Cortex mapping reveals regionally specific patterns of
genetic and disease-specific gray-matter deficits in
twins discordant for schizophrenia
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The symptoms of schizophrenia imply disruption to brain systems
supporting higher-order cognitive activity, but whether these
systems are impacted differentially against a background of dif-
fuse cortical gray-matter deficit remains ambiguous. Some unaf-
fected first-degree relatives of schizophrenics also manifest cortical
gray-matter deficits, but it is unclear whether these changes are
isomorphic with those in patients, and the answer is critical to
understanding the neurobiological conditions necessary for dis-
ease expression given a predisposing genotype. Here we report
three-dimensional cortical surface maps (probabilistic atlases
matching subjects’ anatomy point by point throughout cortex) in
monozygotic (MZ) and dizygotic (DZ) twins discordant for chronic
schizophrenia along with demographically matched control twins.
A map encoding the average differences between schizophrenia
patients and their unaffected MZ co-twins revealed deficits pri-
marily in dorsolateral prefrontal cortex, superior temporal gyrus,
and superior parietal lobule. A map encoding variation associated
with genetic proximity to a patient (MZ co-twins > DZ co-twins >
control twins) isolated deficits primarily in polar and dorsolateral
prefrontal cortex. In each case, the statistical significance was
confirmed through analysis of 10,000 Monte Carlo permutations,
and the remaining cortex was shown to be significantly less
affected by contrast analysis. The disease-related deficits in gray
matter were correlated with measures of symptom severity and
cognitive dysfunction but not with duration of illness or antipsy-
chotic drug treatment. Genetic and disease-specific influences thus
affect gray matter in partially nonoverlapping areas of predomi-
nantly heteromodal association cortex, changes that may act
synergistically in producing overt behavioral features of the
disorder.

he pathophysiology of schizophrenia remains substantially

a mystery despite intensive investigation (1, 2). Recent
postmortem evidence indicating a deficit in dendritic arboriza-
tion and synaptic contacts on cortical pyramidal neurons without
loss of cell bodies (3) provides a potential unifying framework
linking in vivo findings of cortical gray-matter deficits (4, 5),
decreased density of cortical D1 receptors (6), and altered
cortical physiologic activation during cognitive challenge tasks
(7, 8). If neuropil deficits play a role in the pathophysiology of
schizophrenia, given the nature and complexity of the syn-
drome’s primary behavioral features the deficits should be
selective or differentially severe in the most recently evolved
brain systems that support integrated higher-order cognitive
activity [i.e., the “heteromodal” association cortices (9, 10)]. Yet,
it has proven surprisingly difficult to detect a differential impact
on these systems against a background of diffuse cortical deficit
(1, 2, 4, 5). Postmortem investigation of neuropil volume in
schizophrenia has been limited thus far to two areas, dorsolateral
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prefrontal cortex [Brodmann’s areas (BAs) 9 and 46] and
primary visual cortex (BA 17); neuropil deficits were noted in
both regions (11-13), but given the small sample sizes and small
number of neurons examined, it is unclear whether the deficits
are of significantly greater magnitude in prefrontal cortex.
Further, abnormal physiologic activity has been observed in
some heteromodal regions including dorsolateral prefrontal
cortex and superior temporal gyrus by using behavioral para-
digms designed to activate these areas such as working and
episodic memory tasks (7, 8, 14, 15). However, it is not clear
whether these alterations are derived from disturbed cellular
interactions within these regions or their afferents.

In vivo radiological studies of cortical anatomy have the
potential to resolve the topography of cortical gray-matter
deficits in schizophrenia. Several such studies have found that
frontal and temporal lobe regions may be particularly affected
(4, 5, 16, 17). Whether this regional pattern reflects differential
involvement of specific cytoarchitectonic areas remains to be
determined but potentially could be resolved by voxel-based
morphometric analysis (18, 19). A critical issue in this regard is
how to match up the locations and shapes of the major sulci and
gyri across subjects. Sulcal/gyral anatomy shows marked varia-
tion between individuals and is dissimilar even within pairs of
healthy identical or monozygotic (MZ) co-twins (20, 21). Unless
explicitly modeled, this variation in gyral patterning and shape
could obscure regional differences in cortical gray-matter vol-
ume associated with illness (22).

