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Schizophrenia is a severe mental disorder that has a strong genetic basis. Converging evidence suggests that schizophrenia is a
progressive neurodevelopmental disorder, with earlier onset cases resulting in more profound brain abnormalities. Siblings of
patients with schizophrenia provide an invaluable resource for differentiating between trait and state markers, thus highlighting
possible endophenotypes for ongoing research. However, findings from sibling studies have not been systematically put to-
gether in a coherent story across the broader age span. We review here the cortical grey matter abnormalities in siblings of
patients with schizophrenia from childhood to adulthood, by reviewing sibling studies from both childhood-onset schizophrenia,
and the more common adult-onset schizophrenia. When reviewed together, studies suggest that siblings of patients with
schizophrenia display significant brain abnormalities that highlight both similarities and differences between the adult and
childhood populations, with shared developmental risk patterns, and segregating trajectories. Based on current research it
appears that the cortical grey matter abnormalities in siblings are likely to be an age-dependent endophenotype, which nor-
malize by the typical age of onset of schizophrenia unless there has been more genetic or symptom burdening. With increased
genetic burdening (e.g. discordant twins of patients) the grey matter abnormalities in (twin) siblings are progressive in adult-
hood. This synthesis of the literature clarifies the importance of brain plasticity in the pathophysiology of the illness, indicating
that probands may lack protective factors critical for healthy development.
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Introduction

Schizophrenia is a debilitating mental illness that is characterized
by widespread brain abnormalities. Neuroimaging studies have
demonstrated that both cortical and deeper brain structures,
including the white matter, in patients with schizophrenia differ
significantly from healthy control subjects, and that those abnorm-
alities change over the lifespan, with the deficits becoming more
pronounced with longer illness duration (Wright et al., 1999;

Pantelis et al., 2005; Delisi, 2008; Ellison-Wright et al., 2008;
Gogtay, 2008; Gogtay and Rapoport, 2008; Hulshoff Pol and
Kahn, 2008; Fornito et al., 2009; Olabi et al., 2011). The most
consistent anatomical abnormalities are reduction in cortical grey
matter volume, particularly in prefrontal and temporal cortices,
reduced volumes of medial temporal lobe structures, and increased
lateral ventricular volume (Wright et al., 2000; Shenton et al.,
2001, 2010). In the patients with typical adult-onset schizophre-
nia, the extent of annualized progressive brain tissue loss (—0.5%)
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is twice that of healthy control subjects (—0.2%) (Hulshoff Pol
and Kahn, 2008) and these deficits are more pronounced in the
severe phenotype of childhood-onset cases (Rapoport et al., 2005;
Gogtay and Rapoport, 2008; Gogtay et al., 2008).

The molecular mechanism of anatomical brain abnormalities in
schizophrenia remains unclear, and an important question is whether
these abnormalities are related to the illness state itself, or a more
tied to genetic risk, as an endophenotype. Characterizing endophe-
notypes, a new focus in psychiatry and other medical disciplines
(Gottesman and Gould, 2003), is a compelling venture because
they may represent less complex disease antecedents that are riper
for study than the illness syndrome itself. By definition, they must be
associated with illness in the population, be heritable, and be pri-
marily state independent (not more common in the disease than in
high-risk relatives) (Gould and Gottesman, 2006). Brain structures
present as a good endophenotype, since many are highly heritable
(Peper et al., 2007), and influenced by genetic variants that are
beginning to emerge based on large-scale studies (Stein et al.,
2012). In the realm of complex neuropsychiatric disorders such as
schizophrenia, endophenotypes may simplify and prioritize biolo-
gical precursors for study that are highly genetic, and not directly
tied to the illness itself. Non-psychotic siblings and discordant twins
provide ideal populations to study this question, given that siblings
and fraternal twins share on average 50% of their segregating genes
with the proband, while identical twins share virtually 100% of their
genes, but not the clinical phenotype (psychosis). Some criticisms
have been raised about endophenotypic studies, particularly that
an endophenotype may be able to satisfy all of its criteria while
still being unrelated to the disease pathway (Walters and Owen,
2007), and that there may be a bi-directional relationship between
the illness state and the putative endophenotype (Kendler and
Neale, 2010). These potential flaws of endophenotypes must be
kept in mind any time this type of research is undertaken.

