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Objective: Structural and functional stud-

ies implicate multiple brain lesions as a ba-

sis for a functional dysconnectivity under-

lying the cognitive and symptom profiles

in schizophrenia. The aim of this study was

to examine the hypothesis that early-onset

schizophrenia is associated with structural

abnormalities in the prefrontal cortex,

thalamus, and cerebellum, compatible

with a dysconnectivity syndrome.

Method: Two magnetic resonance imag-

ing scans of 16 patients and 16 normal

comparison subjects were undertaken on

average 2 to 3 years apart. The partici-

pants were all from a defined geographic

area in the United Kingdom with a popu-
lation of 2.5 million.

Results: In comparison to the normal ad-
olescents, the schizophrenic subjects dem-
onstrated low prefrontal cortex and tha-
lamic volumes. The relatively large
difference in prefrontal and thalamic vol-
umes in these adolescents with schizo-
phrenia implies a more severe disease pro-
cess than in adult subjects.

Conclusions: The thalamic and frontal
lobe findings provide preliminary, support-
ive structural evidence for a neurodevelop-
mental basis for a dysconnectivity syn-
drome, although the cerebellar findings
were inconclusive.

(Am J Psychiatry 2004; 161:1023–1029)

Disturbed neural circuits in schizophrenia, involving
the prefrontal cortex, thalamus, and cerebellum, have
been proposed as a basis for a “cognitive dysmetria” (1) or
poor mental coordination, which it is suggested, underlies
the cognitive deficits and symptoms in schizophrenia.
Functional studies have provided supportive evidence for
disturbed neural networks. Consistent with a notion of
dysconnectivity are the findings of low regional blood flow
to the prefrontal cortex and greater than normal blood
flow to the thalamus and cerebellum (2–4) and, in patients
with negative symptoms, low right temporal and ventral
prefrontal cortex metabolism and high cerebellar cortex
metabolism (5). Low structural volumes of the frontal and
temporal lobes, thalamus, left cerebellum, and right ver-
mis have been found in schizophrenic patients by using
whole-brain deformation-based morphometry (6). Find-
ings from magnetic resonance imaging (MRI) of abnor-
malities in the mediodorsal thalamic nucleus, which has
reciprocal connections with the prefrontal cortex, are con-
sistent with the cognitive deficits seen in schizophrenia
involving the frontal lobe (7). Low limbic, thalamic, and
cerebellar volumes in relatives of patients with schizo-
phrenia suggest these may also be trait markers for schizo-
phrenia (8). In childhood-onset schizophrenia, the results
of structural studies, which indicate a progressive loss of
cerebellar volume (9), low thalamic area (10), and low an-
terior frontal volume (11), and functional studies, which
demonstrate hypofrontality (12) and bilaterally higher
cerebellar metabolism (13), are compatible with a neu-
rodevelopmental basis for a dysconnectivity syndrome.

It was decided to test the hypothesis that there is a de-
velopmental basis for a dysconnectivity syndrome in
early-onset schizophrenia that is manifested as low vol-
umes of the prefrontal cortex, thalamus, and cerebellum.

Method

Subjects

Data from 16 subjects with schizophrenia and 16 matched nor-
mal comparison subjects were available from an initial study (14).
The subjects were diagnosed at two times by using a semistruc-
tured interview, the Schedule for Affective Disorders and Schizo-
phrenia for School-Age Children (15), according to the DSM-III-R
criteria for schizophrenia. The interviews were undertaken by
experienced, trained child psychiatrists (A.C.J. and A.J.), and in
addition all had independent clinical diagnoses at both times,
which were in agreement with the research diagnoses. Symptoms
were rated by using the Positive and Negative Syndrome Scale for
schizophrenia (16). The subjects with schizophrenia and compar-
ison subjects with mental impairment (IQ <70) and those with
histories of head injuries or neurological disorders, such as cere-
bral palsy, encephalitis, and epilepsy, were excluded. The com-
parison subjects were recruited from the community through
their general practitioners and were screened for any history of
emotional, behavioral, or medical problems. All of the subjects
attended normal schools and came from the Oxfordshire region,
which had a total population of 2.5 million. After complete de-
scription of the study, written informed consent was obtained
(Oxford Psychiatric Research Ethics Committee study number
95/43). All of the patients with schizophrenia were receiving med-
ication throughout the study; all 16 received atypical neurolep-
tics, and three were taking clozapine. The patients and compari-
son subjects received MRI brain scans at the two time points; the
second was 2 to 3 years after the first on average (17).
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Imaging and Analysis

