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Introduction

Schizophrenia has been linked with reductions in cerebral 
and grey matter volumes,1 and there has been variable evi-
dence of white matter changes.2,3 Given the etiological com-
plexity of the disorder,4 the extent to which these structural 
abnormalities are driven by genetic and environmental liabil-
ity is poorly understood. Similar deficits in unaffected rela-
tives suggests familial, and by extension, genetic effects.5 
However, 2 large studies found no significant grey matter re-
ductions in unaffected relatives, concluding that structural 
brain changes in individuals with schizophrenia were un-
likely to be due to genetic factors.6,7

Family cohorts cannot discriminate between genetic and 
shared environmental effects. Twin studies are a method to 
circumnavigate this challenge, though the findings of twin 

studies in schizophrenia have been inconsistent. The majority 
adopted region of interest methods and reported that mono-
zygotic (MZ) discordant twins with schizophrenia have 
larger lateral ventricles;8 smaller grey matter, hippocampal 
and hypothalamic volumes;9–12 and smaller thalamic and 
frontal volumes13,14 than their nonpsychotic co-twins, impli-
cating unique environmental effects.

The evidence for familial or genetically determined deficits 
in patients’ unaffected co-twins is mixed. Three studies 
mapped regional grey matter volume differences between 
the members of MZ discordant pairs15–17 and reported a vari-
ety of familial, genetic and unique environmental deficits, 
principally in frontal and temporal lobes. A combined Euro-
pean multicentre twin sample suggested that the strongest 
genetic effect linked to schizophrenia was white matter vol-
ume loss.18
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Background: Reductions in whole brain and grey matter volumes are robust features of schizophrenia, yet their etiological influences 
are unclear. Methods: We investigated the association between the genetic and environmental risk for schizophrenia and brain vol-
umes. Whole brain, grey matter and white matter volumes were established from structural MRIs from twins varying in their zygosity and 
concordance for schizophrenia. Hippocampal volumes were measured manually. We conducted between-group testing and full genetic 
modelling. Results: We included 168 twins in our study. Whole brain, grey matter, white matter and right hippocampal volumes were 
smaller in twins with schizophrenia. Twin correlations were larger for whole brain, grey matter and white matter volumes in monozygotic 
than dizygotic twins and were significantly heritable, whereas hippocampal volume was the most environmentally sensitive. There was a 
significant phenotypic correlation between schizophrenia and reductions in all the brain volumes except for that of the left hippocampus. 
For whole brain, grey matter and the right hippocampus the etiological links with schizophrenia were principally associated with the 
shared familial environment. Lower birth weight and perinatal hypoxia were both associated with lower whole brain volume and with 
lower white matter and grey matter volumes, respectively. Limitations: Scan data were collected across 2 sites, and some groups were 
modest in size. Conclusion: Whole brain, grey matter and right hippocampal volume reductions are linked to schizophrenia through cor-
related familial risk (i.e., the shared familial environment). The degree of influence of etiological factors varies between brain structures, 
leading to the possibility of a neuroanatomically specific etiological imprint.
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Regionally, the hippocampus has perhaps the most robust 
pathophysiological evidence in patients with schizophrenia. 
Familial risk may determine hippocampal volume loss,19 
which may be both heritable and linked to the specific gen
etic risk for schizophrenia.7,20 However, Stefanis and col-
leagues21 found no evidence of familial effects once patients 
with a history of obstetric complications were removed from 
their analysis,21 whereas Van Erp and colleagues22 suggested 
a gene × environment interaction involving perinatal hypoxic 
insult to the hippocampus.

In the present study, we first compared whole brain, grey 
matter and white matter volumes and then focused a comple-
mentary region of interest analysis on the hippocampus to ex-
plore the regional specificity of volume deficits in that struc-
ture. We tested for between-group differences between all 
twins with schizophrenia, MZ unaffected and dizygotic (DZ) 
unaffected co-twins, and all healthy control twins, then con-
ducted full genetic modelling. On the basis of previous studies, 
we hypothesized that twins with schizophrenia would show 
smaller brain volumes than control twins; that the healthy co-
twins from MZ and DZ discordant pairs would occupy an 
intermediate position, reflecting their shared familial risk, but 
spared unique environmental effects; that genetic modelling 
would show volumetric differences linked to the familial and 
specifically the genetic and common environmental risk for 
schizophrenia; and that unique environmental risk would fur-
ther influence brain volume in patients with schizophrenia.

