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1. Introductory summary

1.1. Bipolar Disorder

Bipolar Disorder (BD) is a chronic mental health disorder, affecting 2-3% of the population
(Merikangas et al., 2011). Its symptoms include recurrent episodes of elated or irritated mood,
overconfidence, grandiosity, talkativeness, (extreme) disinhibition, decreased need for sleep,
and increased energy and activity (hypomania or mania), and depressed mood and reduced en-
ergy and activity (depression) (Carvalho et al., 2020). BD has two major subtypes, bipolar disor-
der type 1 which is characterized by alternating episodes of mania and depression, and bipolar
disorder type 2, characterized by the occurrence of at least one hypomanic and one depressive
episode. The disease course of BD is heterogeneous, and most patients show substantial iliness-
related disability, (co-)morbidity, and mortality, resulting in increased health care utilization and
reduced psychosocial functioning (Bauer et al., 2018). This highlights the necessity of early diag-
nosis and intervention, for which a better understanding of the factors influencing the develop-

ment and clinical course of BD is a prerequisite.

The development and clinical course of BD are influenced by an interplay of genetic and envi-
ronmental risk factors (Carvalho et al., 2020; Vieta et al., 2018). The estimated 60-80% heritabil-
ity of BD suggests that genetics play a prominent role in shaping the individual vulnerability of
BD (Mullins et al., 2021). Genome-wide association studies (GWAS) have, so far, identified 64
risk variants for BD, which were enriched in genes in synaptic and calcium signaling pathways
and brain-expressed genes (Mullins et al., 2021). Genetic analyses also provide evidence that
the century-old clinical observations of a symptomatic overlap across the affective and psychosis
spectrum are partly due to molecular factors transdiagnostically influencing psychiatric disor-
ders, e.g., via shared risk variants with pleiotropic effects (Lee et al., 2019; Ruderfer et al., 2018).

Several of the BD-associated GWAS signals have previously been implicated in schizophrenia (SZ)



or major depression (MD), and there is a significant genetic correlation between these condi-
tions (rg=0.68 and rg=0.44, respectively) (Mullins et al., 2021; Ruderfer et al., 2018). In total, the
phenotypic variance explained by common genetic variants (SNV-based heritability, h%y) is 18%
(Mullins et al., 2021). However, although GWAS increased our understanding of the genetic eti-
ology of BD, the majority of the BD-associated risk variants are yet to be identified (Mullins et
al., 2021). Interestingly, despite the comparable GWAS sample size, prevalence, and heritability
estimates, currently fewer genome-wide significant loci have been identified for BD than for Sz,
most probably due to the extensive clinical heterogeneity of BD (Mullins et al., 2021; Ripke et
al., 2014). Therefore, reducing the phenotypic heterogeneity by stricter phenotype definitions
and focusing on clinically relevant subphenotypes, e.g., the presence of psychotic symptoms,
suicidality, cognitive symptoms, and the age and polarity at onset has become one of the major

goals of the field.

1.2. The clinical relevance of the disease onset phenotypes

Individuals usually experience their first (hypo)manic or depressive illness episode in adoles-
cence or early adulthood, a period that is essential for their psychosocial development. The on
average, 5-10 years delay between the first symptom presentation and the correct diagnosis

compounds the problem (Dagani et al., 2017).

Diagnostic and treatment delay can be especially long for patients with a depressive index (i.e.,
first) episode (Smith et al., 2011). Current diagnostic criteria cannot differentiate between the
symptoms of unipolar depression and bipolar depressive episodes, thus BD patients with a de-
pressive index episode are often misdiagnosed and treated for MD until they experience their
first (hypo)manic episode (Leonpacher et al., 2015; Young and Macpherson, 2011). Since de-
pression is the most prevalent presenting polarity in BD, the misdiagnosis can impact as much
as 40% of the patients diagnosed with BD (Baldessarini et al., 2020). The interval between the

onset of symptoms and the initiation of adequate treatment is important because treatment



delays are associated with a more disadvantageous disease course including chronic, recurrent
mood episodes, increased rates of subsyndromal symptoms, greater psychosocial impairment,

and higher healthcare cost (Dagani et al., 2017; Young and Macpherson, 2011).

Patients with an early-onset BD have a more severe disease course: they experience psychotic
symptoms and illness episodes more frequently, show a higher suicide rate, lower functioning,
and more comorbid conditions (Perlis et al., 2004; Van Bergen et al., 2019). Based on these ob-
servations, it has been widely hypothesized that early disease onset is an expression of a more
severe disease risk and stratifying patients by age at onset would help in narrowing down the
molecular heterogeneity of BD and of other disorders (Hagenaars et al., 2020; Kalman et al.,
2019; Power et al., 2017). Therefore, the age at illness onset has been considered a suitable
phenotype for genetic studies. Genetic risk loci associated with the age at onset have already
been identified for multiple sclerosis, Alzheimer’s disease, and MD (Andlauer et al., 2016; Naj et

al., 2014; Power et al., 2017).

It has also been suggested that the genetics of early disease onset BD may be quantitatively and
qualitatively different from late-onset BD (Kennedy et al., 2015). However, evidence for a dis-
tinctive genetic profile of early- vs. late-onset BD is inconclusive. Family studies have shown an
accumulation of early-onset cases in BD multiplex families, suggesting that shared genetic
and/or environmental factors influence the age at disease onset (Kennedy et al., 2015). Thus far,
GWAS studies for age at BD onset have been underpowered and yielded no significant findings

(Belmonte Mahon et al., 2011; Jamain et al., 2014).

The coordinated efforts of international consortia like the International Consortium on Lithium
Genetics (ConLiGen) and the Psychiatric Genomics Consortium (PGC) have significantly in-
creased the amount of available data and created a unique opportunity to investigate the ge-
netics of illness onset in BD at an unprecedented scale (Schulze et al., 2010; Sullivan et al., 2018).
Therefore, the phenotypic and genetic dissection of the disease onset phenotypes (age and po-

larity at onset) in BD has been the major focus of my Ph.D. work.



1.3. Investigating the association between bipolar and schizophrenia
polygenic risk and age at disease onset in bipolar disorder

Kalman, J.L.", Papiol, S.”, Forstner, A.J.", [...], Néthen, M., Rietschel, M., Schulze, T.G. (2018).

Investigating polygenic burden in age at disease onset in bipolar disorder: Findings from an in-

ternational multicentric study. Bipolar Disord, 21(1), 68-75. doi:10.1111/bdi.12659

According to the results of large genomic studies, the genetic architecture of complex psychiatric
(and non-psychiatric) disorder-related phenotypes, including the age at onset, is very likely to
be polygenic and influenced by several thousands of genetic variants (Anttila et al., 2018; Mullins
et al., 2021; Sullivan et al., 2018). Although the contribution of each variant is minuscule (most
common genetic variants associated with common psychiatric disorders have odds ratios (OR)
below 1.05), these variants can cumulatively explain a significant proportion of the phenotypic
variance. The cumulative polygenic load of an individual can be expressed as a polygenic score
(PGS), also known as polygenic risk score (PRS). PGS are calculated using the summary statistics
of GWAS of independent training samples as weights and can be used to quantify the cumulative
genetic risk an individual carries. Thus, they may have potential clinical utility for patient strati-

fication and risk prediction in the future.

Accumulating evidence demonstrates that genetic variants associated with the risk of mental
health disorders also influence the clinical manifestation of the disease (Allardyce et al., 2018;
Guzman-Parra et al., 2021; Meier et al., 2016; Ruderfer et al., 2018; Wray et al., 2018), for ex-
ample, the number of episodes/hospitalizations in SZ and MD, the age at onset of MD, and the
presence of psychotic symptoms in BD (Allardyce et al., 2018; Meier et al., 2016; Ruderfer et al.,
2018; Wray et al., 2018). However, the association between BD- and SZ-PGS and the age at BD

onset has previously only been investigated in a very small (N=285) sample (Aminoff et al., 2015).

Therefore, in our first study, we examined the association between SZ- and BD-PGS and the age

at onset using the latest GWAS summary statistics datasets available at the time of the study



(PGC-SZ2 and PGC-BD) (Ripke et al., 2014; Sklar et al., 2011). The study was conducted on n=1995
patients with a lifetime DSM-IIl and DSM-IV diagnosis of BD type 1. Patients were recruited at
21 study sites across Europe (Austria, Czech Republic, Italy, France, Germany, Poland, Romania,
Spain, and Sweden), North America (Canada and USA), and Australia (Budde et al., 2019; Schulze

et al, 2010).

