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SCHIZOPHRENIA 
 
Schizophrenia is a severely debilitating psychiatric syndrome affecting about 7 to 8 out of 
a 1000 individuals during their lifetime1. Its clinical symptoms include hallucinations 
(distortions in perception), delusions (distortions of thought content), disorganized speech 
(distortions of language and thought processes), disorganized or catatonic behavior 
(distortions of self-monitoring and behavior), affective flattening (reduced range and 
expression of emotion), alogia (reduced fluency and production of thought and speech), 
and avolition (reduced initiation of intentional behavior), expressed with varying levels of 
severity, and accompanied by social and vocational dysfunction2. Disease onset occurs 
mainly during adolescence and early adulthood3, occurs on average earlier in men than in 
women4, and is known to be preceded by a period in which attenuated and transient 
clinical symptoms, such as ideas of reference, magical thinking, perceptual disturbance, 
paranoid ideation, odd thinking and speech present themselves5, 6. Due to high lifetime 
prevalence, most frequent onset in adolescence and early adulthood, the associated 
vocational disability and non-diminished life expectancy, the cost of schizophrenia to the 
individual as well as society is high. It has long been recognized that studies of the causes 
underlying the disorder and its treatments may ultimately result in its prevention, 
elimination, and reduced presence or severity (Robertson in Kraepelin, 1911, translated 
1971)7. 

Classic epidemiological studies, using family, twin and adoption designs, have 
shown that schizophrenia is highly heritable, with the most recent estimates (based on a 
meta-analysis of quantitative genetic modeling studies in twins) on the order of eighty-
one percent8. However, environmental factors must be involved since concordance in 
monozygotic twins is not one-hundred percent9. The high prevalence of schizophrenia 
relative to single-gene disorders, the pattern of morbidity risk estimates among relatives 
of patients with schizophrenia, and the fact that only about half of the monozygotic twins 
are concordant for schizophrenia provide evidence that schizophrenia is a multi-genetic 
disorder or complex trait10-12, which may involve locus heterogeneity as well as gene-
gene interaction or epistasis12, 13. Moreover, multiple environmental risk factors for 
schizophrenia have been identified14. Additional causative complexity is added by 
unknown timing (distal or proximal to disease onset) at which genetic and environmental 
factors act. 

Schizophrenia thus presents as a disorder with heterogeneous clinical expression 
as well as heterogeneous underlying genetic and environmental etiology. A conceptual 
framework that allows for this etiological complexity is the diathesis-stress model15 in 
which multiple susceptibility genes and multiple environmental factors combine to form 
a continuum of liability with hypothetical thresholds above which disease expressions 
(symptoms) reach the level of severity that allows for them to be diagnosed into clinical 
categories based on the symptom profile. The search for etiological factors (genetic and 
environmental) and their mode of action in complex diseases requires an approach that 
allows for the assessment of this disease liability irrespective of the clinical diagnosis. 
Quantitative genetics provides us with such an approach. 

Brain anatomy and cognition provide us with two such quantitative measures. 
Among the observed anatomical and cognitive deficits in schizophrenia, hippocampal 
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volume reduction and verbal declarative memory dysfunction are particularly well-
replicated. However, the extent to which genetic and environmental factors contribute to 
these deficits remains inconclusively determined. The focus of this dissertation is on 
genetic and environmental influences on hippocampal morphology and function (verbal 
declarative memory) in schizophrenia. The introduction to this dissertation will 
selectively review some of the main theoretical models and findings with regard to 
schizophrenia as a brain disorder and will describe the nature and sources of hippocampal 
abnormalities observed in schizophrenia. At the end of the chapter the studies that 
comprise this thesis are outlined. 
 

SCHIZOPHRENIA AS A BRAIN DISORDER 
 
That schizophrenia is a complex brain disorder was already understood by Emil 
Kreapelin at the beginning of the twentieth century. Kraepelin (p. 219)7 speculated that 
the disorder he referred to as “dementia praecox”, from Latin meaning premature 
dementia, concerned a deteriorating brain disorder that involved the frontal lobes, given 
that they are especially well developed in men and likely stand closer in relation to higher 
intellectual abilities, as well as the temporal lobes, given the peculiar speech disorders 
and auditory hallucinations, which were interpreted as being caused by irritative 
phenomena in the temporal lobe. Eugen Bleuler on the other hand, who coined the term 
schizophrenia, based on the Greek words schizo (divide) and phren (mind) forming 
“splitting of the mind”, reflective of the disorder’s key symptom of the splitting of the 
psychic functions, opposed the idea that the disorder included only those who suffered 
from deterioration16. Early post-mortem studies provided inconsistent evidence for brain 
abnormalities in schizophrenia, likely due to methodological issues, such as small sample 
sizes, the use of qualitative measures, and the lack of control groups in addition to the 
subtlety of some of the brain abnormalities. However, since the initial computerised 
tomography study by Johnstone and colleagues (1976)17, who showed lateral ventricular 
enlargement and cognitive impairment in patients with schizophrenia compared with 
controls, structural neuroimaging18-25 and neuropsychological 26-30 studies have provided 
some of the most consistent evidence for brain abnormalities in schizophrenia. 

In-vivo structural imaging studies have noted reductions in frontal31, 32, and 
temporal32, 33 lobe, thalamic34, amygdala35, and hippocampal36 volumes and corpus 
callosum size37, along with increases in ventricular18, 23, 24 and sulcal23 cerebrospinal fluid, 
and changes in basal ganglia volumes24. Neuropsychological studies have noted, against 
the background of a general deficits, more pronounced deficits in attention, executive, 
verbal declarative memory, and verbal fluency functions26, 28, 30, 38, 39. However, as pointed 
out by Heinrichs and Zakzanis (1998)26, the debate over the presence of a differential 
deficit will continue until cognitive tasks are developed with equivalent levels of 
difficulty40, 41 and without those, findings of differential deficit must be interpreted 
cautiously. 

While Kraepelin considered schizophrenia to be a degenerative disorder, several 
lines of evidence suggest neurodevelopmental influences. First, numerous studies have 
shown associations between prenatal and perinatal complications and increased risk for 
schizophrenia42-48, including infections and malnutrition during pregnancy49-55. Second, 
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deficits in cognitive, social and motor behavior during childhood have been shown to be 
risk factors for the development of schizophrenia56, 57 [for review see Niemi and 
colleagues (2003)58]. Third, minor physical anomalies, which suggest disturbed prenatal 
development, appear with higher frequency in patients with schizophrenia compared with 
controls59. Fourth, post-mortem studies have failed to detect evidence of dementia-like 
degenerative neural processes such as gliosis60, 61 which can occur as early as after the 
twentieth month of gestation62, but instead have found evidence of reduced dendritic 
arborization and density of synaptic contacts on pyramidal neurons (i.e., reductions in 
neuropil volume63-65) and aberrant aptotic or migratory processes66-68. 

Among the neurodevelopmental models proposed to explain schizophrenia are 
those that suggest an early static brain lesion, either genetically transmitted and/or caused 
by early environmental insults, that interact with normal aging69, 70 and those that include 
progressive maturation processes during adolescence and early adulthood, such as 
deranged synaptic pruning, myelination, or aptotic processes71-77, that may even continue 
in the adult brain73, 76, 78. Some have argued that the abnormal developmental processes 
result in aberrant brain connectivity and have described schizophrenia as a dysconnection 
syndrome69, 71, 74-76, 79-90. Evidence for excessive progressive changes during adolescence 
and early adulthood is provided by longitudinal studies in childhood onset91-93 and first-
episode94-101 schizophrenia patients. More recently, several longitudinal studies have 
brought back the issue of possible progression in chronic schizophrenia patients in 
cognitive performance102 as well as brain anatomy103, potentially more so in more severe 
cases or those treated with classical neuroleptics101 (but see104-106). Taken together, these 
findings suggest that abnormalities in the brains of patients with schizophrenia may occur 
as early as the prenatal period, that some of them may continue to change throughout 
childhood and adolescence, and maybe even throughout adulthood and old age. 

It must be kept in mind that the two viewpoints with regard to the timing of 
occurrence of the brain abnormalities are not mutually exclusive and that genetic and 
environmental factors known to be involved in the disorder are likely to act upon the 
brains of patients with schizophrenia throughout the lifespan, possibly resulting in a 
dynamic brain disorder with deviant rates of change in different regions of the brain 
caused by multiple mechanisms acting during the prenatal period, adolescence, and 
throughout the rest of the lifespan73, 78, 106, 107. Furthermore, in addition to the structural 
brain abnormalities, patients with schizophrenia show biochemical abnormalities in 
dopaminergic, glutamatergic, serotoninergic, and GABA-ergic neurotransmitters 
systems108-113. Studying the sources of brain abnormalities using family and twin designs 
to get traction on genetic and environmental influences and longitudinal designs to get 
traction on the timing during which the brain abnormalities occur are both critical for 
understanding the neurobiological mechanisms underlying psychosis. Ideally, future 
studies will combine these methods to address both questions simultaneously, in order to 
elucidate how genetic and environmental factors affect dynamic brain changes over time. 
 

THE HIPPOCAMPUS IN THE PATHOPHYSIOLOGY OF SCHIZOPHRENIA 
 
Several lines of evidence suggest that the hippocampus is a locus of dysfunction in the 
pathophysiology of schizophrenia. The strongest evidence is provided by 
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neuropsychological studies which have shown that, against a background of generalized 
cognitive deficit, patients show profound deficits in declarative memory26, 28, 29, 114, which 
putatively involve the hippocampus and temporal lobes115 and by in-vivo magnetic 
resonance imaging studies which have shown that hippocampal volume reduction is one 
of the most robust neuroanatomical abnormalities in schizophrenia24, 36, 116. However, 
while it is clear that schizophrenia is associated with verbal declarative memory deficits 
and hippocampal volume reduction, the extent to which these abnormalities are 
influenced by genetic and environmental factors remains undetermined. Before providing 
and outline of the studies part of this thesis a selective review of hippocampal 
abnormalities in schizophrenia, what is know about their time of occurrence, and what is 
know about the sources of these abnormalities will be provided. 
 

HIPPOCAMPAL ABNORMALITIES IN SCHIZOPHRENIA 
 
The hippocampal formation includes the gyrus dentatus, the cornu Ammonis (subdivided 
into sectors CA 1 through 4), the subiculum (subdivided in the prosubiculum, subiculum 
proper, presubiculum, and parasubiculum), the enthorhinal cortex, and the 
parahippocampal gyrus117. The development of the hippocampal formation has been 
investigated extensivly118-120. The hippocampal formation is extremely well 
interconnected with other parts of the brain, including the dorsolateral prefrontal cortex121 
and the heteromodal association cortexes122 which have been implicated in the 
pathophysiology of schizophrenia122-127. 

While several early authors theorized about the involvement of the hippocampus 
in schizophrenia128, 129, partly based on observations that psychotic experiences among 
epileptics are associated with mesial-temporal lobe discharges130-132, that irritation 
(possibly during the destruction) of the hippocampus is sufficient to produce psychotic 
experiences133, and that the hippocampus is particularly sensitive to anoxia134, it was not 
until 1985 when the first conclusive evidence of reduced hippocampal volume was 
reported on in a post-mortem study performed by Bogerts and colleagues (1985).135 
While this study was later criticized for imperfect age and sex matching of the 
comparison groups, it noted a thirty-three percent reduction in volume which was 
interpreted as degenerative shrinkage. Additional focus on the hippocampus as part of the 
neural substrate of schizophrenia was kindled by post-mortem findings of pyramidal cell 
disarray136, 137. However, while the post-mortem findings of pyramidal cell disarray have 
not been replicated consistently by independent research groups61 and may have their 
origins in temporal horn shape abnormalities138, in the last 20 years, hippocampal volume 
reduction as measured by magnetic resonance imaging has become one of the most well-
replicated findings in schizophrenia24, 36, 116.  

Structural imaging studies have shown bilateral volume reductions of about four 
percent in schizophrenia23, 24, 36. These reductions are observed in medicated first-episode 
patients139-146 [for meta-analyses see Vita and colleagues (2006)147 and Steen and 
colleagues (2006)148], never-medicated first-episode patients144, and adolescents at ultra-
high risk for developing psychosis149 and can therefore not be fully accounted for by 
duration of illness or medication effects. However, in conflict with this interpretation and 
in favor the interpretation that hippocampal abnormalities are due to late developmental 
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or possibly disease-related processes, are the findings from a recent cross-sectional study 
that reported bilateral hippocampal volume reductions in chronic schizophrenia patients, 
left hippocampal volume reductions in first-episode patients, and no hippocampal volume 
reductions in ultra-high risk adolescents regardless of whether they did or did not develop 
schizophrenia150. 

Findings of progressive changes in hippocampal volumes during adolescence 
based on longitudinal studies are few and controversial. Early longitudinal reports151, 152 
showed no hippocampal volume reduction152 or slightly elevated hippocampal volumes151 
at initial scan and progressive reductions in hippocampal volume in childhood onset 
schizophrenia patients compared with healthy controls, supporting late developmental 
influences during adolescence in schizophrenia. However, a recent longitudinal analysis 
of hippocampal volume and shape in childhood onset schizophrenia patients showed a ten 
percent reduction in total hippocampal volume, but no differential changes between 
childhood onset schizophrenia patients and healthy controls in total hippocampal volume 
with age, suggesting that morphological changes in the hippocampus are present at 
disease onset153. Longitudinal studies in high-risk adolescents are in progress but have not 
been reported on yet. 

In addition to reduced volumes, hippocampal shape abnormalities, though less 
well-studied, have been reported139, 153-156. Early findings include a reduction in 
hippocampal length139, 154. More recently, Csernanksy and collegues155 applied a 3-
dimensional morphometric method to magnetic resonance imaging scans and observed 
bilateral shape changes in the lateral head and tail, and the left medial body of the 
hippocampus in patients with schizophrenia compared with controls. These findings were 
partly replicated in a second study in which Csernansky and colleagues (2002)157 showed 
an inward shape deformation in the anterior part of the head of the hippocampus (this 
finding was interpreted as consistent with abnormal frontal-temporal connectivity). Narr 
and colleagues (2001)156 observed shape differences on the superior and medial surfaces 
of the anterior hippocampus and bilateral differences in the medial/superior surfaces of 
the posterior hippocampus in schizophrenia patients compared with controls. Consistent 
with these findings, a recent longitudinal study examining hippocampal shape showed 
anterior and posterior hippocampal volume loss and hippocampal body volume gain in 
childhood onset schizophrenia patients, suggesting that morphological changes in the 
hippocampus with age in schizophrenia may be regionally specific153. 

Besides structural abnormalities, verbal declarative memory deficits, which 
putatively involve the temporal lobes158, are among the most robust neuropsychological 
deficits observed in schizophrenia26-29, 114, 159, 160. These deficits have been observed in first-
episode schizophrenia patients159 and adolescents identified as ultra-high-risk for 
psychosis161, 162 and appear not to be merely secondary effects of impaired attention163, 
disease chronicity159, 164, or neuroleptic treatment165. To date, one study suggests that 
verbal declarative memory deficits may be progressive in prodromal high-risk subjects 
who experience symptoms166 though previous reports have suggested that they are stable 
after disease onset167. Hypotheses about the cognitive underpinnings of the verbal 
declarative memory deficits in schizophrenia include an inability to use efficient 
strategies spontaneously during encoding and/or retrieval, reduced conscious recollection 
and increased reliance on familiarity assessment as a basis for retrieval, and reduced 
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monitoring processes during retrieval, processes thought to be mediated by prefrontal and 
medial temporal lobe regions168. 

Aleman and colleagues (1999)29 performed a meta-analysis on verbal declarative 
memory studies and observed that the degree of difference in performance between 
patients with schizophrenia and controls, expressed in terms of effect size (ES), declines 
with an increase in the amount of contextual information provided during recall (i.e.., free 
recall ES = 1.2, cued recall ES = .78, and recognition ES = .64). Arguing against the 
interpretation that this differential level of deficit is an artifact of the discriminating 
power of the performance measure employed40, 41 is a report that chronic non-demented 
patients with schizophrenia showed a larger deficit on a free recall compared with a 
performance matched recognition task169. This result was obtained despite the higher 
reliability for the recognition task, which would have predicted a higher discriminating 
power for the recognition versus the recall task (but see two conflicting reports170, 171). 
Additional evidence suggesting a differential deficit in declarative, or explicit (episodic, 
context based) memory processes as opposed to implicit, familiarity based, and 
procedural memory processes in schizophrenia, stems from several cognitive 
psychological experiments showing differentially impaired episodic versus procedural 
memory172, deficits in autobiographical memory173-175, differentially impaired memory for 
context176-179, as well as differentially reduced estimates of recollection in comparison 
with familiarity based retrieval180-188 in patients with schizophrenia compared with 
controls. These patterns of memory impairment in patient with schizophrenia suggest that 
the core memory deficit may involve impaired processing of contextual information. 
Given that the role of the hippocampus in memory may involve relational binding among 
the constituent elements of scenes or events189 during encoding and recollection of 
contextual information during retrieval190, hippocampal pathology may drive part of the 
memory impairments in schizophrenia. In addition, several studies have shown positive 
correlations between hippocampal volume and verbal declarative memory deficits in 
healthy individual and patients with schizophrenia144, 191-193, though at least one study194 
has reported a negative correlation between hippocampal volume and delayed verbal 
recall in patients with schizophrenia and a positive correlation in their relatives, and 
numerous other studies have found no significant associations between hippocampal 
volumes and declarative memory performance [reviewed in Weiss and Heckers (2001)195 
and Antonova and colleagues (2004)196]. Moreover, the ability to acquire and retain 
verbal information over a delay of several minutes or longer (secondary verbal memory) 
assessed by recall and recognition of a list of words or elements of a story has been 
associated with poor social functioning in schizophrenia197. Several studies have reported 
that combined verbal recall/recognition scores are correlated with receiving, processing 
and sending problem-solving skills in schizophrenia198, 199. In fact, verbal memory has 
been associated with these three types of skills two-and-a-half years later200, as well as 
self–reports of social functioning two years later201. Other research has found that verbal 
recognition was related to receiving and processing skills, while verbal recall was related 
to processing202, which points to the possibility that verbal memory deficits may be 
differentially associated with specific social problem solving skills.  

Further evidence for the involvement of the hippocampus in the pathophysiology 
of schizophrenia comes from functional imaging studies, which have shown abnormal 
hippocampal activations during rest, encoding and retrieval of information, and during 
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the experience of auditory hallucinations. Positron Emission Tomography (PET) studies 
have shown reduced glucose metabolism in the hippocampus of patients with 
schizophrenia compared with controls203. Two functional PET studies by Heckers and 
colleagues (1998, 1999)204, 205 found that patients with schizophrenia showed overall 
hyperactive hippocampi, but failed to recruit their hippocampi during conscious 
recollection (cued recall), providing the first evidence for abnormal modulation of 
hippocampal activity during memory retrieval. These findings were subsequently 
replicated by the same group using a modified task design206. A PET study by Medoff and 
colleagues (2001)207 showed hippocampal hyperactivation during the task and rest 
condition of an over-learned auditory discrimination task, despite the lack of 
hippocampal activation in the controls and the patients in the tasks versus rest conditions, 
hippocampal hyperactivation in patients off compared with on antipsychotic medication, 
and hypoactivation after a ketamine (an NMDA-selective non-competititive 
glutamatergic anatagonist) challenge in patients compared with controls, suggesting 
dopaminergic and glutaminergic modulation of hippocampal activation in schizophrenia. 
More recently, functional magnetic imaging studies have shown impaired hippocampal 
recruitment during novel word detection208, encoding209-211 and recognition211, temporal 
context monitoring212, successful verbal learning213, and relational memory processing214, 
as well as significantly greater hippocampal activations while passively viewing faces 
with emotional and neutral facial expressions215, 216 and verbal encoding217 in patients with 
schizophrenia compared with controls. Furthermore, several functional imaging studies 
using positron emission tomography218 and functional magnetic resonance imaging219, 220 
have shown increased hippocampal activations during the presence of auditory 
hallucinations [for review see Weiss and colleagues (1999)221]. To what extent these 
activations are involved in the generation of hallucinations, or involved in encoding of 
the content of the hallucinatory experiences remains to be determined. It must be noted 
that many of the studies examining memory deficits in schizophrenia with functional 
imaging have implicated the frontal lobes222 and that many interpretations of the findings 
of these studies discuss disrupted frontal and temporal lobe integration168. 

At the level of biochemical abnormalities, numerous proton magnetic resonance 
spectroscopy (MRS) studies have shown a decrease in N-acetylaspartate or the N-
acetylaspartate/Choline ratio in the hippocampus of patients with schizophrenia 
compared with controls, though since few of these studies have had adequate power, 
further replication of these findings is warranted223. At the level of micro-structural 
abnormalities of the hippocampal formation in schizophrenia, findings from post-mortem 
studies are mixed [see Dwork (1997)61 for a critical review], though more recent reviews 
have concluded that these likely involve decreased neuronal size, alterations in messenger 
ribonucleic acids (mRNAs) and protein levels for synapsin and synaptophysin (two 
proteins involved in the formation of synaptic vesicles), growth-associated protein 43 (a 
protein known to be involved in neuroplasticity), cholecystokinin (a neural peptide 
thought to modulate dopaminergic activity), a reduction in gamma-aminobutyric acid and 
glutamate receptors, and reduced hippocampal white matter (stratum oriens, radiatum, 
lacunosum, and moleculare)122, 224-229. 

Finally, consistent with the previously reported findings, are those of animals with 
neonatal lesions to the hippocampus230-234, enthorhinal cortex235, and amygdala236, that 
show social 234, 237, 238 as well as cognitive impairments239, 240 that mimic those observed in 
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patients with schizophrenia, suggesting that the abnormal development of a common 
neural substrate which includes the hippocampus and its connections may underlie both. 
In sum, numerous hippocampal abnormalities at several different levels of analysis have 
been reported on in schizophrenia. The following sections will review the current state of 
knowledge with regard to the sources (genetic and environmental factors) of these 
abnormalities. 
 

SOURCES OF HIPPOCAMPAL PATHOLOGY IN SCHIZOPHRENIA 
 
As mentioned the identification of measures that can serve as indicators of disease 
liability in schizophrenia is important given that the clarification of the causes underlying 
the disorder and its treatments may ultimately result in its prevention, elimination, 
reduced presence or severity. More specifically, the study of quantitative liability 
measures can aid: 1) in the hunt for schizophrenia susceptibility genes, 2) in the 
identification of the nature and actions of environmental risk factors, and 3) in the 
identification of measures that can serve as predictors for disease onset. 

