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The schizophrenia and bipolar twin study in Sweden (STAR) is a large nation-wide cohort of monozygotic (MZ)
and dizygotic (DZ) same-sex twins with schizophrenia or bipolar disorder and healthy control pairs, extensively
characterized with brain imaging, neuropsychological tests, biomarkers, genetic testing, psychiatric symptoms
and personality traits. The purpose is to investigate genetic and environmental mechanisms that give rise to
schizophrenia and bipolar disorder as well as the intermediate phenotypes. This article describes the design, re-
cruitment, data collection, measures, collected twins' characteristics, diagnostic procedures as well as ongoing
and planned analyses. Identification of biomarkers, genetic and epigenetic variation and the development of spe-
cific and common endophenotypes for schizophrenia and bipolar disorder are potential gains from this cohort.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Schizophrenia and bipolar disorder are among the most chronic and
debilitating of psychiatric syndromes and, with a lifetime prevalence of
about 1% each, represent major public health concerns (McGrath et al.,
2008; Merikangas et al., 2007). Both are genetic disorders with herita-
bility estimated to approximately 80% in schizophrenia (Cannon et al.,
1998; Cardno et al., 1999; Chou et al., 2017; Sullivan et al., 2003) and
slightly lower in bipolar disorder (Edvardsen et al., 2008; Kieseppa
et al,, 2004; Song et al., 2015). Recent work has revealed substantial ep-
idemiological overlap between schizophrenia and bipolar disorder
(Lichtenstein et al., 2009), as well as shared associations within genomic
regions (Smoller et al., 2013; Sullivan et al,, 2012).

Anatomically, patients with schizophrenia show reductions in pre-
frontal, medial temporal, and superior temporal gray matter volumes
and enlarged ventricles (Pantelis et al., 2005; Shenton et al., 2001). De-
creased cortical thickness in prefrontal regions has been found to vary
with genetic loading for schizophrenia among the non-ill co-twins of
patients, while probands have further reductions in gray matter in
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dorsolateral prefrontal, superior temporal, and parietal regions com-
pared with their non-ill co-twins (Cannon et al., 2002). Decreased corti-
cal thickness in prefrontal regions have also been found in bipolar
disorder and unaffected first-degree relatives (Hibar et al., 2018).
Neurocognitively, patients with schizophrenia show impairments
across all major domains of functioning, including attention, verbal abil-
ities, spatial abilities, learning and memory, and processing speed
(Cannon et al., 2000). Across all of these domains, individuals at genetic
risk for schizophrenia have been found to perform at a level intermedi-
ate between that of probands with schizophrenia and the general pop-
ulation (Cannon et al., 2000). Cognitive impairments are also present in
bipolar disorder across several domains although not as pronounced as
in schizophrenia (Raucher-Chene et al.,, 2017).

Elucidating the specific genetic and neural mechanisms influencing
susceptibility to and expression of schizophrenia and bipolar disorder,
and explaining the nature of the overlap between them, is critical to un-
derstand the necessary and sufficient conditions for overt psychosis and
to the development of more effective treatment and prevention strate-
gies. To gain traction on these issues, we have established a twin cohort
to investigate the inheritance of neural dysfunctions in schizophrenia
and bipolar disorder in samples of monozygotic (MZ) and dizygotic
(DZ) twin pairs discordant for these two conditions along with healthy
control pairs. We use this information to determine which brain abnor-
malities vary in dose dependent fashion with increasing genetic loading
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for each of these disorders, to examine DNA variations that may contrib-
ute to these abnormalities, to isolate non-genetic influences associated
with each illness, and to clarify the extent of overlap between the two
syndromes. The goal of the present report is to provide an overview of
the sampling approach of the study, assessment methods, and findings
to date, along with a brief description of work in progress.

2. Methods
2.1. Study design and population

The schizophrenia and bipolar twin study in Sweden (STAR) was ini-
tiated in 2006 as a collaboration project between investigators at the
University of California Los Angeles (UCLA) and Department of Medical
Epidemiology and Biostatistics (MEB) at Karolinska Institutet. In the re-
cruitment procedure same-sex monozygotic (MZ) or dizygotic (DZ)
twins born from 1940 to 1986 were identified through the Swedish
Twin Register (Magnusson et al., 2013). The preliminary diagnostic sta-
tus was ascertained through the Swedish National Patient Register
(NPR, National Board of Health and Welfare, Ludvigsson et al., 2011) if
at least one twin in the pair had a registered treatment episode of
schizophrenia or bipolar disorder according to the International Statisti-
cal Classification of Diseases (ICD-8: 295 or 296, ICD-9: 295 or 296 and
ICD-10: F20, F30 or F31). The complete pairs had to be alive and residing
in Sweden at the time of recruitment. In addition, we invited five control
twin pairs for each affected twin pair. Those twin pairs were matched by
sex and birth year for each affected pair and were otherwise randomly
selected from the Swedish Twin Register. Exclusion criteria included
presence of severe somatic disorder (epilepsy or severe neurological
symptoms) and ongoing acute psychosis. Parts of the methodology
has been described in previous works using data from this twin cohort
(Allswede et al., 2018; Fortgang et al., 2016a; Fortgang et al., 2016b;
Higier et al., 2014; Johansson et al.,, 2017; Johansson et al., 2012; Kegel
et al,, 2017; Mobarrez et al., 2013; Zheutlin et al., 2016).

