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Background: Memory performance is heritable and shares 
partial genetic etiology with schizophrenia. How the ge-
netic overlap between memory and schizophrenia is related 
to intelligence  (IQ) and brain volumes has not been for-
mally tested using twin modeling. Methods: A total of 214 
twins were recruited nationwide by utilization of the Danish 
registers, including monozygotic and dizygotic twin pairs 
concordant or discordant for a schizophrenia spectrum dis-
order and healthy control pairs. Memory/IQ assessments 
and MRI scans were performed and structural equation 
modeling was applied to examine the genetic and environ-
mental effects and to quantify associations with schizo-
phrenia liability. Results: Significant heritability estimates 
were found for verbal, visual and working memory. Verbal 
and visual memory were associated with schizophrenia, and 
for visual memory the association was due to overlapping 
genetics. IQ was highly heritable, but only performance 
IQ was associated with schizophrenia. Genetic factors 
also contributed to total brain, right superior frontal, left 
rostral middle frontal and hippocampal volumes. Smaller 
total brain and hippocampal volumes were associated with 
schizophrenia, and for the left hippocampus this associa-
tion was due to overlapping genetic factors. All 3 memory 
measures were associated with IQ, but only visual memory 
was associated with total brain and hippocampal volumes. 
Discussion: Specific memory measures and brain volumes 

were moderately heritable and showed overlap with schiz-
ophrenia liability, suggesting partially shared etiolog-
ical influences. Our findings further suggest that factors 
impacting IQ also influence memory, whereas memory 
impairments and brain volume abnormalities appear to 
represent separate pathological processes in the pathway 
to schizophrenia.

Key words:  Heritability, twin-study, cognition, memory, 
brain volumes, psychosis

Introduction

Impaired memory functioning is a robust finding 
in patients with schizophrenia,1,2 and has also been 
demonstrated in antipsychotic-naïve patients.3 Moreover, 
memory impairments have been observed in individuals 
at ultra-high risk, who later transition to psychosis,4–6 and 
in unaffected family members of patients with schizo-
phrenia.7 Deficient verbal memory is also among the best 
predictors of poor functional outcome.8,9 Deficits have 
been documented for immediate and delayed recall of 
both verbal and visual materials.10,11 Memory functioning 
has been found to be heritable, with small contributions 
from common environmental factors for some measures.12 
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Two previous twin studies reported a significant genetic 
overlap between schizophrenia and memory measured 
by selected subtests from the Wechsler Memory Scale, 
suggesting that shared genes may regulate the develop-
ment of memory deficits and schizophrenia risk.13,14

One potential factor that could impact the relation-
ship between memory and schizophrenia is intelligence, 
a highly heritable trait genetically associated with the ill-
ness.15,16 We previously demonstrated that performance 
intelligence, but not verbal intelligence influenced some 
associations between specific cognitive functions and 
schizophrenia liability.17 On the other hand, evidence also 
suggests that memory impairments in schizophrenia are 
not fully attributable to effects of intelligence.18–20

Neuroimaging studies of  normal memory 
functioning have implicated interactions between the 
prefrontal and middle temporal lobe, including the hip-
pocampus,21 but specific components of  memory per-
formance may depend on different underlying neural 
systems. For example, impaired consolidation of  ep-
isodic memory has been linked to the hippocampal 
network,22 whereas frontal regions may be more in-
volved in executive control of  memory processes and 
working memory.23 Altered gray matter in frontal re-
gions has been reported in patients with schizophrenia 
and to a lesser extent in their unaffected siblings.24–27 
Hippocampal volume reduction is also a very con-
sistent finding in patients with schizophrenia,28 and 
has been demonstrated across illness stages.29–31 
Moreover, smaller hippocampal volumes are among 
the most profound brain abnormalities observed in 
non-affected relatives of  patients with schizophrenia.32 
In the general population, twin studies have consist-
ently demonstrated genetic influences on brain volumes 
with high heritability estimates observed for total 
brain, frontal and temporal volumes, while more mod-
erate heritability estimates have been found for hip-
pocampus.33,34 However, evidence from studies using 
schizophrenia samples suggests that hippocampal 
volumes and frontal gray matter may be more suscep-
tible to environmental effects in patients and their un-
affected relatives.35–38

Previous studies have reported significant correlations 
between memory performance and brain structure in 
patients with schizophrenia,18,39,40 for both frontal re-
gions41,42 and hippocampus.43–45 These findings suggest 
that abnormal brain morphology and impaired memory 
may be intertwined in the pathophysiology of schizo-
phrenia. However, it is currently unknown whether ge-
netic or environmental factors influence the co-occurrence 
of memory deficits and brain abnormalities. To the best 
of our knowledge, no previous twin study has examined 
how brain structure relates to the genetic relationship be-
tween memory and schizophrenia. It is therefore unknown 
whether the same underlying etiological processes lead 
to memory deficits and brain volume abnormalities in 

schizophrenia. A better understanding of the genetic and 
environmental underpinnings of cognition, related brain 
structure and the relationship with schizophrenia risk may 
increase our understanding of the etiology of the illness.

The primary aim of the study was to examine the herit-
ability of (verbal, visual, and working) memory and (ge-
netic or environmental) associations with schizophrenia 
liability. As a secondary aim, we examined the heritability 
of intelligence/brain volumes and their (genetic or envi-
ronmental) associations with memory and schizophrenia 
liability.

Methods

Data were obtained from 214 individuals as part of the 
Vulnerability Indicators of Psychosis (VIP) study. This 
cohort has been described in more details previously.46,47 
Informed consent was obtained from all participants. The 
study was approved by The Danish Health and Medicines 
Authority, The Danish National Committee on Health 
Research Ethics (H-2-2010-128), and The Danish Data 
Protection Agency (2010-41-5468).