First, the identification of heritable quantitative measures can aid in the 
localization of predisposing genes in several ways: a) quantitative measures can be used 
in linkage and association analyses; b) power of these analyses can be increased in that 
non-ill relatives can be included these analyses; c) the quantitative measures can be used 
to select more homogeneous samples; and d) some quantitative measures may be studied 
in animal models241, 242. Second, the use of quantitative measures can aid in determining 
whether the mechanisms of action of environmental factors are either independent, 
additive, or interactive with other environmental or genetic factors243. Third, as the field 
of psychiatry moves more towards prevention, it is foreseeable that some of these 
measures can serve as predictors for disease onset, which can aid in identifying 
individuals to be given preventative treatments, as well as provide measures that can aid 
in testing the efficacy of those treatments. 

The follwing sections will review some of the evidence for genetic and 
environmental influences on hippocampal abnormalities. At the present, only one 
magnetic resonance spectroscopy study has shown bilateral reductions in N-
acetylaspartate/Creatine but not N-acetylaspartate/Choline levels in the hippocampi of 
unaffected siblings of patients with schizophrenia compared with controls244. Moreover, 
apart from post-mortem studies on gene expression, which have provided some replicable 
findings225, despite more than 110 years of post-mortem research in schizophrenia and 
despite the tremendous potential for scientific discovery, no post-mortem studies have 
included the brains of relatives or non-ill co-twins of patients with schizophrenia or any 
other psychiatric disorder (though one Alzheimer’s Disease twin case study has been 
reported on245). Furthermore, while some functional activation studies of relatives exist246-

254, none of these have reported on hippocampal activations. Based on this, and given the 
topic of this thesis, the review will be limited to reports on contributions of genetic and 
environmental factors to hippocampal morphometric and declarative memory 
abnormalities examined with high-risk (offspring of parents with schizophrenia / 
prodromal), family, and twin designs. 
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Non-genetic Influences on Hippocampal Abnormalities in Schizophrenia 
 
Research in animals has shown that the hippocampus is sensitive to non-genetic 
influences such as environmental isolation and enrichment255-257, exercise257, 258, stress259, 

260, and ischemia261, 262. Non-genetic sources thought to be involved in schizophrenia 
include biological ones, such as pregnancy and delivery complications, including 
intrauterine fetal hypoxia44, 45, 129, infections49, 51, malnutrition52-54, 55 , prenatal stress263, 264, 
and rhesus incompatibility265, 266 as well as non-biological ones, such as psychosocial 
stressors267, urban residence268, 269, immigration270, and dysfunctional family situations271, 
for reviews see272-274. Of the various biological environmental factors proposed to be 
involved in schizophrenia, obstetric complications (OCs), particularly those associated 
with fetal hypoxia, have shown the most robust association44, 45. Increases in risk for 
schizophrenia with increases in hypoxia-related obstetric complications have been shown 
in several independent samples42, 43, 47, 48, 275, 276 and are associated with illness discordance 
in twins277. For a brief review and references to papers on mechanisms by which hypoxia 
can result in brain damage see Hopkins and Haaland (2004)278. Among the non-biological 
environmental factors, psychosocial stress has received much attention267, 279, 280. 

A role for non-genetic etiological influences (e.g., stress, isolation, obstetric 
complications) on hippocampal volume reduction in schizophrenia is suggested by 
findings of smaller volumes in the affected compared with the unaffected co-twin of 
monozygotic twins discordant for schizophrenia281-284. These findings are corroborated by 
neuropsychological studies that have shown reduced performance in probands compared 
with their healthy monozygotic co-twins on tests thought to be sensitive to temporal lobe 
functioning285-287, suggesting that medial temporal lobe structures are at least in part 
influenced by environmental factors. One such study has even shown strong associations 
between differences (proband - co-twin) in left hippocampal volumes and differences in 
verbal memory test scores of monozygotic twin pairs discordant for schizophrenia191.  

To date four magnetic resonance imaging studies have specifically examined the 
influence of obstetric complications on hippocampal volumes in schizophrenia. The first 
study by DeLisi and colleagues (1988)288 found no significant differences in limbic 
structure areas, including the hippocampal-amygdala complex area, between patients 
with and without histories of obstetric complications. Stefanis and colleagues (1999)289 
found reduced left hippocampus volumes in schizophrenia patients with a history of 
pregnancy and birth complications, but not in patients of multiply affected families 
compared with controls. A subsequent study from the same research group, found left 
hippocampal volume reductions in patients from singly and multiply affected families 
with schizophrenia, but not in the unaffected first-degree relatives compared with healthy 
controls, and lower hippocampal volumes in those exposed compared with those not 
exposed to obstetric complications, but no significant group by obstetric complication 
interaction290 (though it must be noted that in all groups with a genetic predisposition for 
schizophrenia, mean hippocampal volumes with definite OCs were slightly lower than 
those without OCs, a pattern not observed in the healthy controls). McNeil and 
colleagues (2000)284 found that the intra-pair differences in rostral hippocampus volumes 
between monozygotic twins discordant for schizophrenia were associated with higher 
rates of OCs. While these results are encouraging, in all three studies a history of OCs 
was assessed retrospectively through maternal interviews which is not considered as 
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reliable as prospective assessment291-293. Studies that have examined anatomical and 
cognitive correlates of perinatal asphyxia in general are reviewed by de Haan and 
colleagues (2000)294, who note that episodic memory deficits after perinatal hippocampal 
damage do not emerge until long after the damage occurred, a potentially interesting 
parallel with emerging psychiatric symptoms of schizophrenia possibly long after initial 
brain damage has occurred. Only a few studies thus far have reported positive 
associations between fetal hypoxia and deficits in motor and cognitive behavior during 
childhood in children who later develop schizophrenia295-297. 
 Only one twin study to date has examined possible influences of stress on 
hippocampal volume reduction in schizophrenia. Walker and colleagues (2002)298 found 
that plasma cortisol levels in schizophrenia patients were negatively associated with 
(proband – co-twin) differences in hippocampal volume in monozygotic twin pairs 
discordant for schizophrenia. Moverover, a role for effects of stress on hippocampal 
volume reduction is supported by lower hippocampal volume in patients with post-
traumatic stress disorder (PTSD)299-301. Still, it must be noted that hippocampal volumes 
have been found in PTSD patients’ non-ill co-twins as well, suggesting that the smaller 
hippocampal volumes may be a vulnerability factor for increased stress-reactivity as 
opposed to a consequence of stressful traumatic experiences302, 303. While stress and 
cortisol have known effects on memory performance304, to date their effects have not 
been studied specifically in schizophrenia. 
 

Genetic Influences on Hippocampal Abnormalities in Schizophrenia 
 
A role for genetic etiological influences on hippocampal volume reduction in 
schizophrenia is suggested by reports of lower hippocampal volumes in adolescent 
offspring305-307 and in unaffected siblings of patients with schizophrenia192, 308-310 compared 
with healthy comparison subjects (though negative findings exist290, 311-313). It is important 
to note that all of these studies used samples of convenience and are therefore prone to 
selection biases, that some had small samples, that some were not well age and gender 
matched and included subjects that did not pass through the risk period for age of disease 
onset yet, that some included a mixed sample of relatives (including siblings, parents, and 
offspring), and that almost all have used different methods for the assessment of 
hippocampal volumes. Moreover, declarative memory deficits have been observed in 
high-risk adolescents and adults314-316, and other non-psychotic relatives317-331 and non-
psychotic monozygotic co-twins of patients with schizophrenia compared with controls285, 

286, 332, suggesting that they derive in part from an inherited genotype (though at least two 
negative findings exist311, 333). Several reviews of neuropsychological findings have 
concluded that mean verbal recall performance is among the measures that show 
strongest familial effects in schizophrenia334-337. 

However, while these studies do suggest familial influences, they cannot 
dissociate shared environmental and genetic influences. Relatively few studies have 
examined hippocampal morphological abnormalities and verbal declarative memory 
deficits at multiple loads of genetic predisposition. Two studies that provide stronger 
evidence for genetic influences on hippocampal volumes include one that found a genetic 
load effect predominantly for the left hippocampus when comparing siblings from 
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multiplex and simplex families with controls192 and one that found reduced amygdala-
hippocampal complex volumes in patients with schizophrenia and obligate compared 
with non-obligate carriers for predisposing schizophrenia genes310 (the obligate versus 
non-obligate dissociation was based on either having a parent as well as offspring with a 
schizophrenia diagnosis or only having a parent with a schizophrenia diagnosis). 
Likewise, a study that included non-ill relatives with either one or multiple first-degree 
relatives diagnosed with schizophrenia showed that deficits in story recall scaled with the 
level of genetic predisposition for the disorder338. 

Twin studies, including monozygotic twins who share one-hundred percent and 
dizygotic twins who share on average fifty percent of their genes, have traditionally been 
used to assess the heritability of a trait339. When twin studies include healthy twins as well 
as twins discordant for a particular trait (e.g., schizophrenia), they allow for the 
comparison of the means from quantitative measures across multiple loads of genetic 
predisposition for the trait, the comparisons of intra-class correlations between 
monozygotic and dizygotic twin pairs (either free from, discordant or concordant for the 
trait), and the use of various methods to derive heritability estimates340.  

A twin study on hippocampal volumes in healthy elderly individuals341 and a 
study of hippocampal volumes in monkeys342 found heritability estimates of forty and 
fifty-four percent, respectively. At the start of this thesis six papers and one abstract from 
four independent twin samples examining hippocampal volumes in schizophrenia had 
been published281-284, 298, 343, 344. Their results were equivocal on the question of etiology. 
Some studies implicated a major role for environmental factors281, 283, 284 and the only 
study that included both monozygotic and dizygotic twins discordant for schizophrenia as 
well as healthy comparison twin pairs by Baaré and colleagues (2001)343 concluded that 
either genetic or shared environmental factors are involved in hippocampal volume 
reductions in patients with schizophrenia. Furthermore, other than the report in this 
thesis, at the time of publication no reports on genetic and environmental influences on 
hippocampal shape had been published (several more recent findings will be reported on 
in the discussion). 

Several studies in healthy twins have shown that verbal declarative memory is 
moderately heritable. Swan and colleagues (1999)345 performed a factor analysis on 
performance measures from the California Verbal Learning Test346 in a large cohort of 
elderly healthy twins, and identified four factors (verbal learning and memory, response 
discrimination, learning strategy, and recognition memory). They found that only the 
intra-class correlation for the verbal learning and memory factor was larger in 
monozygotic compared with dizygotic twins. Furthermore, a variance component 
analysis showed that verbal learning and memory had a substantial genetic component of 
fifty-six percent, while response discrimination had a much smaller genetic component of 
twenty-four percent. Similar heritability estimates for free recall measures have been 
reported by numerous other studies, suggesting that verbal recall is in part influenced by 
genetic factors in healthy individuals [for review see Finkel and colleagues (1995)347]. 
The only twin study that included both monozygotic and dizygotic pairs discordant for 
schizophrenia as well as groups of healthy mono- and dizygotic twin pairs, examined free 
recall (story and verbal list items) as part of a canonical discriminant analysis, and 
showed that tests of verbal declarative memory contributed to the discrimination of 
patients from their own monozygotic co-twins287. Furthermore, while the intraclass 
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correlations for free recall in discordant twin pairs were small, they were higher in 
monozygotic compared with dizygotic twins, suggesting a small effect of genetic 
predisposition as well287. 

With regard to verbal declarative memory, the majority of the studies including 
relatives of patients with schizophrenia have examined performance on free recall of 
stories or word lists. Two recent meta-analytic studies concluded that too few studies 
have compared free recall, cued recall, and recognition for the same test in patients with 
schizophrenia and their relatives336, 337 such that no firm conclusions can be drawn on the 
existence or not of retrieval deficits337. Some studies have observed deficits in recognition 
hits among relatives of patients with schizophrenia330, while others have not328, 331. One 
study showed that relatives performed worse on cued recall compared with controls328. To 
this date, no study with schizophrenia patients’ relatives at multiple levels of genetic 
predisposition has compared performance on free recall, cued recall, and recognition. The 
comparison of free recall, cued recall, and recognition provides a manipulation of the 
extent to which self-initiated strategic retrieval is needed to perform the task348. Encoding 
and consolidation are required in any of these conditions, but the conditions differ in the 
extent to which they require active retrieval (free recall > cued recall > recognition). 

Recently, arguments have been made for the use of extended twin designs349. At 
the present time, no schizophrenia studies using extended twin designs have examined 
verbal declarative memory, though one schizophrenia study, using a complex familial 
design to compute heritability estimates for numerous neuropsychological measures, 
reported that verbal recall was predominantly influenced by non-genetic factors, while 
recognition discrimination was influenced by genetic factors with a heritability estimate 
of forty-nine percent350.  

Finally, one report has shown that monozygotic twin pairs concordant and 
discordant for schizophrenia do not differ in mean hippocampal volumes344. Consistent 
with this another study has shown that patients from concordant pairs do not differ from 
patients from discordant pairs in verbal recall332. Together these findings suggest a similar 
etiology of the observed deficits in pairs concordant and discordant for schizophrenia. 
Whether these similarities are due to shared genetic, environmental factors, or both 
however remains undetermined. 

 

Gene-environment Interaction and Hippocampal Abnormalities in Schizophrenia 
 
An interaction effect of genes and hypoxia on the hippocampus in schizophrenia was first 
hypothesized by Mednick in 1970129 and is attractive because it provides a common 
mechanism by which obstetric complications may act upon the brain44, 45, 273. The facts 
that only about half of the monozygotic co-twins are concordant for schizophrenia9 and 
that over ninety percent of individuals exposed to fetal hypoxia, even in severe form, do 
not develop schizophrenia43, 47, 295, 351 indicate that neither genetic nor hypoxia-related 
obstetric factors are sufficient to cause schizophrenia on their own. Given these facts, one 
is left with models in which genetic and hypoxia-related obstetric factors add, co-vary, or 
interact in increasing the risk for schizophrenia243 (though interactions between 
environmental risk factors provide an alternative possibility). Moreover, the facts that 
most studies have shown a higher frequency of obstetric complications in patients with 
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schizophrenia than in their non-psychotic siblings43, 277, 352 and that no study using 
objective birth records has found that hypoxia-related obstetric complications are more 
frequent in the first-degree relatives of patients with schizophrenia than in the general 
population 43, 47, 353-358, renders the gene-environment co-variation model an unlikely 
candidate. Therefore, the most likely models are those in which hypoxic obstetric 
complications act additively or interactively with genetic factors in influencing disease 
liability. 

Evidence for gene-environment interaction effects on central nervous system 
abnormalities is provided by several animal models, which have shown that different 
(genetic) strains of rats exhibit different central nervous system effects in response to 
perinatal insults such as caesarian birth359 and neonatal viral infection360, 361 [reviewed in 
Boksa (2004) 362 ]. More specifically, Lipska and Weinberger (1995)363 have shown that 
spontaneous and amphetamine-induced behavioral effects of neonatal hippocampus 
lesions in rats (hyperlocomotion) are strain and lesion size specific, suggesting that the 
degree of genetic predisposition and the extent of neonatally-induced hippocampus lesion 
contribute to a pattern of behavioral outcome in adolescent rats that mimics that of 
patients with schizophrenia. 

In schizophrenia, interaction effects of predisposing genes and obstetric 
complications on central nervous system abnormalities have been reported in several 
studies364-368 [reviewed in van Erp and colleagues (2003)369]. However, one question that 
has yet to be addressed is whether genetic and hypoxia-related obstetric influences on 
hippocampus volumes in schizophrenia are independent, additive, or interactive. No prior 
study other than the one part of this thesis has had access to hippocampus volume data on 
subjects at multiple levels of genetic predisposition for schizophrenia, and data on 
obstetric complications within the same sample. Furthermore, only two prospective 
studies have examined the influences of obstetric complications on cognitive and motor 
behavior in the offspring of patients with schizophrenia296, 297. While these studies did not 
observe a gene-environment interaction on cognitive performance, they also did not 
include measures that may have been particularly sensitive to the effects of the obstetric 
complications, such as declarative memory296, 297. 

Finally, evidence for gene-environment interaction with late environmental 
factors in schizophrenia stems from a Finnish adoption study performed by Tienari and 
colleagues (2004)271, who found that disordered adoptive family rearing environment 
increased the risk for schizophrenia-spectrum disorders at a twenty-one year follow-up 
only in adoptees at high but not those at low genetic risk for schizophrenia. Though no 
studies have examined the neural substrate that may be at the root of this interaction. 
 

HYPOTHESES 
 
Based on the findings reviewed above, several general hypotheses are put forward. (1) 
schizophrenia susceptibility genes and unique environmental factors influence 
hippocampal volumes. (2) Schizophrenia susceptibility genes interact with hypoxia-
related obstetric complications in predicting hippocampal volumes, such that the effect of 
hypoxia-related obstetric complications is higher in those with high compared with low 
genetic risk for schizophrenia. (3) Schizophrenia susceptibility genes and non-genetic 



Theo G.M. van Erp  Chapter 1 
Hippocampus and Memory Abnormalities in Schizophrenia: 
Contributions of Genes and Environment 

 25 

factors influence verbal declarative memory deficits in schizophrenia. These general 
hypotheses lead to several specific predictions that are described and tested in the studies 
part of this thesis. 
 

OUTLINE OF THE STUDIES 
 
The aim of this thesis is to examine the extent and nature of the contributions of genetic 
and environmental factors (in particular fetal hypoxia) to hippocampal morphology 
(volume, surface area, shape) and verbal declarative memory (free recall, cued recall, and 
recognition) deficits in schizophrenia employing (prospective) population-based samples. 
The studies address the following questions. First, are genetic and obstetric influences on 
hippocampal volumes in schizophrenia independent, additive, or interactive (Study I)? 
Second, to what extent are the hippocampal morphological abnormalities observed in 
schizophrenia influenced by additive genetic, common and unique environmental factors 
(Studies II and III)? Third, to what extent are the deficits in verbal recall, cued recall, and 
recognition among patients with schizophrenia influenced by genetic, common, and 
unique environmental factors, and are these deficits associated with the observed 
reductions in hippocampus volumes (Study IV)? 

Importantly, in contrast to samples of convenience which are prone to selection 
bias and other methodological problems370, all four studies part of this thesis include 
epidemiologically valid samples [i.e., subjects were selected randomly from the Finnish 
study population and probands were equivalent to the remainder of the proband 
population in terms of year of birth, nuclear family size (parents and siblings), sex, 
history of inpatient admission, age at first inpatient admission, history of co-morbid 
substance abuse disorder and work disability], selected using the Finnish population 
databases and registries, and their findings can therefore be generalized to the entire 
Finnish population.  

The objective of the study described in chapter 2 was to examine the contributions 
of genetic predisposition and history of fetal hypoxia to hippocampal volume in patients 
with psychosis. In this family study hippocampal volumes were measured on magnetic 
resonance imaging scans of the brain from 72 psychotic patients (60 with schizophrenia 
and 12 with schizoaffective disorder, ascertained so as to be representative of all such 
probands in a Helsinki birth cohort), 58 non-psychotic full siblings of the probands, and 
52 demographically similar healthy comparison subjects with no family history of 
psychosis. The design of the study allowed for (1) the comparison of hippocampal 
volumes across multiple levels of genetic predisposition, probands 100%, siblings on 
average 50%, and healthy volunteers ~1%, (2) the comparison of hippocampal volumes 
across two levels of fetal hypoxia exposure, based on prospectively obtained measures of 
maternal health, fetal monitoring, prenatal and perinatal complications and neonatal 
conditions derived from the original antenatal clinic and obstetric hospital records by a 
worker blind to diagnosis and imaging results, and (3) the examination of the mode of 
action of predisposing genes and fetal hypoxia on hippocampal volumes in schizophrenia. 

Chapter 3 examines the sources (genetic, environmental) of altered hippocampal 
morphology (volume, surface area, shape) using a surface-based imaging technique 
applied to magnetic resonance images of the brain collected on a sub-sample of the 
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population-based Finnish twin sample, comprised of 10 monozygotic (MZ) and 10 
dizygotic (DZ) twin pairs discordant for schizophrenia along with 10 healthy MZ and 10 
healthy DZ comparison twin pairs, ascertained so as to be representative of all such twins 
in the 1940-1957 Finnish twin cohort. The design of the study allowed for the 
dissociation of genetic, common and unique environmental effects on hippocampal 
volume, surface area, and shape. 

Chapter 4 elaborates and extends the findings in chapter 2 and 3 by examining the 
hippocampal volumes in the extended population-based Finnish twin sample, ascertained 
so as to be representative of all such twins in the 1940-1957 Finnish twin cohort, and 
comprised of 7 MZ twin pairs concordant for schizophrenia, 16 MZ and 28 DZ pairs 
discordant for schizophrenia, and 28 MZ and 26 DZ demographically matched healthy 
twins pairs, on which magnetic resonance scans of the brain were collected using the 
same measurement method applied in the study described in chapter 2. The design of the 
study allowed for (1) the comparison of hippocampal volumes in twins concordant and 
discordant for schizophrenia, and (2) the partitioning variance in hippocampal volumes 
into additive genetic (heritability estimates), shared environmental, and unique 
environmental components in healthy twins and twins discordant for schizophrenia. 
 The aim in Chapter 5 was to examine the genetic and environmental sources of 
verbal declarative memory deficits in schizophrenia and their association with 
hippocampal volume. The study compared free recall, cued recall, and recognition 
performance on the California Verbal Learning Test346 in the same Finnish twin sample 
studied in Chapter 4. 
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ABSTRACT 
 
Objective: The authors examined in an epidemiologic sample the contributions of 
genetic predisposition and history of fetal hypoxia to hippocampal volume in patients 
with psychosis.  
Method: High-resolution magnetic resonance imaging was used to measure hippocampal 
volumes in 72 psychotic probands (60 with schizophrenia and 12 with schizoaffective 
disorder, ascertained so as to be representative of all such probands in a Helsinki birth 
cohort), 58 nonpsychotic full siblings of the probands, and 53 demographically similar 
healthy comparison subjects with no family history of psychosis. 
Results: Hippocampal volume differences occurred in a stepwise fashion with each 
increase in genetic load for schizophrenia. The probands had smaller hippocampal 
volumes than did their full-siblings, who in turn had smaller hippocampal volumes than 
did the healthy comparison subjects. Among the probands, smaller hippocampal volumes 
were seen in those who experienced fetal hypoxia than in those who did not, a difference 
not noted within the other two groups. Finally, within the schizophrenic/schizoaffective 
disorder patients, smaller hippocampal volumes correlated positively with age at onset 
independent of duration of illness. 
Conclusions: These findings suggest that in patients with schizophrenia spectrum 
disorders, hippocampal volume is influenced in part by schizophrenia susceptibility genes 
and an interaction of these genes with fetal hypoxia. They further suggest that 
hippocampal volume in schizophrenia or schizoaffective disorder may be linked to time 
of disease onset. 
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INTRODUCTION 
 
Several studies have examined the contributions of genetic and environmental factors to 
hippocampus volumes in schizophrenia using structural magnetic resonance imaging 
(MRI).  Genetic etiological influences are suggested by findings of higher intra-class 
correlations in discordant monozygotic than dizygotic twins1, and reduced volumes in 
adolescents at genetic risk for schizophrenia2-4 and in unaffected siblings of schizophrenic 
patients5, 6 compared to healthy comparison subjects.  A role for non-genetic etiological 
influences is suggested by findings of smaller volumes in the affected compared to the 
unaffected co-twin of monozygotic twins discordant for schizophrenia7, 8.  