Methods

Participants

Probands were referred from across the United Kingdom by 
their treating psychiatrists. Control twins were recruited 
from a volunteer twin register and through national media. 
Exclusion criteria were a history of neurologic illness or clin
ically important head injury and any current substance mis-
use or dependence. We used the MRIs of MZ and DZ twins 
in this study. In some pairs, the co-twin was not able to com-
plete the MRI examination, or the MRI data were excluded 
owing to artifact; to optimise the data set, we still included 
the data from the “surviving” participant in our analysis. We 
divided the remaining data for subsequent analyses into the 
following subgroups: patients with schizophrenia, MZ unaf-
fected and DZ unaffected co-twins from discordant pairs, 
and healthy control twins from MZ and DZ control pairs. 
Data from subsets of this cohort have been published previ-
ously.18,23 We obtained local and South East (UK) multicentre 
ethics approval for our study, and all participants gave their 
written informed consent.

Clinical assessment

Clinical diagnoses and psychotic symptoms were established 
by 1 of 2 board level–trained psychiatrists using the Schedule 
for Affective Disorders and Schizophrenia—Lifetime Version 
augmented with further clinical information to make DSM-IV 
diagnoses, the Scales for the Assessment of Positive (SAPS) 

and Negative (SANS) Symptoms, and the Annett Scale to as-
sess handedness. Premorbid schizotypal traits and social de-
velopment were assessed using the Premorbid Social Scale and 
Pre-morbid Assessment of Schizoid and Schizotypal Traits. 
We determined socioeconomic status at birth using a national 
standardized scale, and we collected information on obstetric 
complications from participants’ parents when available using 
the Lewis Murray Scale. Patients’ current antipsychotic medi-
cation use was converted to chlorpromazine (CPZ) equiva-
lents, and we calculated antipsychotic exposure in dose-
years.24 Zygosity was confirmed using 12 highly polymorphic 
microsatellite markers or a twin likeness questionnaire.

In concordant pairs, both members met DSM-IV criteria for 
schizophrenia or schizoaffective disorder. In discordant pairs, 
the proband met schizophrenia or schizoaffective disorder cri-
teria, while the unaffected co-twin was free of any psychotic 
disorder. The minimum time since schizophrenia onset in the 
probands from the discordant pairs was set at 4 years, so that it 
was unlikely that any of these pairs would later become concor-
dant. Some of the discordant unaffected co-twins had a per-
sonal history of psychiatric disorders other than schizophrenia-
spectrum disorders. Controls were free of any psychotic 
illness or any schizophrenia-spectrum disorder, but were 
similarly still included if they had a personal history of other 
Axis I nonpsychotic pathology. We chose to apply the same 
exclusion criteria to the controls as the unaffected co-twins 
with regard to other Axis I illnesses so as not to artificially in-
flate the differences between these 2 groups. All participants 
were stable at the time of assessment, with no recent changes 
in their medications. No unaffected co-twin or healthy control 
was taking any psychotropic medication.

MRI data acquisition and analysis

Participants were scanned on a 1.5 T General Electric Signa 
Advantage scanner. We obtained a 3-dimensional (3-D) T1-
weighted, coronal, spoiled gradient (SPGR) of the whole 
head (echo time 5 ms, repetition time 35 ms, flip angle 30°, 
number of excitations = 1, field of view 200 × 200 mm, voxel 
dimensions 1 × 1 × 1.5 mm), yielding 124 contiguous slices 
1.5 mm thick. Imaging took place on identical scanners at 1 of 
2 sites: St. George’s and Maudsley hospitals, London, UK. 
Both members of every pair were scanned at the same site. 
Nine twin pairs were scanned at both sites for data compari-
son between sites. Images were inspected to exclude signifi-
cant pathology and movement artifacts.

Image processing and tissue segmentation

Processing was performed using SPM8 software (Wellcome 
Trust Centre for Neuroimaging, www.fil.ion.ucl.ac.uk/spm​
/software/spm8/). Segmentation in SPM8 incorporates a uni-
fied approach that combines image registration, tissue classifi-
cation and bias correction. We calculated total grey matter 
and white matter volumes using the algorithms in SPM8. The 
volumes were corrected for size changes induced by spatial 
normalization and summed to produce an estimate of the 
whole brain volume.
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Image preprocessing and analysis

Images were linearly aligned to standard space and resliced 
into the anterior–posterior orientation. A trained rater blind 
to diagnosis or twin status outlined each hippocampus man-
ually in MultiTracer using standard landmarks. Outlines 
were traced using all 3 orientations, from anterior to pos
terior along contiguous image slices. Volumetric measures 
were calculated from the centre of the first slice to the centre 
of the last slice. The anterior hippocampus was delineated 
from the discrimination of the pes hippocampi to where the 
crus cerebri separates from the pons. We used the temporal 
horn cerebrospinal fluid (CSF) and the white matter of the 
alveus, as viewed in 3D, to establish the separation of the 
hippocampus from the amygdala anteriorly. The posterior 
hippocampus was continued until the crus of the fornix. The 
alveus and fimbria were excluded from hippocampal tra
cings whenever possible. Inter-rater reliability was estab-
lished and rechecked based on accepted methods, with 
intraclass correlation coefficients of 0.869 before and 0.873 
after all the ratings were completed. Outlines were traced in 
the coronal orientation, from anterior to posterior along con-
tiguous image slices and included all hippocampal grey 
matter, including the dentate gyrus and subiculum. We cal-
culated volumetric measures by summing the segmented 
areas on each slice and assuming the surface structure be-
tween each slice varied linearly based of the square root of 
the area on that slice.