A further complication is that some clinically unaffected
first-degree relatives of schizophrenic patients also show evi-
dence of cortical gray-matter deficits (17, 23). In prior studies of
twins discordant for schizophrenia, both the patients and their
unaffected MZ co-twins manifested lower than normal whole-
brain, hemispheric, and/or frontal lobe gray-matter volumes,
suggesting that genetic factors contribute to cortical gray-matter
deficits in schizophrenia (23-25). However, because these stud-
ies either did not evaluate regional cortical variation or did not
account for individual differences in gyral/sulcal patterning and
shape, it is unclear to what extent the cortical gray-matter deficits
in patients are isomorphic with those in their identical co-twins.
The answer to this question is critical to understanding the
neurobiological conditions necessary for overt symptom expres-
sion given a predisposing genotype, because any deficit shared

Abbreviations: BA, Brodmann's areas; MZ, monozygotic; 3D, three-dimensional; DZ,
dizygotic.

TTo whom reprint requests should be addressed. E-mail: cannon@psych.ucla.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.052023499



Table 1. Demographic characteristics of the discordant and control twins

Discordant pairs

Control pairs

Characteristic* MZ (n = 20)
Female, n (%) 10 (50.0)
Left-handed, n (%) 1 (5.0)
Substance abuse, n (%) 1(5.0)
Cluster A disorder, n (%) 2 (10.0)
Age, mean (SD) 48.3 (2.9)
Parental social class, mean (SD) 4.6 (0.8)
Years cohabitation, mean (SD) 20.7 (3.4)

DZ (n = 20) MZ (n = 20) DZ (n = 20)
10 (50.0) 10 (50.0) 10 (50.0)
0(0.0) 0(0.0) 1(5.0)
1(5.0) 0(0.0) 1(5.0)
0(0.0) 0(0.0) 2(10.0)
49 (3.9) 48.3 (3.8) 47.9 (4.2)
4.2 (1.7) 4.0 (1.0) 4.4(0.8)
19.9 (3.6) 22.7 (5.7) 19.8 (2.9)

*Discordant and control pairs do not differ significantly from each other on any of these characteristics.

equally by affected and unaffected gene carriers could partici-
pate in symptom expression only indirectly.

Here we used a recently created algorithm for cortical pattern
matching (22) to develop a series of probabilistic 3-D atlases (18)
encoding the topography of cortical gray-matter deficits in
schizophrenic patients and their unaffected MZ and dizygotic
(DZ) co-twins. The pattern matching procedure ensured that
regional variation in gray-matter volume was assessed in the
same anatomical reference locations across subjects after mod-
eling and adjusting for individual differences in the cortical
folding pattern as well as in overall brain size. Because MZ twins
share 100% of their genes, comparing patients to their own
unaffected MZ co-twins allowed us to isolate the topography of
nongenetic, disease-specific differences in cortical gray-matter
volume. Conversely, the topography of genetically encoded
deficits should be revealed by elucidating regions in which
volume varies inversely with increasing genetic proximity to an
affected individual. Finally, areas of cortex uniquely or more
severely affected in the patients compared with their unaffected
MZ co-twins should be correlated differentially with behavioral
indicators of disease severity.