While predisposing genes have yet to be identified, obstetric complications (OCs), 
in particular those associated with fetal hypoxia are among the strongest environmental 
risk factors for schizophrenia9.  To date two MRI studies have examined their 
relationship with hippocampus volumes in schizophrenia.  Stefanis and colleagues10 
found reduced hippocampus volumes in schizophrenic patients with a history of 
pregnancy and birth complications, but not in patients of multiply affected families.  
McNeil and colleagues8 found that the intra-pair differences in rostral hippocampus 
volumes between monozygotic twins discordant for schizophrenia related to higher rates 
of OCs.  While these results are encouraging, in both studies a history of OCs was 
assessed retrospectively through maternal interview which is not considered as reliable as 
prospective assessment11, 12. 

One question that has yet to be addressed is whether genetic and obstetric 
influences on hippocampus volumes in schizophrenia are independent, additive, or 
interactive.  No prior study has had access to hippocampus volume data on subjects at 
multiple levels of genetic predisposition for schizophrenia, and data on obstetric 
complications within the same sample.  Mednick13 was the first to suggest a possible 
interaction between predisposing genes and fetal hypoxia in the etiology of schizophrenia 
specifically implicating the hippocampus.  More recently, Lipska and Weinberger14 have 
shown that spontaneous and amphetamine-induced behavioral effects of neonatal 
hippocampus lesions in rats (hyperlocomotion) are strain and lesion size specific, 
suggesting that the degree of genetic predisposition and the extent of neonatally-induced 
hippocampus lesion contribute to a pattern of behavioral outcome in adolescent rats that 
mimics that of schizophrenic patients. 

There is growing evidence that fetal hypoxia predicts early onset schizophrenia15-

17, and that adolescent-onset schizophrenic patients perform worse than adult-onset 
patients on cognitive functions involving the hippocampus, such as remote18 and recent 
memory and executive functions 19.  Several post mortem and MRI studies have reported 
positive correlations between hippocampus volume and age at onset10, 20, 21. 

Based on the findings reviewed above, we hypothesized that: (1) consistent with 
genetic influences on hippocampus volumes, the hippocampus volumes of probands will 
be smaller than those of their full-siblings, which will be smaller than those of healthy 
comparison subjects; (2) genetic predisposition and a history of fetal hypoxia will interact 
in predicting hippocampus volume, i.e., fetal hypoxia will have a larger effect in a group 
with high compared to low genetic risk for schizophrenia; (3) consistent with this role of 
non-genetic influences on hippocampus volumes in patients, the intra-class correlations 
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of discordant sibling pairs will be smaller than those of healthy sibling pairs; (4) 
hippocampus volumes in patients relate positively to age of onset. 
 

METHOD 
 

Sample Ascertainment 
The participants were selected by searching the Finnish Population Register for all 
individuals born in Helsinki in 1955 (N=7,840) and all of their first-degree relatives 
(N=26,273, including 12,796 siblings and 13,477 parents).  This cohort was screened for 
a history of psychiatric treatment via national computerized databases using methods 
previously described22, 23, and potential probands were selected at random from this pool.  
Eligibility was restricted to probands with a lifetime DSM-III-R diagnosis of 
schizophrenia or schizoaffective disorder on direct interview; two disorders with known 
common familial predisposition24.  Approximately 75% (80 probands) of those 
approached gave written informed consent and met inclusion criteria.  An attempt was 
made to recruit at least one non-schizophrenic sibling of each studied proband, but this 
was possible for only 62 of the 80 cases.  Non-schizophrenic healthy comparison subjects 
(N=28 sibling pairs) were chosen from the same birth cohort to match probands and their 
siblings on demographic variables, after excluding those with a personal or family history 
of psychiatric treatment.  High-resolution MRI scans were obtained on 75 patients, 60 
siblings, and 53 healthy comparison subjects.  Technical problems with the MRI scans 
excluded 5 subjects (3 probands, 2 siblings) from group analysis leaving 72 probands (60 
schizophrenic, and 12 schizoaffective), 58 siblings, and 53 healthy comparison subjects, 
forming 60 index and 25 control sibling pairs from 45 and 25 independent families, 
respectively.  
 

Diagnostic Evaluation 
All subjects were interviewed using the Structured Clinical Interview for DSM-III-R 
Disorders, SCID patient and non-patient edition25.  Siblings and healthy comparison 
subjects were also interviewed and rated on the Cluster A items from the Personality 
Disorders Examination26.  Diagnostic reliability was excellent (κ=.94 + .02)27 Final 
diagnoses were made by consensus among three independent raters.  Age at onset was 
defined according to SCID criteria as the age at first psychotic symptoms 25.  The patient, 
sibling, and healthy comparison groups were balanced in terms of major demographic 
variables (see Table 1).  
 

Obstetric Records 
A standard form was used to code information on maternal health, fetal monitoring, 
prenatal and perinatal complications, and neonatal conditions from the original antenatal 
clinic and obstetric hospital records by a worker blind to diagnosis and imaging results. 
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Fetal hypoxia was scored as present if the subject was coded as blue at birth or neonatally 
or had two or more complications that were significantly related to birth or neonatal  
asphyxia in the overall sample: umbilical cord knotted or wrapped tightly around neck, 
placental infarcts, third trimester bleeding, preeclampsia, anemia or anorexia during 
pregnancy, fetal heart rate/rhythm deviations, breech presentation, and premature birth (≥ 
2 weeks).  Details of the scale derivation and its validation in predicting early onset 
schizophrenia have previously been established16. 
 

Imaging Procedures 
 

Acquisition   
MRIs were acquired on a 1.5-T scanner (Siemens Medical Systems, Iselin, NJ) in the 
department of Radiology, University of Helsinki using a standard MPRAGE sequence, 
with a repetition time of 10 ms, an echo time of 4 ms, a flip angle of 12°, and no inter-
slice gap.  The matrix size was 256 x 256 x 128 voxels, corresponding to a field of view 
of 25 cm2 and a resolution of .98 x .98 x 1.3 mm. 
 

Segmentation and Reslicing 
After deleting non-brain voxels23, images were segmented into gray matter, white matter, 
and CSF using an adaptive, 3-dimensional, Bayesian algorithm,29 previously validated for 
this purpose30.  In order to control for differences in head tilt during acquisition, images 
were resliced parallel to the anterior commissure-posterior commissure plane using 
methods previously described23, and saved in sagittal and coronal views. 
 

Anatomical Tracings 
The tracing method was developed by two of the authors (P.A.S. and T.G.M.v.E.) and is 
depicted in Figure 1.  Hippocampi were outlined in the sagittal and coronal views, and 
the drawings were projected onto their coronal and sagittal views respectively, in order to 
examine coherence.  Based on these projections, a protocol was established for tracing 
the hippocampus in the sagittal view.  Dr. Scheibel, an eminent neuroanatomist at the 
UCLA Brain Research Institute with specific expertise in hippocampus anatomic 
abnormalities in schizophrenia31, examined the protocol and approved the delineation. 
The hippocampus volume measures include: the cornu Ammonis, the gyrus dentatus, the 
prosubiculum and the subiculum proper.  Tracings were performed blind to diagnosis, 
birth history, hemisphere, and orientation (neurological-radiological).  Volume counts 
include only gray matter voxels in the region of interest.  Inter-rater and intra-rater 
reliabilities based on 10 cases were excellent (> .95).  
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Statistical Analyses 
The data were analyzed using the general linear mixed model with repeated-measures 
(SAS 6.12), correcting for dependency (i.e., correlation) among multiple observation 
from the same family (i.e., siblings) by treating family as a random variable 32, and 
adjusting the model error terms accordingly.  Degrees of freedom were estimated from 
the data using the Satterthwaite option.  We tested the hypothesis that genetic risk for 
schizophrenia is associated with hippocampus volume reduction by modeling risk group 
(proband, sibling, healthy comparison) as a fixed-effect predictor, while covarying for 
age at examination, history of substance disorder, gender, and the interactions of group 
with history of substance disorder and gender, and total brain volume 33.  To test for 
possible differences in overall or between-group laterality, hemisphere and group by 
hemisphere entered the model as a within-subject repeated-measures factor and 
interaction term, respectively.  Significant main effects were followed up with one-tailed 
t-tests. 

We tested the hypothesis that a history of fetal hypoxia is more strongly 
associated with hippocampus volume reduction in the presence of genetic susceptibility 
to schizophrenia by modeling hypoxia group, risk group (probands, siblings, healthy 
comparison, and probands and non-probands) and the risk group  hypoxia group 
interaction as fixed-effect predictors, followed by planned one-tailed t-tests comparing 
subjects with and without a history of fetal hypoxia by risk group.  Age at scan, gender, 
history of substance disorder, and total brain volume were entered as covariates.  The 
significance of each predictor was tested while accounting for all other model terms 
simultaneously. 

Intra-class correlations (ICCs) and their confidence intervals for index and healthy 
pairs were calculated and compared using one-tailed t-tests.  The relationship with age at 
onset was examined using mixed model regression analysis with age at onset as a 
continuous predictor, while covarying gender, age at scan, substance disorder, total brain 
volume, and duration of illness, followed by a one-tailed t-test on the slope estimate. 
 

RESULTS 
 

Group Differences 
The groupwise analysis showed significant effects for risk group (F=9.49, df=2,117, p = 
0.0002) and hemisphere (F=24.06, df=1,177, p=0.0001), depicted in Figure 2, but no 
significant interactions of risk group with hemisphere, gender, or substance abuse in 
predicting hippocampus volume.  Apart from total brain volume (F=17.34, df=1,105, 
p=0.0001), none of the covariates significantly predicted left and/or right hippocampus 
volumes.  Apart from gender, which showed a significant main effect (F=8.50, df=1,108, 
p=0.0043) driven by larger hippocampi in men compared to women, none of the model 
terms changed when analyses were run excluding total brain volume as a covariate. 
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 Based on the foregoing, contrast analyses were performed on total hippocampus 
volumes, modeling the data without the non-significant interaction terms.  Probands’ total 
hippocampus volume was significantly smaller than that of their healthy full-siblings 
(t117=2.17, p=0.016) and healthy subjects (t117=5.24, p=0.00005), and the non-ill siblings’ 
total hippocampus volume was significantly smaller than that of healthy subjects (t118= 
3.15, p=0.001). 
 

Relationship with Fetal Hypoxia 
The analysis examining the relationship with hypoxia did not show a significant main 
effect for hypoxia (F=.20, df=1,156, p=0.66) nor a significant group  hypoxia 
interaction (F=1.91, df=2,145, p=0.15).  However, the planned contrasts did show a 
significant effect for hypoxia in the predicted direction for the schizophrenic patients 
(t155=1.88, p=0.03), with smaller hippocampi in the patients exposed compared to those 
not exposed to fetal hypoxia.  This pattern suggested that hypoxia may have only 
influenced the probands’ hippocampus volumes, and that the analyses lacked the power 
to detect this.  Subsequent analyses to increase power, comparing healthy subjects and 
siblings with and without hypoxia to probands with and without hypoxia showed a 
marginally significant group  hypoxia interaction (F=3.79, df=1,138, p=0.054).  
Contrast analyses indicate that this interaction was driven by a small effect of hypoxia in 
probands (t154=1.81, p=.035, effect size = .23), but not in non-schizophrenic siblings and 
healthy subjects combined (t151=-.72, p=.24), depicted in Figure 3. 

 Additional analyses 
comparing difference volumes 
(proband-sibling) for probands 
with and without a history of 
fetal hypoxia performed to 
corroborate these findings 
showed a marginally 
significant main effect for 
hypoxia group (F=3.36, 
df=1,46, p=0.07) independent 
of age, gender, and total brain 
volume (Figure, 4).  Also, the 
mean difference volume for 
the patients with hypoxia is 
significantly smaller than 0 
(t46=-2.11, p=.02), while the 
mean difference volume for 
patients without hypoxia is not 
(t46=.06, p=.48). 

Figure 4: Relation of Fetal Hypoxia to Hippocampal  
Volume Differences Between Probands with  
Schizophrenia or Schizo-affective Disorder and Their  
Unaffected Siblings 
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Intra-Class Correlations 
One-tailed t-tests comparing raw and total brain volume corrected healthy with index 
ICCs show that those of the healthy are significantly higher than those of the index pairs 
(Table 2). 
 
Table 2. Hippocampal Volume Correlations Among Sibling Pairs Discordant for 
Schizophrenia or Schizoaffective Disorder and Among Unaffected Sibling Pairs 
 Discordant Sibling 

Pairs (N=60) 
Unaffected Sibling 

Pairs (N=25) 
 

Regional volume ICC CI ICC CI t 
Hippocampus,      
   raw      
   Left -0.01 -0.26 to 0.24 0.54 0.20 to 0.77 3.32* 
   Right -0.08 -0.32 to 0.18 0.47 0.10 to 0.72 2.95* 
   Total -0.03 -0.28 to 0.23 0.53 0.18 to 0.76 3.25* 
Total Brain a 0.39 0.15 to 0.58 0.39 0.01to 0.67 0.00 
Hippocampus, 
   after correction 
   for total brain 
   volume a 

     

   Left -0.06 -0.31 to 0.19 0.58 0.26 to 0.79 4.15* 
   Right -0.06 -0.31 to 0.19 0.50 0.15 to 0.74 3.20* 

   Total -0.07 -0.31 to 0.19 0.57 0.24 to 0.78 4.01* 

a Sibling pairs discordant for schizophrenia or schizoaffective disorder: N=59. 
*p<0.005 
 

Relationship with Onset 
Age at onset significantly predicts total hippocampus volume (t 63=1.78, p=0.03; slope = 
.05, standard-error = 0.027) independently of gender, age at scan, substance disorder, 
total brain volume, and duration of illness.  These results indicate that schizophrenic 
patients with smaller hippocampi are likely to have experienced an earlier onset of the 
disease than schizophrenic patients with larger hippocampi. 
 

DISCUSSION 
 
The principal findings of this study are that hippocampus volumes decrease in a stepwise 
fashion with increases in genetic predisposition to schizophrenia, and that the 
hippocampus volumes of probands exposed to fetal hypoxia are smaller than of those 
unexposed, while no such relations were observed in non-probands (i.e., unaffected 
siblings and unrelated healthy subjects). 
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We interpret the stepwise decrease in hippocampus volumes with increased 
genetic predisposition to suggest that disease genes contribute to hippocampus volume 
reductions in schizophrenia.  Shared environmental factors are less likely to account for a 
substantial amount of the variance in hippocampus volumes since twin and adoption 
studies have shown that shared genes and unique environmental factors, rather than 
shared biological or familial environments, underlie the increased risk for schizophrenia 
22.  Apart from one study that reported a null-finding 34, our findings are consistent with 
previous studies that show reduced hippocampus volumes in genetically predisposed 
individuals compared to controls1-6.   

We specifically examined the relationship between fetal hypoxia and 
hippocampus volume at multiple levels of genetic predisposition in an attempt to 
dissociate models on the mode of action of genes and fetal hypoxia in schizophrenia.  We 
interpret our finding that probands with fetal hypoxia had smaller hippocampi than 
probands without fetal hypoxia, while no such relationship was evident in siblings or 
controls, as evidence for the interaction model.  This is consistent with our previous 
report of a significant relationship between fetal hypoxia and ventricular volumes in the 
patients only 35, and may suggest that this vulnerability is polygenic in origin and as such 
less likely to occur in unaffected siblings who share on average 50% of the disease genes. 

Importantly, the fact that the frequency of occurrence of the hypoxia-related 
insults was the same across all three groups rules out the gene-environment covariation 
model, which predicts an increase in the number of hypoxic events with increasing 
genetic predisposition.  Since it is improbable that the hypoxic events in the probands 
were of a larger magnitude than the hypoxic events in the siblings and controls, the 
additive model is a less likely candidate also.  The current results corroborate earlier 
findings relating a history of fetal hypoxia to brain volumes in schizophrenia8, 10, 35. 

The ICCs for the healthy sibling pairs suggest that hippocampus volumes are 
largely determined by genetic factors in the general population, while the ICCs for the 
discordant pairs suggest either larger variation in genes and/or unique environmental 
factors that influence hippocampus volumes independently of those that influence total 
brain volume.  Consistent with recent high-resolution MRI studies36-38 and reviews39, 40, 
we found smaller left than right hippocampi in all groups. 

Our results are in favor of the two-hit models in that an early event (fetal hypoxia) 
has influence on an anatomical region of the brain, the volume of which is linked to the 
onset of schizophrenia.  The results encourage future studies examining the relationship 
between fetal hypoxia and brain abnormalities in schizophrenia and the search for genes 
that increase vulnerability to fetal hypoxia. 

Strengths of the study are that a random representative population sample was 
used such that the results can be generalized to the Finnish population; that probands’ 
relatives and controls were available such that competing etiologic models of 
hippocampus abnormalities in schizophrenia could be compared; that discordant and 
healthy sibling pairs were available such that intra-class correlations could be compared 
directly; that the pregnancy and birth complications were gathered prospectively from the 
original pregnancy and birth records; that high resolution images were used to make the 
measurements; that high reliabilities were achieved on the measurements; and that the 
rater was blind to the presentation of the images (neurological / radiological) during data 
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collection such that potential rater or other orientation biases were eliminated in 
examination of the hemispheric asymmetries. 

Several weaknesses of the study must also be noted.  Since the data are 
correlational in nature, we cannot exclude the possibility that a confounding factor 
relating to onset may be responsible for the observed relationship between fetal hypoxia 
and decreased hippocampus volume.  Unlike the cortical findings35, the relationship 
between hypoxia and difference volumes (proband – sibling) did not remain significant 
after covarying for age at onset (F=1.07, df=1,44, p=.30).  However, this type of analysis 
runs the risk of "throwing away the baby with the bath water", especially since 
hippocampus volumes also predict age at onset.  Second, the measurements only reflect 
hippocampus volumes, and it is possible that there are also regional shape changes, in 
particular in the Sommer’s sector.  Third, the relationship with a history of fetal hypoxia 
is examined on average forty years after the presumed hypoxic insults took place.  A 
more sensitive approach may be to examine the relationship of fetal hypoxia and 
hippocampus volume in at risk neonates, children, or adolescents, since other processes 
that influence hippocampus volumes, such as stress and synaptic pruning, may not have 
had time to exert such a large influence yet. 
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ABSTRACT 
 
Our goal was to establish whether altered hippocampal morphology represents a trait 
marker for genetic vulnerability in schizophrenia. We outlined the hippocampi on high-
resolution MR images obtained from matched samples of control and discordant 
monozygotic and dizygotic co-twins (N � 40 pairs). Hippocampal measures were used in 
statistical tests specifically designed to identify disease-associated genetic and nongenetic 
influences on morphology. 3D surface average maps of the hippocampus were 
additionally compared in biological risk groups. Smaller hippocampal volumes were 
confirmed in schizophrenia. Dizygotic affected co-twins showed smaller left hippocampi 
compared to their healthy siblings. Disease-associated effects were not present between 
monozygotic discordant co-twins. Monozygotic, but not dizygotic, unaffected co-twins 
exhibited smaller left hippocampi compared to control twins, supporting genetic 
influences. Surface areas and posterior volumes similarly revealed schizophrenia and 
genetic liability effects. Results suggest that hippocampal volume reduction may be a 
trait marker for identifying individuals possessing a genetic predisposition for 
schizophrenia. 
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INTRODUCTION 
 
Epidemiological studies show that schizophrenia is highly heritable 1, although the genes 
involved remain unidentified. Genetic contributions are further suggested as biological 
relatives show some cognitive, neuroanatomical and neurophysiological abnormalities 
similar to patients, even though they remain healthy 2-5. These traits or “endophenotypes”, 
unlike clinical diagnoses, may therefore prove useful markers in the search for 
schizophrenia-related genes and help investigators to identify individuals possessing a 
genetic vulnerability for schizophrenia. Notwithstanding, because the concordance rates 
for schizophrenia are approximately 50% in monozygotic (MZ) co-twins and 15% in 
dizygotic (DZ) co-twins, non-genetic contributors are also clearly involved in the 
etiology of schizophrenia 6.  

Abnormalities of the mesolimbic system are widely implicated in schizophrenia3, 

6-9. For example, schizophrenia patients exhibit symptoms10 and cognitive deficits similar 
to individuals with temporal lobe lesions11. Hippocampal lesions in rat neonates lead to 
schizophrenia-like behavioral manifestations in adulthood 12 and obstetric complications 
(i.e., oxygen deprivation) have been linked with hippocampal abnormalities in 
schizophrenia 13. Moreover, several microscopic abnormalities of the hippocampus have 
been documented in schizophrenia including: alterations in neuronal size 14-16, density 16-

18, orientation 19, 20 and biochemical disturbances 21, 22, although negative results exist 23. 
Finally, hippocampal volume decreases are robustly observed in in-vivo studies in 
schizophrenia 7, 24, 25, appear present at disease onset 26, 27, and show some regional 
specificity 28, 29.  