Sibling studies in schizophrenia, both in adult and childhood
patient populations, have attempted to address this question. A
recent meta-analysis of family studies in schizophrenia showed
that first-degree relatives had lower hippocampal, total grey
matter, and ventricular volumes, compared with healthy volun-
teers (Boos et al., 2007). Although these findings in schizophrenia
siblings show that—at least in part—the structural brain changes
in schizophrenia are familial, the extent to which these changes
change over the course of development, and whether the young
and adult siblings overlap in their findings or diverge is important
to know. This requires a longitudinal setup to study developmental
brain changes in family members of patients. Findings from these
studies may tell us more about the resilience and risks that accom-
pany developmental brain changes.

The goal of this review is to assess and summarize the structural
brain imaging findings of developmental changes in siblings and
twin pairs discordant for schizophrenia. It will incorporate studies
on siblings of patients with childhood-onset schizophrenia, in
which the siblings tend to be children and adolescents and
hence provide a window into early brain development, and the
more common adult-onset schizophrenia, in which the siblings are
adults and thus of older average age. We seek to synthesize these
results from a comprehensive neurodevelopmental perspective, of
sibling brain development across a wide age range from early
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childhood to mid-adult age, which encompasses a large window
around the typical age of onset for schizophrenia. Not only does
this body of literature demonstrate the strong genetic basis of
schizophrenia, but it may also lead to the identification of mean-
ingful biological trait markers and endophenotypes for further
hypothesis generation.

Siblings of patients with
childhood-onset schizophrenia

Childhood-onset schizophrenia is a rare and severe form of the
disorder defined by the onset of psychosis before the age of 13,
which is neurobiologically continuous with the adult-onset illness
(Rapoport and Gogtay, 2011). Childhood-onset schizophrenia
shows profound and progressive cortical grey matter loss that
spreads in a dynamic wave in a parieto-frontal and parieto-tem-
poral direction during adolescence, finally localizing to prefrontal
and temporal cortices as children become young adults (Gogtay
et al., 2008; Greenstein et al., 2008). Independent research that
highlights the positive association between cortical thickness and
cognitive and overall functioning supplements these findings
(Shaw et al., 2006; Greenstein et al., 2008), and strengthens
the supposition that grey matter deficits in childhood-onset schizo-
phrenia contribute to the illness and functional impairment. As
part of ongoing investigations at the NIMH, full siblings of patients
with childhood-onset schizophrenia are prospectively followed and
re-scanned every 2 years.

The initial cross-sectional, volumetric analyses of structural
abnormalities in healthy siblings of patients with childhood-onset
schizophrenia showed that, compared with healthy control sub-
jects, childhood-onset schizophrenia siblings had smaller total cere-
bellar volume and total, frontal and parietal grey matter volumes,
particularly in younger ages which also suggested that sibling def-
icits may mirror the grey matter loss pattern that has been docu-
mented in childhood-onset schizophrenia probands (Gogtay et al.,
2003). This evidence provided a starting point; given that there is
similarity between the probands and siblings, prospective inspec-
tion might show evidence that the neurodevelopmental trajectory
itself could also be a trait marker.

These observations have since been extended in large prospect-
ively acquired childhood-onset schizophrenia sibling samples. In
the first longitudinal analyses from ages 8 to 28, healthy child-
hood-onset schizophrenia siblings showed an interesting pattern of
cortical grey matter thickness development (Gogtay et al., 2007).
Non-psychotic siblings (n =52, 113 scans) showed grey matter
deficits in parietal, prefrontal and temporal regions compared
with control subjects (n =52, 108 scans) in early ages, but the
deficits normalized by late adolescence (age 20), the typical age
of onset of schizophrenia (Fig. 1). This intriguing finding was sub-
sequently replicated in an independent, non-overlapping sample of
non-psychotic childhood-onset schizophrenia siblings (n =43, 68
scans) and healthy control subjects (n = 86, 136 scans) from ages
5 to 26 years, where the early prefrontal and temporal
deficits again showed normalization by the age of 20 (Fig. 1)
(Mattai et al., 2011b). A 3D dynamic sequence of deficit
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Figure 1 Grey matter loss in healthy childhood-onset schizophrenia siblings.

normalization with age from a combined sample (childhood-onset
schizophrenia: n =92, 193 scans, siblings: n =91, 185 scans, ages
8-24 years) is available online at https://www.dropbox.com/s/
bhwksqoolv3y7q8/Sibling.mov.zip.