Statistical analysis

Two-site MRI data
To determine and address the presence of systematic differ-
ences in the MRI volumetric data between the 2 scanner sites, 
we estimated the intersite bias for each brain volume. The 
method identifies 1 site, in this case the Maudsley Hospital, 
as the reference site and estimates intersite bias, and from 
that an intersite correction factor, as the mean difference be-
tween the 2 sites for each volume for each of the 18 partici-
pants who were scanned at both sites. The intersite correction 
factor was then applied to data from the second site.

Between-group analyses
For the between-group analyses the participants were allo-
cated into 4 groups. The first group comprised all participants 
with schizophrenia. The second group comprised the unaf-
fected co-twins from MZ discordant pairs, genetically identi-
cal to their co-twins with schizophrenia. The third group com-
prised the unaffected co-twins from DZ discordant pairs, who 
share approximately 50% of their genes with their co-twins 
with schizophrenia. Finally, the fourth group comprised all 
healthy control twins at low risk for schizophrenia.

The genetic relatedness of twin pairs violates the assump-
tion of independence in analysis of variance. Therefore, we 
analyzed differences between groups using regression mod-
els that allowed for correlations within twin clusters and de-
partures from normality using the robust sandwich estimator 
in Stata software version 12 (Stata Corporation). This method 

provides robust standard errors (SE), confidence intervals 
(CIs) and p  values that give accurate assessments of the 
sample-to-sample variability of the parameter estimates even 
when the model is mis-specified, including when observa-
tions are nonindependent. Using robust regression the par
ameter estimate may be biased, but the 95% CIs remain accu-
rate, giving 95% confidence that the true parameter estimate 
lies within its range.25

We examined group differences in demographic and clin
ical variables using linear or logistic regression with robust 
SEs according to the nature of the data.

If an overall comparison for a given volume was statis
tically significant, it was followed by 3 planned pairwise post 
hoc comparisons strictly determined by the experimental hy-
potheses; these were all patients versus controls, MZ unaf-
fected twins versus controls and DZ unaffected twins versus 
controls. All contrasts were adjusted for age and sex, and for 
our analysis of the hippocampus, contrasts were also ad-
justed for whole brain volume. We investigated etiological 
correlates of the brain volumes using regression models and 
the same covariates.

Genetic model fitting
Structural equation modelling specified a model by which 
the variance of the brain volume phenotypes and the covari-
ance between those traits and the genetic liability for schizo-
phrenia was partitioned between genetic and environmental 
causes. To study the contribution of genes and environment 
to covariance between the brain volumes and the liability for 
schizophrenia, we looked at the cross-trait correlation be-
tween these phenotypes. For example, if the cross-trait cor
relation is greater for MZ than for DZ twins, this implies that 
additive genetic factors contributed to the phenotypic correl
ation between the 2 traits, or put another way, that the same 
genetic factors that increase the susceptibility to schizophre-
nia cause the brain volume reduction.

Bivariate analysis explored any genetic and environmental 
association between the brain volumes and the genetic liabil-
ity for schizophrenia. First, a correlation model estimated the 
familial correlations across phenotypes and schizophrenia. 
The correlations for schizophrenia (r = 0.92 MZ, r = 0.515 
DZ/sibling) were fixed according to heritability point esti-
mates in population samples to correct for ascertainment 
(h2 = 0.81, χ2 = 0.19, e2 = 0.08).26

Genetic analysis

Bivariate models between each of the brain volume pheno-
types and schizophrenia separated the variance of each trait 
into additive genetic, common environmental and unique en-
vironmenttal factors (ACE), represented by h2, χ2 and e2. The 
correlation between each phenotype and schizophrenia liabil-
ity was partitioned into the different sources of covariation: 
genetic (rg), common environmental (rc) and unique en
vironmental (re) correlations. As the rg, rc and re correlations 
do not take into account the traits’ heritabilities, it is possible 
for a large genetic correlation to explain very little of the ob-
served covariation between the traits. Therefore, the model 
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also combines information from the rg, rc and re with the herit
ability of each trait to calculate the part of the phenotypic cor
relation (rph), due to genetic (rph-a), common environmental 
(rph-c) and unique environmental (rph-e) effects.