Information about the study was sent to the psychiatric organization
in each Swedish county. The twins were then invited to the research site
at the Department of MEB at the Karolinska Institutet and the Karolinska
MR-center at the Karolinska Hospital, both sites located in Stockholm,
Sweden. If the twin agreed to participate, self-report questionnaires
were sent home by mail and they were later on contacted by phone to
arrange for the one-day clinical examination procedures that included
psychiatric interviews, neuropsychological and neuroimaging assess-
ments and blood- (or saliva) sampling. In 2005, a pilot study was carried
out where six MZ twin pairs went through the examination procedure
to refine the protocol procedure as well as the clinical examination.
The remaining twins in the study were enrolled between the years
2006 and 2012.

2.2. Self-report questionnaires

Before coming to the test center, the twins had received question-
naires by mail covering the following main areas: demographics,
physical health, circadian rhythms, smoking habits, personality traits
(impulsivity, sensation seeking, schizotypy, cyclothymia), stressful
life-events, coping and social support. The participants also completed
the screening questionnaires of the Structured Clinical Interview for
DSM-IV (SCID I, Spitzer et al., 1992) and the Structured clinical inter-
view for DSM-IV axis Il personality disorders (SCID II, First et al.,
1997). In the demographic survey, information was collected regarding
place of birth, origin of biological parents and grandparents, level of ed-
ucation of the twin and parents, employment and marital status. Ques-
tions were asked regarding twin resemblance and years living together
with the twin partner. In the physical health survey, information on
height, weight, exercise habits, physical health and current medication
was collected. The following self-report scales were administered re-
garding personality traits: Morningness Composite Scale (Smith et al.,

1989), Fagerstrom Test (Heatherton et al.,, 1991), Barratt Impulsiveness
Scale (Patton et al., 1995), Zuckerman Sensation Seeking Scale
(Zuckerman and Link, 1968), Schizotypal Personality Questionnaire
(Raine, 1991) and TEMPS~A (Akiskal et al., 2005). Finally the partici-
pants completed the questionnaires Abbreviated Holmes and Rahe
Scale (Holmes and Rahe, 1967), Brief COPE Scale (Holmes and Rahe,
1967), Kessler Social Support scale (Schuster et al., 1990).

2.3. Clinical examination

All participants were clinically stable at the time of evaluation. A psy-
chiatrist or a physician under psychiatric training, blinded to the diag-
nosis of the co-twin, administered the interviews of SCID-I and SCID-
II. Any present psychiatric symptoms of psychosis, depression, or ex-
panded mood was rated using the following structured rating scales:
Scale for Assessment of Negative Symptoms (SANS, Andreasen, 1983),
the Scale for Assessment of Positive Symptoms (SAPS, Andreasen,
1984), the Hamilton Depression Rating Scale (HAM-D, Williams,
1988), and the Young Mania Rating Scale (YMRS, Young et al., 1978).
The Global Assessment Function scale (GAF, Association, A.P, 1994)
was used to determine level of global functioning. Finally the participant
was rated according to the NAPLS Outcome scale developed to measure
social functioning (Cornblatt et al., 2007).

After the diagnostic interview, the final diagnosis was determined
on by an evaluation team, which had access to the files from the clinical
interview, register data from previous hospitalizations and hospital re-
cords. The final diagnosis was categorized as 1) schizophrenia (ICD-
10: F20), 2) schizophrenia with affective features (ICD-10: F25), 3) bipo-
lar disorder or bipolar disorder with psychotic features (ICD-10: F31),
4) major depression or major depression with psychotic features
(ICD-10 F32-F33) or 5) not affected by any of the previous diagnoses.

2.4. Neuropsychological assessment

Cognitive testing was performed by a trained neuropsychologist,
who administered the following neuropsychological tests: Wechsler
Adult Intelligence Scale revised (WAIS-R), subtests Vocabulary design
and Block design (verbal and spatial ability, Wechsler, 1981), Wechsler
Memory Scale revised (WMS-R), subtests Digit Span, Spatial Span and
Visual Reproduction (auditory and spatial attention, working memory
and visuospatial memory, Russell, 1975), California Verbal Learning
Test (CVLT, verbal memory, Delis et al., 1987), FAS, categories test (ver-
bal fluency, Benton and Hamsher, 1976), Trail Making Test (TMT, pro-
cessing speed) A and B (Reitan and Wolfson, 1985), Dual Task
performance (divided attention, Vilkki et al., 1996), and Purdue
Pegboard (motor speed, Tiffin and Asher, 1948). Also, a test for the lat-
eral dominance of handedness was performed (Dodrill and Thoreson,
1993) as well as the computerized Stop-Signal task (SST), measuring in-
hibition (Aron and Poldrack, 2006),