Participants

All monozygotic (MZ) and dizygotic (DZ) twin pairs in 
Denmark concordant or discordant for a diagnosis in 
the schizophrenia spectrum were identified by linking 
The Danish Twin Register48 with The Danish Psychiatric 
Central Research Register.49 The identified study popu-
lation of proband pairs was constrained to include twin 
pairs aged 18–60 years, where both twins were alive and 
residing in Denmark. All MZ proband pairs were invited 
to participate in clinical examinations, while DZ proband 
pairs and healthy control (HC) pairs were recruited sub-
sequently and matched on age and gender to the included 
MZ proband pairs. Thirty-two complete MZ proband 
pairs, 22 complete DZ proband pairs, 29 complete MZ 
HC pairs and 20 complete DZ HC pairs participated 
in this study. In addition, 8 twins from proband pairs 
participated without their sibling (singletons) (MZ pa-
tient = 1, MZ co twin = 1, DZ patient = 3, DZ co twin = 3), 
resulting in a final sample size of 214 individuals. All DZ 
proband pairs were discordant for the disorder, while 5 of 
the complete MZ proband pairs were concordant as well 
as one singleton MZ twin (twin diagnosis obtained from 
the registers) (table 1).

Register diagnoses were verified using the Schedules 
for Clinical Assessment in Neuropsychiatry (SCAN) in-
terview50 according to ICD-10 criteria. The project di-
agnosis was used in cases of discrepancy between the 
register and project diagnosis. Zygosity status was con-
firmed by blood samples (PsychCHIP v.1-1, Illumina). 
Register information was used in 17 cases where DNA 
samples were not available (MZ proband = 8, DZ pro-
band = 5, DZ HC = 4).
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Exclusion criteria for the present study included se-
rious physical illness, pregnancy, serious head trauma 
(resulting in loss of consciousness >5 minutes as verified 
in medical records), and drugs/alcohol addiction. For 
HC pairs no diagnosis of major psychosis in first-degree 
relatives was allowed.

Memory and IQ Assessments

Memory was examined using the list learning 
task from the Brief  Assessment of  Cognition in 
Schizophrenia (BACS),51 15 word pairs,52 Rey 
Complex Figure Test (RCFT),53 and 2 subtests from 
the Cambridge Automated Neuropsychological Test 
battery (CANTAB): Spatial Span (SSP) and Spatial 
Working memory (SWM)54,55 (see supplementary 
materials for detailed descriptions of  the tasks). To 
reduce the number of  variables, factor scores were 
created for the memory measures using SPSS (version 
24). First, z-scores were calculated based on the mean 
and standard deviation of  one twin from each HC pair 
(the first-born twin). We used data from one twin only 
because data from 2 twins in a twin pair are not inde-
pendent. Including both healthy control twins would 
potentially capture the same overall variance in crea-
tion of  factors scores, and hereby influence heritability 
estimates. A principal component analysis (PCA) with 
varimax rotation using z-scores resulted in 3 memory 
factors, ie, verbal memory (BACS total recall + error 
scores from 15 WP), visual memory (RCFT copy, im-
mediate recall, and recognition + SSP span length and 
number of  attempts), and working memory (SWM be-
tween errors and strategy).

Intelligence (IQ) was estimated using 4 subtests (ma-
trix reasoning, block design, vocabulary and similarities) 
from The Wechsler Adult Intelligence Scale (WAIS-III)56 
and the Danish version of the National Adult Reading 
Test.57,58 Based on a separate PCA using the same ap-
proach as above, IQ was divided into verbal and perfor-
mance IQ. The IQ and CANTAB data from this cohort 
has been previously published.17

MRI Image Acquisition

Structural brain scans were conducted on a Philips 3.0 
T Achieva whole-body MRI scanner (Philips Healthcare, 
Best, The Netherlands) with a 32-channel SENSE Head 
Coil (Invivo) and obtained with a T1-weighted sequence. 
The scanner was upgraded approximately halfway 
through inclusion. Structural images were processed 
using FreeSurfer (version 5.3) (http://surfer.nmr.mgh.har-
vard.edu/fswiki/). Quality control was performed on all 
scans blinded to group status according to the ENIGMA 
guidelines (protocol 2.0) (http://enigma.ini.usc.edu/
protocols/imaging-protocols/). We included regions rele-
vant to memory functioning based on earlier findings in 
the literature.18,21,40 The Desikan-Killiany atlas was used 
to extract the volumes of bilateral hippocampi, superior, 
rostral and caudal middle frontal cortices as well as the 
intracranial (ICV) and total brain volume.59 Of the 214 
participants, 10 did not have an MRI scan (MZ patients 
N = 7, DZ patients N = 1, MZ co-twins N = 2).

Statistical Analyses

Preparing for Model Fitting.  Outliers more than 3 SD 
from the mean were removed before model fitting for 

Table 1.  Demographic and Clinical Variables

Patients 
(N = 63)

MZ Co-twins 
(N = 28)

DZ Co-twins 
(N = 25)

HC  
(N = 98) Statistical Test

Age, years; mean (SD) 41.10 (10.62) 39.25 (10.99) 41.76 (10.20) 40.64 (15.85) F(3, 210) = 0.30, P = .827
Sex
  Females; N (%) 29 (46.0%) 13 (46.4%) 14 (56.0%) 48 (49.0%) X2 (3) = .773, P = .856
  Males; N (%) 34 (54.0%) 15 (53.6%) 11 (44.0%) 50 (51.0%)  
Years of education; mean (SD) 13.11 (2.69) 13.73 (3.19) 14.26 (3.87) 15.85 (2.78) F(3, 200) = 11.45, P < .001
ICD-10 F2x Diagnosis; N 63 0 0 0  
Schizophrenia 38     
Schizotypal disorder 11     
Acute/transient psychotic 9     
Schizoaffective 4     
Unspec. non-org. psychosis 1     
Con-/discordant N 11/52 - - -  
Age at first F2x diagnosis; 
mean (SD)

26.88 (7.33) - - -  

Years since first F2x diagnosis; 
mean (SD)

14.69 (8.96) - - -  

Antipsychotic treatment; N (%) 39 (61.9%) - - -  

Note: MZ, Monozygotic; DZ, Dizygotic. For the concordant proband pairs, both twins are included in the patient group.
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the applied memory measures and brain volumes. To 
test for possible effects of  a scanner upgrade, prior to 
genetic modeling, we corrected the brain volumes, by 
computing residuals of  a linear model that included a 
0/1 covariate for scanner update. This did not change 
the findings so in what follows, we present results 
without the scanner upgrade correction. For complete-
ness, we analyzed both the cognitive components and 
individual outcome measures. The error scores from 
15 word pairs were highly skewed with a substantial 
proportion of  participants making zero mistakes. The 
error scores were therefore divided into 4 categories be-
fore model fitting: the first containing everyone with 
zero mistakes and the remaining 3 categories divided 
into approximately equal-sized groups. For some meas-
ures, data was only available from one member of  a 
twin pair, but all available data was included in the 
analyses to increase power and to get a better estimate 
of  group means and variances.