In line with the liability-threshold model of polygenic traits, which suggests that individuals with
more disease-associated genetic variants can be expected to cross the liability threshold earlier
and thus have earlier disease onset, we hypothesized that increased BD- and SZ-PGS will be as-
sociated with an earlier disease onset in BD (Gottesman and Shields, 1967). However, the inves-
tigated PGS were not significantly associated with the age at onset, regardless of using a contin-
uous or categorical (childhood (<12 years), adolescence (13- 18 years), or adulthood (>18 years))
age at onset definition. This finding suggested that, despite the almost tenfold increase in sam-
ple size compared to the previous study, we either still lacked sufficient statistical power for
detecting any underlying genetic association or the age at onset in BD is not shaped by common
variants associated with risk of psychiatric disorders (Aminoff et al., 2015). However, the latter
assumption is improbable given the findings for other disorders (Naj et al., 2014; Power et al.,

2017; Wray et al., 2018).

Interestingly, and in line with previous observations, we observed a significantly lower age at
onset in patients recruited in the USA in comparison to those from Europe, Australia, and Canada
(mean + SD: 19.25 + 9.55 and 25.92 + 10.33 years, respectively, P < 2.25 x 107%) (Post et al.,
2008). This result suggests that variation due to cultural and/or organizational differences be-
tween the individual sites and continents might influence the age at onset and/or phenotype
definitions and thus potentially reduce statistical power for genetic analyses. We attempted to
control for this issue by using site, genotyping chip, and ancestry principal components as co-
variates. Furthermore, as a secondary sensitivity analysis, we also conducted separate regres-

sion analyses for the USA and the rest of the world. These analyses provided similar results.



1.4. Characterization of Age and Polarity at Onset in Bipolar Disorder

Kalman, J.L.", Olde Loohuis L.", Vreeker A.", [...], Andlauer T.F.M.?, Schulze T.G.*, Ophoff R. ",
(2021). Characterization of Age and Polarity at Onset in Bipolar Disorder. The British Journal of

Psychiatry, in press

The power to detect risk variants increases with sample size. For example, the number of BD-
associated risk variants increased from 4 to 30 and 64 as the sample size (cases and controls)
increased from 16,731 to 51,710 and to 413,466 subjects (Mullins et al., 2021; Sklar et al., 2011;
Stahl et al., 2019). A comparable increase has been observed for SZ and MD (Ripke et al., 2020;
Wray et al., 2018). Interestingly, the cross-disorder group of the PGC described a nominally sig-
nificant association between SZ-PGS and the age at onset in BD in a sample of 8610 BD patients
(OR=-3.36, p = 7.9x10%; significance threshold corrected for multiple testing by Bonferroni’s
method, a = 4.47x10*) (Ruderfer et al., 2018).

Therefore, for our next study we collected phenotypic and genetic data from almost 15,000 BD
patients and thus increased our sample size significantly compared to the first study described
above. Furthermore, as an attempt to control for potential bias introduced by sample and phe-
notype heterogeneity, we collected detailed information on the disease onset phenotypes, in-
cluding the polarity at onset and the method used to assess the age at onset. Moreover, we
combined the analyses of the individual cohorts using inverse variance-weighted meta-analysis.
By analyzing the genetics of polarity at onset for the first time, we hoped to gain important
insights into the pathophysiology of disease development and potentially identify genetic mark-
ers which differentiate between patients with a depressive and (hypo)manic polarity at onset
(i.e., having either mania or depression upon illness presentation).

Our study constitutes the largest study conducted so far to systematically characterize age
(N=12977) and polarity (N=6773) at onset in BD. We highlighted the clinical relevance of age and

polarity at onset and replicated findings of previous studies. Importantly, we demonstrated that
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of lifetime delusions, hallucinations, suicide attempts, suicidal ideation, lower educational at-
tainment, and not living together were associated with age at onset, whereas higher probability
of suicidal ideation and lifetime suicide attempts (with depressive illness onset) and delusions
and number of manic episodes with a (hypo)manic onset.

We found significant heterogeneity of the age at onset (and, partly, the polarity at onset) phe-
notype across cohorts, continents, and age-at-onset definitions. Thus, our results underscore
the challenges for genetic analyses in the presence of substantial phenotypic heterogeneity.
First, heritability estimates varied for different criteria used to define the age at onset and de-
creased when combining multiple cohorts. Second, a single genome-wide significant variant,
identified in the age-at-onset discovery GWAS, did not replicate in an independent (N=2,237)
dataset. Still, analyses of PGS showed that increased PGS for autism spectrum disorder (f=-0.34
years per unit increase in PGS, SE=0.08, P=9.85x10°, significance threshold corrected for multi-
ple testing by Bonferroni’s method, o = 5.2x10*), MD (B=-0.34, SE=0.08, P=1.40x10®), SZ (B=-
0.39, SE=0.08, P=2.91x10°®), and educational attainment (f=-0.31, SE=0.08, P=5.58x10") are as-
sociated with an early age at BD onset, providing evidence that the age at onset is influenced by
a broad liability to mental health disorders. Interestingly, although we observed significant h%y
for the polarity at onset, we were not able to identify significant associations with the PAO in

neither GWAS nor PGS analyses.
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1.5. Summary and outlook

In summary, our results extend our knowledge on the genetic architecture of BD onset. They
provide evidence that BD patients with an earlier age at onset have a distinctive phenotypic and
genetic profile and that an early disease onset can indeed be viewed as a more severe expression
of disease risk. However, the low estimated heritability, the lack of replication of our GWAS
finding, and the lack of significant GWAS results for polarity at onset also highlight how hetero-
geneity across cohorts can complicate the analysis of phenotypes and warrant for standardized

phenotype definitions.

The coordinated efforts of international consortia and our growing ability to harness the rich
phenotypic information stored in electronic health records will provide an unprecedented pool
of phenotypic information on an increasingly diverse patient population (Smoller, 2018; Sullivan
et al., 2018). Thus, in addition to conducting case-control analyses, studying subphenotypes on
a large scale will soon become feasible. However, as the results of the presented two papers
also show, sample size is not a silver bullet: analogously to the standardization of diagnostic
criteria, careful (sub)phenotype harmonization and coordinated recruitment strategies are also

needed so that future studies can benefit from these growing resources.
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1 | INTRODUCTION

Bipolar disorder (BD) is a multifactorial disorder characterized by recur-
rent episodes of elevated and depressed mood. According to heritabil-

ity estimates, genetic factors explain 60%-80% of the variance in this

Objectives: Bipolar disorder (BD) with early disease onset is associated with an unfa-
vorable clinical outcome and constitutes a clinically and biologically homogenous
subgroup within the heterogeneous BD spectrum. Previous studies have found an
accumulation of early age at onset (AAO) in BD families and have therefore hypoth-
esized that there is a larger genetic contribution to the early-onset cases than to late
onset BD. To investigate the genetic background of this subphenotype, we evaluated
whether an increased polygenic burden of BD- and schizophrenia (SCZ)-associated
risk variants is associated with an earlier AAO in BD patients.

Methods: A total of 1995 BD type 1 patients from the Consortium of Lithium
Genetics (ConLiGen), PsyCourse and Bonn-Mannheim samples were genotyped and
their BD and SCZ polygenic risk scores (PRSs) were calculated using the summary
statistics of the Psychiatric Genomics Consortium as a training data set. AAO was
either separated into onset groups of clinical interest (childhood and adolescence
[£18 years] vs adulthood [>18 years]) or considered as a continuous measure. The as-
sociations between BD- and SCZ-PRSs and AAO were evaluated with regression
models.

Results: BD- and SCZ-PRSs were not significantly associated with age at disease
onset. Results remained the same when analyses were stratified by site of
recruitment.

Conclusions: The current study is the largest conducted so far to investigate the as-
sociation between the cumulative BD and SCZ polygenic risk and AAO in BD pa-
tients. The reported negative results suggest that such a polygenic influence, if there
is any, is not large, and highlight the importance of conducting further, larger scale
studies to obtain more information on the genetic architecture of this clinically rele-
vant phenotype.