Hippocampal abnormalities also appear present in biological relatives of 
schizophrenia probands. For example, impaired declarative memory processes that 
depend on the integrity of the hippocampus 4 and hippocampal volume reductions 3, 9 have 
been reported in healthy relatives of schizophrenia patients compared to controls, 
although at least one negative study exists 30. While family studies may establish the 
genetic loading of a given neuroanatomic abnormality, only differences between 
genetically identical individuals discordant for schizophrenia may uncover abnormalities 
associated with disease-related non-genetic events. Twin populations may dissociate the 
genetic and non-genetic contributions to altered morphology (e.g., a reduction in 
hippocampal volume), given that genetic factors in MZ twins and environmental factors 
in both zygosities are largely controlled. Genetic effects are implicated when both 
affected and unaffected MZ co-twins show smaller volumes compared to control co-
twins. In contrast, shared environmental effects are implicated when both MZ and DZ 
discordant co-twin pairs exhibit smaller volumes compared to control twins (although 
genetic influences may still be present). Disease-related environmental effects are 
implicated when affected MZ co-twins show volume reductions compared to their 
healthy siblings (Figure 1). 

Two prior studies using overlapping twin samples have examined non-genetic 
contributions to reduced hippocampal volume in schizophrenia. Both studies found 
reduced hippocampal size in affected versus unaffected MZ co-twins suggesting that non-
genetic (disease-specific) factors contribute to altered limbic morphometry in 
schizophrenia 13, 31. In these investigations, genetic contributions were not examined. Only 
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one prior study to date has simultaneously assessed both genetic and non-genetic 
contributions to hippocampal morphology. Specifically, Baaré and colleagues 32 
examined hippocampal and parahippocampal volumes in 15 MZ and 14 same sex DZ 
twin pairs discordant for schizophrenia and matched MZ and DZ healthy control twins. 
Using a repeated measures multivariate analysis of covariance, investigators found 
decreased volumes of both structures in discordant compared to healthy twin pairs with 
no other significant effects identified. Results were interpreted as consistent with a 
genetic or shared environmental effect, despite the fact that the main effect of zygosity 
and interactions involving zygosity were absent. Of note, and in contrast to the 
predictions of Suddath and colleagues 31 no effect of twin (i.e., no disease-related effect), 
or interaction involving twin was noted.  

The issue of whether genetic factors are responsible for a substantial portion of 
hippocampal volume loss in schizophrenia is of considerable importance. That is, only a 
significant genetic contribution would render this morphological abnormality a valuable 
marker for genetic family studies. Our goals were therefore to assess genetic and non-
genetic influences towards hippocampal volume loss in discordant and control MZ and 
DZ twin pairs, given that even in prior twin studies, distinctions between shared 
environmental and genetic influences have not been addressed. Based on existing data we 
hypothesized that hippocampal volume reductions would be present: (1) in schizophrenia 
patients compared to controls (supporting established findings); (2) in healthy co-twins of 
schizophrenia probands compared to normal twins (supporting genetic and/or shared 
environmental influences); (3) in affected DZ co-twins compared to their healthy siblings 
(contradicting the exclusive role of shared environment); and (4) in affected MZ co-twins 
compared to their healthy siblings (supporting non-genetic influences). Furthermore, to 
explore the regional specificity of hippocampal volume reductions in schizophrenia, we 
examined whether hippocampal sub-regions, linear measures, surface areas and 
asymmetries are selectively vulnerable to genetic or non-genetic influences. Surface-
based averaging procedures were employed to help localize and visualize differences in 
hippocampal morphology between groups.  
 

 
Figure 1. Model of Potential Genetic and Non-genetic Effects Contributing to 
Altered Hippocampal Morphology in Schizophrenia. Shared environmental effects are 
implicated when both affected and unaffected discordant co-twins, irrespective of 
zygosity, show volume reductions compared to control twins. Genetic effects are 
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implicated when MZ discordant twin pairs show volume reductions compared to normal, 
but DZ unaffected co-twins do not show a similar magnitude of reduction. Disease-
related influences are implicated when MZ (and DZ) affected co-twins show volume 
reductions compared to their healthy siblings. The model assumes reduced volume as the 
only possible disease-associated effect although other changes in hippocampal 
morphology may be linked to schizophrenia. 
 

METHODS 
 

Subjects 
Subjects included 10 MZ (5 male, 5 female) and 10 DZ twin pairs discordant for 
schizophrenia and 10 sets of MZ and DZ control twin pairs all matched for age and 
gender and randomly selected from a cohort of same-sex twins born in Finland from 1940 
to 1957 1, 5. Clinical and demographic details are summarized in Table 1, [see Cannon and 
colleagues (2000) 33 for expanded details]. Two examiners blind to zygosity and 
diagnosis performed diagnostic interviews on each co-twin 34 (reliability = 0.96+.02). 
Probands diagnosed with schizoaffective disorder and/or unaffected co-twins diagnosed 
with a psychotic disorder were excluded from the study. Exclusion criteria for control 
twin pairs included any personal history of a psychotic disorder and/or a history of 
psychosis-related treatment in their first-degree relatives. MZ probands were equivalent 
to DZ probands in terms of age of evaluation, age at onset, and positive and negative 
symptom severity. DNA analysis with markers including DIS80 (20 alleles), DI7S30 (13 
alleles), apoB (20 alleles), COL2A1 (10 alleles), vWA (9 alleles), and HUMTH01 (6 
alleles), confirmed twin zygosity. 
 

Table 1. Demographic Information from Twin Groups 

 Discordant Twin Pairs Control Twin Pairs 
Subjects MZ (n=20) DZ (n=20) MZ (n=20) DZ (n=20) 
Gender, male / female 10m / 10f 10m / 10f 10m / 10f 10m / 10f 
Handedness, N left  1 left 0 left 0 left 1 left 
Substance Abuse, N 1 1 0 1 
Cluster A disorder, N 2 0 0 2 
Age, mean (SD) 48.3 (2.9) 49.0 (3.9) 48.3 (3.8) 47.9 (4.2) 
Parental social class, mean (SD) 4.6 (0.8) 4.2 (1.7) 4.0 (1.0) 4.4 (0.8) 
Years cohabitation, mean (SD) 20.7 (3.4) 19.9 (3.6) 22.7 (5.7) 19.8 (2.9) 

 

Image Acquisition 
3D high-resolution T1-weighted MR images were obtained on a Siemens 1.0 Tesla 
scanner as a series of 128 contiguous 1.2 mm sagittal brain slices (256 x 256 matrix). 
Image volumes were corrected for magnetic field inhomogeneities 35, 36 and resampled 
into 1 mm isotropic voxels. Brain volumes were classified into tissue types including 
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gray and white matter, cerebral spinal fluid (CSF) and background as previously 
described 37, 38. Total brain volumes and volumes of each tissue type were obtained from 
scalp edited brain volumes. 
 

Hippocampal Delineation 
One rater (S.J.) blind to group status traced the gray/white or gray/CSF interfaces 
separating the hippocampi from surrounding anatomy using a mouse-driven cursor on 
oblique coronal slices (i.e., each brain volume was resliced orthogonal to the axis 
connecting the superior/posterior and inferior/anterior limits of the hippocampus) (Figure 
2). All 3-planes and the oblique drawing plane were used to facilitate the identification of 
neuroanatomic landmarks. Contours were digitized using magnified images (4x), to allow 
sub-voxel precision in the recording of boundaries and faithful tracking of small-scale 
features. In contrast to voxel counting methods, where traced contours effectively classify 
each individual voxel in the MR volumes as either completely inside or completely 
outside the traced region, this method allows the measured values to more precisely 
reflect the fine-grained anatomic judgments of the operator. Inferior and superior 
connecting surfaces and anterior and posterior regions of the hippocampus were digitized 
separately 29. The anterior hippocampus followed from the discrimination of the pes 
hippocampi to where the crus cerebri separates from the pons. Temporal horn CSF and 
the white matter of the alveus, as viewed in 3D, were used 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 tracings whenever possible. Hippocampal volumes, widths, lengths, heights 
and surface areas obtained in raw-oblique space were used as dependent measures in 
statistical analyses. 
 

Figure 2. Delineation of the Anterior (Left) and Posterior Hippocampus (Center and 
Right) in T1-weighted MR Images. 
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Reliability 
The same rater (S.J.) repeatedly contoured the hippocampus from one randomly chosen 
brain. Root mean square distances from homologous hippocampal surface points from 
each surface were between 0 and 2mm. Two different investigators (R.B. & S.J.) outlined 
the hippocampus on six randomly selected brain volumes to establish inter-rater 
reliability with intraclass correlation coefficients for hippocampal volume, rI = 0.89. 
 

Brain Size Correction 
In this study we were interested in examining differences in hippocampal morphology in 
patients and their relatives compared to controls after removing individual differences in 
brain size from the data that may be associated with demographic (e.g., sex and age) or 
clinical variables. Some investigators 39, have argued that the use of proportional 
measures for brain size correction increases error variance because of the added 
uncertainty in total brain volume while others 40, 41 suggest corrections are beneficial 
since brain and hippocampal volumes are highly correlated. In a twin study, both of 
above views have validity since brain size correction might reduce variance among 
individuals not genetically identical (e.g., among DZ co-twins), but increase variance 
between MZ members of a given sibship. To evaluate these issues, we examined 
correlations between brain and hippocampal volume across all subjects using Pearson’s 
correlation coefficients. In addition, we subdivided twin pairs by zygosity and diagnosis 
and computed intraclass correlations and confidence intervals with and without brain size 
correction. The details of these analyses are presented in the Results section. Based on 
those results, all comparisons use hippocampal volumes corrected for intracranial volume 
except for comparisons between genetically identical co-twins. To correct for brain size, 
hippocampal volumes were multiplied by the ratio of the average brain volume to the 
individual’s brain volume. Linear measures were corrected using the cube root of this 
ratio and surface areas were corrected using the cube root of this ratio squared. 
 

Statistical Analyses 
Complete statistical modeling of a neuroanatomic trait, such as hippocampal volume in 
familial pedigrees can be complex even without the added complication of potential 
associations of the trait with disease. To estimate the heritability of a trait, the observed 
variance is generally decomposed into genotypic, environmental and measurement 
variance. In human studies, heritability is typically defined as the ratio of genotypic to 
total variance. Genotypic variance can be further divided into additive and dominance 
variance. Factors such as gene-environment interactions, non-random assortative mating 
and the possibility that in twin studies differential interactions of environment in MZ and 
DZ twin pairs and chorion type in MZ twins, should be considered. It is an established 
fact 42 that twin studies cannot be used to solve for all these sources of variance. In 
planning the statistical analysis of our data, therefore, we considered the complexity of 
the theoretical factors discussed above, the size of our sample and the fact 43, 44 that 
reliable detection of differences in correlations may require hundreds of twin pairs. Based 
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on these considerations, we decided in advance to compute intraclass correlations and 
their confidence intervals, but not to estimate the heritability of hippocampal volume 
based on the difference between MZ and DZ intraclass correlations. Instead, our primary 
interest was in determining whether genetic factors play a role in the well documented 
hippocampal volume reductions observed in schizophrenia. 

 Six specific hypotheses regarding genetic and/or non-genetic influences on 
hippocampal volume loss in schizophrenia were addressed. The first five comparisons 
addressed differences between (1) schizophrenia patients and controls; (2) MZ affected 
and unaffected discordant co-twins; (3) DZ affected and unaffected discordant co-twins; 
(4) MZ unaffected co-twins and control twins; and (5) DZ unaffected co-twins and 
control twins. For analyses that involved control twins (e.g., comparisons 1, 4 and 5), we 
averaged the values obtained from each control twin pair and then used unequal variance 
t-tests to compare these averages to the individuals with schizophrenia. Although t-tests 
are generally robust to departures from normality, for these comparisons there is at least a 
theoretical concern that pooling averaged MZ and DZ twin pairs might result in a non-
normal distribution, a concern that was addressed by inspecting a histogram of the actual 
distribution.  The use of twin pair averages also avoids the arbitrary selection of one twin 
for analysis, or the need to explicitly model the different covariances present between MZ 
and DZ pairs. If the observed variables are not heritable, this pooling is fully justifiable, 
but if genetic effects are present, averaging will cause greater reductions in the DZ 
compared to the MZ twin variance and will theoretically induce non-normality in the 
pooled data.  Based on these considerations we report p-values using both pooled and 
unpooled control twin averages for statistical comparisons with unaffected MZ or DZ co-
twins, but for confidence intervals, only report results based on unpooled values. For 
comparisons 2 and 3, (those between discordant co-twins) paired t-tests were used. 
Reported p values and confidence intervals reflect two-tailed tests with p<0.05 as the 
threshold for significance. Since we had a priori hypotheses that explicitly predicted the 
direction of the change for hippocampal measures, these can also be viewed as one-tailed 
tests with Bonferroni correction for hemispheres tested separately. For hypothesized 
effects that failed to exhibit statistical significance, we estimated the potential sample 
sizes needed to achieve significance using effect sizes and power at .80. 

 The sixth hippocampal comparison focused on comparing MZ and DZ discordant 
twin pairs to dissociate genetic from non-genetic influences 45 (see Figure 1). 
Specifically, we counted the number of twin pairs where the hippocampal volume was 
larger and smaller in the schizophrenia twin and prepared a two by two contingency 
table, subdividing these counts by zygosity. This table was analyzed using a two-tailed 
Fisher’s exact test. While potentially less powerful than a parametric approach, avoidance 
of potentially invalid parametric assumptions assures the validity of a positive result 46. 

Significant results for hippocampal volume were followed up by post-hoc tests 
designed to explore changes in morphology potentially contributing to volume changes. 
Dependent measures used in t-tests analogous to those described for hippocampal volume 
included anterior and posterior volumes, widths, lengths, heights and surface areas. 
Hippocampal asymmetry was addressed, using the volume asymmetry coefficient (R-
L)/.5(R+L) as a dependent measure. Analyses also addressed intracranial, gray matter, 
white matter and CSF volumes in risk groups. 
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Mapping of Average Surfaces in 3D Stereotaxic Space 
To further explore regional differences in hippocampal morphology in schizophrenia we 
created hippocampal surface averages using a parametric surface-based anatomical mesh 
modeling approach as previously detailed 47-49. For mapping procedures, hippocampal 
contours were digitally transformed into stereotaxic co-ordinate space also as previously 
described 29. Superimposed average parametric surface representations of the hippocampi 
from normal controls and schizophrenia patients were compared to a similar map where 
patients were replaced by healthy MZ co-twins of probands. 
 

RESULTS 
 

Intraclass Correlation Coefficients and Brain Size/Hippocampal Correlations 
Brain and total hippocampal volumes were highly correlated, Pearson r = .56, p<0.00001. 
The intraclass correlation coefficients in Table 2 show the magnitude of similarities 
between MZ and DZ control and discordant co-twins for brain size, hippocampal volume 
and brain adjusted hippocampal volume. Increased heritability, and thus, increased 
genetic control is assumed when measures between MZ co-twins are more correlated than 
those between DZ co-twins. Hippocampal volumes, although significantly correlated 
between all co-twins (r=.55, p<0.0003 and r=.43, p<0.006 for raw and brain adjusted 
hippocampal volumes, respectively), are not significantly correlated when assessed 
independently in MZ discordant and control MZ or DZ co-twins. Significant associations 
are present between DZ discordant twins (p<0.03 for raw and p<0.01 for brain adjusted 
hippocampal volumes). Very large 95% confidence intervals underscore the fact that 
intraclass correlations are not a sensitive measure for identifying genetic effects in small 
sample sizes 43. Notwithstanding, as anticipated, intraclass correlations of brain size 
corrected hippocampal volumes were stronger than those for raw volumes in DZ twins, 
but weaker in MZ twins, suggesting that correction reduces variance between non-
genetically identical individuals while increasing it in those genetically identical. 
 

Brain Volumes 
No significant differences in intracranial, gray and white matter volumes were present 
between risk groups. Significant CSF volume increases were observed in schizophrenia 
patients compared to controls (t26.1=3.63, p<0.001; mean±SEM: patients = 149.6±47.8 
cm3; controls = 107.1±21.0 cm3), and in unaffected MZ co-twins of the schizophrenia 
proband compared to MZ controls (t10.7= 2.57, p<0.02; unaffected MZ co-twins = 
148.9±49.7 cm3; control twins = 106.5±15.2 cm3) suggesting genetic effects.  
 

Hippocampal Volume 
Figure 3 plots average hippocampal volumes (raw and brain size corrected) also listed in 
Table 3, in groups defined by zygosity and/or diagnosis. Significant bilateral 
hippocampal volume decreases were present between schizophrenia patients compared to
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controls (t37.4= 4.03, p<0.0003; and t33.3= 3.0, p<0.005 for the left and right hemispheres, 
respectively). Significant volume differences were absent between MZ discordant co-
twins, although DZ affected co-twins showed decreased left hippocampal volume 
compared to their healthy siblings (t18= 2.50, p<0.02). Moreover, significant left 
hippocampal volume loss was observed in MZ unaffected co-twins compared to pooled 
MZ and DZ control twins (t16.2= 2.44, p<0.02) and compared to MZ control twins only 
(t14.3= 2.10, p<0.05), suggesting genetic susceptibility effects. Inspection of distribution 
histograms showed no departures from normality when control DZ and MZ pairs were 
averaged within pairs. Finally, hippocampal volumes were not significantly different in 
DZ unaffected co-twins compared to control twins or compared to pooled MZ and DZ 
control twin pairs (p>0.25 for all comparisons). 

 
 

 
Figure 3. Volumes of the Left and Right Hippocampus in Risk Groups in Raw 
Scanner Space and After Brain Size Correction. Groups include from right to left: 
patients with schizophrenia irrespective of zygosity (n=20); unaffected MZ co-twins of a 
schizophrenia proband (n=10); unaffected DZ co-twins of a schizophrenia proband 
(n=10); pooled MZ and DZ control twins (n=40); MZ control twin only (n=20) and DZ 
control twins only (n=20). 
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Figure 4 shows effect sizes and 95% confidence intervals for all five statistical 
comparisons. The large error of uncertainty in MZ discordant scores may indicate that 
larger sample sizes are necessary to detect the presence of disease-related hippocampal 
abnormalities between discordant MZ co-twins. Based on these effect sizes, where mean 
differences in hippocampal volume between MZ discordant co-twins are 1.5% and 5% 
for the left and right hippocampus respectively, estimated sample sizes required to detect 
significance with power at .80 and α=0.05 are n=500 and n=80. If however, mean 
differences between MZ discordant co-twins are as large as 11% and 9% for the left and 
right hippocampus as reported previously 31, the sample sizes needed to achieve 
significance would be n=14 and n=26. 

 

 
Figure 4. Mean Differences and 95% Confidence Intervals for Brain Size Adjusted 
Hippocampal Volumes. This graph shows the difference in means between risk groups 
as obtained from the five statistical comparisons performed to dissociate genetic and non-
genetic influences on hippocampal morphology:  (a) mean differences between 
schizophrenia patients and control subjects irrespective of zygosity; (b) mean differences 
between MZ discordant co-twins; (c) mean differences between DZ discordant co-twins; 
(d) mean differences between unaffected MZ co-twins and MZ control twins; and (e) 
mean differences between unaffected DZ co-twins and DZ control twins. 
 
Figure 5 plots total hippocampal volume for schizophrenia probands against the 
hippocampal volume of their unaffected siblings, analogous to the plot illustrated in 
Figure 1. Among MZ pairs, five are above the line of identity, indicating a smaller 
volume in the proband, and five are below. In the DZ pairs, all ten pairs are above the 
line of identity such that all affected co-twin exhibit smaller hippocampal volumes 
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compared to their healthy siblings. This difference in distribution is significant by two-
tailed Fisher’s exact test (p<0.03), supporting the influence of disease genes on 
hippocampal volume. 
 

 
Figure 5. Similarities in Hippocampal Volumes Adjusted for Brain Size Between 
Discordant MZ and DZ Co-twins. Affected MZ and DZ discordant co-twins are plotted 
on the x-axis and their healthy co-twins on the y-axis. 

 

Hippocampal Regional Parameters 
Bilateral posterior hippocampal volume reductions were evident in schizophrenia patients 
compared to controls (left: t37.5= 3.54, p<0.001; patients = 1585.2±223.8 mm3; controls  = 
1852.4±252.6 mm3, right: t35.9= 2.18, p<0.03; patients = 1637.7±285.9 mm3; controls = 
1814.4±222.9 mm3). Furthermore, left posterior hippocampal volume was smaller in 
unaffected MZ co-twins of schizophrenia probands compared to MZ control twins  (t17.3= 
2.17, p<0.04; unaffected MZ co-twins = 1592.0±254.5 mm3; controls = 1798.5±161.1 
mm3) and compared to pooled MZ and DZ control twins (t18= 2.65, p<0.02; pooled 
control twins = 1852.4±56.5 mm3). 

Surface areas were smaller bilaterally in schizophrenia patients compared to 
controls, (left: t38= 2.44, p<0.01; patients = 1362.9±240.5 mm2; controls = 1547.2 ±235.4, 
right: t35.1= 2.37, p<0.02, patients = 1355.7±242.1 mm2; controls = 1516.5 ±180.5). 
Hippocampal surface areas were also bilaterally reduced in affected DZ co-twins 
compared to unaffected DZ co-twins (left: t9= 2.63, p<0.02; affected DZ co-twins = 
1376.3±265.0 mm2; unaffected DZ co-twins = 1568.9±251.2, right: t9= 3.08, p<0.01, 
affected DZ co-twins = 1407.7±232.8 mm2; unaffected DZ co-twins = 1551.9±238.7). 
Furthermore, genetic influences were observed where unaffected MZ co-twins exhibited 
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smaller areas in both hemispheres compared to MZ controls (left: t17.1= 2.21, p<0.04; 
unaffected MZ co-twins = 1322.9± 178.7 mm2; MZ control twins = 1523.7±226.3, right: 
t17.4= 2.06, p<0.05; unaffected MZ co-twins = 1308.7± 251.3 mm2; MZ control twins = 
1519.9±207.1), and compared to pooled MZ and DZ controls (left: t23.1= 2.94, p<0.008, 
right: t13.8= 2.33, p<0.03). Asymmetry coefficients and other regional parameters failed to 
exhibit significant differences between risk groups. 
 