There are several implications that stem from this replicated
result. The first is that the pattern of cortical grey matter deficit
progression in healthy siblings appears to parallel that of child-
hood-onset schizophrenia probands except they may even begin
earlier in life. The second is that there is a significant divergence
from the childhood-onset schizophrenia trajectory in siblings in
which their early deficits normalize, signifying protective factors
in healthy siblings not present in cases with childhood-onset
schizophrenia. Together these provide the basis for classifying
early (prefrontal and temporal) grey matter deficits as a potential
endophenotype in schizophrenia, in other words, a hypothesized
antecedent and biological underpinning of this disorder that is
highly genetic, and may not by itself cause disease symptoms.
These results also suggest that studies on prefrontal and temporal
neurocircuitry development, particularly in healthy siblings, could
provide important clues in pathophysiological (or protective)
mechanisms in schizophrenia.

These analyses were recently extended to the hippocampus, due
to the fact that hippocampal volume loss is one of the most con-
sistently reported findings in schizophrenia (Nelson et al., 1998).
In a recent study analysing a large longitudinal sample of patients
with childhood-onset schizophrenia (n =89, 198 scans), non-
psychotic siblings (n=78, 172 scans), and matched controls

(n=79, 198 scans), patients with childhood-onset schizophrenia
showed 6-7% loss in hippocampal volume, which appeared to be
a 'fixed’ deficit across ages 10 to 29 years, whereas the trajectories
of hippocampal volume were not different between patients and
control subjects. Childhood-onset schizophrenia siblings, however,
did not differ from control subjects in either hippocampal volume
or its trajectory over time (Mattai et al., 2011a). This suggested
that, unlike prefrontal and temporal cortical grey matter deficits,
hippocampal volume loss in childhood-onset schizophrenia is a
state-marker or disease-related, perhaps secondary to some al-
ready postulated environmental associations such as early life
stress (Cannon et al., 2002a). These results also suggest that the
grey matter deficits in childhood-onset schizophrenia and schizo-
phrenia generally are not only age dependent, but also regionally
dependent endophenotypes, further buoyed by a recent
meta-analysis of brain abnormalities in adult-onset schizophrenia
that found no progressive hippocampal changes (Olabi et al.,
2011).

In neuroimaging, longitudinal profiles can be more informative
than cross-sectional time points (Giedd and Rapoport, 2010). The
age dependent amelioration of cortical grey matter deficits in siblings
offers information that would not be captured using cross-sectional
data. This was also highlighted in our recent study of cerebellar de-
velopment in childhood-onset schizophrenia (Greenstein et al.,
2011). In a longitudinal sample of probands (n =94, 208 scans),
siblings (n=80, 165 scans), and unrelated control subjects
(n =110, 269 scans), the non-psychotic siblings did not differ
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Figure 2 Volume trajectories for (A) cerebellum (Greenstein et al., 2011) and (B) hippocampus (Mattai et al., 2011a) among
childhood-onset schizophrenia siblings and healthy controls. COS = childhood-onset schizophrenia; SIB = sibling.

significantly from control subjects in terms of total cerebellar
volumes, but did so in the developmental trajectories of the total
and right cerebellum, and the left inferior posterior left superior pos-
terior and superior vermis (Greenstein et al., 2011). The develop-
mental trajectory of the siblings’ cerebellar measures was not as
severely abnormal as their ill brothers and sisters, but significantly
more so than the control subjects. Furthermore, cross-sectional ob-
servations of early versus later age points would yield inconsistent
and hence misrepresentative results. Interestingly, unlike the cortex,
normalization of deficits did not occur for cerebellum in healthy sib-
lings, again indicating a lack of synchrony, and subregional specificity
of endophenotypes (Fig. 2) (Greenstein et al., 2011). Alternatively,
cerebellar development might be an endophenotype relegated to
‘later’ ages, whereas cortical grey matter deficits are endopheno-
types relegated to ‘early’ ages and hippocampus volume loss in child-
hood-onset schizophrenia is a disease effect in entirety.

An implicit goal of finding endophenotypes is to locate markers
or antecedents of a disease that are more upstream than the overt
clinical phenotype. In terms of neurological and psychiatric dis-
eases, this can happen by moving from structural abnormalities
to the genetic variants that may cause them. One such variant
is a polymorphism for an enzyme responsible for dopamine catab-
olism, a neurotransmitter theorized to be dysregulated in patients
with schizophrenia (Howes and Kapur, 2009) and may in part
mediate the deficits in cortical thickness common to this disorder.
The polymorphism is a substitution of the amino acid valine for