2.5. Neuroimaging

Examination with structural magnetic resonance imaging (sSMRI)
and functional MRI (fMRI) was performed at the Karolinska
Institutet MR-center. The MR-session included a structural T1-
weighted scan followed by an fMRI-session. MRIs were acquired on
a 1.5-T scanner (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) using a 3D T1-weighted IRSPGR sequence acquired sagitally
(TE = 6 msec, flip angle = 35°, and no interslice gap). The matrix
size was 256 x 256 x 256 pixels, which corresponded to a resolution
of 1 mm>. Scans sensitive to changes in the BOLD signal were ac-
quired while subjects performed spatial working memory and affect
labeling tasks (Cannon et al., 2005). Exclusion criteria for the MRI-
examination part of the study were any implants of metal in the
body, previous severe head injury, previous cerebral hemorrhage,
epilepsy or stroke.
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In a subsample of six twin pairs discordant for bipolar disorder, pos-
itron emission tomography (PET) was performed with the radioligands
[''C]raclopride binding dopamine D, receptor and [''C]AZ10419369
binding to serotonin 5-HT;p receptor. The probands were medication
free since more than 3 months, and the unaffected co-twin had no psy-
chiatric diagnosis.

2.6. Biosamples

At the examination site a 10 ml EDTA blood sample for DNA extrac-
tion, and 2.5 ml blood for RNA extraction with a Paxgene tube, was
taken from each participant and sent to Karolinska Institutet (KI)
Biobank (http://ki.se/forskning/ki-biobank) for processing and storage.
DNA was extracted from EDTA blood based on a salting out method
from Puregene extraction kit using a Gentra robot. The Paxgene tube
was handled according to manufacturer's recommendation and stored
at —80 °C at KI Biobank, until sending the samples to University of Cal-
ifornia Los Angeles for RNA extraction and analysis.

Saliva was retrieved from a subsample of individuals (n = 41) that
did not want to participate at the examination site, but were willing to
leave a sample of saliva for genetic analyses.

Skin biopsies were taken from six MZ twin pairs discordant for
schizophrenia. We have previously collected over 200 skin biopsies in
singleton cases with schizophrenia and healthy controls.

Cerebrospinal fluid (CSF) was collected from 25 twin pairs for bio-
marker analysis and microscopic examination, in an extended assess-
ment procedure, see references for details (Johansson et al., 2017;
Johansson et al., 2012; Kegel et al., 2017; Mobarrez et al., 2013). Approx-
imately 0.6 ml was collected in two fractions, for examination with
scanning electron microscopy, and 12 ml was stored at —80 °C in
1.0-1.6 ml aliquots.

2.7. Zygosity determination

Zygosity was determined by DNA-analysis using a validated method
by Hannelius and co-workers that consists of a highly multiplexed panel
of 47 single nucleotide polymorphisms including one sex-specific
marker (Hannelius et al., 2007). In single cases, zygosity was determined
through survey questions based on experienced twin resemblance.

2.8. Birth data

The participants had given informed consent to obtain obstetric re-
cords. Information was recorded on birth weight and length, head cir-
cumference, gestational age, maternal age, parity, placenta weight,
obstetric diagnosis in mother and child, and information on instrumen-
tal delivery.

2.9. Medical history

Medical history was collected through the NPR, which contains
75-80% of all outpatient diagnoses since 2001, and all inpatient diagno-
ses since 1987. Both psychiatric and somatic inpatient treatments were
recorded. The treating psychiatric hospital was also contacted for those
with a diagnosis of schizophrenia or bipolar disorder to get copies of
their medical journal with full information on psychiatric care, in accor-
dance with the informed consent. This was especially important for the
final diagnostic assessments.

2.10. Statistical analysis

The data have mainly been analyzed using statistical twin design
models such as structural equation models (SEM) and co-twin control
models. Descriptive statistics for this article was obtained using Statisti-
cal Analysis System (SAS 9.4, SAS Institute, Cary, NC).

2.11. Ethical considerations

Written informed consent was obtained from all participants in this
study. Essential for twin design is participation of both twins in a pair,
and recruitment in pairs is desirable. However, in this study, the co-
twins were recruited independently and participations were not condi-
tioned on the other twin's participation. The ethical issues involved get-
ting in contact with the not affected twin sibling, who might not be
aware of the affected twin sibling's diagnosis. We have shown earlier
that important themes in sibling relationships, in which one of the sib-
lings suffers from schizophrenia, are closeness and caring, but also dis-
tancing, and fear of heredity (Stalberg et al., 2004). In the current
study, we have experienced a strong motivation to participate, an altru-
istic attitude and curiosity from the non-affected twin, but we have also
noted a fear of disclosure of similar traits and distancing.

3. Results
3.1. Demographic information

In total, 1208 twins, from 604 same sex twin pairs were initially
invited to participate (Fig. 1), and from those 462 twins participated
in any of the examination procedures, which corresponds to a 38.2%
participation rate. For the individual diagnoses, the participation rate
was lower in those with a presumptive status of schizophrenia
(20.6%) or bipolar disorder (21.2%) compared with not affected
twins (58.2%). The proportion of same-sex DZ twins (58.5%) was
higher in relation to MZ twins (41.5%). The distribution of males
and females was fairly even. The age distribution tended towards
higher ages, for the reason that a minimum participation age was
set to 24 years at recruitment, as lower ages would increase the
risk for disease discordant pairs to transform into concordant pairs,
after the clinical examination procedure.