Genetic Model Fitting.  Twin modeling utilizes the fact 
the MZ twins share (almost) 100% of their segregating 
genes, while DZ twins share 50% (on average). Thus, if  
the covariance of a given trait is stronger in MZ twins 
compared to DZ twins, genetic factors are assumed to in-
fluence the trait. On the other hand, if  MZ and DZ twins 
resemble each other to a similar extent, common environ-
mental factors are thought to influence the trait. The var-
iance that is not shared between MZ twins is attributed to 
unique environmental effects.

This was quantified using structural equation mod-
eling (SEM) in the OpenMx software (2.9.6) installed on 
the R platform (3.3.2). SEM allows for an estimation of 
additive genetic effects (A), common (shared) environ-
mental effects (C), and unique environmental effects (+ 
measurement error) (E) on a given trait, by modeling la-
tent factors for A, C, and E, assuming A correlate 1 in 
MZ pairs, and 0.5 in DZ pairs, C correlate 1 for both 
zygosities, and E is independent by definition. SEM uses 
maximum likelihood estimation to compare the observed 
covariance matrix with the covariance matrix predicted 
by the model. Significance of variance components was 
based on comparing the full model with the model in 
which the variance component was constrained at zero. 
Minus 2 times the difference in the log-likelihood of these 
models is distributed as a 50:50 mixture of a Chi-square 
distribution with zero and one degree of freedom, re-
spectively60 (please see supplementary materials for the 
equations applied and illustrations). Age and sex were in-
cluded as covariates on the mean for the memory traits 
and brain measures.

Modelling Schizophrenia Liability.  For schizophrenia, a 
threshold model was assumed, in which the risk of schiz-
ophrenia is normally distributed, and the disorder only 
occurs when a certain threshold is exceeded. Because this 

was not a population-based study, the critical threshold 
and heritability for schizophrenia was not estimated. The 
liability threshold was fixed in correspondence with an 
overall population prevalence of 1.85%. The heritability 
of a schizophrenia spectrum disorder was fixed at 73% 
and unique environmental influences at 27%, based on a 
recent population-based study from our group using the 
Danish registers.61

Modelling Genetic Associations Between Traits.  A bivar-
iate model was applied to examine potential associations 
between schizophrenia liability and other traits. The 
proportion of the correlation explained by genetic, 
shared environmental and unique environmental factors 
can be estimated by comparing cross-twin cross-trait 
correlations in MZ and DZ twins. Larger MZ cross-
correlations than DZ correlations indicate a genetic 
factor that influences both schizophrenia liability and the 
other trait (eg, memory or brain volume). Because the 
applied estimates for schizophrenia did not show a sig-
nificant C-component, correlations with schizophrenia 
liability cannot be due to common environmental factors 
and thus not modeled. The Ra and Re were combined 
with the observed heritability estimates to calculate the 
part of the phenotypic correlation (Rph) due to genetics 
(Rph-a) and unique environmental effects (Rph-e)

16 (supple-
mentary figure 1).

Finally, we also examined associations between the 
memory components and brain volumes. Only brain meas-
ures showing an association with schizophrenia were in-
cluded in this model. Additionally, based on our previous 
finding that some associations between specific cognitive 
components and schizophrenia may be driven by per-
formance IQ, we also examined the covariance between 
memory and IQ. We estimated these association in a 
trivariate model including schizophrenia to account for the 
fact that these associations were estimated in a schizophrenia 
cohort. Similar to the bivariate case, these associations can 
be split into genetic and environmental parts.

Results

Table 1 shows the demographic and clinical variables for 
patients, their unaffected co-twins and HC’s. There were 
no significant group differences in age or distribution of 
the sexes, but there was a significant difference in years 
of education between groups. Supplementary tables S1 
and S2 show the average memory performance and brain 
volumes for the 4 groups and the number of participants 
included for each measure.

Heritability of Memory and Associations With 
Schizophrenia Liability

The genetic and environmental influences on memory 
performance and associations with schizophrenia liability 
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are presented in table  2. Genetic factors significantly 
influenced all 3 memory factors, with working memory 
showing the highest heritability estimate followed by 
verbal and then visual memory.

Both verbal and visual memory were negatively associ-
ated with schizophrenia liability, indicating that a poorer 
performance in these measures is associated with a higher 
disease liability. For visual memory, the association was 
due to overlapping genetic factors. Even though the indi-
vidual outcome measures included in working memory, 
ie, SWM strategy and between search errors, were signif-
icantly associated with schizophrenia liability separately, 
the estimate for the working memory component did not 
reach significance.

Heritability of IQ/Brain Volumes and Associations 
With Schizophrenia Liability

Table 3 shows the genetic and environmental influences 
on IQ and the included brain volumes and associations 
with schizophrenia liability. Both verbal and perfor-
mance IQ were highly heritable, but only performance 
IQ was associated with schizophrenia. ICV, total brain, 
right superior frontal, left rostral middle frontal and 
hippocampus volumes (right and left) were significantly 
heritable. In addition, common environmental factors 
also significantly influenced ICV, total brain, right hip-
pocampus, rostral middle frontal volumes (right and left) 
and right caudal middle frontal. Left superior frontal and 
left caudal middle frontal volumes were only explained 
by unique environmental factors. Total brain and hip-
pocampus volumes were associated with schizophrenia, 
and for the left hippocampus this association was due to 
overlapping genetics.