Model estimation and evaluation
Before model fitting, we partialled out the effects of age and 
sex. To fit genetic models we performed structural equation 
modelling with maximum likelihood estimation of 
parameters using Open Mx. We compared the fit of the 
genetic models with that of the correlational models by 
subtracting the difference in –2 log-likelihood, obtaining a –2 
statistic distributed with degrees of freedom equal to the 
difference in degrees of freedom of the 2 models.

Results

Participants

We obtained MRI data from 44 MZ concordant twins 
(19 complete and 6 half pairs), 18 MZ discordant twins with 
schizophrenia and 16 MZ discordant unaffected twins 
(18 MZ discordant pairs), 8 DZ discordant twins with schizo-
phrenia and 6 DZ discordant unaffected twins (8 DZ discor-
dant pairs), 53 MZ control twins (26 complete and 1 half MZ 
control pairs), and 23 DZ healthy control twins (11 complete 
and 1 half DZ control pairs). This yielded a final sample size 
of 168 participants, which was then divided for subsequent 
analyses into the following groups: 70 patients with schizo-
phrenia, 16 MZ unaffected and 6 DZ unaffected co-twins 
from discordant pairs, and 76 healthy control twins from MZ 
and DZ control pairs.

Eighty-two participants were successfully scanned at 
St. George’s Hospital and 86 at the Maudsley Hospital. There 
was no significant difference in numbers of patients with 

schizophrenia scanned between the 2 sites (χ2
1 = 3.34, p = 

0.07), though more DZ twins were scanned at the Maudsley 
Hospital (χ2

1 = 8.85, p = 0.003).
The demographic and clinical variables are summarized in 

Table 1. Ten participants from the discordant unaffected 
groups and 6 controls met lifetime criteria for other Axis I 
psychiatric diagnoses, such as depression. None of these non-
schizophrenia participants was unwell at the time of the 
scanning, and none was taking any psychotropic medication.

The groups did not differ significantly in birth weight, the 
presence of any obstetric complication or perinatal hypoxia. 
The patients had been unwell for an average of 12 ± 9.2 years, 
and as anticipated they had more psychotic symptoms. 
Twenty-one patients were prescribed a first- and 39 a second-
generation antipsychotic, with a mean daily prescribed dose 
in CPZ equivalents of just over 370 ± 260 mg and a mean of 
25.7 dose-years.

Brain volumes

The adjusted mean brain volumes of participants are shown 
in Table 2.

Group differences in brain volumes
Patients had smaller whole brain (t = –3.86, p < 0.001), grey 
matter (t = –4.17, p < 0.001) and white matter (t = –2.45, p = 
0.016) volumes than healthy controls. Unaffected twins from 
both MZ and DZ discordant pairs did not differ from healthy 
controls on any of the 3 global volumes, though there was a 
trend for healthy co-twins from MZ discordant pairs to have 
lower white matter volume (t = –1.78, p = 0.08). Patients had 
lower right hippocampal volumes than healthy controls (t = 
–2.06, p = 0.040), as did the unaffected twins from DZ 
discordant pairs bilaterally (t = –3.80, p < 0.001 and t = –3.51, 
p = 0.001, respectively).

Table 1: Demographic and clinical characteristics of study participants

Group; mean ± SD or no.

Characteristic
All schizophrenia

(n = 70)
MZ Dc unaffected

(n = 16)
DZ Dc unaffected

(n = 6)
All controls

(n = 76) Statistic p value

Age, yr 36.1 ± 9.8 31.9 ± 11.5 36.5 ± 14.9 40.6 ± 12.4 F3,90 = 1.92 0.13

Sex, M:F 21:47 8:8 4:4 34:42 χ2
3 = 5.02 0.17

Race, white:other 62:6 15:1 8:0 76:0 χ2
1 = 0.14 0.71

Education, yr 13.2 ± 2.9 13.5 ± 3.1 14.9 ± 2.5 14.2 ± 2.5 F3,90 = 1.72 0.17

Social class at birth 2.4 ± 0.90 2.5 ± 0.97 1.8 ± 0.71 2.6 ± 1.01 F3,88 = 3.45 0.019