KEYWORDS
age at onset, bipolar disorder, early onset, polygenic risk score, schizophrenia

disorder and recent association studies have shown that a significant
proportion of its genetic liability can be attributed to common varia-
tion.* Despite this relatively robust genetic component, the pheno-
typic and genetic heterogeneity of this mental disorder has hampered

our understanding of the underlying biological mechanisms.*
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Studies on breast cancer, colon cancer, and Alzheimer’s disease
have provided evidence that identifying subphenotypes underlying
the clinical diagnosis can assist with patient stratification. This ap-
proach, of narrowing down the molecular heterogeneity of these
complex and polygenic disorders, holds promise for the identification
of the genetic factors involved.>® In BD, the presence and severity
of psychotic symptoms, first episode polarity, response to lithium,
functional impairments, and age at onset (AAO) are considered as
promising phenotypes for the identification of putatively biologi-
cally homogenous disease-subgroups.”® The recent identification of
novel lithium response-associated single nucleotide polymorphisms
(SNPs) by the Consortium of Lithium Genetics (ConLiGen) and Song
et al. underline the potential of this approach in BD and call for fur-
ther analyses on similar well-defined subphenotypes.”*°

Clinical studies have shown that early-onset BD (onset prior to
18 years of age) is more severe and homogeneous than other forms
of BD, and thus it is one of the most frequently examined subphe-
notype candidates. This subgroup is associated with a higher recur-
rence rate of mood episodes, higher rates of psychotic symptoms
and of comorbid conditions and more frequent suicide attempts and
neurocognitive impairments.2*! Moreover, it has also been hypoth-
esized, mostly based on the observations of family and heritability
studies, that early-onset BD is genetically different from the late-
onset subgroup.?*® However, candidate gene studies and genome-
wide association studies (GWASs) have failed to unambiguously
identify genetic markers specifically associated with early-onset
forms of BD. This may be in part due to limited statistical power.***>

Current evidence derived from GWASs, in a wide range of psy-
chiatric (and non-psychiatric) complex phenotypes, indicates that
the genetic architecture of psychiatric disorders is characterized by
a marked polygenicity.¢*® Therefore, estimating the genetic risk
burden by employing polygenic risk scores (PRSs) holds promise for
a better understanding of the genetic basis of the phenotype and its
genetic overlap with other phenotypes/disorders.*®*’ For instance,
genome-wide complex trait analysis has shown that 79% of com-
mon variants are shared between BD and schizophrenia (SCZ) and
that SCZ-PRSs are good predictors of BD case-control status.>'®
However, a single study thus far has investigated the association
between the cumulative genomic risk for BD (BD-PRS) and disease
onset and found no significant results.?’ The association with SCZ-
PRS has not been tested yet.

Given the limited knowledge of the genetic structure of AAO
in BD, the aim of the current study was to use PRSs to investigate
whether earlier disease onset is associated with a higher genetic lia-
bility to BD and/or SCZ in 1995 BD type 1 patients.

2 | METHODS

2.1 | Subjects

The phenotypic and genetic data of patients with a lifetime diag-
nosis of DSM-IIl or DSM-IV BD type 1 were assembled from the
ConlLiGen,

Bonn-Mannheim (BoMa) and PsyCourse samples.

Patients included in this analysis were recruited at 21 sites in 12
countries across North America (Canada and the USA), Europe
(Austria, Czech Republic, Italy, France, Germany, Poland, Romania,
Spain and Sweden) and Australia. Their AAO was defined as the age
at the first DSM-IIl or DSM-1V mood episode (depressive, manic or
hypomanic) based on the information obtained at the diagnostic
interview and from medical records. Ascertainment and diagnostic
assessment for the ConLiGen study have been described previ-
ously.”? Patients in the BoMa sample were recruited from consecu-
tive hospital admissions at the Central Institute of Mental Health,
Mannheim, and the Department of Psychiatry, University of Bonn,
Bonn, Germany.?! Only patients not part of the PGC-BD1 analyses
were included in the current study.?? PsyCourse is an ongoing, multi-
center study conducted at a network of clinical sites across Germany
and Austria (http://psycourse.de).?® The phenotypic characteristics
of the patients recruited at the individual sites and the respective
sample sizes are presented in Supporting Information Table S1. The
reported sample sizes represent those available after quality control
(exclusion of patients with no information on age [N = 59], gender
[N = 2], or AAO, or having improbable AAO data [N = 162]).

This study was conducted in accordance with the ethical princi-
ples of the Declaration of Helsinki. Written informed consent was
obtained from all participants aged = 18 years, and written assent
and parental permission were obtained from children aged < 18 years
and their parent/legal guardian before participation in the study.

Approval from each institution’s ethics committees was obtained.

2.2 | Genotyping and imputation

DNA was extracted from peripheral blood and samples were geno-
typed at the National Institute of Mental Health (Bethesda, MD,
USA) or Broad Institute (ConLiGen) and Life & Brain Center at the
University of Bonn (ConLiGen, PsyCourse and BoMa). The genotyp-
ing, quality control and imputation pipelines used for the samples are
described in Hou et al., Andlauer et al. and Mihlheisen et al. in more
detail.”?1?* Briefly, the subsamples were genotyped on Affymetrix
(Affymetrix 6.0, Affymetrix Inc., Santa Clara, CA, USA) or lllumina
(Human610/660W, HumanOmniExpress, HumanOmnil-Quad or
HumanOmni2.5, Illlumina Inc., San Diego, CA, USA) SNP arrays.
Participants from the PsyCourse and BoMa cohorts were genotyped
on lllumina (Human610/660W or Infinium PsychArray) SNP arrays.
Quality control and imputation were carried out separately for the
distinct SNP arrays. Genotype imputation was performed using the
1000 Genomes reference panel using either SHAPEIT2 and IMPUTE2
(BoMa and PsyCourse) or SHAPEIT2 and minimac (ConLiGen).?>2¢
The Caucasian-European origin of the samples was confirmed by

principal component analysis of the genetic relationship matrix.

2.3 | Polygenic scoring

Polygenic scores were generated using PLINK v.1.9, by applying the
method used by the International Schizophrenia Consortium, as de-
scribed in Purcell et al.*®%’ First, the SNPs shared between either
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the Psychiatric Genomics Consortiums SCZ or BD GWAS summary
statistics data sets (PGC SCZ2 and PGC BD) and a merged data set
of the samples included in this study were identified, resulting in
N =92 703 (SCZ) and N =101 007 (BD) autosomal SNPs pruned
for minimalizing pair-wise linkage disequilibrium.'?? This harmo-
nized set of PGC SCZ2 and PGC BD summary data was then used
as the source of information on the allelic risk variants and their as-
sociated odds ratios (ORs). PRSs were calculated by multiplying the
imputation probability for each risk allele by the log(OR) for each
genetic variant in PGC SCZ2 and PGC BD. The resulting values were
summed using all SNPs (P-value threshold, P;= 1), leading to an es-

timate of the SCZ or BD polygenic risk burden of each individual.

2.4 | Statistical analysis

AAO was analyzed both as a continuous and as a categorical meas-
ure; the association between AAO and either BD- or SCZ-PRS was
evaluated using linear and logistic regression models, respectively.
The AAO subgroups were initially identified to represent the devel-
opmental stages, namely childhood (<12 years), adolescence (13-
18 years), or adulthood (>18 years).?® However, because of highly
unbalanced sample sizes (N = 93, 555 and 1347, respectively), the
childhood and adolescence groups were collapsed into a single
early-onset group (<18 years) and compared to the late-onset cases
(>18 years) in the categorical analysis. Sex, age at interview, recruit-
ment site, genotyping chip, 10 ancestry principal components and
the applied imputation strategy were taken into consideration as
covariates. Backward stepwise regression model selection indicated
that the 1st, 4th, 6th and 8th ancestry principal components, site,
genotyping chip, age at interview and imputation strategy were
significantly associated with the continuous AAO. The 4th, 6th,
7th and 10th ancestry principal components, gender, site, genotyp-
ing chip, age at interview and imputation strategy were associated
with the categorical AAO measure. Therefore, these variables were
controlled for in the respective analyses. The proportion of vari-
ance explained (R?) was calculated by subtracting the effects of the
covariates from the full model including PRS. The residuals of the
linear regression models were normally distributed. The significance
threshold was corrected for testing two PRSs to a = 0.025. All analy-
ses were performed in the statistical computing environment R 3.4.2
with the packages car 2.1-5, fmsb 0.6.1 and nnet 7.3-12.%

3 | RESULTS

We analyzed a sample of 1995 BD type 1 patients (55.1% female).
The mean (£ SD) AAO across all centers was 24.83 (+10.59) years
and the AAO ranged between 6 and 67 years. The AAO was not dif-
ferent between the sexes (mean + SD: male patients, 24.96 + 10.720
years; female patients, 24.73 + 10.32 years; P = .623).

No significant association was observed between continuous
AAO and BD-PRS (P =.376,t = -0.886, standardized = ~0.000065,
R? change = -.01%) or SCZ-PRS (P=.99, t=-0.01, standardized

B=-1.322x107° R? change = -.04%). Full results, including P-
values, t values and R? change are summarized in Supporting
Information Tables $2-S3.

Furthermore, no significant group difference was observed
when AAO was considered as a dichotomous variable and BD- and
SCZ-PRSs of the early-onset (<18 years) and late-onset (>18 years)
AAO groups were compared using binary logistic regression (P = .16,
Nagelkerke's R? change = .105%, OR = 1.01, 95% confidence interval
(CI): 0.99-1.03, and P = .88, Nagelkerke’s R? change = .002%, OR =
1.0, 95% Cl: 0.96-1.03, respectively). Full results, including correla-
tion coefficients, ORs, 95% Cls and P-values, are summarized in
Supporting Information Tables S4-S5.