Methods

Subjects and Clinical Evaluation. Subjects were drawn from a cohort
of same-sex twins born in Finland from 1940 to 1957 (26-28).
Because the onset of schizophrenia after age 40 is exceedingly
rare (29), new cases are unlikely to occur in this population. Ten
discordant MZ pairs were recruited randomly and matched with
10 discordant DZ pairs and 10 sets of control pairs of each
zygosity. As shown in Table 1, the four groups were balanced on
age, gender, handedness, duration of cohabitation, parental
social class, Cluster A personality disorder diagnoses, and history
of substance abuse. Each co-twin was given a structured diag-
nostic interview by a different examiner who was blind to
zygosity and diagnostic status of the other co-twin. Diagnostic
reliability was 0.96 * 0.02. The patients had a mean = SD age
at onset of 26 = 6 years and had been treated with (primarily
traditional) antipsychotic drugs for an average of 14 = 10 years.
Average symptom severity at the time of scanning was in the
moderate range in terms of negative symptoms [average scores
of 1.9 = 0.9 on scale for the assessment of negative symptoms
global items (30)] and in the moderate-to-severe range in terms
of positive symptoms [average scores of 2.4 + (.8 on scale for the
assessment of positive symptoms global items (31)].

A comprehensive neuropsychological test battery was admin-
istered to each co-twin by a different examiner who was blind to
zygosity and diagnostic status of the other co-twin. Because
measures of verbal (32) and visuospatial (33) episodic memory
were unique in discriminating patients from their MZ co-twins
(28), these measures were evaluated in relation to regional
gray-matter density in the patients. We also evaluated a sum-
mary measure representing the linear combination of perfor-
mance indices uniquely reflective of disease-related variation
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(composed primarily of measures of verbal and spatial episodic
memory, spatial working memory, divided attention, and motor
speed) as described (28). All groups were within 1 SD of normal
in terms of average age-scaled standard scores on the vocabu-
lary, similarities, block design, and digit symbol subtests of the
revised Wechsler adult intelligence test (34). Patients (mean =
SD, 7.9 £ 2.5) performed significantly worse on this measure
than the MZ co-twins (9.9 = 2.8), DZ co-twins (10.2 = 3.3), and
control twins (11.3 = 1.5); MZ co-twins performed significantly
worse than control twins.

Discordant pairs in which the proband had a diagnosis of
schizoaffective disorder (affective type) or in which the co-twin
had a psychotic disorder diagnosis currently or on a lifetime basis
were excluded. Control pairs were excluded if there was a history
of psychosis-related treatment in their first-degree relatives or if
either co-twin was judged to have a psychotic disorder. Studied
probands were comparable to the remainder of the discordant
twin proband population in terms of year of birth, sex, age at first
hospital admission, number of hospital admissions, and eligibil-
ity for disability pension (28). Studied MZ probands were
equivalent to studied DZ probands in terms of age at evaluation,
age at onset, positive-symptom severity, and negative-symptom
severity (28). There were no differences in demographics, illness
history, or symptom severity between probands from discordant
and concordant pairs (28). We have found previously that the
heritability of schizophrenia is 0.83 in the twin population in
Finland (26). This estimate is comparable to those from the
United Kingdom (35). The genetic variation in Finland is
expected to be the same as in other populations for common
diseases such as schizophrenia (36).

Because there were no differences in parental social class or
duration of cohabitation between discordant and control pairs or
between discordant MZ and discordant DZ pairs (Table 1),
differences in the similarity of shared postnatal environmental
experiences would not seem to compete with a genetic expla-
nation of any liability-related gray-matter deficits. Factors asso-
ciated with the shared intrauterine environment could play a
role, but to compete with a genetic explanation, obstetric
complications would have to be more frequent in the histories of
discordant MZ pairs than discordant DZ pairs, a pattern that was
not observed in relation to prenatal or perinatal complications
coded blindly from the original obstetric records from about half
of the studied twin pairs (28). Among cases in which complica-
tions were noted, the events were not recorded as having
affected one co-twin preferentially. Our subject-matching pro-
cedure eliminated schizophrenia-related personality disorders,
handedness, and substance abuse as potential explanations for
any liability-related differences in gray-matter volume (Table 1).
Subjects positive for these factors had regional gray-matter
volumes within 1 SD of the mean of their respective group
distributions. Sample sizes were too small for meaningful sta-
tistical evaluation of group differences by gender, but it is
doubtful that gender differences in these effects are large (37).
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Cortical maps showing the average magnitude (A), significance (B), and regional specificity (C) of gray-matter deficits in schizophrenic twins relative

to their healthy MZ co-twins (n = 10 pairs) viewed from the right, left, and right-oblique perspectives. These maps isolate nongenetic disease-specific deficits
by eliminating genetic differences between cases and controls. Disease-specific deficits are observed primarily in dorsolateral prefrontal, superior temporal, and
superior parietal association areas. The significance of deficits survived correction for multiple comparisons in each of these regions bilaterally except for superior
temporal gyrus in the right hemisphere. Most of the remaining cortex is significantly less affected than the average deficit in frontal cortex (C).