Handedness, right:left/
ambidextrous

53:12 14:2 6:2 64:8 χ2
3 = 1.20 0.75

Birth weight, g 2343 ± 811 2680 ± 773 2449 ± 968 2613 ± 619 F3,60 = 0.86 0.47

Signs of hypoxia at 
birth, yes:no

10:41 3:6 0:5 4:41 χ2
2 = 3.83 0.15

CSA 2.5 ± 0.7 2.1 ± 0.5 1.7 ± 0.6 1.6 ± 0.4 F3,37 = 8.86 < 0.001

ASA 2.8 ± 0.7 2.4 ± 0.5 1.9 ± 0.8 1.6 ± 0.1 F3,37 = 14.4 < 0.001

PSST 1.6 ± 0.5 1.3 ± 0.3 1.2 ± 0.2 1.1 ± 0.1 F3,43 = 10.1 < 0.001

SAPS 6.4 ± 4.5 1.3 ± 1.8 2.5 ± 4.2 0.01 ± 0.1 F3,82 = 43.0 < 0.001

SANS 9.4 ± 5.3 2.5 ± 3.9 1.5 ± 2.8 0 ± 0 F3,82 = 57.4 < 0.001

ASA = adolescent social adjustment; CSA = childhood social adjustment; Dc = discordant; DZ = dizygotic; F = female; M = male; MZ = monozygotic; PSST = premorbid schizoid 
schizotypal traits; SANS = Scale for the Assessment of Negative Symptoms; SAPS = Scale for the Assessment of Positive Symptoms; SD = standard deviation.
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Brain volumes and environmental factors
There was no significant association between antipsychotic 
exposure (in dose-years) and any of the brain volumes (all 
p  > 0.49) in patients with schizophrenia. Across the whole 
sample, lower birth weight was associated with lower whole 
brain (p = 0.047) and white matter (p = 0.009) volumes. Peri-
natal hypoxia was associated with both smaller whole brain 
(p = 0.038) and grey matter (p = 0.019) volumes, but the asso-
ciation with right and left hippocampal volume was not sig-
nificant (p = 0.42 and p = 0.59, respectively).

Model fitting analysis

All brain volumes except for the left hippocampus were neg-
atively correlated with schizophrenia (Table 3). For the 
3 global volumes the correlations were greater in MZ than 
DZ pairs, suggesting a genetic ACE model. When tested, 
genetic factors accounted for a significant part of the total 
variance in whole brain, white matter and, to a lesser extent, 
grey matter volumes (Table 4). The heritability of the hippo-
campal volumes was low and nonsignificant, where com-

mon and unique environmental effects accounted for signifi-
cant proportions of interindividual differences. The lower 
limit estimates of the unique environmental effects (e2) for 
the hippocampus were larger than the upper limit for each 
of the 3  global volumes, suggesting a significantly greater 
impact of unique environmental effects on the hippocampus.

Significant phenotypic correlations existed between schizo-
phrenia liability and reduced whole brain, grey matter, white 
matter and right hippocampal volumes (Table 5). However, 
the genetically determined component to these phenotypic 
correlations (rph-a) were all nonsignificant. Whole brain, 
grey matter and the hippocampus bilaterally all had high, 
but nonsignificant, estimates of the phenotypic correlation at-
tributable to correlated shared environment effects (this was 
up to 95% for the right hippocampus).

Finally, to test for familial effects, the genetic and common 
environment covariance were dropped simultaneously from 
the model (whole brain volume: ∆χ2

2 = 8.70, p = 0.013; grey 
matter: ∆χ2

2 = 8.06, p = 0.018; white matter: ∆χ2
2 = 4.26, p = 0.12; 

right hippocampus: ∆χ2
2 = 9.99, p = 0.007; left hippocampus: 

∆χ2
2 = 5.21, p = 0.07). This suggests that there is a significant 

Table 2: Summary of adjusted brain volumes and planned between-group comparisons

Group; brain volume, mean ± SD, mm3 Comparison; pairwise test effect size (95% CI)

Region

All 
schizophrenia

(n = 70)

MZ Dc 
unaffected

(n = 16)

DZ Dc 
unaffected

(n = 6)
All controls

(n = 76)
All schizophrenia v. 