Associations Between Memory and IQ/Brain Volumes 
in Schizophrenia

Finally, we examined potential associations between the 3 
memory factors and IQ/brain volumes (figure 1). Verbal 
and working memory were significantly associated with 
both verbal and performance IQ, whereas visual memory 
only correlated with performance IQ. For the associations 
between verbal memory and IQ (both verbal and per-
formance) we observed a significant genetic contribu-
tion. The same was the case for the association between 
working memory and verbal IQ.

Of the included brain volumes, only total brain and 
hippocampal volumes were significantly associated with 
schizophrenia liability (table 3), so these were included in 
the final analyses. Visual memory was significantly associ-
ated with total brain and right hippocampus volume. We 
did not have the power to separate these into genetic or 
environmental contributions. When controlling for total 
brain volume, the association with hippocampus was 
no longer significant. Verbal and working memory were 

not associated with either total brain or hippocampal 
volumes.

Discussion

The first aim of this study was to examine genetic and 
environmental influences on memory performance 
and associations with schizophrenia liability. All 3 
memory factors were significantly heritable with mod-
erate estimates, further confirming the important role 
of genetic factors in memory.12 Both verbal and visual 
memory were negatively associated with schizophrenia 
liability, consistent with previous twin studies.13,14 For 
visual memory, the covariance with schizophrenia could 
be explained by overlapping genetic factors. The associ-
ation between working memory and schizophrenia did 
not reach significance; however, the individual measures 
comprising the working memory factor score, ie, SWM 
strategy and between search errors, were both signifi-
cantly associated with schizophrenia liability. Further, 
these associations had a significant genetic contribu-
tion. The associations between the memory components 
and schizophrenia were negative, indicating that a lower 
memory performance is associated with a higher disease 
liability. These results contribute to our understanding 
of the processes underlying the co-occurrence of cog-
nitive deficits and psychosis,62 by demonstrating a par-
tially shared etiology, consistent across different types of 
memory. The significant genetic contributions to the ma-
jority of these associations suggest that an overlapping 
set of genes regulate the development of memory and 
schizophrenia risk, which may partly explain why 
many patients with schizophrenia experience memory 
problems. Nevertheless, the genetic correlations were 
small, and thus the memory deficits do not simply arise 
from schizophrenia liability nor can schizophrenia de-
rive from the presumed common factors alone, including 
neural change, leading to memory deficits.

Although the observed estimates of the genetic effects 
on memory were lower than the estimated heritability of 
79% for schizophrenia,61 the heritable memory measures 
showing genetic associations with schizophrenia liability 
could represent endophenotypes for the disorder.14,63,64 It 
may not be feasible to identify an endophenotype that 
is more heritable than schizophrenia itself, and another 
potentially useful strategy would be to identify a col-
lection of endophenotypes that additively resemble the 
heritability of schizophrenia.65,66 Through this approach, 
the complexity of the phenotypic presentation of schizo-
phrenia is reduced, by focusing on specific aspects of the 
illness, and hereby delineating the entire heritability of 
schizophrenia into components with specific underlying 
neurobiology.

The second aim of the study was to examine the herita-
bility of IQ/brain volumes and their influence on the rela-
tionship between memory and schizophrenia. We included 
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brain volumes showing an association with schizophrenia 
liability as well as verbal and performance IQ. For IQ we 
found high heritability estimates consistent with existing 
literature,12,67 but only performance IQ was significantly 
associated with schizophrenia liability (see ref.17 for an 
expanded discussion of these findings). All 3 memory 
factors, verbal, visual, and working memory, were signif-
icantly associated with performance IQ, and both verbal 
and working memory were also associated with verbal IQ. 
The associations between verbal memory and both verbal 
and performance IQ and between working memory and 
verbal IQ were due to overlapping genetic factors. These 
findings suggest that factors influencing IQ, also influ-
ence some aspects of memory in schizophrenia.

For brain volumes, we observed significant heritability 
estimates for total brain, right superior frontal, left ros-
tral middle frontal, and hippocampal (left and right) 
volumes, in line with previous research demonstrating 
genetic influences on brain volumes.33,34 Based on the lit-
erature in healthy individuals, one might expect a low 
contribution of common environmental effects to brain 
volumes. However, in this schizophrenia cohort, we also 
observed moderate contributions from common envi-
ronmental factors for several measures, ie, total brain, 
right hippocampus, rostral middle frontal (left and right), 
and right caudal middle frontal volumes. Lower herita-
bility and higher contributions of common environment 
has been observed in schizophrenia samples before35 
and might be related to household-related factors such 
as childhood trauma or substance abuse, both of which 
have been found to increase the risk for schizophrenia.68,69

None of the included frontal measures were sig-
nificantly associated with schizophrenia liability. To 
the best of our knowledge, no previous twin study has 
investigated volumes of specific frontal subregions in 
schizophrenia patients. Hulshoff Pol et  al70 reported a 
thinner right orbitofrontal superior cortex with higher 
schizophrenia liability when measuring cortical thick-
ness in twins. However, Van Haren et  al71 reported no 
significant association between total frontal cortical gray 
matter and schizophrenia liability, which is in accordance 
with our findings. For total brain volume we observed 
a significant association with schizophrenia liability, 
consistent with previous reports.35,71,72 Moreover, in our 
study hippocampal volumes were associated with schizo-
phrenia, in line with previous findings,35,36 although a lack 
of an association has also been reported.72 In our study, 
the association between left hippocampus and schizo-
phrenia was due to overlapping genetic factors, indicating 
a differential role of the 2 hemispheres in the genetic 
origins of schizophrenia. Several previous studies have 
indicated the importance of left hippocampus in schizo-
phrenia, especially in the early phases of the disease.30,73–76

Finally, when examining associations between memory 
and brain volumes, only visual memory was significantly 
associated with total brain and the right hippocampus. T
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When controlling for total brain volume, the association 
with hippocampus disappeared, suggesting a more global 
effect. We did not observe any associations between the 
brain measures chosen and verbal or working memory. 
The phenotypic associations are indications of potential 
common etiological influences between the 2 traits. It may 
be the case that both memory and brain volumes are ab-
normal in schizophrenia, but that these abnormalities are 
caused by distinct genetic and/or environmental factors.62 
Our findings suggest that visual memory impairments 
may be influenced by the same underlying factors as 
total brain and hippocampus volumes in schizophrenia, 
whereas deficits in verbal memory/working memory, and 
brain abnormalities may represent separate processes in 
the pathway to schizophrenia.