The subjects were scanned on a GE Signa 1.5-T MRI machine,
which remained the same throughout the study period, with reg-
ular quality controls. The image sequences included a coronal
volumetric T1-weighted radio-frequency-spoiled gradient echo
(echo time=5 msec, repetition time=35 msec, flip angle=35°, field
of view=20×20 cm, slice thickness=3 mm contiguous, acquisition
matrix=256×256, slices=64) covering the whole brain with an infe-
rior saturation band positioned below the base of the cerebellum.

All scans were analyzed by investigators blind to diagnosis
(A.C.J., S.J., and A.J.). An image analysis program called RESCUE
(18) allowed regions of interest to be displayed in three-dimen-
sional orthogonal views and to be outlined manually. Cross-sec-
tional areas were then summated automatically. RESCUE uses a
multiple hierarchical segmentation algorithm (18). Calculations
of edge boundaries are based on the gradient over a Gaussian
scale and differences in mean luminosities of selected regions.
The segmentation is semiautomatic with a manual parameter
setting of white and gray matter.

Anatomical Markers

For the midcerebellar measurements, coronal scans were
examined by using RESCUE. Measurements were displayed in
three-dimensional orthogonal views to check correct midline
alignment with respect to the cerebellum, which differed from the
midcerebral slice in nearly one-half of the cases. Cerebellar and
vermal volumes were outlined by using an atlas (19) and accord-
ing to a standardized method (20). The midsagittal areas of the
anterior, posterior superior, and posterior inferior lobes of the
vermis were measured by manually tracing in the plane that bi-
sected the pyramid of the vermis, the fourth ventricle, and the
pyramid of the medulla (obex). The primary fissure and the fourth
ventricle demarcated the anterior lobe (lobules I–V), the primary
and prepyramidal fissures demarcated the posterior superior
lobe (lobules VI and VII), while the posterior inferior lobe (lobules
VIII–X) was demarcated by the prepyramidal fissure and the ven-
tral edge of the fourth ventricle (Figure 1).

The volumes of the vermal volumes (lobules I–X) were mea-
sured manually by outlining these structures where they were

visible in the coronal and sagittal slices and checking in three-
dimensional orthogonal views (RESCUE) at each slice. The hemi-
spheric tonsils formed the anterior inferior boundary of the ver-
mis. The lateral extent of the vermis was defined by use of a com-
bination of criteria: 1) on the sagittal view, the point where the
prepyramidal fissure was no longer visible, 2) the most lateral
slice where the corpus medullare retained the typical vermian
shape (worm like), and 3) where visible, the paravermian sulcus
(Figure 2). Total cerebellum volumes were measured by manually
outlining the cerebellum in all coronal slices in which it was visi-
ble, with a perpendicular cut to the direction of the fibers of the
cerebellar peduncles visualized on the axial scan. Each cerebellar
slice was bisected at the midline for measurements of the right
and left cerebellar volumes. The fourth ventricle was measured in
all the coronal slices where it was visible. Total brain volumes
were measured on the coronal scans, with the cerebellar tonsils as
the inferior marker.

The anatomical boundaries of the thalamus were defined on
coronal sections with reference to the anatomical atlas of Duver-
noy (21) and the protocol outlined by Portas et al. (22). The ante-
rior marker was the mammillary bodies, the lateral boundary was
the internal capsule, and the dorsal boundary was the lateral ven-
tricle and the third ventricle medially. The posterior marker was
the point at which the thalamus merged under the crus of the
fornix.

The prefrontal cortex was measured in the coronal plane with
the first slice defined at the level of the posterior part of the genu
of the corpus callosum and the most anterior slice containing
gray matter as the anterior marker.