all controls
MZ Dc unaffected v. all 

controls
DZ Dc unaffected v. all 

controls

Whole brain 1134.2 ± 
129.6

1144.4 ± 
188.6

1145.5 ± 
152.8

1181.1 ± 
109.6

–56.9 (–104.0 to –9.7)
t = –3.86
p < 0.001

–54.3 (–130.3 to 21.6)
t = –1.42
p = 0.16

35.7 (–48.9 to 120.4) 
t = 0.84
p = 0.40

Grey matter 675.3 ±  
76.8

688.7 ± 
106.2

690.6 ±  
74.3

706.2 ± 
69.2

–45.9 (–67.7 to –24.0)
t = –4.17
p < 0.001

–19.5 (–56.5 to 17.5)
t = –1.05
p = 0.30

–0.05 (–36.3 to 36.2)
t = 0.00
p = 0.99

White matter 465.0 ±  
65.9

448.5 ± 
80.0

514.2 ±  
91.3

478.7 ± 
55.5

–27.2 (–49.2 to –5.2)
t = –2.45
p = 0.016

–31.6 (–66.9 to 3.7)
t = –1.78
p = 0.08

36.6 (–18.8 to 92.1) 
t = 1.31
p = 0.19

Right 
hippocampus

1.85 ±  
0.39

1.92 ±  
0.26

1.76 ±  
0.28

2.02 ±  
0.27

–138.7 (–272.3 to –5.0)
t = –2.06
p = 0.040

–92.3 (–231.8 to 47.2)
t =  –1.32
p = 0.19

–301.7 (–459.6 to –143.9)
t =  –3.80
p < 0.001

Left 
hippocampus

1.94 ±  
0.42

1.94 ±  
0.32

1.74 ±  
0.31

2.02 ±  
0.27

–28.8 (–168.3 to 110.7)
t = 0.41
p = 0.68

–47.0 (–197.1 to 103.1)
t = –0.62
p = 0.54

–348.3 (–545.4 to –151.2)
t = –3.51
p = 0.001

CI = confidence interval; Dc = discordant; DZ = dizygotic; MZ = monozygotic; SD = standard deviation.

Table 3:  Cross-twin/sibling within trait and cross-twin/sibling cross-trait brain volume correlations; r (95% CI)

Region
Within-twin correlations 

with schizophrenia 

Within-twin pair correlations
Cross-twin pair correlation (twin 1) with 

schizophrenia (twin 2)*

MZ DZ MZ DZ

Whole brain –0.26 (–0.39 to –0.11) 0.89 (0.84 to 0.93) 0.65 (0.08 to 0.83) –0.22 (–0.35 to –0.07) –0.23 (–0.43 to 0.03)

Grey matter –0.25 (–0.39 to –0.11) 0.87 (0.80 to 0.91) 0.68 (0.26 to 0.84) –0.21 (–0.35 to –0.07) –0.22 (–0.43 to 0.03)

White matter –0.18 (–0.32 to –0.04) 0.85 (0.77 to 0.91) 0.45 (–0.38 to 0.74) –0.15 (–0.29 to –0.01) –0.13 (–0.38 to 0.22)

Right hippocampus –0.23 (–0.36 to –0.09) 0.64 (0.48 to 0.76) 0.54 (0.02 to 0.77) –0.22 (–0.36 to –0.09) –0.34 (–0.62 to –0.07)

Left hippocampus –0.13 (–0.26 to 0.01) 0.56 (0.37 to 0.70) 0.64 (0.21 to 0.81) –0.13 (–0.27 to 0.01) –0.27 (–0.51 to –0.04)

CI = confidence interval; DZ = dizygotic; MZ = monozygotic. 
*For schizophrenia the cross-twin correlation (SZtw1–SZtw2) is constrained to be 0.92 in MZ twins and 0.515 in DZ twins based on the genetic point estimates (h2 = 0.81, χ2 = 0.11, e2 = 
0.08) of meta-analysis results, and the thresholds on the liabilities are fixed to reflect a prevalence of 1%. 
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familial (combined genetic and shared environmental) over-
lap between increasing schizophrenia liability and reduced 
whole brain, grey matter and right hippocampal volumes.

Discussion

We aimed to identify the influence of genetic and environ-
mental factors on deficits in brain volume and relate that to 
the risk for schizophrenia.

There was evidence of significant deficits in whole brain, 
grey matter, white matter and hippocampal volume in patients 
with schizophrenia. While these were largely not detected in 
the discordant unaffected co-twins using standard between-
group tests, genetic modelling detected a phenotypic correla-
tion between schizophrenia liability and reductions in 4 of 
5 brain volumes tested. These reductions were principally asso-
ciated with familial risk factors shared with schizophrenia. Re-
duced hippocampal volume was linked to unique environmen-
tal effects, but these were not clearly shared with schizophrenia.

Brain volume in patients with schizophrenia

Individual structural imaging studies, including a meta-
analysis27 and a systematic review,28 present robust evidence 
of volumetric deficits in patients with schizophrenia, princi-
pally in frontal and temporal lobe grey matter.3 White matter 
findings from both volumetric and diffusion tensor imaging 
standpoints are more mixed.29

Familial/genetic risk and the effects of shared familial 
environment

The association between the volumetric deficits found in pa-
tients with schizophrenia and the familial risk, more speci
fically the genetic risk, for the disorder has remained conten-
tious. We did not find evidence of significant volume deficits 
in nonpsychotic co-twins compared with healthy controls on 
the basis of traditional between-group tests for whole brain 
or grey matter volumes, and we found only a trend for white 
matter, appearing to implicate unique environmental effects 
in the patients’ volume deficits.