Average Surface Maps 
Figure 6 shows surface averages of the hippocampi (anterior view) in schizophrenia 
patients (white) and in controls (red) in 3D stereotaxic space and (below) in unaffected 
MZ co-twins of the schizophrenia proband (white) and controls (red) that provide some 
spatial index for hippocampal volume reductions.  
 

 
Figure 6. 3D Surface Averages of the Hippocampus as Viewed from the Front of the 
Brain. Top: surface averages of the hippocampus in schizophrenia patients (n=20, white) 
and controls (n = 40, red). Bottom: surface averages in unaffected MZ co-twins of the 
schizophrenia proband (n = 10, white) and MZ control twins (n = 20, red). 



Theo G.M. van Erp  Chapter 3 
Hippocampus and Memory Abnormalities in Schizophrenia: 
Contributions of Genes and Environment 

 73 

DISCUSSION 
 
Alterations in the structure, function and physiology of the hippocampus, are widely 
reported in schizophrenia. The genetic and/or harmful environmental events causing 
these abnormalities, however, are less clear. In this study, results show that genetic 
factors contribute to altered hippocampal morphology in schizophrenia. That is, healthy 
genetically at-risk individuals show smaller hippocampal volumes more similar to the 
proband than to normal controls. These results do not suggest that hippocampal volume 
reductions are pathognomonic for schizophrenia; indeed smaller hippocampal volumes 
appear to co-occur in affected and unaffected MZ co-twins.  Results instead support that 
a non-trivial association between hippocampal volume loss and schizophrenia is present, 
given that this abnormality is readily identifiable in healthy MZ co-twins of 
schizophrenia probands.  Prior studies have implicated genetic contributions to 
hippocampal volume reductions in biological relatives of schizophrenia patients 3, 9, 32, but 
have not conclusively differentiated genetic from shared environmental effects. Our 
results suggest that genetic rather than shared environmental factors are involved, given 
that MZ, but not DZ, unaffected co-twins of schizophrenia probands show significant 
volume reductions in schizophrenia (Figures 1 & 5). In contrast, if shared environmental 
effects were present, such as harmful events occurring in utero or postnatally to both 
twins, both discordant co-twins, whether MZ or DZ, would be expected to exhibit smaller 
hippocampi compared to controls.   

Contrary to one of our initial hypotheses, we did not find clear evidence of a 
disease-related effect; our data can be successfully modeled invoking only genetic 
effects. However, large confidence intervals and post hoc power analyses indicate that 
substantially larger sample sizes are needed to make a definite argument for or against the 
presence of disease-related effects. For example, the 9-11% disease-related reductions in 
hippocampal volume in MZ twins reported by Suddath and colleagues (1990) 31 are 
within the confidence limits of our results. Issues of statistical power might also account 
for the negative disease-related results of Baaré and colleagues (2001) 32, which may have 
been exacerbated by brain size correction, since such corrections in MZ pairs may have 
only added noise without reducing variance. Baaré and colleagues (2001) 32 did not report 
effect sizes or confidence intervals, information that would have facilitated attempts to 
interpret the disparate results. We found no significant disease-associated effects within 
MZ discordant pairs, with or without brain size correction. 

Low statistical power is also evident in our estimates of intraclass correlations 
where 95% confidence intervals are large and similar to those of Baaré and colleagues 
(2001) 32. Intraclass correlations are especially sensitive to outliers and therefore should 
be interpreted with considerable caution when samples are small 45. While the intraclass 
correlations are at least supportive of genetic influences on brain volume, the 
hippocampal findings are too uncertain to be informative (Table 2). The differential 
effect of brain size correction in MZ and DZ twins also serves to illustrate the potential 
hazards of brain size correction when using intraclass correlations. Such procedures may 
mask genetic influences on hippocampal volume if those same genetic factors also 
influence brain volume. Brain size correction did improve our sensitivity to other effects 
between non-genetically identical as illustrated in Figure 3. 
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Hippocampal subregions and asymmetries:  The hippocampus is uniform along 
its length, with the cornu ammonis and dentate gyrus forming a continuous structure 
despite differences in terminology 50. Some evidence suggests however, that anterior and 
posterior hippocampal regions subserve slightly different functions based on their 
anatomical connections 26, 51. In our study, posterior hippocampal volumes were 
significantly smaller in patients and unaffected MZ co-twins compared to controls 
suggesting that the hippocampal volume is smaller in the posterior head and hippocampal 
body and that genetic influences are present. Previous studies have reported volume 
differences in anterior 26 and posterior hippocampal regions 29, although comparisons 
between studies are difficult due to differences in delineation techniques. Volume 
reductions in MZ discordant twin pairs, however, have been observed in more rostral 
hippocampal regions 31.   

Hippocampal surface area effects were similar to those observed for hippocampal 
volume. Schizophrenia effects were present in both hemispheres and surface areas were 
bilaterally decreased in affected versus unaffected DZ co-twins and in unaffected MZ co-
twins compared to controls.  These results suggest that genetic influences on 
hippocampal morphology in schizophrenia influence both hemispheres, although the left 
hemisphere may be more vulnerable. Subtle right greater than left hippocampal volume 
asymmetries have been observed in normal and schizophrenia populations 52, 53. Although 
mean hippocampal volumes were larger in the right hemisphere (Figure 3), significant 
asymmetries were not observed. Length, width and height effects were absent between 
risk groups although means were reduced in patients somewhat consistent with earlier 
reports of reduced hippocampal length and width in schizophrenia 29, 54, 55. 

Potential mechanisms for smaller hippocampal volumes in schizophrenia: In 
stating that hippocampal volumes are reduced in schizophrenia patients and in genetically 
vulnerable individuals, we refer only to the reduction in comparison to normal controls 
and do not intend to imply that this effect is necessarily due to atrophy of the 
hippocampus from some previously normal volume. We cannot determine when during 
development the pathophysiological processes contributing to reduced hippocampal size 
may occur. Clearly, only longitudinal studies may establish with certainty whether gray 
matter volume is lost or simply never fully developed. Neurophysiological abnormalities 
potentially contributing to smaller hippocampal volumes in schizophrenia might involve 
loss in neuropil volume stemming from prolonged glucocorticoid exposure 56, or the 
overactivity of excitatory glutamatergic neurotransmitters known to be toxic to the 
hippocampus 57, that may in turn interact with glutamate-modulated hippocampal-pre-
frontal dopaminergic dysregulations occurring via the nucleus accumbens 12. This system 
appears sensitive to sensory gating deficits that are related to the alpha 7-nicotinic 
acetylcholine receptor locus in patients and their families 58, 59. Smaller hippocampal 
volumes in schizophrenia could also result from abnormal expression of synaptophysin  
60, of non-NMDA receptors 61 or from other neural mechanisms  11. 

Conclusion: Our goals were to establish whether smaller hippocampal volumes 
are a trait marker for genetic liability or associated with disease-related environmental 
influences in schizophrenia. Results have clearly shown that genetic factors are involved 
in the transmission of hippocampal abnormalities in schizophrenia and may thus serve as 
promising phenotypes in the search for schizophrenia genes. Furthermore, genetic rather 
than shared environmental factors appear predominantly involved. Disease-related 
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environmental influences, however, remain somewhat equivocal.  These results, 
therefore, require replication in a larger sample.  It is entirely possible that some of the 
genetic or environmental influences that play a role in schizophrenia will be found to 
have no measurable effect on hippocampal volume. Our results make clear, however, that 
at least some of the genetic factors associated with schizophrenia have measurable 
influences on hippocampal volume.   
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ABSTRACT 
 
Context: The effects of genes and environment on brain abnormalities in schizophrenia 
remain unclear.  
Objective: To examine the contributions of genes and environment to hippocampal 
volume reduction in schizophrenia.  
Design: Population-based twin cohort study.  
Setting: Finland.  
Participants: Seven monozygotic (MZ) twin pairs concordant for schizophrenia and 16 
MZ and 32 dizygotic (DZ) twin pairs discordant for schizophrenia, ascertained so as to be 
representative of all such probands in a Finnish birth cohort, along with 28 MZ and 26 
DZ healthy comparison twin pairs without a family history of psychosis.  
Main Outcome Measures: Hippocampal volume measurements taken from high-
resolution magnetic resonance images.  
Results: Hippocampal volumes of probands were smaller than those of their non-
schizophrenic MZ and DZ co-twins and healthy twins. Hippocampal volumes of 
probands’ non-ill co-twins were smaller than those of healthy twins, but those of non-ill 
MZ and DZ co-twins of schizophrenic patients were similar. The intraclass correlations 
for hippocampal volumes among healthy and discordant MZ pairs were larger than those 
among the respective DZ pairs. The intraclass correlation for healthy MZ pairs was larger 
than that for discordant MZ pairs, and the variance component estimate for additive 
genetic effects was lower in discordant twins than in healthy twins.  
Conclusions: Although hippocampal volume in healthy individuals is largely affected by 
genetic factors, it is subject to substantially greater modulation by environmental factors 
in schizophrenic patients and their relatives. The results are discussed in view of 
assumptions underlying classic twin methods. 
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INTRODUCTION 
 
Hippocampal volume reduction is a robust correlate of schizophrenia1, but the etiology of 
the deficit remains unclear2. 

Several studies of children and siblings of schizophrenic patients have suggested 
that both genetic predisposition and environmental risk factors may contribute to 
hippocampal volume reduction in schizophrenia3-11.  Twin studies can be used to separate 
genetic from shared and unique environmental influences.  Genetic influences would be 
suggested by the observation of smaller hippocampal volumes in the healthy MZ 
compared with DZ co-twins from pairs discordant for schizophrenia, who share on 
average100% and 50% of their genes with affected individuals, respectively, and by 
higher intra-class correlations (ICCs) in MZ compared with DZ pairs discordant for 
schizophrenia.  Shared environmental influences would be suggested by equivalent 
hippocampal volumes in the healthy MZ compared with DZ co-twins of schizophrenics, 
and by equivalent ICCs for hippocampal volume among MZ and DZ pairs discordant for 
schizophrenia.  Unique environmental (or possibly epigenetic) influences would be 
implicated if probands were observed to have smaller hippocampal volumes than their 
healthy MZ co-twins, and the ICCs were lower in discordant twin pairs compared with 
healthy twin pairs.  If sample sizes are sufficient, variance components indicating the 
proportion of the variance in hippocampal volumes explained by additive genetic, and 
shared and unique environmental factors can be calculated. 

To date, seven papers and one abstract from four independent twin samples 
examining hippocampal volumes in schizophrenia have been published12-19. Their results 
are equivocal on the question of etiology, with some studies implicating a major role for 
environmental factors12, 14, 15 and other studies suggesting that genetic and/or shared 
environmental factors are involved16, 17.  Furthermore, Weinberger and colleagues18 
reported no difference in the hippocampal volumes of probands from concordant and 
discordant pairs, suggesting a similar etiology may underlie hippocampal volume 
reductions in both proband types. 

Neuropsychological studies have shown reduced performance in probands 
compared with their healthy MZ co-twins on tests thought to be sensitive to temporal 
lobe functioning20-22, suggesting that medial temporal lobe structures are at least in part 
influenced by environmental factors.  One such study has even shown strong associations 
between difference (proband - co-twin) left hippocampal volumes and difference verbal 
memory test scores of MZ probands discordant for schizophrenia23.  Cannon and 
colleagues22 showed reduced ICCs on verbal episodic memory in discordant compared 
with healthy twin pairs.  In that study, the ICCs of discordant MZ pairs were larger than 
those of DZ pairs suggesting that genetic (or shared environmental) factors may also play 
a role. 

We have now completed MRI scanning and quantitation on our full series of 16 
MZ and 28 DZ twin pairs discordant for schizophrenia, 7 MZ pairs concordant for 
schizophrenia, and matched groups of healthy twins (28 MZ and 26 DZ pairs).  Based on 
the findings reviewed above, we hypothesized that: 1) the mean hippocampal volumes of 
probands from pairs concordant and discordant for schizophrenia will be similar; 2) the 
hippocampal volumes of the healthy MZ co-twins of schizophrenics will be smaller than 
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those of DZ co-twins, whose volumes will be smaller than those of healthy twins, and the 
ICCs for hippocampal volume among discordant MZ pairs will be larger than those 
among the discordant DZ pairs (implicating a genetic contribution); 3) the probands' 
mean hippocampal volumes will be smaller than those of their MZ-co-twins , the ICCs 
for hippocampal volume among twin pairs discordant for schizophrenia will be lower 
than those of healthy twin pairs and pairs concordant for schizophrenia, and the variance 
component for additive genes will be higher in healthy compared to twin pairs discordant 
for schizophrenia (consistent with a larger unique environmental influence in 
schizophrenia).  
 

METHOD 
 
The study protocol was reviewed and approved by the institutional review boards (IRBs) 
of the University of California (Los Angeles), the University of Pennsylvania, and the 
National Public Health Institute of Finland, and all participants signed IRB-approved 
informed-consent forms. 
 

Sample Ascertainment 
Subjects were drawn from a twin cohort consisting of all same-sex twins born in Finland 
from 1940-1957 (N=9,562 pairs) identified through the Finnish national twin registry.  
Questionaire-based classification identified 2,495 monozygotic (MZ), 5,278 dizygotic 
(DZ), and 1,689 twins of unknown zygosity (UZ)24.  This cohort was screened, for the 
period of 1969-91, for a history of hospitalization, medicine prescription, and/or work 
disability due to psychiatric indication, in three national computerized databases -the 
Hospital Discharge Register, the Free Medicine Register, and the Pension Register25.  
These searches identified 348 index twin pairs with at least one co-twin with a diagnosis 
of schizophrenia or schizoaffective disorder, and 9,214 healthy pairs with no 
schizophrenia diagnosis in either co-twin, according to any of the three sources.  After 
exclusion due to death or emigration, a total of 260 twins consisting of 60 (27 MZ and 33 
DZ) index pairs were chosen randomly from the available index pairs (N=229: 50 MZ, 
121 DZ, and 58 UZ), along with 70 (34 MZ and 36 DZ) demographically balanced 
healthy pairs.  Index pairs in which, on direct interview, either the proband had a 
diagnosis of schizoaffective disorder-bipolar type or the co-twin had a psychotic-disorder 
diagnosis were excluded (N=1 concordant MZ pair).  Healthy pairs were excluded either 
if there was a history of psychosis-related treatment or work disability in any of their 
first-degree relatives or if either co-twin was found, on direct interview, to meet 
diagnostic criteria for a psychotic disorder or schizotypal, paranoid or schizoid 
personality disorder (N=15 pairs: 6 MZ and 9 DZ).  The selected sample of 114 pairs 
(N=228) consisted of 8 pairs concordant (7 MZ and 1 DZ) and 51 pairs discordant (19 
MZ and 32 DZ) for schizophrenia, and 55 healthy pairs (28 MZ and 27 DZ).  High-
resolution MRI scans were acquired on 252 out of the 260 twins.  Two images were 
excluded due to technical problems with the MRI scans, and one was excluded due to a 
large frontal lobe lesion, leaving 249 images on which hippocampal volumes were 
measured.  After exclusions, the sample (N=219) on which hippocampal volumes were 
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gathered comprised 16 twins concordant (7 MZ pairs and 1 DZ pair) and 94 twins 
discordant (16 MZ and 28 DZ pairs and 2 and 4 additional MZ co-twins and DZ 
probands, respectively) for schizophrenia, and 56 MZ (28 pairs) and 53 DZ (26 pairs) 
healthy comparison subjects.   
 

Diagnostic Evaluation 
Each co-twin was interviewed using the Structured Clinical Interview for DSM-III-R 
Disorders, SCID Patient or Non-Patient edition26 by a different examiner who was blind 
to the zygosity and diagnostic status of their co-twin, and the twins were assigned 
diagnoses based on the Structured Clinical Interview for DSM-IV Disorders27, SCID 
Patient and Non-Patient edition.  Co-twins and healthy subjects were also interviewed 
and rated on the Cluster A items from the Personality Disorders Examination28.  

Diagnostic reliability was excellent (i.e., κ=.94 + .02)29; final diagnoses were made by 
consensus among three independent raters after review of written case reports.  Subjects 
with a psychotic condition were also rated using the Scale for the Assessment of Positive 
Symptoms (SAPS30) and Scale for the Assessment of Negative Symptoms (SANS31).  
Among the 64 probands, 58 (26 MZ, 32 DZ) were diagnosed with schizophrenia and 8 
with schizoaffective disorder (3 MZ, 5 DZ). 5 MZ and 2 DZ co-twins of schizophrenics 
had a cluster A personality disorder (Table 1).  Substance disorder was rated present 
when subjects were actively abusing alcohol, sedatives, cannabis, stimulants, opiods, 
cocaine, hallucinogens, a multitude or other substances as scored by the SCID. 
 

Zygosity 
Zygosity was determined by DNA analysis using the following markers: DIS80 (20 
alleles), DI7S30 (13 alleles), apoB (20 alleles), COL2A1 (10 alleles), vWA (9 alleles), 
and HUMTH01 (6 alleles). Assuming an average heterozygosity rate of 70% per marker, 
we estimate that this procedure will falsely classify a DZ pair as MZ in ~ 1/482 cases. 
 

Imaging Procedures 

Acquisition 
Magnetic resonance images were acquired on a 1.0-T scanner (Siemens Medical 
Systems, Iselin, NJ) in the department of Radiology, University of Helsinki using a 
standard magnetization prepared rapid gradient echo (MPRAGE) sequence, with a 
repetition time (TR) of 10 ms, an echo time (TE) of 4 ms, number of excitations (NEX) 
equal to 1, and a flip angle of 12°.  The images comprised 128 sagittal slices with 1.2 mm 
slice thickness and no inter-slice gap.  The matrix size was 256 X 256 pixels, 
corresponding to a field of view of 25 cm2 and an in-plane resolution of .9766 x .9766 
mm. 



Theo G.M. van Erp 
Hippocampus and Memory Abnormalities in Schizophrenia: 
Contributions of Genes and Environment 

 84 

 



Theo G.M. van Erp  Chapter 4 
Hippocampus and Memory Abnormalities in Schizophrenia: 
Contributions of Genes and Environment 

 85 

Segmentation and Reslicing 
After deleting non-brain voxels using a conservative automated procedure followed by 
manual removal of non-brain tissue, the images were segmented into gray matter, white 
matter, and CSF using an adaptive, 3-dimensional, Bayesian algorithm33, previously 
validated for this purpose34.  In order to control for differences in head tilt during 
acquisition, images were resliced parallel to the anterior commisure-posterior commisure 
plane, and saved in sagittal view. 
 

Anatomical Tracings 
A method for outlining the hippocampal region of interest (ROI) was developed by two 
of the authors (PAS and TGMvE) and is described and depicted in detail elsewhere10.  A 
previous publication using the same method reported lower hippocampal volumes in 
patients compared to non-ill siblings, and in non-ill siblings compared to healthy subjects, 
and the range of the volumes in that study is very consistent with that in this study10.  
Briefly, tracings were started on the most lateral slice on which the hippocampus was 
first visible, in the most lateral extent of the temporal horn of the lateral ventricle.  The 
inferior and superior borders were determined by drawing a line through the white matter 
separating the hippocampus from the parahippocampal and fusiform gyri, and the alveus 
separating the hippocampus from the lateral ventricles, respectively.  More medially the 
anterior hippocampus was separated from the amygdala by a thin line of white matter 
between the two structures.  The last slice on which the hippocampus was clearly distinct 
from the amygdala formed the medial border.  This roughly corresponds to the second 
slice medial to the slice on which the parahippocampal gyrus separates and/or two slices 
before the midbrain forms in the temporal horn of the lateral ventricle.  The hippocampal 
volume measures include the cornu Ammonis, the gyrus dentatus, the prosubiculum and 
the subiculum proper (see Table 2 for raw volumes).  Only voxels in the ROI that were 
classified as gray matter were counted.   Tracings were performed blindly with respect to 
diagnosis, birth history, and hemisphere.  Inter-rater and intra-rater reliabilities based on 
10 cases were excellent (intra-class correlations > .95).  
 

Statistical Analyses 
Before analysis, data were checked for normalicy35 and homogeneity of variance36.  Data 
were analyzed using the general linear mixed model with repeated measures (SAS 6.12), 
correcting for dependency (i.e., correlation) among co-twins, by treating twin pair as a 
random variable, and adjusting the model error terms accordingly (Satterthwaite option).  
Hypotheses pertaining to the mean comparisons were tested by modeling risk group 
(probands from MZ concordant pairs, probands from MZ discordant pairs, probands from 
DZ discordant pairs, healthy MZ co-twins from discordant pairs, healthy DZ co-twins 
from discordant pairs, and healthy twin pairs) as a fixed-effect predictor, while co-
varying for age at scanning, history of substance disorder, gender, total cortical gray 
matter volume37, and the interactions of group with history of substance disorder and  



Theo G.M. van Erp 
Hippocampus and Memory Abnormalities in Schizophrenia: 
Contributions of Genes and Environment 

 86 



Theo G.M. van Erp  Chapter 4 
Hippocampus and Memory Abnormalities in Schizophrenia: 
Contributions of Genes and Environment 

 87 

gender (model I).  To test for possible differences in laterality, hemisphere entered the 
model as a within-subject repeated-measures factor, and a group by hemisphere 
interaction entered the model to test for possible differences in laterality between the 
groups.  Whenever one of these terms contributed significantly to the prediction of 
hippocampal volume, contrast analyses were performed comparing conditions within the 
term collapsing over non-significant terms in the model.  This approach maintains the 
hypothesis-wise Type I error rate at .05 because a predictor’s contribution to particular 
dependent measures is evaluated only if its effect is found to vary at the multivariate 
level.  The significance of each predictor was tested while accounting for all other model 
terms simultaneously, and where mean differences were hypothesized, one-tailed tests 
were used.  These analyses were also performed for cortical gray matter while co-varying 
for intracranial volume as a point of comparison to the hippocampus. 
 Intra-class correlations (ICCs) and their confidence intervals for index (concordant 
MZ, discordant MZ and DZ) and healthy (MZ and DZ) pairs were calculated, with the 
ANOVA method in SAS (SAS 6.12) for hippocampal, intracranial, cortical gray matter, 
and hippocampal corrected for cortical gray matter volumes.  Predicted differences in 
ICCs between pairs were compared using one-tailed t-tests. 
 Finally, variance component analyses were performed using version 1.50d of 
MX38 for MAC OSX to determine the proportion of the variance in these volumes 
explained by additive genetic, and shared and unique environmental factors in healthy 
and index twin pairs while co-varying for age and gender. 
 