Reliability Studies

Ten subjects were reexamined by the same investigator (A.J.) and
a second rater (S.J.). The intra- and interobserver correlation co-
efficients (23) were between 0.86 and 0.90 for vermal volumes, 0.95

FIGURE 1. Midline Sagittal MRI Scan Showing Vermal Areas

Anterior vermis

Posterior superior vermis

Posterior inferior vermis

FIGURE 2. Coronal MRI Scan Showing Cerebellum and
Vermisa

a Vermis is outlined in red.
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for total brain volumes, 0.94 for fourth ventricular volumes, 0.87 for
thalamic volumes, and 0.92 for prefrontal cortical volumes.

Statistical Analysis

The mean values, over the two times, for the Positive and Nega-
tive Syndrome Scale score, medication dose, and brain volumes
and the change in these values (value at time 2 minus value at time
1) were calculated, and these were the variates analyzed. Analysis
of variance (ANOVA) and analysis of covariance (ANCOVA) were
performed on the mean values and the changes, with (where ap-
plicable) diagnosis (schizophrenia, normal), sex (male, female),
and (where applicable) their interaction as factors. Various vari-
ates were considered as covariates in the ANCOVA, i.e., age, age at
time 1, and total brain volume for the regional volumes and change
in age, age at time 1, and change in total brain volume for change
in regional volumes. Only the analyses indicating significant co-
variates are reported. Where no covariates were significant, the
ANOVA results are reported.

Results

Each diagnostic group (patients with schizophrenia and
comparison subjects) had nine males and seven females.
The distribution of subjects among the socioeconomic
classes defined by the Office of Population Censuses and
Surveys (24) did not differ significantly between groups;
the numbers of patients in classes I, II, III, IV, and V were 2,
4, 11, 6, and 1, respectively, and the numbers of compari-
son subjects were 1, 8, 6, 2, and 0, respectively (χ2=5.0, df=
4, p=0.28). The subjects’ ages at the two time points are re-
ported in Table 1. It can be seen that the effect of diagnosis
on the change in age is just significant. The results of the

analyses of symptom scores and medication doses are
given in Table 2. The results of the analyses of the mean
volumes are given in Table 3. There is strong evidence of
differences with regard to diagnosis for the prefrontal cor-
tex mean values and moderate evidence for the thalamus
means; the schizophrenic patients had lower mean vol-
umes than the normal subjects in both cases. There is
some evidence for a difference between groups in the
mean volume of the fourth ventricle; in this case, the pa-
tients displayed larger volumes than the normal subjects.
The results of the analyses of the change in volume are
given in Table 4. No changes were significant with regard
to diagnosis, although the differences in the volume of the
posterior inferior vermis and the total brain volume were
nearly significant and the effect of the diagnosis-by-sex in-
teraction on the volume of the posterior inferior vermis
was significant. There was no evidence for significantly al-
tered asymmetry in any of the structures examined.

Discussion

The main findings are strong evidence that patients
with schizophrenia have smaller volumes than normal
subjects in the prefrontal cortex, moderate evidence for
smaller thalamic volumes, some evidence for larger fourth
ventricle volumes, and no evidence of progression over
time for any of these except the posterior inferior vermis
volume among males.

TABLE 1. Ages at Times of Two MRI Scans of Male and Female Adolescents With Schizophrenia and Normal Adolescents

Number of Years

Patients With Schizophrenia Normal Subjects ANOVA (df=1, 28)

Males 
(N=9)

Females 
(N=7)

Males 
(N=9)

Females 
(N=7) Diagnosis Effect Sex Effect

Diagnosis-by-Sex 
Interaction

Age Variable Mean SD Mean SD Mean SD Mean SD F p F p F p
Age at time 1 17.7 1.7 15.3 1.5 15.7 2.0 16.4 2.1 0.86 0.36 1.63 0.22 5.04 0.04
Age at time 2 20.1 3.2 18.4 2.5 17.5 2.2 18.1 2.2 3.05 0.10 0.29 0.60 1.60 0.22
Mean of time 1 

and time 2 ages 18.86 2.46 16.87 1.79 16.60 2.09 17.26 2.12 2.10 0.16 0.76 0.39 2.99 0.10
Change in age between 

time 2 and time 1 2.42 1.59 1.71 0.52 3.09 2.00 1.74 0.58 4.50 0.05 0.55 0.47 0.47 0.50