One possible limitation of this study is that twin pairs 
were specifically selected based on a schizophrenia spec-
trum diagnosis, and therefore model parameters for 
schizophrenia were not directly assessed. However, we 
applied estimates from a very recent Danish population-
based study of which our sample is a subset.61 Another 
potential limitation concerns the number of participants 
included. Even though we took advantage of the Danish 
registers to identify eligible participants, the number of 
twin pairs concordant or discordant for a schizophrenia 
spectrum diagnosis is relatively sparse. This, in com-
bination with the fact that the patient group is often 
difficult to recruit, especially for a study with such a 
comprehensive examination program, resulted in a rela-
tively small sample size for genetic twin modeling, which 
raises concerns about power issues. Finally, the current 
sample size did not allow us to explore potential gene-
environment interactions that likely exist.

In sum, verbal, visual, and working memory were 
heritable, providing further evidence of the importance 
of genetics in memory functioning. Moreover, most 
memory measures showed genetic overlap with schizo-
phrenia liability, indicating a partially overlapping eti-
ology. Our findings further suggest that the same factors 
involved in the development of IQ also influence memory 
functioning.

Total brain, right superior frontal, left rostral middle 
frontal and hippocampal volumes were also heritable, but 
only total brain and hippocampal volumes were associ-
ated with disease. Finally, visual memory was associated 
with total brain and hippocampus, indicating an overlap 
in the underlying processes, whereas verbal/working 
memory impairments and brain abnormalities seem to 
represent separate pathological processes in the pathway 
to schizophrenia.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin Open online.

Funding

This work was supported by the Lundbeck Foundation 
(grant numbers R155-2013-16337, 25-A2701); 
A Ph.D. grant from The Mental Health Services, Capital 
Region of Denmark to (C.K.L.); A  NHMRC Senior 
Principal Research Fellowship (grant number 1105825) 
and a grant from the Lundbeck Foundation (grant 
number R246-2016-3237 to C.P.).

Fig. 1.  Associations between memory and brain volume/IQ. Note: X2 tests based on the −2 log likelihood difference for the P-values 
were used to determine significance. Stars represent significant associations. Rph, Phenotypic association; Rph-a, association due to genetic 
effects; Rph-c, association due to common environmental effects; Rph-e, association due to unique environmental effects. TB corrected, 
Corrected for total brain volume on an individual level.

D
ow

nloaded from
 https://academ

ic.oup.com
/schizbullopen/article/1/1/sgaa066/5998108 by U

niversity of M
elbourne Library user on 06 M

ay 2021



Page 9 of 11

Heritability of Memory and Brain in Schizophrenia

Acknowledgments

The authors would like to thank research assistant 
Mikkel Erlang Sørensen (MSc) and research nurse Helle 
Schæbel (CRN) for valuable contributions to the re-
cruitment and data collection. The study was supported 
by the Mental Health Services in the Capital Region of 
Denmark, the University of Copenhagen. B.Y.G.  is the 
leader of a Lundbeck Foundation Centre of Excellence for 
Clinical Intervention and Neuropsychiatric Schizophrenia 
Research (CINS), which is partially financed by an inde-
pendent grant from the Lundbeck Foundation based on 
international review, and partially financed by the Mental 
Health Services in the Capital Region of Denmark, the 
University of Copenhagen, and other foundations. All 
grants are the property of the Mental Health Services 
in the Capital Region of Denmark and administrated 
by them. C.P.  has participated on Advisory Boards for 
Janssen-Cilag, Astra-Zeneca, Lundbeck, and Servier. 
He has received honoraria for talks presented at edu-
cational meetings organized by Astra-Zeneca, Janssen-
Cilag, Eli-Lilly, Pfizer, Lundbeck and Shire. BJS consults 
for Cambridge Cognition, Greenfield BioVentures and 
Cassava Sciences. TWR consults for Cambridge Cognition, 
Unilever, Greenfields BioVentures and Cassava Sciences. 
Research Grants; Shionogi and Small Pharma, has received 
royalties from Cambridge Cognition (CANTAB) and is 
Editorial honoraria for Springer-Nature and Elsevier. 
B.H.E. has received lecture fees and/or is part of Advisory 
Boards of Bristol-Myers Squibb, Eli Lilly and Company, 
Janssen-Cilag, Otsuka Pharma Scandinavia AB, Takeda 
Pharmaceutical Company and Lundbeck Pharma A/S. 
R.W.H. has received lecture fees from Lundbeck Pharma. 
The remaining authors report no conflicts of interest.

References

	 1.	 Fioravanti  M, Bianchi  V, Cinti  ME. Cognitive deficits in 
schizophrenia: an updated metanalysis of the scientific evi-
dence. BMC Psychiatry. 2012;12:64.

	 2.	 Heinrichs  RW, Zakzanis  KK. Neurocognitive deficit in 
schizophrenia: a quantitative review of the evidence. 
Neuropsychology. 1998;12(3):426–445.

	 3.	 Fatouros-Bergman  H, Cervenka  S, Flyckt  L, Edman  G, 
Farde  L. Meta-analysis of cognitive performance in 
drug-naïve patients with schizophrenia. Schizophr Res. 
2014;158(1-3):156–162.

	 4.	 Allott  K, Wood  SJ, Yuen  HP, et  al. Longitudinal cognitive 
performance in individuals at ultrahigh risk for psychosis: a 
10-year follow-up. Schizophr Bull. 2019;45(5):1101–1111.