Patients recruited in the USA had a significantly lower AAO com-
pared to those from the European, Australian and Canadian sites
(mean + SD: 19.25+9.55 and 25.92+10.33 vyears, respectively,
P < 2.25 x 107%%). To ensure that the association between AAO and BD-
and SCZ-PRSs was not masked by these geographic differences in AAO
distribution, which are well known in the literature, the same linear re-
gressions with initial backward feature selection steps were repeated
using only the USA site or the other sites. These additional analyses,
similarly to the results for the full data set, found no association with
the phenotype of interest. Full results, including P-values, t values and
R? change, are summarized in Supporting Information Tables S6-S9.

4 | DISCUSSION

Although early onset of BD has long been hypothesized to consti-
tute a genetically more homogenous subcategory within the rather
heterogenous BD spectrum, the search for phenotype-specific ge-
netic variants has not yet been successful.? Being a highly heritable
disorder with 43.2% of its genetic liability being explained by com-
mon variants of small effect, the development of BD, similarly to
that of other complex polygenic conditions, can be modeled within
the framework of a liability-threshold model.? Individuals with more
BD- or SCZ-associated risk alleles can be expected to cross the li-
ability threshold earlier and thus have an earlier disease onset.*®
Previous family studies support this hypothesis, as affected siblings
of patients with early AAO were reported to be four times more
likely to also have an early AAO, and children of couples with a
positive history of affective disorders had a higher risk for an earlier
AAO.332 However, a study conducted on 255 patients found no
difference between the BD-PRSs of the different AAO groups.?°
Evidence shows that the power to detect the genetic underpin-
nings of complex phenotypes increases with increasing sample sizes.
Therefore, we assumed that, using an order of magnitude larger sample
than in Aminoff et al., we might find an association between AAO and
BD and SCZ.%° Based on the negative findings of our study, one can
hypothesize that instead of being largely influenced by SNPs identified
in GWASs of BD and SCZ, age at disease onset is rather influenced by
other genetic, environmental or epigenetic risk factors. A further pos-
sibility is that BD- and SCZ-PRSs explain only a small proportion of the
AAO variance and/or the genetics of AAO in BD is more heterogenous
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than previously assumed and therefore the current study lacked the

statistical power to detect an underlying association.

5 | SUMMARY

To our knowledge, this is the largest study thus far to investigate the
association between AAO in BD and BD- and SCZ-PRS. The results
show, in our sample of 1995 BD patients, that the polygenic burden
associated with BD or SCZ risk does not influence the age at illness
onset in BD. These negative results highlight the need to conduct
further larger scale studies, also including environmental informa-

tion, to disentangle the genetic architecture of early-onset BD.
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Supplementary table 2.: Full results (standardized correlation coefficient, t-
value and p-value) for the linear regression on age at onset and BD-PRS.
Variables, found to be associated with age at onset using backward regression
were included as covariates. (p=0.376, t=-0.886, standardized beta=-0.000065,

R2 change=-0.01%)

Standardized correlation t-value p-value
coefficient
(Intercept) 3.06 0.00
Age at interview 0.47 23.82 0.00
Centre 2: Barcelona (Catalonia) 1.89 1.74 0.08
Centre 3: Cagliari (Italy) 0.38 0.33 0.74
Centre 4: Halifax (Canada) -0.29 -2.20 0.03
Centre 5: Dresden (Germany) 0.00 -0.40 0.69
Centre 6: Graz (Austria) -0.01 -0.68 0.50
Centre 7: Baltimore (USA) -0.01 -0.67 0.51
Centre 8: lowa City (USA) -0.02 -1.76 0.08
Centre 9: Napoli (Italy) 2.53 2.05 0.04
Centre 10: PsyCourse study (Germany/Austria) -2.97 -0.55 0.58
Centre 11: Rochester (USA) -4.80 -1.57 0.12
Centre 12: Bethesda (USA) -1.89 -1.76 0.08
Centre 13: Paris (France) 0.11 0.70 0.49
Centre 14: Poznan (Poland) -0.01 -0.64 0.52
Centre 15: Prague (Czech Republic) 0.00 0.00 1.00
Centre 16: Bucharest (Romania) -0.01 -1.61 0.11
Centre 17: San Diego (USA) -0.02 -2.47 0.01
Centre 18: Stockholm (Sweden) -3.96 -1.31 0.19
Centre 19: Sydney (Australia) -7.56 -1.10 0.27
Centre 20: Wiirzburg (Germany) 1.25 1.21 0.23
Centre 21: Mannheim/Bonn (Germany) -0.33 -0.32 0.75
Chip 2: lllumina Human610 -0.13 -0.39 0.70
Chip 3: lllumina Human 660W -0.02 -1.57 0.12
Chip 5: lllumina HumanOmniExpress 1.0 -0.01 -2.40 0.02
Chip 7: Affymetrix 6.0 -0.01 -2.14 0.03
Chip 8: lllumina HumanOmnil-Quad 0.00 -0.06 0.95
Chip 9: lllumina HumanOmniExpress 1.1 -4.80 -1.55 0.12
Imputation 2. wave 5.89 1.37 0.17
PC1 27.63 1.83 0.07
PC4 -4.44 -2.00 0.05
PC6 1.43 1.88 0.06
PC8 0.05 2.30 0.02
BD-PRS at pT=1 0.00 -0.89 0.38
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Supplementary table 3.: Full results (standardized correlation coefficient, t-
value and p-value) for the linear regression on age at onset and SCZ-PRS.
Variables, found to be associated with age at onset using backward regression
were included as covariates. (p=0.99, t=-0.01, standardized beta= 0.00, R?
change=-0.04%)

Standardized t-value p-value
correlation coefficient
(Intercept) 2.85 0.00
Age at interview 0.47 23.77 0.00
Centre 2: Barcelona (Catalonia) 1.87 1.73 0.08
Centre 3: Cagliari (Italy) 0.11 0.28 0.78
Centre 4: Halifax (Canada) -0.86 -2.20 0.03
Centre 5: Dresden (Germany) 0.00 -0.45 0.66
Centre 6: Graz (Austria) -0.01 -0.71 0.48
Centre 7: Baltimore (USA) -0.01 -0.73 0.47
Centre 8: lowa City (USA) -0.02 -1.81 0.07
Centre 9: Napoli (Italy) 1.37 2.07 0.04
Centre 10: PsyCourse study (Germany/Austria) -3.08 -0.57 0.57
Centre 11: Rochester (USA) -4.89 -1.60 0.11
Centre 12: Bethesda (USA) -0.66 -1.81 0.07
Centre 13: Paris (France) 0.32 0.68 0.49
Centre 14: Poznan (Poland) -0.01 -0.64 0.52
Centre 15: Prague (Czech Republic) 0.00 -0.02 0.99
Centre 16: Bucharest (Romania) -0.01 -1.64 0.10
Centre 17: San Diego (USA) -0.02 -2.50 0.01
Centre 18: Stockholm (Sweden) -2.18 -1.34 0.18
Centre 19: Sydney (Australia) -7.78 -1.13 0.26
Centre 20: Wiirzburg (Germany) 1.27 1.23 0.22
Centre 21: Mannheim/Bonn (Germany) -0.12 -0.35 0.73
Imputation 2. wave 1.17 1.43 0.15
Chip 2: lllumina Human610 0.00 -0.36 0.72
Chip 3: lllumina Human 660W -0.02 -1.63 0.10
Chip 5: lllumina HumanOmniExpress 1.0 -0.01 -2.51 0.01
Chip 7: Affymetrix 6.0 -0.01 -2.23 0.03
Chip 8: lllumina HumanOmnil-Quad -0.11 -0.10 0.92
Chip 9: lllumina HumanOmniExpress 1.1 -11.50 -1.62 0.11
PC1 26.86 1.77 0.08
PC4 -1.47 -1.94 0.05
PC6 4.10 1.85 0.06
PC8 0.05 2.29 0.02
SCZ-PRS at pT=1 0.00 -0.01 0.99
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Supplementary table 4.: Full results (correlation coefficient, OR, 95% Cl and p-
value) for the binary logistic regression comparing the BD-PRS of the early-onset
(18 years) vs. late-onset (>18 years) AAO groups. Variables, found to be
associated with the age at onset groups using backward regression were
included as covariates. (p=0.16, Nagelkerke’s R2 change: 0.105%; OR=1.01 (95%