TABLE 2. Symptom Scores and Medication Doses of Male and Female Adolescents With Schizophrenia Evaluated at Two
Times 2–3 Years Apart

Males (N=9) Females (N=7) ANOVA (df=1, 14)

Variable Mean SD Mean SD F p
Mean of time 1 and time 2

Positive and Negative Syndrome Scale score
Positive symptoms 22.11 1.60 20.50 1.26 4.79 0.05
Negative symptoms 19.78 6.08 18.36 4.36 0.27 0.61
Global 32.00 2.17 29.64 3.53 2.73 0.12
Total 73.89 7.68 68.50 5.58 2.43 0.15

Medication dose (mg/day in chlorpromazine equivalents) 297 70 261 38 1.53 0.24
Change between time 2 and time 1

Positive and Negative Syndrome Scale score
Positive symptoms –7.78 3.19 –7.57 0.79 0.03 0.88
Negative symptoms –1.78 3.46 –2.14 3.13 0.05 0.83
Global –9.56 3.40 –8.43 1.72 0.64 0.44
Total –19.11 6.09 –18.14 2.55 0.15 0.71

Change in medication dose (mg/day in chlorpromazine equivalents) –122 154 –121 104 0.00 1.00
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Longitudinal studies of midsagittal thalamic areas in
childhood-onset schizophrenia show a progressive reduc-
tion over time (11, 25). In the Edinburgh High Risk Study
(26), involving older subjects, the thalamic volume was
found to be low bilaterally in high-risk and schizophrenic
subjects, however, the low volume was present premor-
bidly and was nonprogressive.

A meta-analysis involving 485 schizophrenic subjects
(49 adolescents) and 500 comparison subjects showed
lower absolute thalamic volumes (effect size=–0.41) and
volumes corrected for brain size (effect size=–0.30) in the
schizophrenic subjects (27). The 9.1% lower volume in this
study is considerably larger than the 4% reported in a
meta-analysis of studies of adults (28). The difference in
prefrontal volumes shown by that meta-analysis (lower in
schizophrenic patients) was also less than in our study.
These two findings suggest a more severe disease process
in early-onset schizophrenia.

In normal adolescence, expansion of the dorsal frontal
cortex is associated with lower gray matter density (29),
whereas accelerated gray matter loss (>5%/year) occurs in
the frontal regions in childhood-onset schizophrenia (30).

In this study, a 9.6% reduction in prefrontal cortex volume
(13.1% for white matter; 7.5% for gray matter), in compar-
ison to healthy subjects, is in line with that reported in
childhood-onset schizophrenia (30) but greater than the
1%–5.5% median reduction reported in a meta-analysis of
studies of prefrontal lobe volumes in adults (31). Hirayasu
et al. (32) reported a significant reduction in left prefrontal
gray matter in a follow-up analysis of first-episode pa-
tients with schizophrenia (18–29 years of age), while Ho et
al. (33) found a progressive loss of white matter and an in-
crease in frontal lobe CSF over a 3-year period in young
schizophrenic adults. The timing of the loss of prefrontal
volume is important, with a progressive loss in the first
years after the onset of childhood-onset schizophrenia
(30). A progressive reduction in the left inferior frontal vol-
ume was reported in a small group of subjects at ultrahigh
risk during the transition to psychosis (34). However, in this
post-onset study of patients in late adolescence, there was
no reduction over time in the prefrontal cortex volumes.