	 5.	 Brewer  WJ, Francey  SM, Wood  SJ, et  al. Memory impair-
ments identified in people at ultra-high risk for psychosis 
who later develop first-episode psychosis. Am J Psychiatry. 
2005;162(1):71–78.

	 6.	 Wood SJ, Pantelis C, Proffitt T, et al. Spatial working memory 
ability is a marker of risk-for-psychosis. Psychol Med. 
2003;33(7):1239–1247.

	 7.	 Snitz BE, Macdonald AW III, Carter CS. Cognitive deficits in 
unaffected first-degree relatives of schizophrenia patients: a 

meta-analytic review of putative endophenotypes. Schizophr 
Bull. 2006;32(1):179–194.

	 8.	 Green MF, Kern RS, Braff DL, Mintz J. Neurocognitive deficits 
and functional outcome in schizophrenia: are we measuring 
the “right stuff”? Schizophr Bull. 2000;26(1):119–136.

	 9.	 Lin  A, Wood  SJ, Nelson  B, et  al. Neurocognitive pre-
dictors of  functional outcome two to 13 years after iden-
tification as ultra-high risk for psychosis. Schizophr Res. 
2011;132(1):1–7.

	 10.	 Aleman A, Hijman R, De Haan EHF, Kahn RS. Memory im-
pairment in schizophrenia: a meta-analysis. Am J Psychiatry. 
1999;156(9):1358–1366.

	 11.	 Skelley  SL, Goldberg  TE, Egan  MF, Weinberger  DR, 
Gold JM. Verbal and visual memory: characterizing the clin-
ical and intermediate phenotype in schizophrenia. Schizophr 
Res. 2008;105(1–3):78–85.

	 12.	 Blokland  GAM, Mesholam-Gately  RI, Toulopoulou  T, 
et  al.; GENUS Consortium. Heritability of neuropsycho-
logical measures in schizophrenia and nonpsychiatric popula-
tions: a systematic review and meta-analysis. Schizophr Bull. 
2017;43(4):788–800.

	 13.	 Owens  SF, Picchioni  MM, Rijsdijk  FV, et  al. Genetic 
overlap between episodic memory deficits and schizo-
phrenia: results from the Maudsley twin study. Psychol Med. 
2011;41(3):521–532.

	 14.	 Toulopoulou T, Goldberg TE, Mesa IR, et al. Impaired in-
tellect and memory: a missing link between genetic risk and 
schizophrenia? Arch Gen Psychiatry. 2010;67(9):905–913.

	 15.	 Fowler T, Zammit S, Owen MJ, Rasmussen F. A population-
based study of shared genetic variation between premorbid 
IQ and psychosis among male twin pairs and sibling pairs 
from Sweden. Arch Gen Psychiatry. 2012;69(5):460–466.

	 16.	 Toulopoulou  T, Picchioni  M, Rijsdijk  F, et  al. Substantial 
genetic overlap between neurocognition and schizophrenia: 
genetic modeling in twin samples. Arch Gen Psychiatry. 
2007;64(12):1348–1355.

	 17.	 Lemvigh C, Brouwer R, Pantelis C, et al. Heritability of spe-
cific cognitive functions and associations with schizophrenia 
spectrum disorders using CANTAB: a nation-wide twin study. 
Psychol Med. 2020:1–14. doi:10.1017/S0033291720002858

	 18.	 Cirillo  MA, Seidman  LJ. Verbal declarative memory dys-
function in schizophrenia: from clinical assessment 
to genetics and brain mechanisms. Neuropsychol Rev. 
2003;13(2):43–77.

	 19.	 Kopald  BE, Mirra  KM, Egan  MF, Weinberger  DR, 
Goldberg TE. Magnitude of impact of executive functioning 
and IQ on episodic memory in schizophrenia. Biol Psychiatry. 
2012;71(6):545–551.

	 20.	 Leeson  VC, Robbins  TW, Franklin  C, et  al. Dissociation 
of  long-term verbal memory and fronto-executive im-
pairment in first-episode psychosis. Psychol Med. 
2009;39(11):1799–1808.

	 21.	 Eichenbaum H. Prefrontal-hippocampal interactions in epi-
sodic memory. Nat Rev Neurosci. 2017;18(9):547–558.

	 22.	 Eichenbaum  H. Hippocampus: cognitive processes and 
neural representations that underlie declarative memory. 
Neuron. 2004;44(1):109–120.

	 23.	 Fletcher PC, Henson RN. Frontal lobes and human memory: 
insights from functional neuroimaging. Brain. 2001;124(Pt 
5):849–881.

	 24.	 Ding  Y, Ou  Y, Pan  P, et  al. Brain structural abnormalities 
as potential markers for detecting individuals with ultra-high 
risk for psychosis: a systematic review and meta-analysis. 
Schizophr Res. 2019;209:22–31.

D
ow

nloaded from
 https://academ

ic.oup.com
/schizbullopen/article/1/1/sgaa066/5998108 by U

niversity of M
elbourne Library user on 06 M

ay 2021

https://doi.org/10.1017/S0033291720002858


Page 10 of 11

C. K. Lemvigh et al

	 25.	 Haijma  SV, Van  Haren  N, Cahn  W, Koolschijn  PCMP, 
Hulshoff Pol HE, Kahn RS. Brain volumes in schizophrenia: 
a meta-analysis in over 18 000 subjects. Schizophr Bull. 
2013;39(5):1129–1138.

	 26.	 Harms MP, Wang L, Campanella C, et al. Structural abnor-
malities in gyri of the prefrontal cortex in individuals with 
schizophrenia and their unaffected siblings. Br J Psychiatry. 
2010;196(2):150–157.

	 27.	 van  Erp  TGM, Walton  E, Hibar  DP, et  al.; Karolinska 
Schizophrenia Project. Cortical brain abnormalities in 4474 
individuals with schizophrenia and 5098 control subjects 
via the Enhancing Neuro Imaging Genetics Through 
Meta Analysis (ENIGMA) consortium. Biol Psychiatry. 
2018;84(9):644–654.