methionine, and results in an enzyme that catabolizes dopamine at
40% greater rates, leaving far lower levels available in the CNS
(Raznahan et al., 2011). In one of the largest childhood-onset
schizophrenia studies to date (Raznahan et al., 2011), interaction
between COMT genotype, structural imaging data, and age
showed that among patients with childhood-onset schizophrenia
and their non-psychotic siblings, homozygous Val/Val status was
associated with a significantly steeper slope of cortical grey matter
loss in overlapping areas (primarily the dorsolateral prefrontal
cortex, along with bilateral cingulate) between childhood-onset
schizophrenia probands and their healthy siblings. Given also
that this was not the case for unrelated control subjects, where
in fact higher doses were related to attenuated cortical thickness
losses in the bilateral prefrontal cortex and temporal and superior
parietal regions, these findings strongly point towards genetic
polymorphism as a compelling variable, along with specific sub-
region and age, that influences the structural endophenotype. This
effect has also been reported in young adults (aged 16-25) at
high genetic risk of psychosis (Mclintosh et al., 2007), and those
with a 22q11.2 deletion (Gothelf et al., 2005). Together, this
growing body of work suggests that brain abnormalities related
to psychosis may develop in part because of a disruption in the
pathway that links dopaminergic function to cortical maturation
(Raznahan et al., 2011).

To summarize the results of studies of healthy siblings of
patients with childhood-onset schizophrenia, the potential
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Figure 3 Structural brain changes in twins discordant for schizophrenia. Cortical thickness and genetic (A) and environmental

(B) liabilities for schizophrenia (SZ) are shown based on structural equation modelling, and cortical thickness decreases (in blue) and
increases (in red) in patients (C) and their discordant co-twins (D) as compared to control twins are shown based on planned comparisons
(adapted from Hulshoff Pol et al., 2012). Brain volume change over time is expressed as ml change from 0 in mean (SD) (E) and age
(F) plots in patients with schizophrenia, their discordant co-twins and control twins over a 5-year interval (based on data from

Brans et al., 2008a).

endophenotypes that merit further scrutiny to date, are temporal
and frontal cortical thickness deficits in early age, decreased cere-
bellar volume in later age, and the influence of individual genetic
polymorphisms. The reflection that is built from the sum of these
findings is also that the healthy (non-psychotic) siblings of patients
with childhood-onset schizophrenia appear to have plastic nervous
systems that can correct developmental abnormalities and normal-
ize during adolescence. The specific regions identified must be
pursued individually, but so too should the notion that brain plas-
ticity in general, and the neurological basis of that ability, may be
the key to treatment that can delay and even prevent the onset of
psychosis for those at even the highest risk of this severely im-
pairing disorder.

Siblings of patients with
adult-onset schizophrenia

Adult-onset schizophrenia has an onset that typically occurs during
late adolescence and young adulthood, is far more common (with
a lifetime risk of 1% of the general population) than childhood-
onset schizophrenia, and its body of research is understandably
much larger (Ayuso-Mateos et al., 2006). Of note, adult-onset
schizophrenia, or schizophrenia such as it is normally defined, is
here contrasted with childhood-onset schizophrenia, but also in-
cludes individuals and their family members with a disease onset
before the age of 18 years. In adult-onset schizophrenia, similar
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attempts have been made in the adult population to differentiate
state and trait markers in sibling studies, including twin studies,
and these have provided important insights. Twin studies are the
most informative as they offer a comparison between monozy-
gotic twins with near identical genetic profiles, with dizygotic
twins that can be considered effectively as full siblings with a
50% share of their segregating genes on average. Twin popula-
tions discordant and concordant for schizophrenia are rare and
difficult to study, and practically impossible to obtain in child-
hood-onset schizophrenia. Concordance rate for schizophrenia in
monozygotic twins, despite sharing all genes, is not 100%, but
closer to 50% with an estimated heritability of 81% (Sullivan
et al., 2003) and possibly lower, (Lichtenstein et al., 2009)
suggesting a complex interplay between genetics and other
vulnerability factors; making the study of endophenotypes even
more relevant (Baare et al., 2001).

The adult-onset schizophrenia sibling brain picture has been
developed over time, and one of the earliest findings was from
an analysis of thalamic volume in relatives of patients with schizo-
phrenia. This research followed studies that indicated thalamic
volume in patients with adult-onset schizophrenia (n=16) was
reduced compared with the general population, and measured
mean total thalamic volume corrected for total brain volume
(Staal et al., 1998). With this metric, it was found that patient
thalamic volume was the smallest, but also that sibling volume
(n=16) was significantly greater than probands, but lower than
healthy control subjects (n=32). Although small and cross-sec-
tional, this study strengthened the idea that thalamic volume is
a possible endophenotype and related to the genetic liability to
develop schizophrenia.