The importance of the cerebellum in schizophrenia is
suggested by its involvement in the higher cortical func-
tions of working memory and language processing, as well

TABLE 3. Mean Cerebellar, Prefrontal Cortex, and Thalamic Volumes of Male and Female Adolescents With Schizophrenia
(N=16) and Normal Adolescents (N=16) Evaluated at Two Times 2–3 Years Apart

Region 
and Group

ANOVA

ANCOVA With 
Significant 

Covariate (mean of 
total brain volumes 

at times 1 and 2)

Mean of Volumes at Time 1 and Time 2 
(mm3)

Diagnosis Effect Sex Effect
Diagnosis-by-Sex 

InteractionMales Females

Mean SD Mean SD F df p F df p F df p F df p
Prefrontal cortex

Total 13.90 1, 27 <0.001 2.69 1, 27 0.12 0.10 1, 27 0.76 29.54 1, 27 <0.001
Normal 255,459 34,443 238,138 24,057
Schizophrenia 227,630 19,311 211,098 17,632

White matter 6.92 1, 27 0.02 1.84 1, 27 0.19 0.03 1, 27 0.87 15.83 1, 27 <0.001
Normal 99,769 17,651 92,697 15,949
Schizophrenia 87,322 8,373 80,089 13,128

Gray matter 10.21 1, 27 0.004 1.45 1, 27 0.24 0.11 1, 27 0.75 20.36 1, 27 <0.001
Normal 155,690 18,544 145,442 13,160
Schizophrenia 140,308 12,736 131,009 12,538

Cerebellum 3.08 1, 27 0.09 7.20 1, 27 0.02 0.47 1, 27 0.50 25.26 1, 27 <0.001
Normal 161,602 11,430 138,224 11,284
Schizophrenia 162,645 9,754 141,721 9,149

Total brain 0.59 1, 28 0.45 22.71 1, 28 <0.001 0.06 1, 28 0.81
Normal 1,406,171 114,020 1,240,390 135,103
Schizophrenia 1,386,111 66,688 1,202,114 89,283

Thalamus 4.89 1, 28 0.04 2.94 1, 28 0.10 0.37 1, 28 0.55
Normal 11,660 1,155 11,202 973
Schizophrenia 10,973 1,324 10,013 1,097

Vermis 0.62 1, 28 0.44 5.60 1, 28 0.03 0.00 1, 28 0.99
Anterior

Normal 3,479 571 3,033 560
Schizophrenia 3,331 509 2,891 444

Posterior 
superior 3.84 1, 28 0.06 0.39 1, 28 0.54 1.08 1, 28 0.31
Normal 1,825 319 1,871 357
Schizophrenia 1,708 355 1,520 189

Posterior 
inferior 0.00 1, 28 0.98 7.76 1, 28 0.009 1.01 1, 28 0.33
Normal 2,639 355 2,127 424
Schizophrenia 2,524 405 2,283 321

Fourth ventricle 4.20 1, 28 0.05 2.12 1, 28 0.16 0.24 1, 28 0.64
Normal 1,529 306 1,217 222
Schizophrenia 1,788 566 1,632 592
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as in motor coordination (35). An early study of child-
hood-onset schizophrenia showed no differences from
comparison subjects in total cerebellar hemisphere vol-
umes or fourth ventricular volumes but did show smaller
midsagittal vermal areas and volumes, when corrected for
total cerebral volume (36). However, a recent prospective
longitudinal study (9) revealed a progressive loss of cere-
bellar volume but no changes in vermal areas or posterior
inferior vermal volume. The study was, however, limited to
treatment-resistant subjects. There did not seem to be any
progressive cerebellar changes in our study, although the
loss of the posterior inferior vermal volume approached
significance. Again, although not significant, there was an
indication of a lower posterior superior vermal volume in
the schizophrenic patients than in the comparison sub-
jects. In contrast to the lack of reported fourth ventricular
abnormalities in childhood-onset schizophrenia (36), the
larger fourth ventricle in this study appears consistent
with this vermal midline difference because of its intimate
anatomical relationship. Selectively lower volume of the
posterior superior vermis has also been found in men with
chronic schizophrenia (37). The timing of any vermal
changes may be important, as evidence (38) indicates that

the cerebellum is one of the latest-maturing of all brain
structures, reaching a peak at 19 years, suggesting possible
later environmental and/or genetic influences.