Finally, because the studied probands from discordant MZ and
DZ pairs did not differ from each other or from the remainder
of the discordant twin proband population in demographic or
clinical characteristics, any disease- or liability-related differ-
ences in gray-matter density are not likely to reflect an unusual
clinical or demographic profile in the probands.

For all pairs, zygosity was determined by DNA analysis using
the following markers: D1580 (20 alleles), D17530 (13 alleles),
apoB (20 alleles), COL2A1 (10 alleles), viWA (9 alleles), and
HUMTHOI (6 alleles). Assuming an average heterozygosity rate
of 70% per marker, we estimate that this procedure will classify
a DZ pair as MZ falsely in ~1 of 482 cases.

Image Acquisition and Analysis. T1-weighted MPRAGE MRI volumes
were acquired on a 1.5-Tesla scanner (Siemens, Iselin, NJ) in the
Department of Radiology at Helsinki University Central Hospital
(128 contiguous 1.2-mm slices in the sagittal plane, repetition time
= 11.4, echo time = 4.4, 256 X 256 matrix). A radio-frequency bias
field-correction algorithm eliminated intensity drifts caused by
scanner field inhomogeneity. Scans were histogram-matched and a
supervised, nearest-neighbor tissue classifier generated detailed
maps of gray matter, white matter, and cerebrospinal fluid. Briefly,
120 samples of each tissue class were tagged interactively to
compute the parameters of a Gaussian mixture distribution that
reflects statistical variability in the intensity of each tissue type (38).

Three-dimensional (3D) Cortical Maps. A high-resolution surface
model of cortex was extracted automatically from the segmented
image for each subject (39). Medial prefrontal, cingulate, and
medial temporal regions were excluded from the analysis, be-
cause models of these regions were not obtainable by using the
surface extraction procedure. A single rater blind to zygosity,
diagnosis, and all demographic information drew 38 gyral and
sulcal boundaries, representing the primary gyral pattern, as 3D
curves on each of the digitized models by using a detailed
anatomical protocol (www.loni.ucla.edu/~esowell/new_
sulevar.html). This protocol was compiled by neuroanatomists
with reference to a sulcal atlas (40) as described (41, 42). Raters
are trained on a set of six brains until they can trace landmarks
with an inter- and intrarater 3D rms error no greater than 2 mm
everywhere and <1 mm on average.

3D location information was retained through color coding as
each cortical image was flattened and projected onto a sphere.
Cortical models were used to compute a 3D vector deformation
field, which then is used to reconfigure each subject’s anatomy
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to the average configuration of the normal twins, matching
landmark points, surfaces, and curved anatomic interfaces (2). A
local measurement termed gray-matter density was made in each
subject (22, 43), whereby the proportion of gray matter is
measured in a small sphere of fixed radius (15 mm) around each
cortical point. This proportion thus reflects the density of voxels
segmenting as gray matter in the sphere (i.e., relative to the total,
which also may include voxels segmenting as white matter,
cerebrospinal fluid, or background). Maps representing the
variability in gray-matter density across cortex then can be
generated for any within-group or between-subject contrast.