Cl: 0.99-1.03)).
Correlation OR Cl (95%) p-value
coefficient
(Intercept) -14.52 4.97x107 2.24x10%61 - 1.1x10%4 0.96
Age at interview -0.06 0.94 0.93-0.95 1.27x10%
Gender 0.20 1.23 0.98-1.52 0.06
Centre 2: Barcelona (Catalonia) -0.51 0.60 0.25-1.42 0.25
Centre 3: Cagliari (Italy) 15.41 4.94x10° 2.22x10%8 - 1,09x10%¢? 0.96
Centre 4: Halifax (Canada) 0.55 1.73 0.78-3.82 0.18
Centre 5: Dresden (Germany) 14.25 1.54x10° 6.91x102% - 3.41x10%° 0.96
Centre 6: Graz (Austria) 16.26 1.16x107 5.20x10°%8 - 2,56x10%? 0.96
Centre 7: Baltimore (USA) 15.01 3.30x10° 1.48x102%8 - 7.30x10%° 0.96
Centre 8: lowa City (USA) 17.33 3.35x10’ 1.50x10%47 - 7.42x10%? 0.95
Centre 9: Napoli (Italy) -1.61 0.19 0.05-0.69 0.01
Centre 10: PsyCourse study 15.33 4.54x10° 2.05x10%%8 - 1.00x10%¢* 0.96
(Germany/Austria)
Centre 11: Rochester (USA) 17.19 2.93x10’ 1.31x102% - 6.49x10% 0.95
Centre 12: Bethesda (USA) 16.07 9.53x10° 4.30x102%8 - 2.11x10%%* 0.96
Centre 13: Paris (France) -0.10 0.90 0.34-2.34 0.84
Centre 14: Poznan (Poland) 14.55 2.08x10° 9.35x10%*° - 4.60x10%%° 0.96
Centre 15: Prague (Czech 14.12 1.36x10° 6.12x102% - 3,01x10%° 0.96
Republic)
Centre 16: Bucharest (Romania) 2.52 12.4 1.69 - 90.40 0.01
Centre 17: San Diego (USA) 17.13 2.74x107 1.23x102% - 6.06x10% 0.95
Centre 18: Stockholm (Sweden) 17.06 2.58x10’ 1.16x102% - 5.71x10%* 0.95
Centre 19: Sydney (Australia) 16.71 1.81x107 8.13x102%8 - 4,00x10%°* 0.96
Centre 20: Wirzburg (Germany) -0.36 0.7 0.26-1.85 0.47
Centre 21: Mannheim/Bonn 15.23 4.13x10° 1.86x1072%% - 9.15x10%%° 0.96
(Germany)
Chip 2: lllumina Human610 1.19 3.29 0.28-38.10 0.34
Chip 3: lllumina Human 660W 17.40 3.61x107 1.62x10% - 8.03x10%! 0.95
Chip 5: Illumina 1.54 4.68 1.91-115 0.00
HumanOmniExpress 1.0
Chip 7: Affymetrix 6.0 0.66 1.93 1.04 - 3.59 0.04
Chip 8: Illumina HumanOmnil- 14.75 2.54x10° 1.15x102*8 - 5,63x10%° 0.96
Quad
Chip 9: lllumina 17.64 4.60x107 2.07x10%%7 - 1.02x10%6? 0.95
HumanOmniExpress 1.1
Imputation: wave 2 -1.93 0.15 0.03-0.82 0.03
PC4 12.15 1.90x10° 6.16 - 5.85x10° 0.02
PC6 -7.81 0.00 2.77x10%-5.91 0.11
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PC7 -6.63 0.00 2.24x107-7.81 0.13
PC10 -9.67 6.29x10° 2.91x10%-0.13 0.01
BD-PRS at pT=1 0.01 1.01 0.99-1.03 0.16

Supplementary table 5.: Full results (correlation coefficient, OR, 95% Cl and p-
value) for the binary logistic regression comparing the SCZ-PRS of the early-onset
(18 years) vs. late-onset (>18 years) AAO groups. Variables, found to be
associated with the age at onset groups using backward regression were
included as covariates. (p=0.88, Nagelkerke’s R2 change: 0.002%; OR=1.0 (95%

Cl: 0.96-1.03)).

Correlation OR Cl (95%) p-value

coefficient
(Intercept) -14.14 7.20x107 4.79x10°%%1 - 1.08x10%*8 0.96
Age at interview -0.06 0.94 0.936-0.953 2.26E-37
Gender 0.21 1.23 0.989-1.53 0.06
Centre 2: Barcelona (Catalonia) -0.52 0.60 0.25-1.42 0.24
Centre 3: Cagliari (Italy) 15.47 5.26x10° 3.5x102%8 - 7.9x10%%° 0.96
Centre 4: Halifax (Canada) 0.54 1.72 0.778 - 3.8 0.18
Centre 5: Dresden (Germany) 14.34 1.68x10° 1.12x1072%8 - 2.54x10*%° 0.96
Centre 6: Graz (Austria) 16.34 1.24x107 8.25x102%8 - 1.87x10%%* 0.96
Centre 7: Baltimore (USA) 15.12 3.69x10° 2.46x10%48 - 5,55x10%6° 0.96
Centre 8: lowa City (USA) 17.42 3.68x10’ 2.44x10%%7 - 5,55x10%¢? 0.95
Centre 9: Napoli (Italy) -1.63 0.20 0.0563 - 0.685 0.01
Centre 10: PsyCourse study 15.36 4.71x10° 3.13x10%#8 - 7.08x10%° 0.96
(Germany/Austria)
Centre 11: Rochester (USA) 17.26 3.13x10’ 2.07x10%7 - 4.71x10%% 0.95
Centre 12: Bethesda (USA) 16.17 1.05x10’ 6.97x10%® - 1.58x10%%! 0.96
Centre 13: Paris (France) -0.09 0.91 0.35-2.36 0.85
Centre 14: Poznan (Poland) 14.55 2.08x10° 1.38x102%8 - 3,14x10%° 0.96
Centre 15: Prague (Czech 14.16 1.42x10° 9.43x10%° - 2.13x10%%° 0.96
Republic)
Centre 16: Bucharest (Romania) 2.56 12.9 1.77-94.2 0.01
Centre 17: San Diego (USA) 17.18 2.89x10’ 1.92x10%47 - 4.34x10%* 0.95
Centre 18: Stockholm (Sweden) 17.14 2.78x107 1.85x10°%47 - 4,19x10%! 0.95
Centre 19: Sydney (Australia) 16.78 1.94x107 1.29x10%47 - 2.93x10%! 0.96
Centre 20: Wiirzburg (Germany) -0.37 0.69 0.26-1.84 0.46
Centre 21: Mannheim/Bonn 15.28 4.31x10° 2.87x1028 - 6.48x10%° 0.96
(Germany)
Chip 2: lllumina Human610 1.15 3.14 0.26-36.8 0.36
Chip 3: lllumina Human 660W 17.53 4.12x107 2.73x10%* - 6.21x10%¢? 0.95
Chip 5: llumina 1.61 5.02 2.05-12.3 0.00
HumanOmniExpress 1.0
Chip 7: Affymetrix 6.0 0.70 2 1.08-3.72 0.03
Chip 8: Illumina HumanOmnil- 14.81 2.71x10° 1.8x10%%8 - 4.06x10%%° 0.96

Quad
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Chip 9: lllumina 17.81 5.42x10’ 3.6x10%% - 8.17x10%%* 0.95
HumanOmniExpress 1.1

Imputation: wave 2 -2.01 0.13 0.02-0.76 0.02
PC4 12.05 1.71x10° 5.8 - 5.03x10° 0.02
PC6 -7.67 0.00 3.27x10%-6.63 0.12
PC7 -6.70 0.00 2.08x107- 7.3 0.13
PC10 -9.63 6.59x10° 3.27x10%-0.13 0.01
SCZ-PRS at pT=1 0.00 1.00 0.96 - 1.03 0.88

Supplementary table 6.: Full results (standardized correlation coefficient, t-
value and p-value) for the linear regression on age at onset in the USA sites
(Baltimore, lowa City, Rochester, Bethesda and San Diego) and BD-PRS.
Variables, found to be associated with age at onset using backward regression
were included as covariates. (p=1, t=-0.00, standardized beta=0.00, R?

change=-0.026%)

Standardized correlation | t-value p-value

coefficient
(Intercept) 3.74 0.00
Age at interview 0.37 7.24 0.00
Centre 8: lowa City (USA) 0.00 -1.33 0.18
Centre 11: Rochester (USA) 0.00 -1.09 0.28
Centre 12: Bethesda (USA) -3.33 -1.78 0.08
Centre 17: San Diego (USA) -9.37 -3.36 0.00
Chip 5: lllumina HumanOmniExpress 1.0 -0.13 -0.44 0.66
Chip 7: Affymetrix 6.0 -0.50 -2.79 0.01
PC5 8.85 1.46 0.15
PC9 -11.12 -1.54 0.12
BD-PRS at pT=1 0.00 0.00 1.00