There are limitations to this study. First, with only 16
matched subjects at follow-up it lacks certain power to de-
tect differences between groups. However, the effect sizes
found were large enough to allow interpretation, with the
possible exception of the cerebellar findings. Second, a
difficulty in recruiting comparison subjects at the outset
of the study meant that the follow-up period differed be-
tween groups. As a check, age was used as a covariate in
the analysis and generally made no difference to the re-
sults. Although limited by the relatively large scan width (3
mm), the findings are nonetheless in line with those based
on more automated techniques of deformation-based (6)
and voxel-based (7) morphometry. Finally, medication ef-
fects cannot be discounted, as all the patients were receiv-
ing long-term neuroleptics, including clozapine for three
patients.

In summary, the evidence from these subjects with ado-
lescent-onset schizophrenia of low volumes of the pre-
frontal-thalamic structures is consistent with an early-on-
set, possibly neurodevelopmental basis for a part of the

TABLE 4. Changes in Cerebellar, Prefrontal Cortex, and Thalamic Volumes of Male and Female Adolescents With Schizo-
phrenia (N=16) and Normal Adolescents (N=16) Evaluated at Two Times 2–3 Years Apart

Change in Volume (time 2 – time 1) 
(mm3)

ANOVA
ANCOVA With 

Significant 
CovariateaDiagnosis Effect Sex Effect

Diagnosis-by-Sex 
InteractionMales Females

Region and Group Mean SD Mean SD F df p F df p F df p F df p
Anterior vermis 0.01 1, 27 0.93 1.44 1, 27 0.25 0.07 1, 27 0.80 7.47 1, 27 0.02

Normal 110 271 –3 430
Schizophrenia 194 278 101 348

Posterior inferior 
vermis 4.13 1, 27 0.052 1.41 1, 27 0.25 9.95 1, 27 0.004 12.63 1, 27 0.001
Normal 302 568 150 241
Schizophrenia –101 379 208 266

Total brain volume 4.01 1, 28 0.06 0.20 1, 28 0.69 0.50 1, 28 0.49
Normal –2,138 15,673 –4,959 18,918
Schizophrenia 12,884 33,407 25,501 47,377

Prefrontal cortex
Total 0.43 1, 28 0.52 0.32 1, 28 0.58 0.35 1, 28 0.56

Normal –2,100 18,633 5,721 16,822
Schizophrenia 5,826 22,560 5,640 16,028

White matter 2.18 1, 28 0.16 0.11 1, 28 0.75 1.23 1, 28 0.28
Normal –6,491 8,353 –874 13,301
Schizophrenia 3,044 10,876 –33 11,649

Gray matter 0.06 1, 28 0.81 0.23 1, 28 0.64 0.00 1, 28 0.95
Normal 4,391 13,124 6,595 11,845
Schizophrenia 2,782 13,164 5,672 21,294

Thalamus 1.29 1, 28 0.27 0.00 1, 28 1.00 0.04 1, 28 0.84
Normal 120 1,529 14 1,474
Schizophrenia –569 1,775 –454 802

Cerebellum 1.02 1, 28 0.33 0.01 1, 28 0.92 0.19 1, 28 0.67
Normal 448 9,773 –1,188 5,312
Schizophrenia 2,323 10,841 3,329 4,801

Posterior superior 
vermis 0.24 1, 28 0.64 0.33 1, 28 0.57 1.40 1, 28 0.25
Normal –115 315 63 265
Schizophrenia 39 191 –23 356

Fourth ventricle 0.23 1, 28 0.64 0.01 1, 28 0.92 0.05 1, 28 0.84
Normal 51 368 10 364
Schizophrenia –34 383 –20 301

a Covariate is change in total brain volume for anterior vermis and age at time 1 for inferior vermis.
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dysconnectivity syndrome. The nonsignificant cerebellar
findings add little to the argument for abnormalities of the
prefrontal-thalamic-cerebellar circuit because the effect
on the cerebellum is likely to be small, too small to be
picked up with our small study group. Future studies will
need larger groups of subjects. Structural studies are lim-
ited and only the first step in the investigation of altered
neuronal circuitry. In addition to functional studies, future
studies to examine connectivity should include diffusion
tensor imaging, which can outline white matter tracts.
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