Many studies have attempted to explore the genetic and 
environmental origins of grey matter volume loss in patients 
with schizophrenia; the results are complicated. An in
dependent discordant twin study11 reported reduced whole 
brain and grey matter volume in the twins with schizophre-
nia, but not in their nonpsychotic co-twins, compared with 
healthy controls. A subsequent voxel-based analysis17 de-
tected grey matter density reductions in both the patients and 
the unaffected co-twins, with evidence of genetically deter-
mined progressive grey matter volume.30 In another in
dependent and nationally representative twin cohort study, 
Cannon and colleagues16 found unique environmental grey 
matter defits in the dorsolateral and lateral temporal cortex, 
but also genetically mediated loss in the polar and dorsolat-
eral prefronal cortex, suggesting anatomic specificity to these 
etiological effects. Using voxel-based morphology we were 

Table 4:  Additive genetic, common and specific environmental estimates (with 95% CI) of full 
ACE genetic model*

Estimate (95% CI)†

Region h2 χ2 e2

Whole brain 0.50 (0.14–0.92) 0.40 (0.00–0.75) 0.10 (0.08–0.15)

Grey matter 0.39 (0.06–0.90) 0.48 (0.00–0.80) 0.13 (0.09–0.20)

White matter 0.73 (0.23–0.90) 0.12 (0.00–0.62) 0.15 (0.10–0.23)

Right hippocampus 0.28 (0.00–0.12) 0.38 (0.00–0.99) 0.34 (0.26–0.51)

Left hippocampus 0.02 (0.00–0.08) 0.56 (0.41–0.69) 0.42 (0.29–0.58)

CI = confidence interval.
*Parameters for schizophrenia are fixed based on the genetic point estimates of meta-analysis results (h2 = 0.81, χ2 = 
0.11, e2 = 0.08) and the thresholds on the liabilities are fixed to reflect a prevalence of 1%. 
†h2 , χ2 and e2 are the heritability, shared and nonshared environmental influences, the standardized variance 
component due to A, C and E factors.

Table 5: Phenotypic correlations between schizophrenia and regional brain activity (rph), and the decomposed sources of the correlations (rph-a, rph-c, 
rph-e) predicted by the ACE model

Correlation (95% CI)

Region rph-a rph-c rph-e rph

Whole brain –0.01 (–0.40 to 0.15) –0.20 (–0.29 to 0.18) –0.04 (–0.07 to 0.00) –0.25 (–0.38 to –0.13)

Grey matter 0.01 (–0.40 to 0.18) –0.22 (–0.30 to 0.20) –0.04 (–0.07 to 0.00) –0.25 (–0.38 to –0.12)

White matter –0.05 (–0.29 to 0.18) –0.10 (–0.26 to 0.19) –0.03 (–0.06 to 0.02) –0.18 (–0.30 to –0.04)

Right hippocampus –0.01 (–0.27 to 0.18) –0.20 (–0.28 to 0.02) 0.00 (–0.05 to 0.05) –0.21 (–0.34 to –0.08)

Left hippocampus 0.12 (–0.19 to 0.25) –0.25 (–0.28 to 0.06) 0.01 (–0.00 to 0.18) –0.12 (–0.23 to 0.02)

CI = confidence interval; rph: = total phenotypic correlation; rph-a, rph-c, rph-e = phenotypic correlation due to additive genetic, shared environmental and specific environmental influence, 
respectively.
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unable, in a smaller subcohort, to detect any regional grey 
matter deficits in unaffected co-twins, with evidence only of 
unique environmental effects.15 A pooled sample of 4 Euro-
pean twin cohorts rejected a significant phenotypic correla-
tion between total grey matter volume and schizophrenia.18

Notwithstanding these findings, subtle grey matter volume 
reductions have been frequently described in individuals unaf-
fected by schizophrenia but at familial risk for the disorder;31–33 
this finding has also been supported by a meta-analysis.20

More recently, unaffected sibling data sets have confirmed 
significant deficits in the patients’ grey matter volume, but 
have either failed to detect significant deficits in their unaf-
fected siblings, or detected only marginal effects.6,7,34,35 These 
unaffected sibling studies effectively agree that grey matter 
volume and subvolumes were heritable but that they are at 
best weak intermediate phenotypes, a conclusion concordant 
with our comparative analysis.36

The data in the present study confirm a negative pheno-
typic correlation between the liability for schizophrenia and 
the volume of 4 of the 5 structures examined. All 3 global vol-
umes were heritable, suggesting that genetic factors are re-
sponsible for determining a statistically significant propor-
tion of the variance in their volumes. Further, while all the 
structures were influenced by unique environmental effects, 
the effects in the hippocampus were greatest. When we tried 
to decompose those influences into factors that were shared 
with the risk for schizophrenia, our sample was probably 
underpowered. So even for the right hippocampus, where up 
of to 95% of the correlation with schizophrenia was associ-
ated with shared environmental risk with the illness, the 
power was too low for it to be detected. When we collapsed 
the genetic and common environmental effects into familial 
phenotypic correlations, they were significant for whole 
brain, grey matter and right hippocampal volume. This sug-
gests that there are common familial effects responsible for 
causing both schizophrenia and the volume reductions in 
these structures. However, we were unable to decompose 
these further into genetic and shared environmental effects.

