan (age 18 years).

MEDICATION EFFECTS

To determine whether neuroleptics had a role in the pro-
gressive gray matter deficit observed in our group of ado-
lescents with COS, we assessed a medication-matched
group. We performed mapping in 9 serially imaged sub-
jects referred to the childhood schizophrenia study who
did not meet diagnostic criteria for schizophrenia (la-
beled PNOS according to DSM-III-R terms).22 As seen in
Figure 6, the nonschizophrenic group did show subtle
but significant tissue loss, but this was much less marked
than for the schizophrenic subjects. Intriguingly, the sub-
jects with PNOS, who shared some of the deficit symp-
toms but did not satisfy criteria for schizophrenia, ex-
hibited significantly accelerated gray matter loss in
superior medial frontal and cingulate areas relative to
healthy controls, in approximately the same, but a less
pervasive, region than schizophrenics (left hemisphere:
medial frontal cortex, P�.050; cingulate gyrus, P�.022).
These findings suggest that the progression of the defi-
cit in the medial frontal cortex is somewhat specific to
schizophrenia regardless of medication.
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Figure 4. Dynamic changes of gray matter loss in boys and girls in both groups of schizophrenic subjects and normal adolescents. These maps show similar
patterns of deficits for both sexes in both groups of subjects.
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Figure 5. Mapping early and late deficits in schizophrenia. The maps here
represent the deficits occurring during the development of schizophrenia,
detected by comparing average profiles of gray matter between subjects with
childhood-onset schizophrenia and controls at their first scan (age 13 years;
top row) and their last scan 5 years later (age 18 years; bottom row).
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CLINICAL AND COGNITIVE CORRELATES

Using clinical and cognitive evaluations made at the same
time the scans were acquired, we established the relation-
ship between these performances and gray matter loss.
Scoresontheclinicalandcognitiveevaluationsarereported
in theTable; theyshowedsignificant clinical improvement
at follow-up, as measured by the SAPS, SANS, and CGAS.
The mean±SD CGAS scores (higher scores represent bet-
ter functioning) improved from 28.4±10.8 at study en-
try to 42.4±18.6 at follow-up (P�.03; Table) for the COS
group. Measures at follow-up of parietal (right, P�.006;
left,P�.0048;allPvaluescorrected), frontal(right,P�.018;
left, P�.03; all P values corrected), and cingulate (right,
P�.042; left, P�.021; all P values corrected) cortex loss
correlated strongly with CGAS total score at final scan
(Figure 7, top row); perhaps surprisingly, better func-
tioning was associated with higher gray matter density at
follow-up. The amount of gray matter at follow-up in both
occipital(right,P�.009; left,P�.019;allPvaluescorrected)
and parietal (right, P�.011; left, P�.022; all P values cor-
rected) cortex (Figure 7, bottom row) was significantly
associated with the clinical profile of positive symptoms
(SAPSscores)at follow-up(eg,hallucinationsordelusions;
high scores represent greater illness). The mean±SD SAPS
scores improved from 58.2±17.6 at baseline to 16.5±10.3
at follow-up (P�.0001). This correlation was such that
lessersymptomsat follow-upwereassociatedwith lessgray
matter density. There was no significant correlation be-
tween negative symptoms (SANS; eg, flat affect, poverty
of speech) and gray matter loss at either baseline or follow-
up. However, the COS group showed an improvement as
measured by the SANS, from 73.7±15.7 to 49.8±28.4
(P=.02).Therewasnosignificantcorrelationbetweengray
matter loss and full-scale IQ, at either baseline or follow-
up, and no significant change in full-scale IQ over time
foranygroup. Insummary, theclinicalmeasures improved
during the study, and the2 test scores that linkedwithgray
matter measures at follow-up were the CGAS and SAPS.

COMMENT

These longitudinal brain maps show that the medial fron-
tal cortex is affected early in COS. Frontal atrophy is se-

verely progressive and increases during a 5-year period
in both brain hemispheres. The adjacent cingulate cor-
tex is less severely affected at onset, but accelerated gray
matter loss is observed later. Video sequences (see supple-
mentary data) show that these deficits intensify in an ap-
parent exaggeration of normal adolescent gray matter
changes.15,42

Notably, a sharp boundary in the profile of gray mat-
ter loss is visible between frontal and limbic tissue
(Figure 3A), suggesting differential susceptibility. These
findings are somewhat opposite to the sequence of cor-
tical atrophy observed in Alzheimer disease,27,43 where
the cingulate sulcus divides frontal areas that are rela-
tively spared, and limbic regions with severe deficits early
in the disease. Cortical atrophy may therefore differ
sharply on either side of known architectonic and func-
tional boundaries.