Many adult-onset schizophrenia sibling studies followed that
examined other brain regions in terms of structure and function
among siblings of patients with adult-onset schizophrenia, which
are summarized in Table 1.

Thus, there are a considerable number of studies in adult-onset
schizophrenia siblings, although samples between studies are over-
lapping. The majority of studies suggest familial influences on at
least part of the structural brain abnormalities in schizophrenia.
This is confirmed in a meta-analysis on structural brain changes
in non-psychotic siblings (including co-twins) of patients with
schizophrenia finding significant smaller hippocampus and grey
matter volume as well as significant larger third ventricle volume
in studies published until 2005 (Boos et al., 2007). In the more
than 10 studies published since, studies in twins largely confirm
volume changes in schizophrenia to have a familial component.
Importantly, these twin studies add that the brain volume abnorm-
alities in schizophrenia are at least in part due to genes implicated
in the disease. However, a few, considerably large studies in non-
psychotic singleton adult-onset schizophrenia siblings do not show
any brain abnormalities (Honea et al., 2008; Boos et al., 2012).

There could be several reasons for these inconsistencies. We
cannot exclude that studies differed in their exclusion criteria for
siblings regarding (schizophrenia spectrum) problems on axis | or
axis Il and this may explain some of these findings. However, more
likely and importantly, they seem to reflect a difference in genetic
loading between siblings and twins (Sullivan et al., 2003). The esti-
mated 9% increased risk for the disease in healthy singleton siblings
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from patients with schizophrenia is for the most part not reflected in
brain abnormalities, whereas higher risks such as the estimated 50%
increased risk in monozygotic co-twins from patients with schizo-
phrenia can be reflected in the brain abnormalities. Alternatively, we
cannot exclude that this lack of detectable differences at lower levels
of relatedness, however, may not be a signal of a cut-off between
genetic risk and progressive brain abnormalities, but rather that there
appears to be a lower incidence of schizotypal personality disorder
among siblings than twins. Studies in relatives and twins generally
support familial aggregation with schizophrenia, particularly for the
affective and interpersonal components (Kremen et al., 1998;
Lichtenstein et al., 2009; Picchioni et al., 2010) and that in some
instances older samples with decreasing chances of disease-transi-
tion, that measured with less sensitive techniques, such as voxel-
based morphology (Honea et al., 2008) were employed. Indeed,
studies in monozygotic and dizygotic twins concordant and discord-
ant for adult-onset schizophrenia revealed not only that some of the
brain abnormalities in schizophrenia are familial, but also that part of
the brain abnormalities in schizophrenia are due to genes implicated
in the disease (Baare et al., 2001; Cannon et al., 2002b; van Haren
et al., 2004; Hulshoff Pol et al., 2006, 2012). Interestingly, some of
the changes in brain structure, particularly loss of white matter
volume and thinner cortex of parahippocampal gyri and right orbi-
tofrontal cortex, were found not only to be heritable in adult-onset
schizophrenia but also in bipolar disorder, whereas other brain
changes were specific for the genetic risk for adult-onset schizophre-
nia but not bipolar disorder, suggesting both overlapping and seg-
regating effects on brain structures of genetic risks for adult-onset
schizophrenia and bipolar disorder (Hulshoff Pol et al., 2012).

Few longitudinal studies on adult-onset schizophrenia sibling
samples have been carried out. We are not aware of any studies
outside of the few cohorts followed by researchers at the
University Medical Centre in Utrecht, The Netherlands. The
Utrecht studies involved singleton siblings and monozygotic and
dizygotic twins being re-scanned at a 5-year follow-up period.
Healthy siblings of adult-onset schizophrenia did not show any
evidence for progressive grey matter loss over time. However,
when adult monozygotic and dizygotic twin pairs discordant for
schizophrenia were studied longitudinally, evidence for progressive
brain tissue loss in family members of adult-onset schizophrenia
was found (Brans et al., 2008b). The progressive volume loss of
total brain and particularly of frontal and temporal lobes was at
least for 50% due to genes implicated in schizophrenia (Brans
et al., 2008b). The genes implicated in these progressive brain
tissue changes in schizophrenia may differ from those implicated
in brain maturation per se, since in healthy childhood and adult-
hood separate gene pools are implicated in brain structure change
and brain plasticity (Brans et al., 2010; van Soelen et al., 2012).
Thus, increased genetic risk for schizophrenia is not only asso-
ciated with brain tissue loss but also with progressive brain
tissue loss in adulthood.