RESULTS 
 

Hippocampal Volume Group Differences 
There were significant effects for risk group (F5,372= 9.23; p=.0001), hemisphere (F1,372= 
3.95; p=.048), substance abuse (F1,372=7.27; p=.007), and intracranial gray matter volume 
(F1,372=45.43; p=.0001) in predicting hippocampal volumes.   

Given that the risk group effect did not vary by hemisphere, contrast analyses 
were performed on hippocampal volumes collapsed across hemisphere.  Probands from 
MZ concordant pairs, MZ discordant pairs, and DZ discordant pairs had smaller mean 
hippocampal volumes than healthy subjects (t372=4.0,p<.0001; t372=4.9,p<.0001; t372=4.4, 
p<.0001, respectively).  As predicted (hypothesis 1), none of the three proband groups' 
mean hippocampal volumes differed significantly from each other (Figure 1).  While the 
hippocampal volumes of the non-ill MZ and DZ co-twins from pairs discordant for 
schizophrenia were smaller than those of healthy control twins (t372=2.6,p=0.005; 
t372=3.2,p=0.0008, respectively), contrary to hypothesis 2, the non-ill MZ co-twins did not 
differ from the non-ill DZ co-twins (t372=.14,p=0.45).  Consistent with hypothesis 3, the 
probands from MZ discordant twin pairs had smaller hippocampal volumes than their 
non-ill MZ co-twins (t372=2.0, p=0.02).  Probands from DZ discordant twin pairs did not 
have significantly smaller hippocampal volumes than their non-ill DZ co-twins 
(t372=1.0,p=0.15).   However, hippocampal volumes from MZ and DZ probands combined 
were smaller than those of MZ (t372=1.77,p=.04) and DZ (t372=1.84,p=.03) co-twins, and 
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these effects were even stronger when hippocampal volumes from concordant MZ 
probands were added (t372=1.98,p=.02 and t372=2.1,p=.02, respectively).  

 

Covariates 
We replicated our previous findings of larger right compared to left hippocampal 
volumes (t372=2.0,p=.02).  The hippocampal volumes of individuals diagnosed with 
substance disorder were smaller compared to those without (t372=-2.7,p=.0003).  
 

Relative Risk 
Percentage wise, (11/16) 69% of the MZ and (19/28) 68% of the DZ probands had 
smaller hippocampal volumes than their healthy co-twins, and (12/16) 75% of the MZ 
and (25/28) 89% of the DZ co-twins had smaller hippocampal volumes than the average 
of the healthy twins. 
 

Cortical Gray Matter Group Differences  
There were significant effects for risk group (F5,181= 3.0; p=.01), risk group by gender 
(F5,181=3.14; p=.01), substance abuse (F1,181=4.6; p=.03), age (F1,181=33.8; p=.0001), and 
intracranial volume (F1,402=51.32; p=.0001) in predicting cortical gray matter.   

Contrast analyses showed that probands from pairs concordant for schizophrenia 
had less cortical gray matter than probands from discordant MZ (t181=2.2; p=.03) and DZ 
(t181=2.5; p=.01) pairs, non-ill MZ (t181=2.7; p=.009) and DZ (t181=3.2; p=.002) co-twins, 
and healthy twins (t181=3.7; p=.0003).  None of the other groups differed from each other. 

 

Covariates 
Cortical gray matter volumes of individuals diagnosed with substance disorder were 
smaller compared to those without (t181=-2.2,p=.03). Cortical gray matter volumes in the 
overall sample appeared to decline with age (slope=-2.4, standard error=0.41, t181=-5.8; 
p=.0001, two-tailed).  Female concordant patients had larger cortical gray matter volumes 
than male concordant patients (t181=2.4,p=.02, two-tailed), while female MZ co-twins and 
healthy twins had smaller cortical gray matter volumes than male MZ co-twins (t181=-
2.3,p=.02, two-tailed), and male healthy twins (t181=-2.7,p=.009, two-tailed), respectively; 
none of the other groups showed gender differences in cortical gray matter volumes. 
 

Intra-Class Correlations 
The ICCs for healthy MZ pairs were larger than those for healthy DZ pairs, and the ICCs 
for concordant index MZ pairs were larger than those for discordant index MZ and DZ 
pairs, on all measures (Table 3).  While the ICCs on hippocampal volumes for discordant 
MZ and DZ pairs were similar, those on hippocampal volumes corrected for cortical gray 
matter, as well as those for intracranial and cortical gray matter volume, were larger for  
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discordant MZ compared to DZ pairs (Table 3).  Finally, the ICC for hippocampal 
volumes among healthy MZ pairs was larger than that among discordant MZ pairs 
(t43=8.1, p<.001). 

Variance Components  
In both index and healthy pairs E-only models had significantly worse fit than ACE 
models (P<.05) for hippocampal and total gray matter as well as intracranial volume 
(table 4).  While not significantly different from the ACE model, based on parsimony and 
fit statistics, the AE model is the best fitting model for all the regions in the healthy 
twins, while the CE model provides the best fit for hippocampal and total gray matter in 
the index twins, and the AE model provides the best fit for intracranial volume and total 
hippocampal volume corrected for total cortical gray matter volume (Table 4).  Based on 
this analysis, the variance component for the influence of additive genes on hippocampal 
volume corrected for cortical gray matter is 71% in the healthy and 42% in the discordant 
twins. 
 

DISCUSSION 
 
The principal finding of this study is that while hippocampal volumes among healthy 
twins are highly heritable, those among twins discordant for schizophrenia are subject to 
substantially greater modulation by environmental factors. 

The higher intraclass correlation in healthy MZ compared to DZ pairs, and the 
best fit for the AE model in the variance component analysis, corroborate findings by 
others16, 39, 40 that hippocampal volume in healthy individuals is highly heritable.  A 
combination of genetic8, 16, 41, 42 and unique12-15 environmental influences on hippocampal 
volume in schizophrenia is indicated by: a) smaller proband hippocampal volumes in 
probands compared to their non-ill MZ co-twins, b) larger ICCs for hippocampal volume 
in healthy compared to discordant MZ pairs, c) higher variance components for additive 
genes in healthy compared to discordant twins, and d) significantly higher ICCs in 
discordant MZ compared to DZ twin hippocampal volume. 

The interpretation of the data is based on three assumptions underlying the 
classical twin design, namely: that 1) monozygotic twins share 100% and dizygotic twins 
share on average 50% of their polymorphic genetic material and that current methods can 
adequately identify zygosity, 2) the environment shared among monozygotic and 
dizygotic twins is similar, and 3) twins are similar to singletons such that findings in 
twins can be generalized to non-twin populations. 

While it has been hypothesized that monozygotic twins discordant for 
schizophrenia share less of their polymorphic genetic material than concordant and 
healthy twins43-47, the empirical evidence for this claim remains controversial44, 46, 48.  In 
contrast, obstetric complications appear to increase the risk for schizophrenia49-51, are 
associated with illness discordance52, and have been related to hippocampal volume 
reduction in schizophrenia9, 10, 14.  It could still be argued that the smaller hippocampal 
volumes in the probands compared to non-ill MZ co-twins are due to factors associated 
with disease status.  However, in contrast to this hypothesis, and consistent with the 
results of Suddath and colleagues12, probands' hippocampal volumes were not associated 
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with duration illness after co-varying for age (SE=.04, t50=1.6, p=.11), nor with years on 
neuroleptic medication. 

The findings are also interpreted assuming that MZ and DZ twins share 
environmental exposures to similar degrees. A competing interpretation of the similarity 
in mean hippocampal volume between the MZ and DZ co-twins, and the higher ICC 
among MZ compared to DZ discordant twin pairs, could be that DZ co-twins experienced 
a higher number of pregnancy complications than the MZ co-twins from discordant pairs.  
In this sample, the frequency of pre- and perinatal complications coded blindly from the 
original obstetric records on approximately half the studied twin pairs (T. D. Cannon, 
unpublished data) did not differ between discordant MZ and DZ pairs22.  Unfortunately, a 
full interpretation of the obstetric data is not possible since obstetric data was recorded by 
pair and not by individual twin.   

The twin method is often criticized for non-generalizability due to differences in 
the intrauterine and family environment of twins compared with singletons.  However, 
recent studies show that any differences in cognitive abilities between twins and their 
siblings no longer exist at age 553, and that while second-born twins have lower 
intracranial volumes than first-borns, all other volumes are comparable when controlling 
for intracranial volume, suggesting that twin studies can provide reliable estimates of 
heritabilities in brain volume measures and that these can be generalized to singleton 
populations54. 

The differences of overall cortical gray matter were different from that observed 
for the hippocampus, suggesting that the observed pattern of hippocampal volume 
reduction it is not due to global effects on gray matter.  While intracranial gray matter 
was only reduced in the concordant MZ probands relative to the other groups, our 
previous report on regional cortical gray matter deficits showed that particular 
heteromodal cortical regions are influenced by genetic liability as well as disease-related 
environmental factors55.  

The finding that the hippocampal volumes of probands from concordant pairs do 
not differ from those of discordant pairs is consistent with that of Weinberger and 
colleagues18 in suggesting that the etiologies underlying the hippocampal volume 
reductions in these two types of probands are similar.  However, the higher ICC of the 
concordant MZ twin pairs compared to discordant MZ and DZ twin pairs suggest that the 
environmental factor contributing to discordance may influence dissimilarity of 
hippocampal volume within twin pairs also. 

Our previously reported data on verbal episodic memory in the same sample22, 
thought to rely on the hippocampus56, and previously shown to correlate with 
hippocampal volume8, 23, nicely match the pattern of hippocampal volume reduction and 
similarities observed in this report. 

Strengths of the study are: that a random representative population sample was 
used such that the results can be generalized to the total population of twins; that 
probands from concordant and discordant pairs were available such that their volumes 
could be compared directly; that concordant and discordant pairs were available such that 
intra-class correlations could be compared directly; that high resolution images were used 
to make the measurements; that high reliabilities were achieved on the measurements; 
and that the rater was blind to the presentation of the images (neurological / radiological) 
during data collection such that potential rater or other orientation biases were eliminated. 
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Several weaknesses of the study must also be noted.  The measurements only 
reflect hippocampal volumes, and it is possible that there are also regional shape changes, 
in particular in the Sommer’s sector.  While the sample size is relatively large, the effects 
under examination are relatively small.  Data for pre- and perintal complications was not 
available for the entire sample, making it impossible to directly examine the influences of 
specific environmental factors on hippocampal volume.   

Finally, while hippocampal volume reduction in schizophrenia appears to be 
influenced by genetic as well as unique environmental factors, it is yet to be determined 
in which parts of the hippocampal microstructure, and when during development, these 
factors act or interact. 
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ABSTRACT 
 
The nature, neural underpinnings, and etiology of deficits in verbal declarative memory 
in patients with schizophrenia remain unclear. To examine the contributions of genes and 
environment to verbal recall and recognition performance in this disorder, the California 
Verbal Learning Test was administered to a large population-based Finnish twin sample, 
which included schizophrenic and schizoaffective patients, their non-ill monozygotic 
(MZ) and dizygotic (DZ) co-twins, and healthy control twins. Compared with controls, 
patients and their co-twins showed relatively greater performance deficits on free recall 
compared with recognition. Intra-pair differences between patients and their non-ill co-
twins in hippocampal volume and memory performance were highly positively 
correlated. These findings are consistent with the view that genetic influences are 
associated with reduced verbal recall in schizophrenia, but that non-genetic influences 
further compromise these abnormalities in patients who manifest the full-blown 
schizophrenia phenotype, with this additional degree of disease-related declarative 
memory deficit mediated in part by hippocampal pathology. 
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INTRODUCTION 
 
Deficits in verbal learning and memory are robust correlates of schizophrenia1-5. 
Hypotheses about the cognitive underpinnings of these deficits include an inability to use 
efficient strategies spontaneously during encoding and/or retrieval, reduced conscious 
recollection and increased reliance on familiarity assessment as a basis for retrieval, and 
reduced monitoring processes during retrieval, processes thought to be mediated by 
prefrontal and medial temporal lobe regions6. A meta-analysis found that the degree of 
difference in performance on memory tests between schizophrenic patients and controls, 
expressed in terms of effect size, declines with an increase in the amount of contextual 
information provided at test (free recall < cued recall < recognition)2. Arguing against the 
interpretation that this differential level of deficit is an artifact of the discriminating 
power of the performance measure employed7, 8 is a report that chronic non-demented 
schizophrenic patients showed a larger deficit on a free recall compared to a performance 
matched recognition task9. This result was obtained despite the higher reliability for the 
recognition task, which would have predicted a higher discriminating power for the 
recognition versus the recall task, but also see10 and11. 

Several reviews have concluded that mean verbal recall performance is among the 
measures that show strong familial effects in relatives of schizophrenic patients12-14. A 
study that included non-ill relatives with either one or multiple first-degree relatives 
diagnosed with schizophrenia showed that deficits in story recall scaled with the level of 
genetic predisposition for the disorder15. Three twin reports including MZ twin pairs 
discordant for schizophrenia as well as control twins found that patients performed 
significantly worse than their co-twins, who performed significantly worse than the 
healthy twins on a story recall task, suggesting disease-related as well as familial 
influences on verbal memory performance in schizophrenia16-18. Furthermore, one report 
showed that patients from concordant pairs did not differ from patients from discordant 
pairs, suggesting a similar etiology of the observed performance deficits in both groups18. 
A previous report on this sample, which includes both MZ and DZ pairs discordant for 
schizophrenia as well as groups of healthy MZ and DZ twin pairs, examined free recall 
(story and verbal list items) as part of a canonical discriminant analysis, and showed that 
tests of verbal declarative memory contributed to the discrimination of patients from their 
own MZ co-twins19.  

The majority of the studies including relatives of schizophrenic patients have 
examined performance on free recall of stories or word lists. Two recent meta-analytic 
studies concluded that too few studies have compared free recall, cued recall, and 
recognition for the same test in patients with schizophrenia and their relatives13, 14 such 
that no firm conclusions can be drawn for the existence or not of retrieval deficits14. Some 
studies have observed deficits in recognition hits among relatives of schizophrenic 
patients20, while others have not21, 22. One study showed that relatives performed worse on 
cued recall compared with controls22.  

To our knowledge, no study with schizophrenic patients’ relatives at multiple 
levels of genetic predisposition has compared performance on free recall, cued recall, and 
recognition. The comparison of free recall, cued recall, and recognition provides a 
manipulation of the extent to which self-initiated strategic retrieval is needed to perform 
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the task 23. Encoding and consolidation are required in any of these conditions, but the 
conditions differ in the extent to which they require active retrieval (free recall > cued 
recall > recognition).  

Evidence from neuroimaging studies of declarative memory in schizophrenia are 
consistent with reduced organizational processing at encoding as well as at retrieval and 
reduced post-retrieval monitoring, which may mainly involve the frontal lobes, and with 
less efficient associative encoding processes and a deficit in conscious recollection 
involving the hippocampus and medial temporal lobes6, regions that are known to be 
disrupted in patients with schizophrenia and their relatives. 

The primary aim of the current paper was to determine the genetic and 
environmental influences on free recall, cued recall, and recognition performance in 
twins discordant for schizophrenia. Based on the foregoing, we predicted that patients 
and their co-twins would show relatively greater memory deficits compared with controls 
on conditions requiring active retrieval (free recall > cued recall > recognition), with the 
degree of deficit in co-twins varying in proportion to their genetic proximity to an 
affected individual. We also predicted that patients would show a greater deficit in recall 
and recognition compared with their own co-twins, possibly due to deficits in encoding 
and/or conscious recollection, and that these differences would be related to intra-pair 
differences in hippocampal volume. 
 

METHODS 
 
The study protocol was reviewed and approved by the institutional review boards (IRBs) 
of the University of California (Los Angeles) and the National Public Health Institute of 
Finland, and all participants signed IRB-approved informed-consent forms. 

Sample Ascertainment 
Subjects were drawn from a twin cohort consisting of all same-sex twins born in Finland 
from 1940-1957 (N=9,562 pairs) part of the nationwide Finnish Twin Cohort24 and their 
selection was as previously described19, 25. Because general intelligence and education 
level may be reduced in subjects with schizophrenia and their biological relatives due to 
disease and genetic predisposition, subject groups were not matched on these indices but 
rather on parental socioeconomic status26. Control twins did not have any schizophrenia 
spectrum disorder or Axis I psychosis, and their first-degree relatives were free of a 
history of psychosis, based on review of hospital and disability records. Patient’s relatives 
with cluster A disorders were not removed from the final analyses given that these may 
constitute those relatives who have the highest genetic predisposition, though results from 
analyses with and without these relatives were similar.  
 

Diagnostic Evaluation 
Each co-twin was interviewed using the Structured Clinical Interview for DSM-III-R 
Disorders, SCID Patient or Non-Patient edition27 by a different examiner who was blind 
to the zygosity and diagnostic status of their co-twin, and the twins were assigned 
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diagnoses based on the DSM-IV28. Personality disorder symptoms for co-twins and 
healthy subjects were rated (e.g., Cluster A) on the SCID-II29. Final diagnoses were made 
by consensus among three independent raters after review of written case reports and 
diagnostic reliability was excellent (i.e., κ=0.94 + .02)30. Subjects with a psychotic 
condition were also rated using the Scale for the Assessment of Positive Symptoms 
(SAPS)31 and Scale for the Assessment of Negative Symptoms (SANS)32. Classification 
of patients was based on best-estimate lifetime diagnoses. Among the 55 probands, 49 
(27 MZ, 22 DZ) were diagnosed with schizophrenia and six with schizoaffective disorder 
(2 MZ, 4 DZ) (table 1). 
 

Zygosity 
Zygosity was determined by DNA analysis using the following markers: DIS80 (20 
alleles), DI7S30 (13 alleles), apoB (20 alleles), COL2A1 (10 alleles), vWA (9 alleles), 
and HUMTH01 (6 alleles). Assuming an average heterozygosity rate of 70% per marker, 
we estimate that this procedure will falsely classify a DZ pair as MZ in ~ 1/482 cases. 
 

Measurements  
The Finnish version of the California Verbal Learning Test (CVLT) was administered in 
a quiet room by trained psychologists (ATH, TP) as part of a comprehensive 
neuropsychological battery19. The test was administered according to the instructions 
documented in the manual of the English version of the CVLT35. As in the English 
version of the CVLT the test conditions included five free recall trials of list A (sixteen 
words from four semantic categories), followed by one free recall trial of list B (sixteen 
new words, half from categories shared with list A, and half from non-shared categories), 
a free and cued recall (semantic category cue) of list A, and a free recall, cued recall, and 
recognition test of List A words given after a 20-minute delay during which the subjects 
received the Continuous Performance Test, the WAIS-R Vocabulary and Similarities, and 
Trails A and B19. Because there were no significant group differences in forgetting at 
short and long delay intervals, recall performance data were averaged over delay (table 
2).  
 
Table 2. Absolute Measures Across Comparison Groups* 
 
Measure 

Proband 
(n = 55) 

MZ Co-twin 
(n = 18) 

DZ Co-twin 
(n = 25) 

Control twin 
(n = 109) 

Number Correcta     
   Free Recall 6.3 (2.1) 7.7 (2.0) 9.0 (2.1) 9.8 (2.0) 
   Cued Recall 7.6 (2.8) 9.4 (3.0) 10.6 (3.0) 11.5 (2.4) 
   Recognition 13.0 (2.7) 14.1 (1.6) 14.4 (1.3) 14.3 (1.7) 
Left Hippocampal Volumeb 4.12 (0.49) 4.32 (0.52) 4.33 (0.47) 4.57 (0.52) 
Abbreviations: MZ, monozygotic; DZ, dizygotic. 
aThe mean number correct is based on an average number correct per trial of the same 
type. bThe mean hippocampal volumes are reported in milliliters. *Data are given as 
mean (standard deviation). 
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To allow for better comparison of performance across the different trial types (free recall, 
cued recall, and recognition), z-scores were computed by normalizing to the means and 
standard deviations observed in the control twins. The methods involved in the 
assessment of hippocampal volumes have been described in detail elsewhere25, 36. 
 

Statistical Analyses 
For all regression models data were checked for homogeneity of variance37 and residuals 
were checked for normality38. Because the number of correct was equivalent across 
proband groups (probands from concordant vs. discordant pairs, and from MZ and DZ 
index pairs), the probands were treated as a single group in the main analyses. 

To test the first hypothesis, a mixed model regression analysis (Proc Mixed, SAS 
version 8.2, SAS Institute, Inc, Cary, NC) was performed, evaluating the z-scores for free 
recall, cued recall, and recognition performance as the dependent variable and treating 
risk group (proband, MZ-cotwin, DZ-cotwin, healthy), trial type (free recall, cued recall, 
recognition), and the risk group × trial type interaction as predictors. Trial type was 
modeled as a repeated measures factor. To test for differences in the effect of genetic 
predisposition between performance on free recall, cued recall, and recognition 
conditions of the CVLT, contrast analyses were performed to test whether the linear 
effects across the risk groups (proband, MZ-cotwin, DZ-cotwin, and healthy control, 
modeled as either –3, -1, 1, and 3 or 3, 1, -1, and –3) varied according to trial type (free 
recall > recognition, free recall > cued recall, and cued recall > recognition). Mixed 
model regression was also used to determine whether the differences between the z-
scores of the number correct on recognition and the number correct on free recall were 
predicted by risk group.  

Given reported effects of age39 and sex40 on memory performance and the group 
differences in substance disorder, in all aforementioned analyses, substance disorder, sex, 
and age entered the model as covariates, and twin pair entered the model as a random 
variable, controlling for correlation among the co-twins by adjusting the model error 
terms accordingly (Satterthwaite option). The significance of each predictor was tested 
while accounting for all other model terms simultaneously. Whenever one of the terms 
contributed significantly to the prediction of the dependent variable, one-tailed contrast 
analyses were used to compare hypothesized mean differences within the term collapsing 
over non-significant terms in the model. This approach maintains the hypothesis-wise 
Type I error rate at .05 because a predictor’s contribution to particular dependent 
measures is evaluated only if its effect is found to vary at the multivariate level. Where 
significant, contrast t-statistics, with their denominator degrees of freedom as estimated 
by the Satterthwaite procedure in subscript, are reported. All of the principal effects 
remained significant when co-varying for general intelligence and education, both of 
which also contributed significantly to recall performance. To allow for comparisons of 
the severity of the deficits across all the conditions and relative to other results reported 
in the literature, Hedge’s g effect sizes41 for number correct in probands, MZ co-twins, 
and DZ co-twins relative to control twins were computed (table 3). 