	 28.	 Van Erp TGM, Hibar DP, Rasmussen JM, et al. Subcortical 
brain volume abnormalities in 2028 individuals with schizo-
phrenia and 2540 healthy controls via the ENIGMA consor-
tium. Mol Psychiatry. 2016;21(4):547–553.

	 29.	 Narr KL, Thompson PM, Szeszko P, et al. Regional speci-
ficity of hippocampal volume reductions in first-episode 
schizophrenia. Neuroimage. 2004;21(4):1563–1575.

	 30.	 Velakoulis D, Wood SJ, Wong MTH, et al. Hippocampal and 
amygdala volumes according to psychosis stage and diag-
nosis. Arch Gen Psychiatry. 2006;63(2):139.

	 31.	 Ebdrup BH, Glenthøj B, Rasmussen H, et al. Hippocampal 
and caudate volume reductions in antipsychotic-naive 
first-episode schizophrenia. J Psychiatry Neurosci. 
2010;35(2):95–104.

	 32.	 Boos HBM, Aleman A, Cahn W, Hulshoff Pol H, Kahn RS. 
Brain volumes in relatives of patients with schizophrenia: a 
meta-analysis. Arch Gen Psychiatry. 2007;64(3):297–304.

	 33.	 Blokland GA, de Zubicaray GI, McMahon KL, Wright MJ. 
Genetic and environmental influences on neuroimaging 
phenotypes: a meta-analytical perspective on twin imaging 
studies. Twin Res Hum Genet. 2012;15(3):351–371.

	 34.	 Peper  JS, Brouwer  RM, Boomsma  DI, Kahn  RS, 
Hulshoff Pol HE. Genetic influences on human brain struc-
ture: a review of brain imaging studies in twins. Hum Brain 
Mapp. 2007;28(6):464–473.

	 35.	 Picchioni  MM, Rijsdijk  F, Toulopoulou  T, et  al. Familial 
and environmental influences on brain volumes in twins with 
schizophrenia. J Psychiatry Neurosci. 2017;42(2):122–130.

	 36.	 van  Erp  TG, Saleh  PA, Huttunen  M, et  al. Hippocampal 
volumes in schizophrenic twins. Arch Gen Psychiatry. 
2004;61(4):346–353.

	 37.	 van Haren NE, Picchioni MM, McDonald C, et al. A con-
trolled study of brain structure in monozygotic twins con-
cordant and discordant for schizophrenia. Biol Psychiatry. 
2004;56(6):454–461.

	 38.	 Wood  SJ, Yücel  M, Velakoulis  D, et  al. Hippocampal and 
anterior cingulate morphology in subjects at ultra-high-risk 
for psychosis: the role of family history of psychotic illness. 
Schizophr Res. 2005;75(2–3):295–301.

	 39.	 Antonova E, Sharma T, Morris R, Kumari V. The relationship 
between brain structure and neurocognition in schizophrenia: 
a selective review. Schizophr Res. 2004;70(2-3):117–145.

	 40.	 Weiss AP, Heckers S. Neuroimaging of declarative memory in 
schizophrenia. Scand J Psychol. 2001;42(3):239–250.

	 41.	 Baaré  WFC, Hulshoff  Pol  HE, Hijman  R, Willem  WP, 
Viergever MA, Kahn RS. Volumetric analysis of frontal lobe 
regions in schizophrenia: relation to cognitive function and 
symptomatology. Biol Psychiatry. 1999;45(12):1597–1605.

	 42.	 Guo JY, Ragland JD, Carter CS. Memory and cognition in 
schizophrenia. Mol Psychiatry. 2019;24(5):633–642.

	 43.	 Antoniades M, Schoeler T, Radua J, et al. Verbal learning and 
hippocampal dysfunction in schizophrenia: a meta-analysis. 
Neurosci Biobehav Rev. 2018;86:166–175.

	 44.	 van Erp TG, Therman S, Pirkola T, et al. Verbal recall and 
recognition in twins discordant for schizophrenia. Psychiatry 
Res. 2008;159(3):271–280.

	 45.	 Wannan  CMJ, Cropley  VL, Chakravarty  MM, et  al. 
Hippocampal subfields and visuospatial associative memory 
across stages of schizophrenia-spectrum disorder. Psychol 
Med. 2019;49(14):2452–2462.

	 46.	 Legind C, Broberg B, Brouwer R, et al. Heritability of cere-
bral blood flow and the correlation to schizophrenia spectrum 
disorders: a pseudo-continuous arterial spin labeling twin 
study. Schizophr Bull. 2019;45(6):1231–1241. doi:10.1093/
schbul/sbz007

	 47.	 Legind CS, Broberg BV, Mandl RCW, et al. Heritability of 
cerebral glutamate levels and their association with schizo-
phrenia spectrum disorders: a 1[H]-spectroscopy twin study. 
Neuropsychopharmacology. 2019;44(3):581–589.

	 48.	 Skytthe  A, Kyvik  KO, Holm  NV, Christensen  K. The 
Danish twin registry. Scand J Public Health. 2011;39(7 
Suppl):75–78.

	 49.	 Mors  O, Perto  GP, Mortensen  PB. The Danish psychiatric 
central research register. Scand J Public Health. 2011;39(7 
Suppl):54–57.

	 50.	 Wing  JK, Babor  T, Brugha  T, et  al. SCAN. Schedules for 
clinical assessment in neuropsychiatry. Arch Gen Psychiatry. 
1990;47(6):589–593.

	 51.	 Keefe  RS, Goldberg  TE, Harvey  PD, Gold  JM, Poe  MP, 
Coughenour L. The brief  assessment of  cognition in schizo-
phrenia: reliability, sensitivity, and comparison with a 
standard neurocognitive battery. Schizophr Res. 2004;68(2–3): 
283–297.

	 52.	 Andersen R. Verbal and visuo-spatial memory. Two clinical 
tests administered to a group of normal subjects. Scand J 
Psychol. 1976;17:198–204.