Synthesis and discussion

Studies from unaffected siblings of patients with both childhood
and adult-onset schizophrenia demonstrate an interesting and
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Study*

Participants**

Positive findings

Negative findings***

(Noga et al., 1996)

(Seidman et al., 1997)

(Staal et al., 1998)

(Cannon et al., 1998)

(Seidman et al., 1999)

(Sharma et al., 1999)

(Staal et al., 2000)

(Baare et al., 2001)

(Narr et al., 2002)

(Cannon et al., 2002b)

(Van Erp et al., 2002)

(Tepest et al., 2003)

(Hulshoff Pol et al., 2004)

(van Haren et al., 2004)

(van Erp et al., 2004)

(Rijsdijk et al., 2005)

13 MZ twin pairs, discordant
9 control twin pairs

6 siblings

11 controls

16 sibling pairs, discordant
32 controls
75 patients
60 siblings
56 controls
28 siblings
26 controls

29 patients
55 siblings
39 controls
16 sibling pairs, discordant
32 controls

15 MZ twin pairs, discordant
14 DZ twin pairs, discordant
15 MZ control twin pairs

15 DZ control twin pairs

10 MZ twin pairs, discordant
10 DZ twin pairs, discordant
10 MZ control twin pairs

10 DZ control twin pairs

20 patients

20 siblings

40 controls

60 patients

58 non-psychotic siblings

53 controls

25 patients

13 unaffected siblings

10 controls

11 MZ twin pairs, discordant
11 DZ twin pairs, discordant
11 MZ control twin pairs

11 DZ control twin pairs

14 MZ twin pairs, concordant
10 MZ twin pairs, discordant
17 MZ control twin pairs

7 MZ twin pairs, concordant
16 MZ twin pairs, discordant
32 DZ twin pairs, discordant
28 MZ control twin pairs

26 DZ control twin pairs

14 MZ twin pairs, concordant
10 MZ twin pairs, discordant
17 MZ control twin pairs

22 siblings pairs, discordant

Reduced hippocampal, right
amygdala, and right
putamen volumes
Decreased thalamic volume

Cortical grey matter
reductions

Lower amygdala-hippocam-
pus volume
Lower thalamus volume

Third ventricle enlargement

Lower total brain volume
Lower hippocampal volume

Lower left hippocampal
volume in MZ not DZ
co-twins, supporting
genetic influences
Polar PFC grey matter
volume

Lower hippocampal volume

Lower hippocampus volume,
inward deformity of the
head of the hippocampus
Lower white matter volume

Lower whole brain volumes

Lower hippocampus volumes

Significant genetic correlation
with schizophrenia for whole
brain

Familial effects for hippo-
campus and third ventricle

Gyral pattern
Hemispheric volumes

Total cerebral hemisphere, adjusted
cerebral grey matter and white matter

Total brain volume

White matter volume reductions

Total brain volume, grey

matter volume, lateral

ventricles, cerebellum

Total brain volume, prefrontal,
premotor, sensorimotor, occipitoparietal
volume

Intracranial, cerebellum, amygdala,

hippocampus, parahippocampal
gyrus, and CSF volume

DLPFC grey matter volume

Grey matter volume

Third ventricle, and lateral ventricles

Lateral ventricle volume

(continued)
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Study* Participants**

Positive findings Negative findings***

(Hulshoff Pol et al., 2006) 11 MZ twin pairs, discordant

11 DZ twin pairs, discordant)
11 MZ control twin pairs

11 DZ control twin pairs

19 MZ twin pairs, concordant
16 MZ twins pairs, discordant
27 MZ control twin pairs
Longitudinal study

9 MZ twin pairs, discordant
10 DZ twin pairs, discordant
14 MZ control twin pairs

13 DZ control twin pairs
Longitudinal study

11 patients

11 siblings
33 controls

169 patients
213 siblings

115 patients

192 siblings

196 matched controls
26 sibling pairs, discordant
40 control pairs
78 patients

171 siblings

153 controls

13 MZ twin pairs, discordant
13 DZ twin pairs, discordant
44 MZ control twin pairs
39 DZ control twin pairs

(Ettinger et al., 2007)

(Brans et al., 2008a)

(Brans et al., 2008b)

(Honea et al., 2008)