In total 383 (83% of the 462 twins that participated) twins com-
pleted the diagnostic interviews, resulting in a final diagnosis (schizo-
phrenia, schizophrenia with affective features, bipolar disorder, major
depression) or the status “not affected”. Demographic information on
those twins is presented in Table 1, and an overview of the proportion
of participants that completed the clinical assessment procedures is pre-
sented in Fig. 2. The remaining 79 twins (17%) participated by
responding to self-assessment questionnaires, and/or leaving a biologi-
cal sample (blood, saliva or both), for demographic information on
those participants, see Supplement table 1.

After the clinical assessment, 16.4% were diagnosed as schizophrenia
with or without affective features, 18.0% were diagnosed as bipolar dis-
order, 19.8% as major depression, and 45.7% as not affected. The self-
reported median age at onset was 27 years for schizophrenia, as well
as for bipolar disorder. For depression, the median age at onset was
34 years. Of the twins who completed the diagnostic assessment, the
proportion of smokers was relatively high, and 15.7% reported that
they smoked one or more cigarettes daily, Table 1. Of the twins with
schizophrenia 25.4% reported that they smoked daily, while the corre-
sponding figure for the bipolar twins was 20.3%, and 19.7% for those
with a previous depression, while the proportion of smokers were
8.4% in the not affected twins. The proportion of participants that had
an ongoing or previous alcohol abuse or dependence was 14.9%, and
the corresponding figure for illicit drugs was 6.8%. The majority of the
twins (95.6%) were not living with their twin partner as adults, and
the majority (65.5%) kept in touch with their twin partner once a
week or more often. The median time for living together was 18 years
(range 1 to 38 years).

3.2. Change of diagnostic status after the clinical assessment

The presumptive status for each twin was based on a register diagno-
sis from the Swedish National Patient Register that was previously
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Eligiable twin pairs
for recruitment
Twin pairs n=604
ccscz CCBP cescz DC sCZ DC BP Not Eligable
n=25 n=16 &BP n =242 n=175 Affected in pai
= = n=16 = = n =130 twin pairs
__________________ .
I
r====- [ 1
Participated in any : Denied participation '
examination procedure , Twin pairs n =343
Twin pairs n = 201 Individual twins n = 60
Individual twins n=60 e !
__________________ .
I
I
Clilnica.ll | Denied clinical \
examinatinon 1 assessment |
Twin pairs n = 160 \ Twinpairsn=25 !
Individual twins n = 63 i Individual twins n = 29 |
I_____________|
CC SCZ Not Final sample
CC_SCZ C? BP & BP DC_SCZ D(_: BP Affected complete
n=6 n=9 -5 n=41 n= 34 - 65 . )
= n= twin pairs

Fig. 1. Flowchart of the recruitment procedure in The Schizophrenia and Bipolar Twin Study in Sweden (STAR). CC=concordant, DC = discordant, SCZ = schizophrenia, BP=bipolar

disorder.

validated (Ludvigsson et al., 2011). The register contains information on
hospitalizations for psychiatric diagnoses from 1973, while diagnostic
information from outpatient care was collected from 2001. Thus, we
were able to compare the lifetime register diagnosis based on the
treating physician's hospital assessments, with the diagnostic outcome
from the present clinical assessment based on the SCID-I interview. In
83.0% of the twins, there was no change in diagnostic status after the
clinical interview, Table 2. In this sample, the register diagnosis of bipo-
lar disorder was most likely to be changed to not affected after the clin-
ical interview, which occurred in 24 cases (6.3%), Table 2. In individuals
who were classified as schizophrenia in the register, ten individuals
(2.6%) changed to not affected after the diagnostic assessment. In total
18 individuals (4.7%) switched from schizophrenia to bipolar disorder
or the other way around.

3.3. Reasons for not participating in STAR

All twins who decided not to participate in the study were asked
for their reason. The most common reason was that either one or
both twins in a pair decided not to participate, Table 3. We were
not able to get in touch with 17.0% of the presumptive participants
for various reasons, such as no available telephone number, the
lack of response on our contact attempts, or that the participant

had moved to an unknown address, Table 3. It was more common
not to have a registered phone number in those with a presumptive
status of schizophrenia (10.8%) compared with those who were pre-
sumed to be not affected (7.1%).

3.4. Completed projects with STAR data

Until now, there are eleven completed studies based on data from
the STAR twin cohort (see Table 4 for overview). Examples of novel find-
ings from those studies are that personality traits related to sociability
and verbal function was associated with liability for bipolar disorder
but not for schizophrenia (Higier et al., 2014). Personality traits related
to impulsivity was found to be a shared endophenotype for schizophre-
nia, bipolar disorder and depression (Fortgang et al., 2016b). Genes re-
lated to memory contributed to schizophrenia risk (Zheutlin et al.,
2016). Expression of mRNA related to the complement system was asso-
ciated with cortical thickness in schizophrenia (Allswede et al., 2018).
Structures observed with scanning electron microscopy in CSF were as-
sociated with schizophrenia and bipolar disorder and with liability for
those disorders (Johansson et al., 2012). Markers related to microglia
in CSF were associated with psychotic symptoms in schizophrenia and
bipolar disorder (Johansson et al., 2017).
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Table 1
Characteristics of the twins who participated in the STAR procedures. MZ = monozygotic, DZ = dizygotic, CC = concordant pairs, DC = discordant pairs, NA = not affected pairs.