To assess whether deficits in memory performance in patients relative to their 
non-ill co-twins are associated with hippocampal volume reduction in patients relative to 
their non-ill co-twins, the relationships between intra-pair differences in verbal recall and 
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recognition and intra-pair differences in left hippocampal volumes were examined with 
Pearson’s correlations (Hypothesis 2). This type of analysis is likely more powerful than 
performing regular correlations between the measures given that it controls for random 
genetic variance between pairs. Furthermore, the correlations of intra-pair differences 
among the monozygotic twins is particularly sensitive to variation due to environmental 
factors. 
 

RESULTS 
 

Number Correct 
There were significant effects of risk group [F(3,247)=42.13, P<0.0001], trial type 
[F(2,497)=20.11, P=<0.0001], risk group × trial type interaction [F(6,497)=7.12, 
P<0.0001], sex [F(1,103)=15.03, P=0.0001], and a marginally significant effect of age 
[F(1,104)=3.19, P=0.08] in predicting the z-scores of the number of words retrieved on 
the CVLT (see Figure 1 for least square mean z-scores and Table 3 for effect sizes 
relative to controls).  
 

 
Figure 1. Correctly Retrieved Words Across Twin Groups by Trial Type. 

 
The slope across risk groups (Proband < MZ-cotwin < DZ-cotwin < Healthy) was steeper 
for free recall [t497=33.41, P=<0.0001] and cued recall [t497=17.37, P=<0.0001] compared 
with recognition, and steeper for free recall compared to cued recall [t497=2.60, P=0.05, 1-
tailed]. Group contrasts comparing free recall performance showed that probands 
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performed worse than healthy twins (t300=-10.2, P<0.0001), MZ co-twins (t497=-3.2, 
P=0.001), and DZ co-twins (t497=-6.4, P<0.0001), that MZ co-twins performed worse 
than DZ co-twins (t497=-2.1, P=0.02) and healthy twins (t518=-4.3, P<0.0001), and that DZ 
co-twins performed worse than healthy twins (t446=-2.3, P=0.01). Group contrasts 
comparing cued recall performance showed that probands performed worse than healthy 
twins (t300=-8.6, P<0.0001), MZ co-twins (t542=-3.1, P=0.001), and DZ co-twins (t555=-5.4, 
P<0.0001), that MZ co-twins performed similarly to DZ co-twins (t582=-1.39, P=0.08) 
and worse than healthy twins (t518=-4.3, P<0.0001), and that DZ co-twins performed 
worse than healthy twins (t446=-1.9, P=0.03). Group contrasts comparing recognition 
performance showed that probands performed worse than healthy twins (t300=-3.9, 
P<0.0001), MZ co-twins (t542=-2.6, P=0.002), and DZ co-twins (t555=-3.3, P<0.0001), and 
that none of the other groups differed from each other. Females performed better than 
males (t103=3.9, P=0.0002, two-tailed) and performance showed a marginally significant 
decrease with age (t104=-1.79, P=0.08, two-tailed; slope=-0.015, standard error= 0.009). 
 
Table 3. Effect Sizes Relative to the Control Twins* 

Number Correct 
Probands 

 
MZ co-twins 

 
DZ co-twins 

 
   Free Recall 1.46 (1.10-1.82) 0.84 (0.33-1.34) 0.38 (-0.12-0.89) 
   Cued Recall 1.22 (0.87-1.57) 0.62 (0.12-1.12) 0.32 (-0.28-0.82) 
   Recognition 0.56 (0.23-0.89) 0.07 (-0.43-.56) 0.01 (-0.48-0.51) 
* Effect sizes are reported as Hedges g (95% Confidence Intervals). Hedges g adjusts for 
sample size, though unlike the reported z-scores the Hedges g uses pooled variance. 
 

Difference Between Number Correct on Free Recall and Recognition  
There were significant effects of risk group [F(3,150)=12.52, P<0.0001] and sex 
[F(1,99)=7.22, P=0.009] on the differences between the z-scores of the number correct 
on recognition and free recall. Contrast analyses revealed that the difference was larger in 
probands compared to DZ co-twins (t149=2.59, P=0.005) and healthy twins (t146=5.93, 
P<0.0001), and larger in MZ (t196=3.65, P=0.0002) and DZ (t186=2.7, P=0.007) co-twins 
than healthy twins. The difference between non-ill MZ and DZ co-twins was marginally 
significant (t146=2.15, P=0.07). The difference was larger in males than females (t99=2.69, 
P=0.009, two-tailed). 
 

Relationship with Hippocampal Volume 
Correlation analyses among intra-pair differences in left hippocampal volume and free 
recall, cued recall, and recognition performance showed significant correlations for 
discordant MZ pairs on recognition (r12=0.65, P=0.02), and for discordant DZ pairs on 
free recall (r19=0.74,P=0.0003 ), cued recall (r19=0.57, P=0.01), and recognition (r19=0.71, 
P=0.0006). Among the healthy twin pairs, the only significant correlation was between 
intra-pair differences in left hippocampal volume and cued recall performance (r22=.45, 
P=0.03). Two of these correlations survive a stringent Bonferroni correction for multiple 
comparisons with a corrected P-value of 0.004 based on the examination of twelve P-
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values [four groups (discordant MZ and DZ, and healthy MZ and DZ) by three trials 
types (free recall, cued recall, recognition)]. 
 

DISCUSSION 
 
The principal finding of the study is that the effect of genetic predisposition to 
schizophrenia on verbal declarative memory performance is larger on the free recall 
compared with the recognition condition of the CVLT (figure 1 and table 3). 
Furthermore, intra-pair differences in left hippocampal volumes between patients and 
their co-twins correlate significantly with intra-pair differences in verbal declarative 
memory performance. Consistent with previous reports we found female superiority in 
verbal declarative memory performance40 and a decline with age39. 

Large deficits on free recall, intermediate deficits on cued recall, and relatively 
smaller deficits on recognition have been observed in frontal lobe lesion patients42. 
Furthermore, frontal lobe gray matter deficits in schizophrenia appear to be influenced by 
genetic predisposition to the disorder, as they increase in severity in proportion with 
genetic proximity to an affected individual (MZ>DZ>control)43-45. We therefore interpret 
these findings to be consistent with an inherited disturbance in prefrontal cortical circuits 
involved in memory retrieval19. The performance deficit on recognition appears to be 
mainly limited to the schizophrenic patients, and we interpret this finding to suggest a 
larger influence of environmental factors on verbal declarative memory acquisition, a 
function purportedly subserved by the medial temporal lobe including the hippocampus46. 
This interpretation is corroborated by the finding of significant correlations between 
intra-pair differences in left hippocampal volumes and recognition performance in both 
the discordant MZ and DZ twin pairs. The significant correlations between intra-pair 
differences in left hippocampal volumes and intra-pair differences in free recall and cued 
recall in the discordant DZ pairs may suggest that some additional shared genetic 
variance in hippocampal volume reduction contributes to retrieval deficits also, a finding 
in line with the observations of significant positive correlations between free recall 
performance and hippocampal volumes47-49, larger hippocampal activation for remember 
compared to know responses during retrieval in healthy subjects 50, and failed recruitment 
of the hippocampus during retrieval in patients with schizophrenia compared to controls51, 

52. However, it is also possible that this result reflects a difference in power given that the 
correlations in the DZ twins were based on nineteen and those in MZ twins on only 
twelve pairs. Furthermore, It is important to note that response bias (false positives – 
misses / false positives + misses) did not differ significantly across the groups, which 
indicates that the deficit in recognition among the patients is not due to a negative 
response bias (saying no most of the time). 

The reduced group differences on the number correct in recognition compared to 
free recall are unlikely due to a lower true score variance (estimated from the product of 
the reliability of the test and the variance of the observed scores) in the recognition 
compared to the free recall test7, 8, because the average estimated test-retest reliabilities 
for the free recall trials (.49) and recognition hits (.47)35 are similar, as were the variances 
in free recall (SD=2.0) and recognition (SD=1.7) among the healthy twins 
(F[1,216]=1.68,P= 0.20)37. Furthermore, these findings corroborate those reported 
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previously on psychometrically matched tests of free recall and recognition9, and those of 
a recent report showing a similar pattern of deficit for free recall and recognition in 
patients and their biological relatives compared to healthy controls22. 

We cannot fully exclude the possibility that a ceiling effect in recognition 
accuracy may preclude the stepwise genetic load effect on this measure as was observed 
on free recall since a substantial number of subjects (20-25% in each of the four groups) 
performed at ceiling (in this case, 16 items correct). However, because 75-80% of the 
subjects in each of the four groups did not perform at ceiling, and because the free recall 
and recognition variances in the healthy subjects do not differ significantly, it is 
reasonable to interpret the mean group differences as a valid reflection of central 
tendency. 

While it can be argued that analysis of covariance is not a perfect method for 
establishing the independence of an effect from nuisance variables53, the principal effects 
remained significant when co-varying for general intelligence and education, suggesting 
that, while to a certain extent common causes may underlie reduced general intelligence, 
education, and probably also memory performance in schizophrenia, they most likely do 
not completely overlap. This interpretation is further supported by observed memory 
deficits in other studies that have co-varied or matched for education or intellectual level 
when examining verbal declarative memory deficits in schizophrenia compared with 
healthy controls4. 

While we cannot exclude the possibility that the verbal declarative memory 
deficits in the probands compared to their MZ co-twins are in part due to disease 
chronicity or medication effects, neither proband’s hippocampal volumes25 nor free 
recall, cued recall, or recognition performance were associated with illness duration after 
co-varying for age or with years on neuroleptic treatment, suggesting that illness duration 
and treatment are not contributing significantly to the observed deficits. Furthermore, 
verbal declarative memory deficits54 and hippocampal volume reductions47 have also been 
observed in never-medicated first-episode patients and can therefore not be fully 
accounted for by duration of illness or medication effects. 

One implication for future research is that verbal declarative memory tasks that 
require active retrieval may be a useful endophenotypic measure in that they can be used 
in the search for schizophrenia susceptibility genes. It must be noted that memory 
deficits55 and lower hippocampal volumes56 have also been reported in numerous other 
neurological and psychiatric disorders, as well as in some of their co-twins55, 57, and it is 
still unclear to what extent these declarative memory and hippocampal deficits are unique 
vulnerability factors for schizophrenia and to what extent they may reflect vulnerability 
for psychiatric illness in general. 

Nevertheless, patients have significantly more impaired declarative memory than 
their non-ill MZ co-twins, a finding that parallels the results observed for hippocampal 
volume reduction25. This pattern indicates that a non-genetic factor further compromises 
the declarative memory system in patients who manifest the full schizophrenia phenotype 
over and above the level of pathology that would be expected given presence of a 
schizophrenia-promoting genotype. Hippocampal volume has been associated with a 
history of obstetric complications58 and in particular with hypoxic events in subjects 
genetically predisposed to schizophrenia36. Exposure to mild hypoxia has been shown to 
influence recollection but not familiarity59. Furthermore, there is evidence that twins from 
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the same pair can differ in absolute nucleated red blood cell counts, which have been 
associated with relative fetal hypoxia60, 61. Finally, left hippocampal gray matter reduction 
in adolescents with a history of prematurity62, which is associated with increased 
nucleated red blood cell counts, have been associated with poor memory performance. 
Together these findings suggest that hypoxia may be such an environmental contributor 
to schizophrenia vulnerability and the hippocampal and memory deficits observed. In 
addition, it is possible that differential post-natal environmental changes during 
adolescence may be involved as suggested by a report that declarative memory deficits 
are progressive in prodromal high-risk subjects who experience symptoms63. A possible 
candidate environmental factor that may act more proximal to disease onset may be 
hypercortisolism64, which has been associated with memory deficits65 and hippocampal 
volume reduction in schizophrenia66. 

A clinical implication of these findings, with importance for designing cognitive 
rehabilitation strategies, is that patients may do better on tasks that do not require active 
retrieval of information. Retrieval on the other hand can be a target for cognitive 
remediation, either through medication or cognitive therapy. While much attention has 
focused on elaborate encoding, the use of retrieval strategies has received little attention 
despite evidence that patients’ poor performance on recall tasks is due to their failure to 
adopt efficient retrieval as well ass encoding strategies67. 

It is not clear to what extent the association of hippocampal volume with the 
memory deficits are due to a reduction in binding of information at encoding68 or reduced 
recollection at retrieval, both thought to involve the hippocampus50, 68. Future studies 
using task matching and functional imaging may shed more light on this question.  

Our results are consistent with those reported by Sponheim (2004)22 who 
examined memory deficits in patients and their siblings, in that patients and their co-
twins show deficits in free recall, but that patients only show deficits in recognition also. 
An inherent problem in drawing conclusions about encoding and retrieval deficits based 
on free recall and recognition measures is that in most cases no task matching has been 
performed. Future work is needed examining patients and their co-twins across 
performance-matched free recall, cued recall and recognition conditions. In the mean 
time, the current data suggest that declarative memory deficits in schizophrenia are likely 
due to genetic influences on retrieval, possibly mainly reflective of frontal lobe 
dysfunction, and that they are further compromised by extra-genetic influences on 
encoding, possibly mainly reflective of medial temporal lobe dysfunction including the 
hippocampus. One must however keep in mind that brain regions do not function in 
isolation, and are part of memory systems allowing for localized effects as well as 
deficits in functional connectivity69. 

In conclusion, genetic influences are associated with reduced verbal recall in 
schizophrenia and non-genetic influences further compromise these abnormalities in 
patients who manifest the full-blown schizophrenia phenotype, with this additional 
degree of disease-related declarative memory deficit mediated in part by hippocampal 
pathology.
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SUMMARY AND DISCUSSION 
 
The overall aim of the research comprised in this thesis was to examine the influences of 
genetic and environmental factors on hippocampal morphology and function in 
schizophrenia employing prospective population-based samples. With regard to the 
environmental factors special attention was given to fetal hypoxia; hippocampal 
morphology and function were measured using magnetic resonance imaging and the 
California Verbal Learning Test1, respectively. 

The first chapter of this thesis provided a selective review of hippocampal 
abnormalities observed in schizophrenia, when they might occur, and what their sources 
are likely to be. Based on that selective review, the introduction put forward three general 
hypotheses. (1) Schizophrenia susceptibility genes and unique environmental factors 
influence hippocampal volumes. (2) Schizophrenia susceptibility genes interact with 
hypoxia-related obstetric complications in predicting hippocampal volumes, such that the 
effect of hypoxia-related obstetric complications is higher in those with high compared 
with low genetic risk for schizophrenia. (3) Schizophrenia susceptibility genes and non-
genetic factors influence verbal declarative memory deficits in schizophrenia. These 
hypotheses resulted in specific predictions that were described and tested in the four 
population-based studies reported on in chapters two to five of this thesis. 

The five main findings from the studies performed in this thesis can be 
summarized as follows. (1) The studies replicate the findings made by studies that 
employed samples of convenience. Patients with schizophrenia show reduced 
hippocampal volumes and impaired verbal declarative memory performance compared 
with healthy volunteers. (2) The first three studies, using two independent samples and 
two methods to measure hippocampal volumes, support the hypothesis that schizophrenia 
susceptibility genes influence hippocampal volumes. Hippocampal volume reduction 
increased with the increased levels of genetic predisposition for schizophrenia. (3) The 
first study supports the hypothesis that schizophrenia susceptibility genes and hypoxia-
related obstetric complications interact in their effects on hippocampal volume reduction 
in schizophrenia. (4) Further support for non-genetic influences on hippocampal 
abnormalities is provided by studies three and four. These studies show lower 
hippocampal volumes and verbal declarative memory performance in patients with 
schizophrenia compared to their monozygotic co-twins. Moreover, they found high 
heritability for hippocampal volumes in healthy twins and reduced heritability for 
hippocampal volumes in twins discordant for schizophrenia. (5) Finally, study four 
supports the hypothesis that verbal declarative memory deficits are in part influenced by 
schizophrenia susceptibility genes, but that non-genetic influences further compromise 
these abnormalities in patients who manifest the full-blown schizophrenia phenotype, 
with this additional degree of disease-related declarative memory deficit mediated in part 
by hippocampal pathology. 

The aim of study I (chapter 2)2 was to examine, in an epidemiologic sample, the 
contributions of genetic predisposition and history of fetal hypoxia to hippocampal 
volume in patients with psychosis. Hippocampal volumes were measured on magnetic 
resonance imaging scans of the brain of seventy-two psychotic probands of whom sixty 
with schizophrenia and twelve with schizoaffective disorder, fifty-eight non-psychotic 
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full siblings of the probands, and fifty-three demographically similar healthy comparison 
subjects with no family history of psychosis. Hippocampal volume reductions occurred in 
a stepwise fashion with each increase in genetic load for schizophrenia. The probands had 
smaller hippocampal volumes than did their full-siblings, who in turn had smaller 
hippocampal volumes than did the healthy comparison subjects. Among the probands, 
smaller hippocampal volumes were seen in those who experienced fetal hypoxia 
compared with those who did not, a difference not noted within the other two groups. 
Finally, within the schizophrenic/schizoaffective disorder patients, smaller hippocampal 
volumes correlated positively with age at disease onset independent of the duration of 
illness. These findings suggest that in patients with schizophrenia spectrum disorders, 
hippocampal volume is influenced in part by schizophrenia susceptibility genes and in 
part by an interaction of these genes with fetal hypoxia. They further suggest that 
hippocampal volume in schizophrenia or schizoaffective disorder may be linked to time 
of disease onset. 

The aim of study II (chapter 3)3 was to perfom a twin study to establish whether 
the familial effect on altered hippocampal morphology observed in study I represents a 
trait marker for genetic vulnerability in schizophrenia. Hippocampi were outlined on 
high-resolution magnetic resonance images of the brain obtained from monozygotic and 
dizygotic co-twins discordant for schizophrenia and matched control twins; forty pairs in 
total. Hippocampal measures (volume and surface area) and three-dimensional surface 
average maps of the hippocampus were compared across the biological risk groups. 
Hippocampal volumes were smaller in the patients with schizophrenia compared with the 
controls. Affected co-twins from dizygotic pairs had smaller left hippocampi compared 
with their healthy dizygotic co-twins. Disease-associated effects were not present 
between monozygotic discordant co-twins. Further, monozygotic, but not dizygotic, 
unaffected co-twins exhibited smaller left hippocampi compared with control twins, 
supporting genetic influences. Surface areas and posterior hippocampal volumes similarly 
revealed schizophrenia and genetic liability effects. These findings suggest that 
hippocampal volume reduction may be a trait marker for individuals with a genetic 
predisposition for schizophrenia. 

The aim of study III (chapter 4)4 was to extend the findings of study II through the 
examination of the contributions of genes and environment to hippocampal volume 
reduction in schizophrenia in the full sample of twins that received brain scans. 
Hippocampal volume measurements were taken from high-resolution magnetic resonance 
images of the brain on seven monozygotic twin pairs concordant for schizophrenia and 
sixteen monozygotic and thirty-two dizygotic twin pairs discordant for schizophrenia, 
ascertained so as to be representative of all such probands in a Finnish birth cohort, along 
with twenty-eight monozygotic and twenty-six dizygotic healthy comparison twin pairs 
without a family history of psychosis. Hippocampal volumes of probands were smaller 
than those of their non-schizophrenic monozygotic and dizygotic co-twins and healthy 
twins. Hippocampal volumes of probands’ non-ill co-twins were smaller than those of 
healthy twins, but those of non-ill monozygotic and dizygotic co-twins of schizophrenic 
patients were similar. The intraclass correlations for hippocampal volumes among 
healthy and discordant monozygotic pairs were larger than those among their respective 
dizygotic pairs. The intraclass correlation for healthy monozygotic pairs was larger than 
that for discordant monozygotic pairs, and the variance component estimate for additive 
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genetic effects was seventy-one percent in the healthy twins compared with forty-two 
percent in the twins discordant for schizophrenia. This report concluded that although 
hippocampal volumes in healthy individuals are largely influenced by genetic factors, 
they are subject to substantially greater modulation by environmental factors in 
schizophrenic patients and their relatives.  

Given the putative involvement of the hippocampus in explicit memory, the aim 
of study IV (chapter 5)5 was to examine the contributions of genes and environment to 
verbal recall and recognition performance in schizophrenia. The California Verbal 
Learning Test1 was administered to a large population-based Finnish twin sample, which 
included schizophrenic and schizoaffective patients, their non-ill monozygotic and 
dizygotic co-twins, along with demographically matched healthy control twins. 
Compared with controls, patients and their co-twins showed relatively greater 
performance deficits on free recall compared with recognition. Both on free recall and 
recognition patients recalled (recognized) fewer words than their monozygotic co-twins. 
The intra-pair differences between patients and their non-ill co-twins in hippocampal 
volume and memory performance were highly positively correlated. These findings are 
consistent with the view that genetic influences are associated with reduced verbal recall 
in schizophrenia, but that non-genetic influences further compromise these abnormalities 
in patients who manifest the full-blown schizophrenia phenotype, with this additional 
degree of disease-related declarative memory deficit mediated in part by hippocampal 
pathology. 

This thesis provides the first evidence from population-based studies that patients 
with schizophrenia show reduced hippocampal volumes compared with healthy 
volunteers. In contrast, a more recently reported population-based study by Tanskanen 
and colleagues (2005)6  showed no significant hippocampal volume reduction in patients 
with schizophrenia compared with controls, and no effect of history of perinatal 
complications. Nevertheless, this thesis provides three reports from two independent 
population-based samples, using two different methods of assessing hippocampal 
volumes, that show reduced hippocampal volumes in patients with schizophrenia 
compared with controls2-4. Hence, along with the preponderance of evidence from 
convenience samples, the evidence to date is in favor of the presence of hippocampal 
volume reductions in schizophrenia and encourages further study of its time of 
occurrence and its sources. 