(Goldman et al., 2009)

(Harms et al., 2010)

(Rasetti et al., 2011)

(Hulshoff Pol et al., 2012)

(Boos et al., 2012) 155 AOS patients

186 AOS siblings
122 controls

(Ettinger et al., 2012) 21 MZ twin pairs, concordant

18 MZ twin pairs, discordant
26 MZ control twin pairs

51 MZ twin pairs, concordant
52 MZ twin pairs, discordant
39 DZ twin pairs, discordant

116 MZ control twin pairs

98 DZ control twin pairs

(van Haren et al., 2012)

Lower white matter density,
Lower grey matter density

Reduced thalamic volume

Progressive total brain frontal

lobe and temporal lobe

tissue loss due to genes

common to schizophrenia

risk
Progressive change over time in whole
brain and cerebral grey matter volumes

Grey matter deficits in medial frontal,
superior temporal, and insular cortices

Brain wide cortical thickness

Reduced inferior frontal

grey matter volume
Abnormal DL PFC coupling
with hippocampus

Middle frontal grey matter volume

Thinner parahippocampus,

and orbitofrontal, and

calcarine cortices.

Thicker temporoparietal and

superior motor cortices

Total brain, grey matter, white matter,
lateral and third ventricle, cerebellum
volumes, cortical thickness and grey
matter density

Inferior, medial and orbitofrontal
cortices volumes

Lower superior frontal
cortex volume

Lower cerebral volume
Lower cerebral white matter
volume

Larger third ventricle volume

Cerebral grey matter

*Studies between 1997 and 2005 are included in the meta-analysis on structural brain changes in siblings of patients with schizophrenia finding significantly smaller
hippocampus and grey matter volume as well as significantly larger third ventricle volume in non-psychotic first-degree relatives of patients with schizophrenia (Boos et al.,

2007).
**Several studies have overlapping cohorts.

***Significant changes in volumes may be present in these areas in patients with schizophrenia in these same studies. For meta-analyses on structural brain changes in
schizophrenia see Wright et al. (2000), Olabi et al. (2011) and Haijma et al. (2012).
AOS = adult-onset schizophrenia; DZ = dizygotic; MZ = monozygotic; DL = dorsolateral; PFC = prefrontal cortex.

divergent pattern of brain development compared to unrelated
healthy controls. Based on the continuity that has been established
between these two forms of the disorder (Giedd et al., 1999), the
opportunity exists to bridge and combine the findings from both

sibling groups for a more comprehensive picture. Together, these
data indicate that the sibling brain often lies in between that of
the patients with schizophrenia and healthy controls, with signifi-
cant, but not as severe regional volume reductions. These findings
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strengthen the familial and genetic basis of schizophrenia, in which
siblings provide an opportunity to highlight brain development as
a structural and hence functional endophenotype. Even more
important than the similarities, the differences between the child-
hood and adult-onset cases may indicate the temporal nature of
the endophenotypes in question.

In the childhood-onset schizophrenia siblings, prefrontal and
temporal grey matter deficits were detected at early ages. In co-t-
wins of patients with adult-onset schizophrenia prefrontal and
temporal grey matter deficits are found that are progressive in
adulthood. This suggests that the decrease in prefrontal and tem-
poral grey matter is familial (and associated with increased genetic
risk) in schizophrenia irrespective of age. There have been docu-
mented cross-sectional and longitudinal brain changes in relatives
at high risk for schizophrenia, which includes siblings as well as
other close relatives (Boos et al., 2007; MclIntosh et al., 2011), but
singleton adult-onset schizophrenia siblings brain changes are pre-
dominantly absent and do not progress over time, although this
finding is based on only a small number of longitudinal follow-up
sibling samples.

The longitudinal findings from the childhood-onset sample
allows for a more nuanced perspective of the adult results given
that the grey matter deficits in childhood-onset schizophrenia sib-
lings normalize by young adulthood. Together, the early grey
matter deficits in childhood-onset schizophrenia siblings that
normalize by late adolescence combined with the largely negative
grey matter findings in adult-onset schizophrenia singleton sib-
lings—but not in adult-onset schizophrenia co-twins—suggest
that grey matter deficits are an age-dependent endophenotype
that are subregionally specific and highlight the neurodevelopmen-
tal nature of schizophrenia, and the plasticity of the healthy
(singleton) sibling brain. Such plastic processes may reflect genetic
processes implicated in subregionally specific changes in the
normal brain at different ages (Brans et al., 2010; van Soelen
et al., 2012). For example, large-scale healthy participant studies
indicate that later developing brain regions, such as the prefrontal
cortex and temporal lobes, show increasingly prominent genetic
effects with brain maturation (Lenroot et al., 2009), highlighting
how age (through longitudinal work) might provide the ideal filter
to detecting endophenotypes. Interestingly, age-dependent gen-
etic influences are not uncommon in medicine, including examples
in Alzheimer's disease (Shi and Gibson, 2007) and Huntington's
disease (Reiner et al., 2011), and add further emphasis to the
notion that brain changes take place over specific and critical
periods throughout life.