Complete MZ pairs Complete DZ pairs Non-complete Non-complete
(n=144) (n=176) MZ pairs DZ pairs
Total cC DC NA cC DC NA
n =383 n=32 n=>54 n=>58 n=38 n =96 n=72 n=12 n=>51
N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)
Sex
Male 186 10 24 26 4 50 39 6 27
(48.6) (31.3) (44.4) (44.8) (50.0) (52.1) (54.2) (50.0) (52.9)
Female 197 22 30 32 4 46 33 6 24
(51.4) (68.8) (55.6) (55.2) (50.0) (47.9) (45.8) (50.0) (47.1)
Year of birth, categories
1942-51 98 2 16 14 2 26 14 5 19
(25.6) (6.3) (29.6) (24.1) (25.0) (27.1) (19.4) (41.7) (37.3)
1952-61 122 8 8 12 6 38 30 1 19
(31.9) (25.0) (14.8) (20.7) (75.0) (39.6) (41.7) (8.3) (37.3)
1962-71 100 14 10 20 0 26 22 2 6
(26.1) (43.8) (18.5) (34.5) (0) (27.1) (30.6) (16.7) (11.8)
1972-81 47 4 14 10 0 4 6 3 6
(12.3) (12.5) (25.9) (17.2) (0) (4.2) (8.3) (25.0) (11.8)
1982-86 16 4 6 2 0 2 0 1 1
(4.2) (12.5) (11.1) (3.5) (0) (2.1) (0) (8.3) (2.0)
Education
Elementary school or below 75 4 7 3 2 25 14 6 14
(19.6) (12.5) (13.0) (5.2) (25.0) (26.0) (19.4) (50.0) (27.5)
High school 165 23 19 32 3 33 31 2 22
(43.1) (71.9) (35.2) (55.2) (37.5) (34.4) (43.1) (16.7) (43.1)
University 131 4 25 21 3 35 26 4 13
(34.2) (12.5) (46.3) (36.2) (37.5) (36.5) (36.1) (33.3) (25.5)
Unknown 12 1 3 2 0 3 1 0 2
(3.1) (3.1) (5.6) (3.5) (0) (3.1) (1.4) (0) (3.9)
Smoking status
Smoker 60 5 7 10 2 19 6 1 10
(15.7) (15.6) (13.0) (17.2) (25.0) (19.8) (8.3) (8.3) (19.6)
Substance abuse/dependence
Alcohol abuse/dependence 57 6 13 4 1 18 8 2 5
(14.9) (18.8) (24.1) (6.9) (12.5) (18.8) (11.11) (16.7) (9.8)
Drug abuse/dependence 26 4 6 3 1 8 4 0 0
(6.8) (12.5) (11.1) (5.2) (12.5) (8.3) (5.6) (0) (0)
Diagnosis according to DSM-IV interview
Schizophrenia 38 6 5 0 4 20 0 0 3
(9.9) (18.8) (9.3) (0) (50.0) (20.8) (0) (0) (5.9)
Schizophrenia with affective features 25 6 7 0 1 9 0 0 2
(6.5) (18.8) (13.0) (0) (12.5) (94) (0) (0) (3.9)
Bipolar disorder 69 20 15 0 3 19 0 2 10
(18.0) (62.5) (27.8) (0) (37.5) (19.8) (0) (16.7) (19.6)
Depression, life-time 76 0 9 17 0 13 24 3 10
(19.8) (0) (16.7) (29.3) (0) (13.5) (33.3) (25.0) (19.6)
Not affected 175 0 18 41 0 35 48 7 26
(45.7) (0) (333) (70.7) (0) (36.5) (66.7) (58.3) (51.0)
Age at disease onset, mean (min-max) 28 24.5 25 - 29 29 - 41 28
(10-60)  (15-40)  (12-50) (16-52)  (16-60) (15-45) (14-60)
Age at sampling, mean (min-max) 50 46.5 45 45 58.5 54 50 57 54
(24-67)  (24-65)  (25-65) (26-66)  (55-66)  (29-65) (29-67)  (28-65) (28-66)
Zygosity information
DNA 312 28 54 54 8 88 72 1 7
(81.5) (87.5) (100) (93.1) (100) (91.7) (100) (8.3) (13.7)
Questionnaire 71 4 0 4 0 8 0 11 44
(18.5) (12.5) (0) (6.9) (0) (8.3) (0) (91.7) (86.3)
Type of DNA sample
Blood 381 32 54 57 8 95 72 12 51
(99.5) (100) (100) (98.28) (100) (98.96) (100) (100) (100)
Saliva 9 4 2 0 0 2 0 0 1
(2.3) (12.5) (3.7) (0) (0) (21) (0) (0) (1.96)
None 1 0 0 1 0 1 0 0 0
(0) (0) (0) (1.7) (0) (1.0) (0) (0) (0)
Years living with twin partner, median 18 18 19 18 17 18 18 19.5 18
(min-max) (1-38) (9-34) (11-24)  (15-25)  (14-21) (12—32) (15-25) (1-38) (9-25)
Cohabitation status with twin partner
Still living together 6 2 2 55 0 0 0 0 1
(1.6) (6.3) (3.7) (94.8) (0) (0) (0) (0) (2.0)
Not living together 366 29 49 1 8 93 72 1 1
(95.6) (90.6) (90.74) (1.7) (100) (96.9) (100) (8.3) (2.0)
Unknown 11 1 3 2 0 3 0] 11 49
(2.9) (3.1) (5.6) (3.5) (0) (3.1) (0) (91.7) (96.1)