Supplementary table 7.: Full results (standardized correlation coefficient, t-
value and p-value) for the linear regression on age at onset in the USA sites
(Baltimore, lowa City, Rochester, Bethesda and San Diego) and SCZ-PRS.
Variables, found to be associated with age at onset using backward regression
were included as covariates. (p=0.63, t=-0.48, standardized beta=0.00, R?change

=-0.02%)
Standardized correlation | t-value p-value
coefficient
(Intercept) 3.63 0.00
Age at interview 0.37 7.29 0.00
Centre 8: lowa City (USA) 0.00 -1.34 0.18
Centre 11: Rochester (USA) 0.00 -1.09 0.28
Centre 12: Bethesda (USA) -1.53 -1.77 0.08
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Centre 17: San Diego (USA) -9.41 -3.41 0.00
Chip 5: lllumina HumanOmniExpress 1.0 -0.12 -0.41 0.68
Chip 7: Affymetrix 6.0 -0.49 -2.78 0.01
PC5 8.86 1.46 0.15
PC9 -10.78 -1.49 0.14
SCZ-PRS at pT=1 0.00 -0.48 0.63

Supplementary table 8.: Full results (standardized correlation coefficient, t-
value and p-value) for the linear regression on age at onset in the European,
Canadian and Australian sites and BD-PRS. Variables, found to be associated with
age at onset using backward regression were included as covariates. (p=0.48,
t=-0.71, standardized beta=0.00, R change=-0.03%)

Standardized correlation t-value p-value
coefficient
(Intercept) 4.26 0.00
Age at interview 0.37 22.65 0.00
Centre 2: Barcelona (Catalonia 1.96 1.18 0.24
Centre 3: Cagliari (Italy) 2.00 1.44 0.15
Centre 4: Halifax (Canada) -3.81 -2.44 0.01
Centre 5: Dresden (Germany) 1.76 0.50 0.62
Centre 6: Graz (Austria) 0.48 0.12 0.90
Centre 9: Napoli (ltaly) 2.46 1.32 0.19
Centre 10: PsyCourse study (Germany/Austria) 1.80 1.34 0.18
Centre 13: Paris (France) 0.65 0.35 0.72
Centre 14: Poznan (Poland) 1.19 0.71 0.48
Centre 15: Prague (Czech Republic) 4.05 2.18 0.03
Centre 16: Bucharest (Romania) -2.84 -1.51 0.13
Centre 18: Stockholm (Sweden) -2.15 -0.56 0.58
Centre 19: Sydney (Australia) -1.77 -0.43 0.67
Centre 20: Wirzburg (Germany) 2.02 1.17 0.24
Centre 21: Mannheim/Bonn (Germany) 2.60 1.93 0.05
Chip 2: lllumina Human610 -1.52 -0.38 0.70
Chip 3: lllumina Human 660W -0.34 -0.20 0.84
Chip 5: lllumina HumanOmniExpress 1.0 -0.04 -0.01 0.99
Chip 7: Affymetrix 6.0 0.98 0.26 0.79
Chip 8: lllumina HumanOmnil-Quad 4.16 3.26 0.00
PC4 -17.13 -1.90 0.06
PC6 17.15 1.90 0.06
PC8 21.08 2.22 0.03
BD-PRS at pT=1 -0.03 -0.71 0.48

Supplementary table 9.: Full results (standardized correlation coefficient, t-
value and p-value) for the linear regression on age at onset in the European,
Canadian and Australian sites and SCZ-PRS. Variables, found to be associated



with age at onset using backward regression were included as covariates.
(p=0.88, t=0.15, standardized beta=0.00, RZ change =-0.02%)

Standardized correlation t-value p-value
coefficient
(Intercept) 4.55 0.00
Age at interview 0.50 22.62 0.00
Centre 2: Barcelona (Catalonia) 0.88 1.19 0.23
Centre 3: Cagliari (Italy) 0.50 1.48 0.14
Centre 4: Halifax (Canada) -0.01 -2.43 0.02
Centre 5: Dresden (Germany) 0.00 0.49 0.63
Centre 6: Graz (Austria) 0.00 0.13 0.90
Centre 9: Napoli (Italy) 0.79 1.35 0.18
Centre 10: PsyCourse study (Germany/Austria) 2.57 1.43 0.15
Centre 13: Paris (France) 0.29 0.36 0.72
Centre 14: Poznan (Poland) 0.33 0.81 0.42
Centre 15: Prague (Czech Republic) 0.01 2.23 0.03
Centre 16: Bucharest (Romania) -0.01 -1.46 0.14
Centre 18: Stockholm (Sweden) 0.00 -0.56 0.58
Centre 19: Sydney (Australia) -0.54 -0.42 0.67
Centre 20: Wiirzburg (Germany) 2.76 1.19 0.23
Centre 21: Mannheim/Bonn (Germany) 1.20 2.01 0.04
Chip 2: lllumina Human610 -0.34 -0.35 0.72
Chip 3: lllumina Human 660W 0.00 -0.16 0.87
Chip 5: lllumina HumanOmniExpress 1.0 0.00 0.00 1.00
Chip 7: Affymetrix 6.0 0.00 0.29 0.77
Chip 8: lllumina HumanOmnil-Quad 1.32 3.30 0.00
PC4 -22.23 -1.84 0.07
PC6 7.50 1.88 0.06
PC8 5.14 2.23 0.03
SCZ-PRS at pT=1 0.00 0.15 0.88
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leading cause of global disease burden.' Individuals usually experi-
ence their first (hypo)manic or depressive episode of bipolar dis-
order in adolescence or early adulthood, but often they are not
diagnosed until 5 to 10 years later,” especially in individuals with
an earlier age at onset (AAO) or a depressive index episode.’
Early illness onset is associated with a more severe disease course
and greater impairment across a wide range of mental and physical
disorders and is a useful prognostic marker."”” However, patho-
physiological processes leading to a disorder are thought to begin
long before the first symptoms appear.*® Investigating the factors
contributing to age and polarity (i.e. either a (hypo)manic or depres-
sive episode) at onset could thus improve our understanding of
disease pathophysiology and facilitate development of personalised
screening and preventive measures. Accordingly, AAO and polarity
at onset (PAO) of bipolar disorder are considered as suitable pheno-
types for genetic analyses.

Genome-wide association studies (GWASs) have improved our
understanding of the genetic architecture of susceptibility to bipolar
disorder; however, the genetic determinants of AAO and PAO
remain largely unknown. Evidence suggests that patients with an
early AAO carry a stronger genetic loading for bipolar disorder
risk.'” For example, an earlier parental AAO increases familial
risk for bipolar disorder and is one of the strongest predictors of
5-year illness onset in affected offspring.'®™'> Previous research
has described that a higher genetic risk burden for schizophrenia
may be associated with earlier AAO of bipolar disorder," but this
finding did not replicate.'*'® Moreover, a recent study did not
find an association of bipolar disorder polygenic score (PGS) with
AAQ." Thus far, GWASs for age at bipolar disorder onset have
been underpowered,'®'? and a study of 8610 patients found no sig-
nificant evidence for a heritable component contributing to onset
age.”” The PAO was shown to cluster in families,** but the genetic
architecture of PAO has not yet been investigated.

Aims

To fill these knowledge gaps, we performed comprehensive analyses
of AAO and PAO of bipolar disorder in the largest sample studied
to date by (a) examining phenotype definitions and associations,
(b) investigating whether the genetic load for neuropsychiatric dis-
orders and traits contributes to AAO and PAO of bipolar disorder,
and (c) conducting systematic GWASs.

Method

References to published methods are listed in Supplementary Note 1
available at https://doi.org/10.1192/bjp.2021.102.

Study samples

Participants with a bipolar disorder diagnosis, available genetic data
and AAO information were selected from independent data-sets,
including those previously submitted to the Psychiatric Genomics
Consortium (PGC) Bipolar Disorder Working Group' and the
International Consortium on Lithium Genetics (ConLiGen).?!
These consortia aggregate genetic data from many cohorts world-
wide. Our analyses comprised 34 cohorts with 12977 patients
with bipolar disorder who have European ancestry from Europe,
North America and Australia. For a description of sample ascertain-
ment, see the Supplementary Material.

The authors assert that all procedures contributing to this work
comply with the ethical standards of the relevant national and insti-
tutional committees on human experimentation and with the
Helsinki Declaration of 1975, as revised in 2008. All procedures
involving human patients were approved by the local ethics

committees, and written informed consent was obtained from all
patients. For details on the data-sets, including phenotype definitions
and distributions, see Table 1, Fig. 1, and Supplementary Table S1.

Definition of AAO

The definition of age at bipolar disorder onset differed by cohort. To
enhance cross-cohort comparability, we grouped the definitions
into four broad categories as follows (Supplementary Table S1).

(a) Diagnostic interview: age at which the patient first experienced
a (hypo)manic, mixed or major depressive episode according to
a standardised diagnostic interview.