The PNOS group included in this study supports the
notion that the large progressive changes seen in COS
are not attributable purely to psychiatric illness per se,
or to having a lower IQ. Although the gray matter changes
are significantly less pronounced in the PNOS group, there
were some changes in that group, which may be due to
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Figure 6. Average gray matter loss rates and maps of their significance in both adolescents with childhood-onset schizophrenia (COS) and psychosis not
otherwise specified (PNOS). The same spatial pattern of loss is present in both groups but with a different degree of severity. The progressive gray matter loss
found in the subjects with PNOS was significantly different from that in the COS group in the left hemisphere (P�.03, 1-tailed, after adjusting for sex).
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Figure 7. Maps of the correlation between gray matter deficits and cognitive
and clinical performance. The upper maps represent the significance of the
correlation between gray matter at follow-up and the Children’s Global
Assessment Scale (CGAS) at follow-up. The gray matter deficit in some
parietal and occipital areas is significantly linked to the global assessment of
function of adolescents with schizophrenia. The same deficits are also linked
with scores on the Scale for Assessment of Positive Symptoms (SAPS), but
to a lesser degree.
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an ongoing psychotic disease process. Effects of medi-
cations in contributing to or modulating these changes
cannot be ruled out. Even so, the changes in the COS
group are significantly greater in magnitude and more
pervasive anatomically than those in the PNOS group,
making it unlikely that they are attributable solely to an-
tipsychotic treatment, as the PNOS and COS groups re-
ceived comparable medications.

Clinical measures (including CGAS and SAPS scores)
improved as the disease progressed and were found, in
this study, to correlate with the degree of gray matter loss
at follow-up in the medial frontal, medial parietal, and
cingulate areas. Somewhat surprisingly, the associa-
tions we found between symptoms and gray matter mea-
sures were in an unexpected direction but were signifi-
cant. In a previous study of a larger sample of patients
with COS (N=39), Sporn et al44 found an unexpected link
between gray matter loss rates and percentage improve-
ment on 2 scales: the Brief Psychiatric Rating Scale45 and
SANS scores. Perhaps because our sample size was small
(N=12), we did not detect these correlations in the cur-
rent sample, but there is some preliminary evidence that
the gray matter amounts at follow-up are positively as-
sociated with SAPS scores, meaning that worse symp-
toms were linked with higher gray matter volume (when
both measures were assessed at follow-up). This finding
is paradoxical, as it is not explainable by differences in
baseline symptom severity. There were no detected links
between gray matter volumes and clinical scores at base-
line; correlation was found with final scores only. We will
investigate this correlation in larger samples to ascer-
tain whether it is replicable; it is noteworthy that 2 other
studies46,47 also found counterintuitive links between gray
matter measures at follow-up and clinical measures. It
remains possible that there is an ongoing process of brain
structure deterioration that is not completely opposed
by medication (if at all), even with measurable clinical
improvement in response to treatment.

Full-scale IQ did not change significantly over time
in any of the 3 subject groups. Perhaps surprisingly, there
was no significant correlation between full-scale IQ and
gray matter loss rates in any of the 3 groups, and IQ was
not found to correlate with gray matter amounts at base-
line or follow-up. There were significant IQ differences
between the 2 psychiatric groups (COS and PNOS) and
the healthy controls, which might be associated with some
anatomic differences between the groups such as re-
duced gray matter at baseline in COS. In other studies,
we and others found correlations between IQ and the over-
all volume of cortical gray matter,48,49 but these effects
were weak positive correlations, and no correlation was
observed with the longitudinal measures (loss rates) in
any of the groups. We therefore did not control for IQ
across the sample, as it is inextricably correlated with di-
agnosis and doing so would incorrectly eliminate some
disease-specific effects. Within the groups of patients,
however, gray matter variations or loss rates did not cor-
relate with IQ. This does not rule out the possibility that
an IQ effect may be detectable, in principle, if patients
with COS could be assessed with a wider range of IQs.