Statistical Analysis. Maps of gray-matter differences associated with
schizophrenia were generated for each discordant MZ pair and
were realigned elastically for averaging across the 10 pairs. Maps of
genetically encoded differences were generated by assessing the
correlation between gray-matter density and genetic liability, mod-
eled as a continuum of genetic proximity to a proband, in which MZ
co-twins of patients (n = 10) were highest, DZ co-twins of patients
(n = 10) were intermediate, and control twins (n = 20, one twin
selected at random from each pair) were the lowest. Statistics
evaluating these associations were computed pointwise across the
cortex, and their robustness after controlling for multiple compar-
isons was assessed by analysis of 10,000 Monte Carlo permutations
for each map (22). In the case of within-pair differences, the
permutations were formed by random pairings of unrelated sub-
jects of the same gender and within 5 years of age but constrained
to result in samples balanced on gender. In the case of liability-
related differences, permutations were formed by randomly reas-
signing subjects to liability classes but constrained to result in
samples balanced on age and gender distribution. We preferred this
approach to using an analytical null distribution to avoid assuming
that the smoothness tensor of the residuals of the statistical model
were stationary across the cortical surface (18). Regional specificity
was assessed by testing whether each voxel had the same or greater
degree of association with the predictor (diagnosis or liability class)
as the average voxel in frontal cortex. Frontal, temporal, parietal,
and occipital regions were drawn on the atlas representing the
aggregate of all subjects; these regions of interest then were
back-propagated onto each subject’s 3D cortical model (i.e., elastic
realignment in reverse to recover the original cortical shape for the
regions of interest in the individual subject) to permit analysis of
variation in regional gray-matter density in relation to individual
differences in clinical and neurocognitive variables.

Maps of within-pair resemblance in gray matter in discordant
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Table 2. Correlations* between regional cortical gray matter and clinical variables among
twins with schizophrenia (n = 20)

Region of cortex

Variable Frontal Temporal Parietal Occipital
Duration of illness -0.09 -0.05 0.15 0.26
Years ofneuroleptic treatment —0.01 0.04 0.09 0.01
Negative symptoms (30) —0.44* —0.43" -0.38 -0.23
Positive symptoms (31) —-0.34 -0.29 -0.37 0.03
Disease-related cognitive variate (28) 0.50% 0.52% 0.607 0.10
Verbal memory (32) 0.59* 0.42% 0.42% 0.30
Visual memory (33) 0.32 0.49% 0.50% 0.20

*Partial correlations controlling for overall brain volume.

1, P < 0.05.

MZ and DZ co-twins were created by using the intraclass
correlation coefficient and compared statistically by Student’s ¢
test. The corresponding maps for control pairs have been
reported (42) but are reprinted here to facilitate comparison
with the maps in discordant pairs. Heritability estimates (44)
have wide confidence intervals at these sample sizes and thus are
not presented here.

Results

Nongenetic Influences. Fig. 14 gives the map plotting the average
within-pair differences in gray-matter density between patients and
their MZ co-twins. This map detected deficits in gray matter in the
range of 5-8% in dorsolateral prefrontal cortex (approximate
cytoarchitectonic reference: BA 9/46), Broca’s area (BA 44/45),
premotor cortex and frontal eye fields (BA 6/8), superior parietal
lobule (BA 7/40), superior temporal gyrus including a small portion
of Heschl’s gyrus (BA 41/42), and middle temporal gyrus (BA 21).
The remaining cortex was remarkably free of within-pair differ-
ences. Deficits in this range were statistically significant by paired
Student’s ¢ test (Fig. 1B). Permutation analysis confirmed the
significance of these differences in all the above regions bilaterally
(P values < 0.05) except for superior temporal gyrus in the right
hemisphere, indicating that the differences are statistically robust
after accounting for the number of comparisons conducted.

As shown in Fig. 1C, the hypothesis that the disease-related
deficit in gray matter is as large as that in the frontal lobe could
be rejected statistically in the entirety of the occipital cortex, a
broad band of sensorimotor cortex, and in large portions of

A Liability Correlation Map

Fig. 2.

B Liability Significance Map

inferior parietal, temporal, and frontal cortex. Overall, the
regions that showed statistical evidence of relative sparing (Fig.
1C) were the inverse of those that showed statistical evidence of
disease-related change (Fig. 1B).