(continued on next page)
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Table 1 (continued)

Complete MZ pairs Complete DZ pairs Non-complete Non-complete
(n=144) (n=176) MZ pairs DZ pairs
Total CC DC NA CC DC NA
n=383 n=32 n=>54 n=>58 n= n =96 n=72 n=12 n=>51
N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)
In contact with twin partner
Daily 125 21 20 28 4 24 12 6 10
(32.6) (65.6) (37.0) (48.3) (50.0) (25.0) (16.7) (50.0) (19.6)
Once a week 126 6 17 23 0 29 34 4 13
(32.9) (18.8) (31.5) (39.7) (0) (30.2) (47.2) (333) (25.5)
Once a month 73 2 9 6 2 24 17 1 12
(19.1) (6.3) (16.7) (10.3) (25.0) (25.0) (23.6) (8.3) (23.5)
Once every 6 months 22 0 2 1 1 9 5 0 4
(5.7) (0) (3.7) (1.7) (12.5) (9.4) (6.9) (0) (7.8)
Less than every 6 months 13 2 0 0 1 5 0 0 5
(34) (6.3) (0) (0) (12.5) (5.2) (0) (0) (9.8)
Never 15 1 0 0 0 5 3 0 6
(3.9) (3.1) (0) (0) (0) (5.2) (4.2) (0) (11.8)
Unknown 9 0 6 0 0 0 1 1 1
(23) (0) (11.1) (0) (0) (0) (1.4) (83) (2.0)
MRI-examination 303 26 47 54 7 74 54 8 33
(79.1) (81.3) (87.0) (93.1) (87.5) (77.1) (75.0) (66.7) (64.7)
Handedness
Right 337 31 44 53 6 90 60 11 42
(88.0) (96.9) (81.5) (91.4) (75.0) (93.8) (83.3) (91.7) (82.4)
Left 35 1 6 4 2 4 9 1 8
(9.1) (3.1) (11.1) (6.9) (25.0) (4.2) (12.5) (8.3) (15.7)
Ambidextrant 7 0 1 1 0 2 2 0 1
(1.8) (0) (1.9) (1.7) (0) (2.1) (2.8) (0) (2.0)
Unknown 4 0 3 0 0 0 1 0 0
(1.0) (0) (5.6) (0) (0) (0) (1.4) (0) (0)

3.5. Ongoing projects with STAR data

Currently, we have several ongoing projects based on data from the
STAR study, which include collaborations with research groups world-
wide. For example, we are studying the hereditary and environmental
mechanisms of inflammation in schizophrenia and bipolar disorder,

by analyzing inflammatory markers and the microbiome in blood.
fMRI data are being analyzed to evaluate functional connectomic differ-
ences between probands and co-twins and between co-twins and con-
trols. In a genetic project, we perform whole genome sequencing (WGS)
and genome-wide association analyses (GWAS), to study the risk for
schizophrenia or bipolar disorder in relation to common and rare

100% -
90% -
80% -
70%
60% -
50% -
m Not completed
40% -
B Completed
30%
20%
10% -
0% -i

Self report Clinical Neuro-

questionnaires interview psychological
n=426 n=383 testing
n=384

MRI Blood Saliva
n=303 sampling n=41
n=435

Fig. 2. Proportion of participants in The Schizophrenia and Bipolar Twin Study in Sweden (STAR) who completed the different testing procedures.
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Table 2
Change in diagnostic status for schizophrenia and bipolar disorder based on the register
diagnoses and the final diagnostic status after the clinical assessment (n = 383).

Presumptive diagnostic status Final diagnostic status Change of diagnoses

N (%)
No change of diagnostic status 318 (83.0)
Bipolar disorder Not affected 24 (6.3)
Schizophrenia® Bipolar disorder 10 (2.6)
Schizophrenia” Not affected 10 (2.6)
Not affected Bipolar disorder 9(24)
Bipolar disorder Schizophrenia® 8(2.1)
Not affected Schizophrenia® 4(1.0)
Total number of changes 65 (17.0)

* Schizophrenia and schizophrenia with affective features are here included in the
category of schizophrenia.

somatic mutations. The availability of D, and 5-HT; receptors in twins
with bipolar disorder and their not affected co-twins are studied with
PET scanning technique. Skin biopsies from MZ twins with schizophre-
nia are under analyses, with the purpose to use patient derived fibro-
blasts from twins bearing certain genetic alterations of interest, to
develop specialized neural cells for experimental studies. Finally, we
are updating register data to be able to follow-up on the participants’
psychiatric and somatic disorders longitudinally.