(b) Impairment/help-seeking: age at which symptoms began to
cause subjective distress or impaired functioning or at which
the patient first sought psychiatric treatment.

(c) Pharmacotherapy: age at first administration of medication.

(d) Mixed: a combination of the above-mentioned definitions.

Across definitions, participants younger than 8 years at onset were
excluded (n = 279) because of the uncertainty about the reliability of
retrospective recall of early childhood onset. The distribution of
AAO was highly skewed and differed considerably between the
cohorts (Table 1 and Fig. 1). Therefore, we transformed AAO in
each cohort by rank-based inverse-normal transformation and
used this normalised variable as the primary dependent variable
in all genetic analyses. To facilitate interpretability of effect sizes,
we also report results of the corresponding untransformed AAO.

Definition of PAO

For each cohort, PAO was defined by comparing the age at the first
(hypo)manic and first depressive episode or using the polarity vari-
able provided by the cohort. Specifically, patients were divided into
three subgroups:

(a) (hypo)mania before depression (PAO-M);
(b) depression before (hypo)mania (PAO-D); and
(¢) mixed (PAO-X).

The third category included patients with mixed episodes and those
with a first (hypo)manic and depressive episode within the same
year (Table 1). In the primary analysis, we combined patients
with (hypo)mania and mixed onset and assigned this as the refer-
ence category. In secondary analyses, we excluded the patients in
the mixed group.

Phenotypic disease characteristics

We performed phenotypic analyses of disease onset in patients with
bipolar disorder type I from three cohorts: the Dutch Bipolar cohort
(n=1313)** and the German PsyCourse23 and FOR2107%* cohorts,
which were analysed jointly (n = 346). We analysed the following
disease characteristics, which were previously reported as being
associated with disease onset and were assessed in a similar way
across cohorts: lifetime delusions, lifetime hallucinations, history
of suicide attempt, suicidal ideation, current smoking, educational
attainment, living together with a partner, and frequency of manic
and depressive episodes per year. For more detailed information,
see the Supplementary Note 2 and Supplementary Table S9.

Quality control and imputation of genotype data

The cohorts were genotyped according to local protocols. Individual
genotype data of all discovery-stage cohorts were processed with the
PGC Rapid Imputation and Computational Pipeline for GWAS
(RICOPILI) with the default parameters for standardised quality
control, imputation and analysis. Before imputation, filters for the
removal of variants included non-autosomal chromosomes, missing-
ness >0.02, and a Hardy-Weinberg equilibrium test P<1x 107",
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Fig. 1 Differences between phenotype definitions and continents across the 34 data-sets used for discovery-stage genetic analyses.

(a) The various data-sets used four different definitions for age at onset: diagnostic interview, impairment/help-seeking, pharmacotherapy and mixed. (b) The untransformed age at
onset differed significantly between cohorts, depending on the phenotype definition used and the continent of origin.
Au, Australia; Diagnostic, diagnostic interview; D, diagnostic interview; I, impairment/help-seeking; M, mixed; P, pharmacotherapy. n.s., not significant; P> 0.05; *** P <0.001.

Individuals were removed if they showed a genotyping rate <0.98,
absolute deviation in autosomal heterozygosity of Fj,.; >0.2, or a devi-
ation >4 s.d.s from the mean in any of the first eight ancestry compo-
nents within each cohort. From genetic duplicates and relatives (pi-
hat >0.2) across all samples, only the individual with more complete
phenotypic information on AAO and PAO, gender and diagnosis
was retained. Imputation was performed by IMPUTE2 with the
Haplotype Reference Consortium reference panel.

PGS

We calculated PGS based on prior GWAS of attention-deficit hyper-
activity disorder (ADHD), autism spectrum disorder (ASD), bipolar
disorder, educational attainment (measured as ‘years in education’),
major depression (MD), and schizophrenia (see Supplementary
Table S3, which includes references). PGS weights were estimated
with PRS-CS(see Supplement), with six scores per GWAS (with ¢
=1x107% 1x107% 1x107>, 1x107% 1x107°, and 1x107°).
We tested the associations of the PGS with the AAO and PAO by
linear and logistic regressions, respectively. Gender, bipolar disorder
subtype and the first eight ancestry components were included as
covariates. The significance threshold was Bonferroni-corrected
for 96 tests (a=0.05/(6 ¢ thresholds x 8 traits x 2 phenotypes) =
52x107%.

GWASs

We performed a discovery GWAS on the 34 cohorts (n=12977)
and replication analyses in six additional cohorts with n=2237
patients with bipolar disorder. As a first step, we conducted individ-
ual GWAS for each cohort with 40 or more patients using the

RICOPILI workflow, using the same covariates as in the PGS ana-
lyses. Sample sizes are provided in Supplementary Tables S2 and
S7. The resulting GWAS did not show an inflation of test statistics
for any of the cohorts, indicating limited population stratification
(Supplementary Table S2). Next, we performed a fixed-effects
meta-analysis using METAL, combining the cohort-specific
GWASs. For the meta-analysis summary statistics, we applied the
following variant-level post-quality control parameters: imputation
INFO score >0.9, minor allele frequency (MAF) >0.05, and suc-
cessfully imputed/genotyped in more than half of the cohorts.

The primary analyses were AAO (normalised, analysed by
linear regression) and PAO (analysed by logistic regression).
Secondary analyses included GWASs stratified by AAO definition
and continent of origin.

We estimated the power to replicate our initial genome-wide
significant finding from the discovery GWAS based on the regres-
sion coefficients using the pwr package in R. Assuming the same
effect size and MAF (beta 0.075, allele frequency 0.32) and a stan-
dardised phenotype, we had 76% power to detect the effect in our
sample size of 2237 at an alpha level of 0.1. For comparison, we
had 57% power to detect the effect in our discovery sample, using
the more stringent genome-wide significance cut-off.

Heritability analyses

Next, we assessed the overall variance in AAO and PAO explained
by genotyped variants (so-called single-nucleotide variant (SNV)-
based heritability, Iéxv). For the only individual cohort with more
than 1000 samples, we estimated h3yy with GCTA GREML. In
this case, we validated the robustness of the hiyy estimate with
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Genetics of disease onset in bipolar disorder

Table 2 The association of age and polarity at onset with disease characteristics in two European bipolar disorder cohorts

AAO PAO
Disease characteristic n Oddsratio  95% CI  Unadjusted P Adjusted P? n Odds ratio  95% Cl  Unadjusted P Adjusted P
Delusions 1612 071 064-079  161x1077  145x107% 1298 0.62 049-079  1.04x107™*  624x 107"
Hallucinations 1594 0.83 0.74-0.92 35x10™ 1.40x 107" 1290 0.93 074-117  522x107" 1.00x 10°
Current smoking 1594 098 0.89-1.09  7.50x 107" 750% 107" 1282 1.12 0.89-141  339x107"  1.00x10°
Suicidal ideation 1518 0.79 071-0.88  231x10™° 1.62x 107" 1280 1.68 132-213  211x10™°  1.48x107%
Suicide attempt 1537 078 0.69-088  273x107° 1.64x 107" 1262 1.58 124202  267x107%  134x107%"
Educational attainment 1636 1.17 106-129  277x107°  831x107°" 1319 1.06 0.85-1.33  593x107"  1.00x10°
Living together 1357 1.28 115-144  101x10™°  8.08x 10~ - - - - -
AAO, age at onset; PAO, polarity at onset; n, total number of participants from the Dutch and German cohorts.
* P <0.05
a. After Bonferroni-Holm correction.

the mean of 1000 x resampling of 95% of the sample. To estimate
the overall heritability of the meta-analysis summary statistics we
estimated hiyy by linkage disequilibrium score regression, for
each GWAS with sample size >3000. The 95% ClIs were constrained
to a minimum of 0 and a maximum of 1.

Results

Heterogeneity of AAO and PAO across cohorts

Among the four definitions of AAO across the 34 cohorts, impair-
ment/help-seeking was the most common in Europe and diagnostic
interview the most common in North America (Table 1, Fig. 1).
Across all cohorts, the median AAO was 21 years (range of
medians: 16-30 years; Fig. 1). However, substantial differences in
the AAO were observed between subgroups: first, the median
untransformed AAO was lower in bipolar disorder type I than
in type II (type I, 21 years; type II, 22 years; Kruskal-Wallis test
P=1.8x10"% Supplementary Table S6).

Second, the AAO was lower when determined by diagnostic
interview compared with other phenotype definitions (diagnostic
interview, 19 years; impairment/help-seeking, 23 years; pharmaco-
therapy, 30 years; mixed, 22 years; P=2.96 x 107**"). Third, the
age was lower in North America compared with Europe (Europe,
24 years; North America, 18 years; and Australia, 19.5 years; P=
2.0 x 1072%%). These differences across continents remained signifi-
cant when including onset definitions and bipolar disorder subtype
in a multivariable regression model, indicating that they are likely
partially independent from the assessment strategy (Supplementary
Table S6).