The finding of white matter deficits in the patients and a 
trend toward white matter deficits in the unaffected co-twins 
from MZ discordant pairs is a replication of an earlier finding 
by Hulshoff Pol and colleagues.11 It was also heritable and 
was phenotypically correlated with schizophrenia liability, 
though the familial and genetic decomposed sources were 
nonsignificant. Diffusion tensor imaging results in patients 
with schizophrenia remain inconsistent, though a meta-
analysis supports localized white matter deficits,37 a situation 
mirrored in the small number of studies of unaffected rela-
tives that reported lower fractional anisotropy in the inferior 
frontal, posterior cingulate and internal capsule, but in-
creased fractional anisotropy in the anterior cingulate.38–41

Unique environmental effects

Previous region of interest studies of discordant MZ twin 
pairs have detected unique environmentally determined vol-
ume deficits in frontal,13 hippocampal9,42 and lateral ventricu-
lar volumes10 and in the insula, superior temporal gyrus, pos-

terior cingulate, left superior and medial frontal gyrus and 
right anterior cingulate gyri.15 Cortical surface mapping has 
revealed environmentally driven differences in grey matter 
density in the dorsolateral prefrontal cortex, superior tem
poral gyrus and superior parietal lobule.16

In the present study, genetic modelling detected evidence 
of significant unique environmental effects in each of the 
brain volumes chosen. These unique environmental estimates 
were greater for the hippocampus bilaterally than any of the 
3 global brain volumes. Medial temporal lobe and hippocam-
pal volume deficits are widely recognized in patients with 
schizophrenia.43 Evidence from high-risk cohorts has linked 
this structure specifically to the onset of psychosis,44 with evi-
dence also of a link with illness progression.43,45,46 Sibling and 
twin studies have detected volume deficits in unaffected rela-
tives,20 which suggests an interaction between genetic and fa-
milial environment.22,47 It may be that the hippocampus is vul-
nerable to a variety of environmental factors, including 
obstetric complications48 and stress,49 varying according to the 
hormonal milieu50 that is then linked to schizophrenia.51

We confirmed our hypothesis of an association between 
low birth weight and hypoxia and smaller whole brain, white 
matter and grey matter volumes. It is accepted that perinatal 
obstetric complications have an effect on brain structure, 
function52 and neurodevelopment.53 The association of such 
complications with schizophrenia, either at an etiological or 
pathophysiological level, is more contentious.54 Links with 
brain structure in patients with schizophrenia and their unaf-
fected relatives22 and these results suggest that the impact of 
environmental factors is influenced by the underlying gen
etically determined vulnerability.55

We did not detect any significant effects of antipsychotic 
medication in this study. Antipsychotic drugs can induce 
structural change,56–58 though there may be some anatomic 
specificity to these effects. First-generation drugs seem most 
closely linked to increases in the basal ganglia and cingulate, 
while second-generation agents are linked to the thalamus 
and temporal cortex.56,59 It is possible that in this relatively 
small sample of patients and with heterogeneous effects the 
study was underpowered to detect an effect.

Limitations

We collected structural MRI data at 2 centres, using the same 
acquisition sequence on identical scanners. Numerous ap-
proaches have been deployed to address this method in the 
past. Both members of each twin pair were scanned on the 
same day at the same site. We scanned a subsample on both 
scanners and were able to test for a systematic bias between 
the 2 centres and incorporate a correction factor to address 
this. We chose not to include a voxel-based analysis of these 
multisite data owing to that method’s sensitivity to inter-
scanner variance; however, we recognize that techniques 
have been developed to address this challenge.

Although the total sample was relatively large, the individ-
ual groups were of modest size. As a result, we cannot ex-
clude the possibility that we were unable to detect some 
group differences owing to a lack of statistical power.
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It is possible that the volume deficits in the unaffected 
groups, as with other studies, could be related to the pres-
ence of other psychiatric disorders as opposed to familial risk 
for schizophrenia. It may be that those other psychiatric dis-
orders are themselves a clinical expression of that familial 
risk,60 which would hypothetically be greater in the MZ than 
DZ unaffected co-twins. However, the number of these twins 
in our sample was too small to formally test. All were clin
ically well and medication-free at the time of scanning, and 
the groups were otherwise well matched.

Conclusion

We detected typical volumetric abnormalities in patients 
with schizophrenia compared with healthy controls. Genetic 
modelling showed that the 3 global volumes — whole brain, 
grey matter and white matter volume — were heritable and 
that there was a significant familial overlap between whole 
brain, grey matter and right hippocampal volume loss in pa-
tients with schizophrenia. The hippocampus was the struc-
ture most influenced by environmental factors. The degree of 
influence of etiological factors varied between the brain struc-
tures, leading to the possibility of a neuroanatomically spe-
cific etiological imprint underlying schizophrenia.
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