4. Discussion

The STAR study, which is one of the largest studies of its kind on MZ
and DZ twins with schizophrenia or bipolar disorder, has given us the
opportunity to study disease mechanisms in relation to genetic and epi-
genetic variation, biomarkers, psychiatric symptoms, cognitive ability,
and brain function. The classical twin design has enabled us to separate
relative contributions from genetic and/or environmental influences on
certain traits. This article describes the study design, the recruitment,
and examination procedures, and the characteristics of the study partic-
ipants. It also describes completed and ongoing projects of the STAR
study.

The uniqueness of this cohort is the population-based national re-
cruitment of twins. Clinical psychiatrists have used well-validated in-
struments for the diagnostic assessments. We have assembled a rich
collection of information using questionnaire as well as rater-assessed
data on psychiatric symptoms and personality traits. The assessment
of symptoms allows for studies based on symptom dimensions as well
as based on the dichotomous diagnoses. The participants have gone
through neuropsychological assessments, neuroimaging examinations,

Table 3
Reported reasons for not participating in the STAR study.

and biological samples have been obtained. We have also access to the
medical history for all participants through register linkages, and infor-
mation on birth data through obstetric records. Each participant has
been asked for permission to contact their children, for follow-up pur-
poses in future projects.

Similar twin studies within the field include the Maudsley twin co-
hort in England following up on twin pairs with a history of psychotic
symptoms (Cardno et al., 1999; Cardno et al., 2012). Twin cohorts in-
cluding twins with schizophrenia or bipolar disorders separately have
been established in Finland (Cannon et al., 2000; Kieseppa et al., 2000;
Pirkola et al., 2005), and the Netherlands (Baare et al., 2001; Hulshoff
Pol et al., 2012), and a Danish twin study has included twins with psy-
chotic spectrum disorders (Hilker, 2015). Similar to STAR those cohorts
consists of approximately 300 to 400 twins each and assemble informa-
tion on neurocognitive measures, brain imaging and genetic data. As
schizophrenia and bipolar disorder are rare disorders future projects
would benefit from transnational collaboration projects combining
data from different cohorts. Challenges include the difficulties in
synchronizing data from different cohorts and coordination of the
collaboration.

Our twin cohort shows that it has been beneficial to include both
schizophrenia and bipolar disorder, but to differentiate between the
two disorders may be a challenge. We found that 17% of the partici-
pants changed in diagnostic status, when we compared the register
based diagnoses with the result from the clinical interview combined
with a review of the available clinical information. Around 5% of the
participants changed diagnostic status from bipolar disorder to
schizophrenia or schizoaffective disorder or conversely. The valida-
tion of the diagnoses highlights the difficulty to decide on a definite
categorical diagnosis. To include both diagnoses thus enlightens
the common features and lifetime changes between schizophrenia
and bipolar disorder. Our comprehensive symptom scales enable us
to choose a dimensional view on psychotic symptoms for enrich-
ment of the power in future analyses.

At this stage, it is difficult to state which findings from our cohort
that are the most innovative. The CSF studies are unique and the fu-
ture will tell if specific or common biomarkers could be identified.
With the expansive development in genetic research in mind, the
molecular genetic data from STAR are likely to be more valuable
than we could imagine when we started the study over 10 years
ago. In addition, the skin biopsies might give important contribution
to future stem cell studies.

One limitation of this study is the relatively low initial response rate
of 38.2%, and the response rate was even lower for the twins with a pre-
sumptive status of schizophrenia and bipolar disorder. To motivate

Presumptive status

Reasons for non-participation Total Schizophrenia® Bipolar disorder Not-affected”
N = 746 N =213 N =125 N = 408
Personal
One twin in a pair did not want to participate 267 (35.8) 87 (40.8) 54 (43.2) 126 (30.9)
Both twins did not want to participate 230 (30.8) 49 (23.0) 38 (304) 143 (35.0)
One twin in a pair was deceased 18 (24) 10 (4.7) 1(1.0) 7(1.7)
Health related
One/both twins did not want to participate due to psychiatric symptoms 25 (3.4) 13 (6.1) 4(3.2) 8 (2.0)
One/both twins did not want to participate due to somatic problems 73 (9.8) 11 (5.2 8(6.4) 54 (13.2)
Twin not possible to localize
Did not have a telephone number 62 (8.3) 23(10.8) 10 (8.0) 29(7.1)
Was not possible to reach - other reason 64 (8.6) 19 (8.9) 8(6.4) 37 (9.1)
Unknown address 1(0) 0(0) 0(0) 1(0)
Unknown 6(0) 1(0.5) 2(1.6) 3(1.0)

¢ Schizophrenia and schizophrenia with affective features are here included in the category of schizophrenia.

b Not-affected category includes those with a diagnosis of depression.
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Table 4
Overview of the hitherto published studies on the STAR twins.