In addition, this thesis provides the first evidence for a gene-fetal hypoxia 
interaction effect on hippocampal volume in schizophrenia, a hypothesis put forward 
almost forty years ago7. This finding certainly requires replication, ideally with 
quantitative markers of fetal hypoxia. Moreover, only longitudinal studies can claim that 
the volume reductions are present before illness onset. However, along with the 
previously reported positive findings of early environmental factors on brain 
abnormalities in schizophrenia8-17 these results suggest that it is possible to examine the 
effects of these factors on the central nervous system and encourage the search for 
biological mechanisms underlying gene-fetal hypoxia interaction with animal models. 

Furthermore, this thesis also provides the first evidence for heritable shape 
abnormalities. Perhaps more importantly, it also provides the first heritability estimate of 
forty-two percent for hippocampal volumes in twins discordant for schizophrenia, 
suggesting that about forty percent of the variance in hippocampal volumes is associated 
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with genetic variation. In addition to the hippocampal shape abnormalities reported on in 
this thesis, another encouraging more recent report found that patients with schizophrenia 
and their non-ill siblings showed similar inward deformities of the head of the 
hippocampus compared with controls18, a result that nicely matched a previous finding 
from the same group19 (though see some more equivocal findings by others20). 
Furthermore, the heritability estimate of forty-two percent is close to estimates provided 
by a recently very carefully conducted variance component analysis by Rijsdijk and 
colleagues (2005)21 who showed estimates in the range of thirty-two to thirty-six percent, 
but unfortunately lacked the power to dissociate genetic and common environmental 
effects. Consideration must also be given to a twin study performed by Van Haren and 
colleagues (2004)22 who found hippocampal volume reduction in patients discordant but 
not concordant for schizophrenia and who found that the reduction in hippocampal 
volume was no longer significant after correction for whole brain volumes.  

Given the variability in terms of scan parameters, tracing methods, sample 
selection methods, inclusion and exclusion of subjects, and statistical analyses (e.g., types 
and numbers of covariates) between imaging studies, it is often hard to reconcile some of 
the observed differences in findings. Though it must be noted that the studies reported in 
this thesis applied several different types of corrections, including correction for 
intracranial, whole brain, and total cortical gray matter volumes, and found hippocampal 
volume reductions in patients and relatives compared with controls regardless of the 
correction method used. Nevertheless, future work should carefully examine the extent to 
which abnormalities in anatomical regions are correlated with, and hence possibly 
reflective of, similar underlying causes. Further work would benefit from the 
combination of samples across sites and re-analysis of data using multiple measurement 
methods in order to reconcile some of the apparent discrepancies. Furthermore, such 
discrepancies encourage prospective coordination of research efforts between study 
centers to allow for the combination of twin data from multiple centers. This is especially 
important given that the most powerful analyses, such as the robust determination of 
heritability, require large samples. Finally, while familial effects on hippocampal 
volumes had been reported, it is important to first demonstrate that a complex trait is 
heritable before hunting for its quantitative trait loci (QTLs)23. While not very high, the 
heritability estimate of about forty percent encourages the use of hippocampal volumes in 
linkage and association analyses in the search for schizophrenia susceptibility genes. 
Recently, variation in the Disrupted In Schizophrenia 1 (DISC1) gene has been 
associated with hippocampal volume, function, and physiology24, 25 (though it must be 
noted that the associations reported on were with different variations of the gene). In 
addition to encouraging the use of hippocampal shape and volumes in linkage and 
association analyses, the findings encourage the start of twin post-mortem studies to 
elucidate the micro-structural abnormalities underlying the volume reduction. While it 
has been suggested that the brain volume reductions in schizophrenia most likely reflect 
reduced neuropil or white matter tract volumes, the most robust evidence for the volume 
reductions in their relatives will ultimately come from twin post-mortem work. 

Finally, this thesis also provides the first evidence based on a twin study that the 
level of deficit in verbal declarative memory performance in patients with schizophrenia 
and their non-ill cotwins (i.e., the associated genetic and environmental influences) vary 
based on task demands and that at least a part of these deficits are hippocampus 
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dependent. These findings encourage future work examining verbal declarative memory 
deficits with performance-matched tests, experimental paradigms to dissociate the 
cognitive processes involved, and the use of functional imaging to determine to what 
extent deficits are based on disrupted encoding compared with retrieval processes. Future 
work should also determine to what extent these underlying processes and physiological 
abnormalities are influenced by genetic and environmental factors. 

In conclusion, this thesis provides robust evidence for genetic and environmental 
influences on hippocampal morphological and verbal declarative memory abnormalities 
in schizophrenia, but much work lies ahead in order to determine the specific timing of 
occurrence of these deficits, the underlying micro-anatomical and molecular genetic 
bases, and their role in the expression of the symptoms that characterize the 
schizophrenia syndrome. 
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SAMENVATTING EN DISCUSSIE 
 
Het algemene doel van het hier beschreven onderzoeksproject was om de invloeden van 
genetische en omgevingsfactoren op de hippocampale morfologie en functie bij 
schizofrenie te onderzoeken. In het bijzonder gaat het dan bij de omgevingsfactoren om 
zuurstoftekort bij de geboorte; de hippocampale morfologie en functie werden onderzocht 
respectievelijk met behulp van magnetische resonantie-imaging en met de California 
Verbal Learning Test1. Bij dit onderzoek werd gebruik gemaakt van prospectief 
epidemiologisch verantwoorde steekproeven van de Finse bevolking. 

Het eerste hoofdstuk van het proefschrift geeft een selectief overzicht van 
hippocampale afwijkingen die bij schizofrenie worden waargenomen, wat er bekend is 
over wanneer zij ontstaan, en wat hun oorzaken mogelijkerwijs zijn. Op basis van dat 
selectieve overzicht worden in de inleiding drie algemene hypothesen geformuleerd. (1) 
De hippocampale volumereducties worden voor een deel bepaald door genetische 
factoren die het risico voor schizofrenie vergroten en voor een deel door unieke 
omgevingsfactoren. (2) De invloed van deze genen interacteert met pre- en perinatale 
omstandigheden, die samenhangen met zuurstoftekort in de hersenen bij de geboorte, in 
het voorspellen van hippocampale volumes, dusdanig dat het effect van deze 
omstandigheden groter is bij personen met een hoog genetisch risico voor schizofrenie in 
vergelijking met personen met een laag genetisch risico voor schizofrenie. (3) Genen en 
omgevingsfactoren beïnvloeden verbaal expliciet geheugen negatief bij personen met 
schizofrenie. Deze hypothesen resulteerden in specifieke voorspellingen die in de 
hoofdstukken twee tot en met vijf van dit proefschrift worden beschreven en getoetst. 

De belangrijkste vijf bevindingen van de studies die voor dit proefschrift werden 
uitgevoerd, kunnen als volgt worden samengevat. (1) De studies repliceren de 
bevindingen die ontleend zijn aan studies met selectieve steekproeven. 
Schizofreniepatiënten vertonen verminderde hippocampale volumes en verminderde 
verbale geheugenprestaties in vergelijking met gezonde vrijwilligers. (2) De eerste drie 
studies die gebaseerd zijn op twee onafhankelijke steekproeven en die gebruik maken van 
twee methodes om hippocampale volumes te meten, ondersteunen de eerste hypothese. 
Genen beïnvloeden hippocampale volumes, zodat hippocampale volumes correleren met 
het niveau van genetische vatbaarheid voor schizofrenie. (3) De eerste studie steunt de 
tweede hypothese. De invloed van deze genen interacteert met pre- en perinatale 
omstandigheden, die samenhangen met een zuurstoftekort in de hersenen bij de geboorte, 
in het voorspellen van hippocampale volumes. (3) Studies drie en vier bieden steun voor 
het belang van niet-genetische invloeden op hippocampale afwijkingen. 
Schizofreniepatiënten vertonen in vergelijking met hun monozygote tweelingbroer of -
zus, lagere hippocampale volumes en lagere verbale geheugenprestaties. Gezonde 
tweelingen vertonen een hoge erfelijke overeenstemming en tweelingen die discordant 
zijn voor schizofrenie vertonen een verminderde erfelijke overeenstemming voor 
hippocampale volumes. (5) Studie vier steunt de hypothese dat de verbale 
geheugentekorten voor een deel door de genen worden beïnvloed, maar dat niet-
genetische invloeden deze afwijkingen versterken bij patiënten met schizofrenie, waarbij 
dit extra geheugentekort dat met de ziekte samenhangt voor een deel door hippocampale 
pathologie wordt bepaald. 
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Het doel van studie I (hoofdstuk 2)2 was om - in een epidemiologische steekproef 
- de bijdragen van genetische predispositie en geschiedenis van foetale hypoxia te 
onderzoeken op hippocampale volumes bij psychotische patiënten. Hippocampale 
volumes werden gemeten op magnetische resonantie-afbeeldingen van de hersenen van 
tweeënzeventig psychotische patiënten van wie zestig met schizofrenie en twaalf met een 
schizoaffectieve stoornis, achtenvijftig niet-psychotische broers en zussen van deze 
patiënten, en drieënvijftig demografisch gelijkwaardige gezonde personen zonder 
familiegeschiedenis met psychose. De volumes van de hippocampus namen trapsgewijs 
af met elke verhoging van genetische lading voor schizofrenie. Patiënten hadden kleinere 
hippocampale volumes dan hun broers en zussen, die op hun beurt kleinere hippocampale 
volumes hadden dan de gezonde personen. Binnen de groep van patiënten werden 
kleinere hippocampale volumes waargenomen bij diegenen die geleden hadden aan 
zuurstoftekort bij de geboorte in vergelijking met diegenen die geen zuurstoftekort 
hadden. Dit verschil werd niet tussen de andere twee groepen waargenomen. Overigens, 
binnen de groep patiënten met schizofrenie of een schizoaffectieve stoornis correleerden 
de kleinere hippocampale volumes positief met de leeftijd waarop zij voor het eerst ziek 
werden, onafhankelijk van de duur van hun ziekte. Deze bevindingen geven aan dat bij 
patiënten met een stoornis in het schizofreniespectrum het hippocampale volume voor 
een deel door de genen en voor een ander deel door een interactie van deze genen met 
foetale hypoxia wordt beïnvloed, en dat het hippocampale volume bij schizofrenie of een 
schizoaffectieve stoornis gerelateerd is aan het  beginmoment van de ziekte. 

Het doel van studie II (hoofdstuk 3)3 was het uitvoeren van een tweelingenstudie 
om vast te stellen of het familiale effect in de veranderde hippocampale morfologie, 
welke werd geobserveerd in study I, een indicator voor genetische kwetsbaarheid voor 
schizofrenie vertegenwoordigt. Op hoge-resolutie hersenscans van monozygote en 
dizygote tweelingen discordant voor schizofrenie en van controletweelingen werden 
driedimensionale hippocampale modellen gemaakt. De verschillen in hippocampale 
maten, volume, oppervlakte en vorm tussen deze biologische risicogroepen werden 
vergeleken. Hippocampale volumes waren kleiner bij de patiënten met schizofrenie in 
vergelijking met de controlegroep. Patiënten binnen dizygote tweelingparen hadden 
kleinere hippocampale volumes dan hun gezonde tweelingbroer of –zus. Deze 
volumeverminderingen werden niet geobserveerd tussen monozygoot discordante 
tweelingen. Monozygote, maar niet dizygote, gezonde tweelingbroers of -zussen hadden 
kleinere hippocampale volumes in vergelijking met controletweelingen - een bevinding 
die de waarschijnlijkheid van genetische invloeden versterkt. De hippocampale 
oppervlakten en de laterale hippocampale vorm openbaarden ook ziekte-gerelateerde en 
genetische invloeden. Deze resultaten suggereren dat de hippocampale 
volumevermindering een indicator kan zijn voor een genetische aanleg voor schizofrenie. 

Het doel van studie III (hoofdstuk 4)4 was om de resultaten van studie II uit te 
breiden door de bijdragen van genetische en omgevingsfactoren aan hippocampale 
volumevermindering bij schizofrenie te onderzoeken in de volledige steekproef van 
tweelingen bij wie hersenafbeeldingen werden verworven. De hippocampale 
volumemetingen werden gemaakt op hoge-resolutie magnetische resonantiebeelden van 
de hersenen van zeven monozygote tweelingparen concordant voor schizofrenie en 
zestien monozygote en tweeëndertig dizygote tweelingparen discordant voor 
schizofrenie, representatief voor alle dergelijke patiënten in een Fins geboortecohort, 
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samen met achtentwintig monozygote en zesentwintig dizygote gezonde tweelingparen 
ter vergelijking, vrij van een familiegeschiedenis met psychose. Hippocampale volumes 
van patiënten waren kleiner dan die van hun niet-schizofrene monozygote en dizygote 
tweelingbroers of –zussen en gezonde tweelingen. Hippocampale volumes van de 
gezonde tweelingbroers of –zussen van de patiënten waren kleiner dan die van gezonde 
tweelingen, maar die van de gezonde monozygote en dizygote tweelingbroers of –zussen 
van schizofreniepatiënten waren gelijkaardig. De intraclass correlaties voor 
hippocampale volumes binnen gezonde en discordante monozygote paren waren groter 
dan die binnen de respectieve paren van dizygote tweelingen. De intraclass correlatie 
voor gezonde monozygote paren was groter dan die voor discordante monozygote paren, 
en erfelijkheid van hippocampale volumes was eenenzeventig procent bij de gezonde 
tweelingen in vergelijking met tweeënveertig procent bij de tweelingen discordant voor 
schizofrenie. Deze studie concludeert dat, hoewel de hippocampale volumes bij gezonde 
individuen grotendeels door genetische factoren worden beïnvloed, zij bij 
schizofreniepatiënten en hun verwanten aan wezenlijk grotere modulatie door 
omgevingsfactoren onderworpen zijn. 

Gezien het idee dat de hippocampus is betrokken bij het expliciet geheugen, was 
het doel van studie IV (hoofdstuk 5)5 het onderzoeken van de bijdragen van genetische en 
omgevingsfactoren aan deficiënties in het verbaal expliciet geheugen bij patiënten met 
schizofrenie. De California Verbal Learning Test (CVLT) werd afgenomen bij een grote 
representatieve Finse tweelingsteekproef, die bestond uit schizofrene en schizoaffectieve 
patiënten, hun gezonde monozygote en dizygote tweelingbroers of –zussen en 
demografisch equivalente gezonde controletweelingen. Vergeleken met de controlegroep 
toonden de patiënten en hun tweelingsbroers of -zussen significante prestatietekorten op 
de vrije reproductie van woorden. Zowel met vrije reproductie als herkenning van 
woorden herinnerden de patiënten zich minder woorden dan hun monozygote 
tweelingsbroers of –zussen. De verschillen tussen patiënten en hun gezonde 
tweelingbroers of -zussen in het hippocampale volume en in de geheugenprestaties waren 
hoog positief met elkaar gecorreleerd. Deze bevindingen zijn verenigbaar met de notie 
dat genetische invloeden zijn geassocieerd met vrije reproductie bij schizofrenie. Verder 
versterken de niet-genetische invloeden deze geheugentekorten bij diegenen die het 
fenotype schizofrenie vertonen, waarbij deze extra mate van op ziekte betrekking 
hebbende geheugentekorten voor een deel met hippocampale pathologie is geassocieerd.  

Dit proefschrift levert het eerste bewijs via studies op basis van de 
populatiesteekproeven dat de patiënten met schizofrenie verminderde hippocampale 
volumes tonen in vergelijking met gezonde vrijwilligers. Daarentegen rapporteerde  een 
onlangs verschenen studie op basis van een bevolkingssteekproef door Tanskanen en 
collega's (2005)6 geen significante hippocampale volumevermindering bij patiënten met 
schizofrenie in vergelijking met een controlegroep en geen effect van een geschiedenis 
van perinatale complicaties. Ons onderzoeksproject levert echter drie rapportages op, 
gebaseerd op twee onafhankelijke bevolkingssteekproeven en twee verschillende 
methodes voor het bepalen van de hippocampale volumes, die verminderde 
hippocampale volumes bij patiënten met schizofrenie tonen in vergelijking met een 
gezonde controlegroep2-4. Gecombineerd met een grote hoeveelheid bewijsmateriaal uit 
selectieve steekproeven leggen deze studies het nodige gewicht in de schaal voor de 
aanwezigheid van hippocampale volumeverminderingen bij schizofrenie. Deze resultaten 
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nodigen uit tot nadere studies om te bepalen wanneer deze volumereducties voor het eerst 
worden geobserveerd en in welke mate ze gerelateerd zijn aan genetische of 
omgevingsfactoren. 

Daarnaast levert dit proefschrift het eerste bewijs voor een interactie van de 
invloed van genen en zuurstofgebrek bij de geboorte op hippocampale volumes in 
schizofrenie, een hypothese die bijna veertig jaar geleden naar voren werd gebracht7. 
Uiteraard vereist deze bevinding zeker replicatiestudies, liefst met kwantitatieve maten 
van zuurstoftekort bij de geboorte. Verder kunnen slechts longitudinale studies aantonen 
dat de volumeverminderingen aanwezig zijn voordat het ziektebeeld zich manifesteert, 
maar samen met de eerder gemelde positieve indicaties van invloeden van vroege 
omgevingsfactoren op hersenabnormaliteiten in schizofrenie8-17 geeft dit alles wel aan dat 
het mogelijk is om deze invloeden op het centrale zenuwstelsel te onderzoeken. Verder 
inpireren ze vervolgonderzoek aan met dierenmodellen naar de biologische mechanismen 
die ten grondslag liggen aan de geobserveerde interactie. Voorts levert dit proefschrift 
ook het eerste bewijs voor erfelijke hippocampale vormabnormaliteiten en rapporteert het 
dat tweeënveertig procent van de variantie in hippocampale volumes binnen discordante 
tweelingen is geassocieerd met additieve genetische variatie.  

Naast de erfelijkheid van vormveranderingen in de hippocampus die in dit 
proefschrift werden gerapporteerd, werden in een recente studie reducties in het 
anterieure deel van de hippocampus vermeld bij schizofreniepatiënten en hun gezonde 
broers en zussen in vergelijking met een controlegroep18. Dit resultaat strookt geheel met 
een eerdere bevinding van dezelfde onderzoeksgroep die in de inleiding van dit 
proefschrift wordt vermeld19. Desalniettemin is het relevant kennis te nemen van de meer 
ambigue resultaten aangaande hippocampale vormveranderingen vermeld door anderen20. 
De erfelijkheidsschatting van tweeënveertig procent ligt dicht in de buurt van die door 
een onlangs zorgvuldig uitgevoerde analyse van Rijsdijk en collega's (2005)21 die 
schattingen rapporteerde tussen de tweeëndertig en zesendertig procent, maar die helaas 
niet voldoende statistische ‘power’ had om genetische en gemeenschappelijke 
milieugevolgen te kunnen scheiden. Een andere tweelingstudie door Van Haren en 
collega's (2004)22 rapporteerde hippocampale volumevermindering in patiënten van 
discordante maar niet van concordante tweelingparen voor schizofrenie en rapporteerde 
dat deze vermindering van het hippocampale volume niet meer significant was na 
correctie voor het totale hersenvolume. 

Toekomstig werk kan profiteren van het combineren van steekproeven tussen 
laboratoria en heranalyses van gegevens, waarbij gebruik wordt gemaakt van meerdere 
meetmethodes om zo gerapporteerde discrepanties met elkaar in overeenstemming te 
brengen. Bovendien kunnen discrepante bevindingen door een prospectieve coördinatie 
van onderzoeksinspanningen tussen studiecentra worden voorkomen. Een verdere 
suggestie is om de combinatie van tweelinggegevens van meerdere centra toe te staan, 
omdat sommige analyses, zoals de robuuste bepaling van erfelijkheid, grote steekproeven 
vereisen. Hoewel de familiale bijdrage aan hippocampale volumereducties reeds eerder 
was vermeld, is het belangrijk dat men eerst aantoont dat een complexe trek erfelijk 
bepaald wordt alvorens op zoek te gaan naar Quantitative Trait Loci (QTL's)23. Hoewel 
een erfelijke bepaaldheid van ongeveer veertig procent zeker niet hoog is, stimuleert deze 
toch het gebruik van hippocampale volumes in linkage- en associatie analyses aan in de 
speurtocht naar de genen die betrokken zijn bij schizofrenie. Onlangs is de variatie in het 
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Disrupted In Schizophrenia 1 gen in twee studies geassocieerd met hippocampaal 
volume, hippocampale functie en fysiologie; hoewel beide studies rapporteerden over 
verschillende variaties van het gen24, 25. Naast het promoten van het gebruik van 
hippocampale drie-dimensionale vormen en volumes in linkage en associatie analyses, 
stimuleren deze resultaten de aanvang aan van postmortem studies bij tweelingen om de 
microstructurele abnormaliteiten die aan de volumevermindering ten grondslag liggen 
nader te onderzoeken. Er is voorgesteld dat de volumeverminderingen veroorzaakt 
worden door verminderd ‘neuropil’ of de witte-stofvolumes, maar het meest robuuste 
bewijsmateriaal hiervoor zal komen uit postmortem werk bij verwanten van 
schizofreniepatiënten. 

Tot slot levert dit proefschrift ook het eerste bewijs op basis van een 
tweelingstudie dat geheugentekorten bij schizofreniepatiënten en hun gezonde 
tweelingbroers of -zussen (d.w.z. de bijbehorende genetische en omgevingsinvloeden) 
afhankelijk zijn van taakeisen en dat deze voor een deel geassocieerd zijn met 
volumeverminderingen in de hippocampus. Deze bevindingen moedigen toekomstig 
onderzoek aan waarbij verbale geheugenreproductiedeficiënties worden geanalyseerd met 
performaal-equivalente tests, experimentele paradigma’s om de betrokken cognitieve 
processen te ontrafelen en het gebruik van functionele imaging om te bepalen in welke 
mate de deficiënties veroorzaakt worden door verstoorde codering- en retrieval-
processen. Toekomstig onderzoek zou ook moeten bepalen in welke mate deze 
onderliggende processen en fysiologische abnormaliteiten door genetische en 
milieufactoren worden beïnvloed. 

Samenvattend levert dit proefschrift robuust bewijs voor invloeden van genetische 
en omgevingsfactoren op hippocampaal morfologische en verbaal expliciete 
geheugenstoornissen bij schizofrenie. Veel werk ligt in het verschiet om de specifieke 
timing van de manifestatie van deze tekorten, de onderliggende microanatomische en 
moleculaire genetische grondslagen, en hun rol bij het tot uiting komen van de 
symptomen die het schizofreniesyndroom kenmerken, volledig in kaart te brengen. 
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