As shown in Table 2, these disease-specific deficits in cortical
gray matter were correlated with symptom severity, particularly
with respect to negative symptoms (e.g., flat affect, anhedonia,
and asociality), and with neurocognitive deficits, particularly in
the domain of verbal learning and memory, but not with duration
of illness or years of antipsychotic drug treatment. There also
were no significant correlations between duration of illness or
antipsychotic drug treatment and the differences in regional
gray-matter volumes between patients and their MZ co-twins
(all P values > 0.50).

Genetic Influences. Fig. 24 gives the map modeling variation in
gray matter as a function of a continuum of genetic affinity with
a patient. This map detected inverse correlations on the order of
—0.40 to —0.70 between decreasing gray-matter volume and
increasing genetic risk for schizophrenia in dorsolateral (BA
9/46) and polar (BA 10) prefrontal cortex, Broca’s area (BA
44 /45), supplementary motor areas (BA 6), inferior sensorimo-
tor strip (BA 4), Wernicke’s area (BA 22), and temporal pole
(BA 38). Correlations in this range were statistically significantly
different from 0 (Fig. 2B). Permutation analysis confirmed the
significance of these associations in each of the above regions
bilaterally after accounting for the number of comparisons
conducted (all P values < 0.05).
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Cortical maps showing the magnitude (A), significance (B), and regional specificity (C) of liability-related gray-matter deficits viewed from the right,

NEUROBIOLOGY

left, and right-oblique perspectives. ’R-value” refers to the correlation between gray-matter density and genetic liability to schizophrenia, modeled as highest
among unaffected MZ co-twins of probands (n = 10), intermediate among unaffected DZ co-twins of probands (n = 10), and lowest among normal control twins
(n = 20, where one co-twin was chosen at random from each pair). The map reveals liability-related deficits primarily in polar and dorsolateral prefrontal regions,
the significance of which survived correction for multiple comparisons. Most of the remaining cortex is significantly less affected than the average deficit in
frontal cortex (C).
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Cortical maps showing the intraclass correlations in gray matter in healthy Mz, healthy DZ, discordant MZ, and discordant DZ twin pairs (n = 10 pairs

in each group). The maps for healthy twins are reproduced with permission from ref. 42 (Copyright 2001, Nature Publishing Group) to facilitate comparison.
Among the discordant pairs, the DZ correlations were uniformly low and nonsignificant throughout cortex, whereas the MZ correlations were highly significant
(and significantly greater than the DZ correlations) in frontal and temporal pole, a large band of sensorimotor strip, and Wernicke's area. These results are
consistent with the liability maps presented in Fig. 2 in demonstrating differential heritable influences on gray matter in these regions among twins discordant

for schizophrenia. F, frontal lobe; W, Wernicke’s area; S/M, sensorimotor cortex.

As shown in Fig. 2C, the hypothesis that the liability-related
deficit in gray matter is as large as that in the frontal lobe could
be rejected statistically in nearly all of occipital and parietal
cortex, a broad band of superior frontal gyrus (but excluding BA
10), and large portions of inferior temporal and frontal cortex.
Overall, the regions that showed statistical evidence of relative
sparing (Fig. 2C) were the inverse of those that showed statistical
evidence of liability-related change (Fig. 2B).

Fig. 3 shows the maps of the intraclass correlation coefficients in
gray matter in healthy and discordant twins. Among the discordant
pairs, the DZ correlations were uniformly low and nonsignificant
throughout cortex, whereas the MZ correlations were highly sig-
nificant (and significantly greater than the DZ correlations) in
frontal and temporal pole, a large band of sensorimotor strip, and
Wernicke’s area. Correlations were lower in discordant than in
healthy MZ pairs in dorsolateral prefrontal cortex and superior
temporal gyrus, which parallels the mapping of disease-specific
influences to these regions. Correlations were higher among dis-
cordant compared with normal MZ pairs in frontal pole, inferior
frontal gyrus, and temporal pole, which are areas with the most
prominent liability-related deficits. The intraclass correlation coef-
ficients (+ SE) for overall gray-matter volume were 0.83 = 0.10 and
0.32 =+ 0.29 for healthy MZ and DZ pairs, respectively [¢ (10) = 2.7,
P =0.01)], and 0.73 = 15 and 0.05 = 0.32 for discordant MZ and
DZ pairs, respectively [¢ (10) = 2.9, P = 0.01].