Monozygotic (MZ), dizygotic (DZ), concordant (CC), discordant (DC), schizophrenia with or without affective features (SCZ), bipolar disorder (BP), depression (DEP), control-twin (CC).

Not applicable (NA). Cerebrospinal fluid (CSF).

Type of studies Twins Diagnoses studied Zygosity External samples Summary of study results
Psychiatric symptoms

and personality traits

Higier et al,, 2014 N =258 SCZ + BP MZ +DZ - Temperament and cognitive performance were studied in discordant twin pairs and not
affected pairs. BP co-twins scored higher on positive temperaments and had a superior
performance on cognitive measures (verbal fluency). Enhanced sociability and verbal
fluency were associated with liability for BP but not SCZ.

Fortgang et al.,, 2016a N =420 SCZ + BP MZ +DZ - Coping with stress (Brief cope questionnaire) was studied in relation to psychopathology.
Coping styles showed more phenotypic than genetic overlap across SCZ, BP, and
depression.

Fortgang et al., 2016b N =420 SCZ + BP MZ +DZ - Self-reported impulsivity and sensation seeking behavior, and inhibition measured
through the computerized Stop Signal Task (SST) was studied in SCZ, BP, depression,
their co-twins, and not affected controls. Impulsivity and inhibition was associated with
SCZ and BP but not their co-twins. Sensation seeking was lower in SCZ. Self-reported
impulsivity emerged as a shared endophenotype for SCZ, BP and depression.

Genetic risk in relation to -

cognition and brain

anatomy

Zheutlin et al,, 2016 N =190 SCZ + BP MZ + DZ Independent SCZ Gene expression in mononuclear cells from blood was analyzed in relation to cognitive

twin sample, performance; California Verbal Learning Task (CVLT). CVLT performance was related to
N=73 expression levels of 76 genes. 43 of these genes were differentially expressed in SCZ,
indicating that genes influencing memory might contribute to SCZ risk.

Allswede et al.,, 2018 N=129 SCZ - Brain imaging data and mRNA expression in blood was analyzed in SCZ, their co-twins
and controls. The mRNA expression levels in genes related to the complement system
(C5, SERPING1) were associated with cortical thickness in frontal cortex. The study
provides support for involvement of the complement system in the pathogenesis of SCZ.

Genetic studies -

Bloom et al., 2013 N=10 SCZ + BP Mz - A comparative genomic hybridization array analysis in blood with a genome-wide
detection of copy number variants was performed in discordant pairs for SCZ or BP. No
differences identified of the copy number variants within the twin pairs.

Hannon et al.,, 2016 N=36 SCZ Mz Non-twin sample Genome-wide patterns of DNA methylation was analyzed in SCZ, in three independent

with SCZ cohorts. Methylated positions and regions associated with SCZ was independent from
(n=1714) smoking. Epigenetic variation contributed to the polygenic nature of SCZ.
Markers in cerebro-spinal -

fluid (csf)

Johansson et al., 2012 N =37 SCZ + BP MZ + DZ Non-twin controls,  Microscopic structures were analyzed in CSF with scanning electron microscopy.

n =65 Structures were more frequent in twins with SCZ or BP the co-twins, indicating a partial
genetic influence on the occurrence of CSF-structures.

Mobarrez et al,, 2013 N=2 SCZ MZ Non-twin controls,  Flow cytometry analysis was used to detect microparticles in CSF originating from

n=4 lactadherine, platelets, endothelium or leukocytes. The increased number of
microparticles suggested increased activity of the mechanisms for membrane shedding
in SCZ.

Johansson et al., 2017 N=35 SCZ+ BP MZ +DZ - Microglia and neurodegenerative markers were analyzed in CSF in SCZ, BP, not affected
co-twins and healthy controls. Higher CSF sCD14 levels were associated with SCZ, BP and
psychotic symptoms, supporting a role for microglia activation in psychosis.

Kegel et al., 2017 N=23 SCZ+ BP MZ +DZ - Kynurenine metabolites and cytokines were analyzed in CSF in SCZ, BP, not affected

co-twins and healthy controls. Kynurenic acid in CSF was associated psychotic
symptoms and personality traits.

participants with severe chronical diseases to participate in extensive
examination procedures is difficult. However, as the recruitment was
performed nation-wide the population is as representative as possible.

5. Conclusion

The STAR study in Sweden is a unique cohort of MZ and DZ twins
with schizophrenia or bipolar disorder. Here we describe the design,
data collection, recruitment, measures as well as past, ongoing and
planned analyses in STAR. Until now, this twin cohort has given us the
opportunity to address a broad spectrum of research questions by
studying the effect of genetic and environmental factors in relation to
outcomes for discordant and concordant twin pairs. In addition, we
have initiated novel analyses such as WGS among others. The STAR co-
hort has a great potential for future projects and collaborations opening
up for new hypotheses within the field and the possibility to share data
between other similar twin cohorts. Potential gains of the study include
identification of biomarkers, new leads for prevention of schizophrenia
and bipolar disorder, translational modeling and the emergence for
drug development.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.schres.2018.08.001.
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