	 53.	 Meyers  JE, Meyers  KR. Rey Complex Figure Test and 
Recognition Trial: Professional Manual. Odessa, Ukraine: 
Psychological Assessment Resources; 1995.

	 54.	 Evenden  J, Morris  R, Owen  A, Robbins  T, Roberts  A, 
Sahakian B. CANTABeclipseTM Test Administration Guide. 
Manual ver. Cambridge, UK: Cambridge Cognition Limited; 
2013.

	 55.	 Owen AM, Downes JJ, Sahakian BJ, Polkey CE, Robbins TW. 
Planning and spatial working memory following frontal lobe 
lesions in man. Neuropsychologia. 1990;28(10):1021–1034.

	 56.	 Wechsler  D. Manual for the Wechsler Adult Intelligence 
Scale - Third Edition (WAIS-III). San Antonio, TX: The 
Psychological Corporation; 1997.

	 57.	 Nelson HE, O’Connell A. Dementia: the estimation of pre-
morbid intelligence levels using the new adult reading test. 
Cortex. 1978;14(2):234–244.

	 58.	 Smith  D, Roberts  S, Brewer  W, Pantelis  C. Test-retest reli-
ability of the National Adult Reading Test (NART) as an es-
timate of premorbid IQ in patients with schizophrenia. Cogn 
Neuropsychiatry. 1998;3(1):71–80.

	 59.	 Desikan  RS, Ségonne  F, Fischl  B, et  al. An automated la-
beling system for subdividing the human cerebral cortex on 
MRI scans into gyral based regions of interest. Neuroimage. 
2006;31(3):968–980.

D
ow

nloaded from
 https://academ

ic.oup.com
/schizbullopen/article/1/1/sgaa066/5998108 by U

niversity of M
elbourne Library user on 06 M

ay 2021

https://doi.org/10.1093/schbul/sbz007
https://doi.org/10.1093/schbul/sbz007


Page 11 of 11

Heritability of Memory and Brain in Schizophrenia

	 60.	 Dominicus  A, Skrondal  A, Gjessing  HK, Pedersen  NL, 
Palmgren  J. Likelihood ratio tests in behavioral genetics: 
problems and solutions. Behav Genet. 2006;36(2):331–340.

	 61.	 Hilker  R, Helenius  D, Fagerlund  B, et  al. Heritability of 
schizophrenia and schizophrenia spectrum based on the na-
tionwide Danish twin register. Biol Psychiatry. 2018;83(6): 
492–498.

	 62.	 Reichenberg A, Velthorst E, Davidson M. Cognitive impair-
ment and psychosis in schizophrenia: independent or linked 
conditions? World Psychiatry. 2019;18(2):162–163.

	 63.	 Gur RE, Nimgaonkar VL, Almasy L, et al. Neurocognitive 
endophenotypes in a multiplex multigenerational 
family study of  schizophrenia. Am J Psychiatry. 
2007;164(5):813–819.

	 64.	 Saperstein AM, Fuller RL, Avila MT, et al. Spatial working 
memory as a cognitive endophenotype of schizophrenia: as-
sessing risk for pathophysiological dysfunction. Schizophr 
Bull. 2006;32(3):498–506.

	 65.	 Braff  DL, Freedman  R, Schork  NJ, Gottesman  II. 
Deconstructing schizophrenia: an overview of the use of 
endophenotypes in order to understand a complex disorder. 
Schizophr Bull. 2007;33(1):21–32.

	 66.	 Greenwood TA, Braff DL, Light GA, et al. Initial heritability 
analyses of endophenotypic measures for schizophrenia: 
the consortium on the genetics of schizophrenia. Arch Gen 
Psychiatry. 2007;64(11):1242–1250.

	 67.	 Deary  IJ, Penke  L, Johnson  W. The neuroscience of 
human intelligence differences. Nat Rev Neurosci. 
2010;11(3):201–211.

	 68.	 Davis J, Eyre H, Jacka FN, et al. A review of vulnerability 
and risks for schizophrenia: beyond the two hit hypothesis. 
Neurosci Biobehav Rev. 2016;65:185–194.

	 69.	 van Os J, Kenis G, Rutten BP. The environment and schizo-
phrenia. Nature. 2010;468(7321):203–212.

	 70.	 Hulshoff  Pol  HE, van  Baal  GC, Schnack  HG, et  al. 
Overlapping and segregating structural brain abnormalities 
in twins with schizophrenia or bipolar disorder. Arch Gen 
Psychiatry. 2012;69(4):349–359.

	 71.	 van Haren NE, Rijsdijk F, Schnack HG, et al. The genetic and 
environmental determinants of the association between brain 
abnormalities and schizophrenia: the schizophrenia twins and 
relatives consortium. Biol Psychiatry. 2012;71(10):915–921.

	 72.	 Rijsdijk FV, van Haren NE, Picchioni MM, et al. Brain MRI 
abnormalities in schizophrenia: same genes or same environ-
ment? Psychol Med. 2005;35(10):1399–1409.

	 73.	 Narr KL, van Erp TG, Cannon TD, et al. A twin study of 
genetic contributions to hippocampal morphology in schizo-
phrenia. Neurobiol Dis. 2002;11(1):83–95.

	 74.	 Seidman  LJ, Faraone  SV, Goldstein  JM, et  al. Left 
hippocampal volume as a vulnerability indicator for schizo-
phrenia. Arch Gen Psychiatry. 2002;59(9):839.

	 75.	 Velakoulis D, Pantelis C, McGorry PD, et al. Hippocampal 
volume in first-episode psychoses and chronic schizophrenia: 
a high-resolution magnetic resonance imaging study. Arch 
Gen Psychiatry. 1999;56(2):133–140.

	 76.	 Hulshoff Pol HE, Schnack HG, Mandl RC, et al. Focal gray 
matter density changes in schizophrenia. Arch Gen Psychiatry. 
2001;58(12):1118–1125.

D
ow

nloaded from
 https://academ

ic.oup.com
/schizbullopen/article/1/1/sgaa066/5998108 by U

niversity of M
elbourne Library user on 06 M

ay 2021