Discussion

Consistent with its primary behavioral features, schizophrenia
manifests with a specific topographic distribution of cortical
gray-matter deficits. The majority of affected cortex is in het-
eromodal convergence areas, with relatively smaller regions of
primary auditory, somatosensory, and motor cortex also af-
fected. This regional specificity was revealed only after account-
ing for intersubject variation in gyral patterning and shape. Both
genetic and disease-specific factors influence gray-matter defi-
cits in these regions, with primarily nonoverlapping areas af-
fected by these two sets of influences.
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These findings help to specify the neurobiological conditions
promoting phenotypic expression of schizophrenia given a predis-
posing genotype. Disease-specific effects were present in a relatively
small fraction of the total surface area affected by genetic influ-
ences, corresponding primarily to middle frontal gyrus (dorsolat-
eral prefrontal cortex) but contributed uniquely to gray-matter
deficits in prefrontal regions involved in eye movements and motor
planning and in temporal and parietal areas that support multimo-
dal sensory and perceptual integration, auditory perception, and
episodic memory. Genetic influences, which account for ~80% of
liability to schizophrenia (26), would be expected to influence some
of the anatomical systems involved in disease causation, but such
genetically encoded changes could participate in phenotypic ex-
pression only indirectly, because they are equally severe in the
affected and unaffected members of discordant MZ twin pairs.
Consistent with prior studies of relatives of schizophrenics (17, 23),
here genetic influences were isolated primarily to polar, inferior,
and dorsolateral prefrontal brain areas that support the highest
degree of integrated cognitive activity such as abstract reasoning,
sequencing, working memory, selection, categorization, and con-
text processing, functions that rely on integrated perceptual input
from heteromodal regions in the temporal and parietal lobes (45).
There was greater resemblance of MZ compared with DZ discor-
dant co-twins in the frontal region, a pattern that also appears in
healthy twins (42, 46). The neocortical contribution to overt schizo-
phrenic symptoms thus may reflect an interaction of disrupted
perceptual, memory, and motor planning systems, induced primar-
ily by nongenetic influences, with disturbed executive processes
deriving primarily from an inherited genotype. This contribution
may also depend on interactions with medial and midline cortical
and subcortical structures, including the hippocampus, parahip-
pocampal gyrus, anterior cingulate cortex, and thalamus, regions
that are known to be affected in schizophrenia (47, 48) but are
not amenable to analysis using the present algorithm for cortex
modeling.

No specific nongenetic etiological factor was measured in this
study, thus the precise mechanisms underlying the disease-specific

Cannon et al.



differences in cortical anatomy remain to be identified. A number
of candidate mechanisms exist including gestational and perinatal
complications (49) as well as postnatal factors such as head injuries
and stressful life events (50). Any of these factors, to the extent that
they specifically or preferentially impact one co-twin, may explain
clinical as well as neurobiological phenotypic discordance, although
each of their influences may depend on specific genetic diatheses.
Further, because no specific gene for schizophrenia has been
identified (51), there is not a specific candidate genetic mechanism
to account for the liability-related deficits in gray-matter density.
However, these findings to some extent are constraining of the
mechanism(s), because they demonstrate that the impact of schizo-
phrenia genes on cortical anatomy is fairly well localized to anterior
and superior prefrontal cortex. Our results also may be useful in
quantitative trait loci identification, because they indicate that
deficits in prefrontal gray-matter covary with the degree of genetic
loading for schizophrenia regardless of clinical phenotypic
expression.

Postmortem investigation of the cellular and molecular basis of
cortical gray-matter deficits in schizophrenia indicates a deficit in
neuropil volume (10-12). Thus, candidates for genetic and nonge-
netic mechanisms affecting cortical anatomy in schizophrenia in-
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