The relationship between these measures may be more
complex, but the changes seen in this study do not ap-

pear to be linked with IQ.50 Nonetheless, the poor clini-
cal and cognitive profiles, at onset, are consistent with
the early cortical deficits observed in the medial frontal
cortices.

The overall profile of progressive frontal gray matter
loss reinforces the notion that COS is neurobiologically
continuous with the later onset illness.7 Kuperberg et al51

found significant cortical thinning in the medial frontal
areas of adult patients, and gray matter reductions have
been reported in the medial premotor cortex,52 medial
frontal gyri,2,53,54 and the medial prefrontal cortex.55 Fron-
tal gray matter reductions are even found in those at ge-
netic risk for schizophrenia and in the prodromal phase
of the illness,56,57 where they may relate to premorbid neu-
ropsychological deficits in executive function.57 Jacob-
sen et al58 studied the Continuous Performance Test in
a cohort of subjects with COS, a test that normally in-
creases frontal metabolism. They found an increased meta-
bolic rate in supramarginal gyrus and inferior frontal gy-
rus–insula but a decreased metabolic rate in middle frontal
gyrus and superior frontal gyrus in COS. Functional MR
imaging studies also showed reduced activation in me-
dial frontal cortex of schizophrenic patients during the
Tone Serial Position Task.52

Frontal gray matter deficits may also be progressive
in adults.59 Some protective effect of atypical medica-
tions for progressive cortical loss has been observed in
adult patients,60 but almost all patients in this study were
being treated with atypical medications, and there was
still significant gray matter loss.

Although the medial frontal cortex is affected early and
deteriorates later in the disease, the cingulate cortex is
significantly affected only later in adolescence. Indeed,
the anterior cingulate gyrus is involved in emotional and
attentional functions,61 which are commonly reported to
be altered in schizophrenia.62-64 To assess the possibility
that these progressive brain changes were attributable to
medication or IQ effects, a second group of medication-
and IQ-matched subjects was evaluated. This group also
lost gray matter, but in the left cingulate, this was slower
than in the COS group. In a volumetric study, Gogtay et
al65 found significantly greater cortical gray matter loss
in subjects with COS than their medication-matched con-
trols, showing that the deficit was not attributable to medi-
cation.

The neuropathology of schizophrenia is unclear, and
the cellular correlate of this cortical atrophy is un-
known. Selemon and Goldman-Rakic66 suggested that de-
creased cortical volume in schizophrenia represents a re-
duction in neuropil and neuronal size, rather than overt
neuronal loss.67 The emphasis on neuronal changes, rather
than changes in other cell types, is supported by MR spec-
troscopic studies that repeatedly report frontal and tem-
poral reductions in N-acetylaspartate, a metabolite that
is relatively specific to neurons. Some postmortem stud-
ies report increased cell packing density in Brodmann areas
9 and 10 of schizophrenic patients,68,69 reflecting a de-
crease in the amount of neuropil. Some studies report a
similar effect in Brodmann area 32, which is considered
part of the cingulofrontal transition cortex,70,71 or the me-
dial prefrontal cortex.72,73 In Golgi-stained material, Broad-
belt et al74 found a significant decrease in the number of
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both primary (29%) and secondary (46%) basilar den-
drites on layer V pyramidal neurons and similar, but less
severe, reductions in layer III. Any such decrease in cin-
gulate and frontal dendritic fields or the associated syn-
aptic surface area might cause or exacerbate impair-
ments in information processing. An opposing hypothesis,
also consistent with our data, is that derailed cortical my-
elination may contribute to the apparent regression of
gray matter in MR imaging data.75 Changes in white mat-
ter tracts and functional connectivity may also ensue if
there are aberrant cellular changes in the cortical re-
gions they connect.

Establishing a dynamic map of schizophrenia pro-
gression may also have predictive value for those at risk.
In a prospective study of healthy at-risk subjects, Pan-
telis et al57 found that those who developed psychosis had
less gray matter than those who did not, and they also
showed a greater progressive reduction in cingulate, para-
hippocampal, fusiform, orbitofrontal, and cerebellar gray
matter. In those who had not become psychotic, longi-
tudinal changes were restricted to the cerebellum, sug-
gesting that the deficit region may expand to the cere-
brum around the time of disease onset and spread
anteriorly as a marker of cognitive and clinical decline.
To address this, a prospective study of full siblings of the
patients with COS is in progress.
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