This allows for a model to be developed for the sibling brain
that stretches in two dimensions. The first dimension is age, and
the synthesis of the different populations by age indicate that
cortical grey matter deficits are more prevalent earlier in life, nor-
malize over adolescence, and are all but absent during young
adulthood provided the siblings do not have schizophrenia spec-
trum abnormalities or higher genetic loading as in the case of
monozygotic discordant twins. The second dimension is degree
of genetic loading and the degree of symptom/disease burden.
Structural abnormalities become more prominent and remain
evident in later ages in monozygotic twins compared with
non-twins, and also among childhood-onset schizophrenia and
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adult-onset schizophrenia siblings that are diagnosed with schizo-
phrenia spectrum disorders. Additionally, studies that include other
relatives beyond siblings (Olabi et al., 2011) can also add focus to
the larger genetic and environmental causes of schizophrenia.
Together these dimensions of analysis demonstrate strongly that
structural deficits in schizophrenia are genetically influenced, and
represent a dimensional construct as opposed to an ‘all or nothing’
model of psychosis. The unification of the childhood and adult
literature also adds weight to a gene dosage effect at play in
schizophrenia, especially given the work done that supports child-
hood-onset schizophrenia as representing a more genetic form of
the disorder (Eckstrand et al., 2008).

In addition to addressing the endophenotype question, sibling
studies provide the basis for future hypotheses and specific direc-
tions forward. Prefrontal and temporal deficits appear to be
consistent abnormalities in schizophrenia, appearing as early age
endophenotypes, at least in siblings of patients with childhood-
onset schizophrenia. It is important to explore factors that cause
these deficits in healthy siblings, what protects siblings from
schizophrenia symptoms in both children and adults, and what is
underlying the (temporary) normalization of these deficits by late
adolescence. Volumetric studies may not be sensitive enough to
reflect the subtler involvement differences seen in adult siblings.
Other imaging techniques, such as diffusion tensor imaging, mag-
netic transfer ratio, functional MRI, or magnetoencephalography
may provide more acute insight into developing neurocircuitries,
particularly to see if these observed patterns of grey matter loss
reflect connectivity network changes that have been documented
in patients with schizophrenia (Ellison-Wright and Bullmore, 2009;
van den Heuvel et al., 2010; Pettersson-Yeo et al., 2011; Fornito
et al., 2012; Hulshoff Pol and Bullmore, 2013), and their siblings
(Whitfield-Gabrieli et al., 2009; Collin et al., 2011; Repovs et al.,
2011), as has been validated recently in other conditions (Seeley
et al., 2009).

Indeed, impaired cerebellar functional connectivity (Collin et al.,
2011) as well as hyperactivity and hyperconnectivity of the default
network (Whitfield-Gabrieli et al., 2009) have been found in sib-
lings of patients with adult-onset schizophrenia. Longitudinal stu-
dies in healthy siblings may show ‘normalization’ of the abnormal
brain activity in siblings as they get older, or a continued deficit
pattern at a milder degree compared to the probands. Thus study-
ing functional neurodevelopment in siblings, particularly from early
ages through the typical age of onset of schizophrenia, may pro-
vide unique insights into which neurocircuitries are vulnerable to
genetic variants and how they normalize over time. Together, a
complete functional understanding of neurodevelopment can
synergize with the structural one, and indicate the crucial link,
or lack thereof, between the physical changes to the brain, and
its illness related activity.

The benefit that comes from comparing childhood and adult-
onset forms of schizophrenia should not only be employed in
terms of brain changes, but in any instance that can improve
the understanding and treatment of this disorder. The human
body changes throughout the lifespan, and analysis that incorpor-
ates that progression is best suited to spot time and age depend-
ent effects. Whether this involves neural dysfunction, growth, or
normalization, critical information arises from longitudinal study of
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individuals at the highest risk for developing schizophrenia, to
better analyse its complex causes.
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