The majority of patients reported a depression-first PAO.
Patients with depression-first were less frequent in the impair-
ment/help-seeking than in the diagnostic interview category (55%
and 60%, respectively; P=4.5 x 10™*, Supplementary Fig. S1), but
their proportions were similar between Europe and North
America (57% and 59%, respectively; P=0.17 test of proportion).

Analyses of disease characteristics

In a meta-analysis of the Dutch and German samples, earlier AAO
was significantly associated with a higher probability of lifetime
delusions, hallucinations, suicide attempts, suicidal ideation, lower
educational attainment and not living together (Table 2,
Supplementary Tables S4 and S5). A later AAO was positively sig-
nificantly correlated with a higher number of manic and depressive
episodes per year (see Tables 3, and the Supplementary Note 2).
Moreover, a (hypo)manic onset was significantly associated with a
greater likelihood of delusions and more manic episodes per year,
whereas a depressive onset was associated with a higher probability
of suicidal ideation and lifetime suicide attempts.

Associations of PGSs with AAO and PAO

Next, we conducted analyses to evaluate whether the genetic liability
for five psychiatric disorders and educational attainment were asso-
ciated with the age at disease onset (Fig. 2(a) and (b) and
Supplementary Table S8). After correcting for 96 tests, higher
PGSs for ASD (B =—0.34 years per 1 s.d. increase in PGS, s.e.=
0.08, P=9.85x 10_6), major depression (B =—0.34, s.e.=0.08, P =
1.40 x 107°), schizophrenia (f = —0.39, s.e.=0.08, P=2.91 x 107°)
and educational attainment (B = —0.31, s.e. = 0.08, P =5.58 x 107°)
were significantly associated with an earlier age at bipolar disorder
onset. This was not the case for ADHD or bipolar disorder PGS. No
PGS was significantly associated with PAO (Supplementary Fig. S4,
Supplementary Table S8).

GWASs

Next, we attempted to identify individual genetic loci associated with
the AAO or PAO. In our discovery GWAS using 34 cohorts, one
locus was significantly associated with AAO (rs1610275 on chromo-
some 16; minor allele G frequency = 0.319, p=0.075 (s.e. =0.014),
P=339x 107 Fig. 2(c), Supplementary Table S7, Supplementary
Fig. S2). This SNV mapped to an intron of the brain-expressed
gene FTO (alpha-ketoglutarate dependent dioxygenase, Fig. 2(d)).

Table 3 The association of age and polarity at onset with manic and depressive episodes in two European bipolar disorder cohorts?

*P <005

Supplementary Note 2.
b. Unstandardised beta coefficient.
c. After Bonferroni-Holm correction.

AAO PAO
Unadjusted Unadjusted
Episode n Estimate® s.e. P Adjusted ¢ n Estimate s.e. P Adjusted P
Number of manic episodes per illness 1436 0.11 003 7.08x107°  354x107* 1156 -042 006 4.68x10""° 374x107'%"
year
Number of depressive episodes per 1231 0.07 003  1.93x107? 3.86x107%" 1051 0.12 006  4.63x1072 1.85x107"
iliness year

AAO, age at onset; PAO, polarity at onset; n, total number of participants from the Dutch and German cohorts.

a. The number of manic/depressive episodes was divided by (years of iliness) + 1. For secondary analyses of the number of episodes not corrected for the years of illness, see the
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Fig. 2 Results from the genome-wide association study (GWAS), polygenic score (PGS) analyses, and heritability analyses.

(@) and (b) Results from analyses of PGS. For detailed results, see Supplementary Table S8. Significance levels: n.s., not significant, P> 0.05; nominal: P < 0.05; Bonferroni, below the
Bonferroni-corrected significance threshold corrected for 96 tests (P < 5.2 x 10~%). (a) Associations of PGSs with the AAO. For interpretability, the plot shows the untransformed AAO.
Significance levels are based on the analyses of the AAO after rank-based inverse-normal transformation (which was performed because the distribution of AAO was highly skewed
and differed greatly across the study cohorts). (b) Associations of the top versus bottom AAO quartiles with the top versus bottom PGS quartiles. A higher odds ratio (OR) indicates an
association with higher AAO. (c) Manhattan plot of the discovery-stage AAO GWAS. (d) Locus-specific Manhattan plot of the top-associated AAO variant. (e) Estimation of the variance
in different phenotype definitions explained by genotyped single-nucleotide variants (SNV) (h2y,). For the cohort wicce, we directly estimated h3y, from genotype data in GCTA
GREML; we estimated all other heritabilities from GWAS summary statistics using LDSC. The plot shows hZy, estimates and s.e.

ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; BD, bipolar disorder; cM, centi Morgan. Mbp, mega base pairs; MD, major depression; EA,
educational attainment; SNV, single-nucleotide variant; cont, continent; disorder type I; PAO, polarity at onset; PAO-M, mania/hypomania before depression; PAO-D, depression
before mania/hypomania; PAO-X, mixed; Sz, schizophrenia.
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However, this association was not replicated in an independent
sample of six cohorts (Supplementary Table S7, Supplementary
Fig. S2). In the replication sample (n = 2237), we had 76% power to
replicate this SNV at a P-value threshold of 0.1. The GWAS of
PAO did not yield any genome-wide significant findings, in either
primary (PAO-M/-X versus PAO-D) or secondary (PAO-M versus
PAO-D) analyses (Supplementary Fig. S3).

We also calculated PGSs for AAO and PAO using leave-one-out
summary statistics from these GWASs. The AAO PGS was nomin-
ally significantly associated with AAO (B =0.23 years, s.e.=0.08,
P =0.0087, ¢ =0.1, Fig. 2(a) and 2(b)) for five of six tested ¢ para-
meters but did not withstand correction for multiple testing
(Supplementary Table S8). The PAO PGS was not associated with
the PAO (Supplementary Fig. S4).

SNV-based heritability of the investigated phenotypes

We estimated the SNV-based heritability #3yy directly from genotype
data using GCTA in the only cohort large enough for this analysis,
wtcee. For the AAO, the hiyy in wicce was estimated at 0.63 (P =
0.0026) (Fig. 2(e)). We evaluated the robustness of this estimate by
resampling (mean Hény =0.62, resampling 95% CI 0.15-1.00).

We next estimated hiyy by linkage disequilibrium score
regression (LDSC) from the GWAS summary statistics generated in
the present study (Fig. 2(e)). We observed that the heritability
decreased when cohorts, phenotype definitions and continents were
combined (for example ‘diagnostic interview’ in North America:
AAO hiyy=0.16, 95% CI0-0.40, ‘impairment/help-seeking’ in
Europe: hiny=0.03, 95% CI0-0.25, all combined hgyy =0.05,
95% CI0-0.12). As a result of the insufficient sample size, we could
not estimate the 3yy of impairment/help-seeking in North America
and diagnostic interview in Europe. For depression versus (hypo)
manic and mixed PAO, hgxy was 0.17 (95% CI0.05-029) on the
observed scale.

Discussion

In our study of bipolar disorder disease onset, we first evaluated the
association between AAO or PAO with several clinical indicators of
severity in a sample of 1659 patients. We showed that an earlier onset
is associated with increased severity, demonstrating and replicating
the clinical relevance of these phenotypes. Next, we performed
genetic analyses including 12 977 patients from 34 cohorts. Here,
we demonstrated that higher genetic risk for ASD, major depression,
schizophrenia and educational attainment is associated with an
earlier AAO, providing evidence that the age at bipolar disorder
onset is influenced by a broad liability for psychiatric illness.

Third, we performed GWAS to identify genetic variants asso-
ciated with the AAO and PAO, which did not yield any replicated
associations. Fourth, we outlined the extent to which age (and,
partly, polarity) at onset varies across cohorts, depending both on
the continent of recruitment and on the diagnostic instrument
used to determine the AAO.

Finally, we showed that this substantial phenotypic heterogen-
eity affects the heritability of the phenotype, which decreased
when multiple cohorts with different diagnostic instruments were
combined. This analysis emphasises how genetic analyses are
hampered by phenotypic heterogeneity.

lliness onset is associated with disease course

In a first set of analyses, we confirmed the clinical relevance of
disease onset phenotypes in bipolar disorder. Age at bipolar dis-
order onset was associated with important illness severity indica-
tors, such as suicidality, psychotic symptoms and lower

Genetics of disease onset in bipolar disorder

educational attainment, thereby replicating findings of previous
studies.””” Furthermore, patients with a depressive bipolar dis-
order onset had an increased reported lifetime suicidality, whereas
those with a (hypo)manic onset were more likely to experience delu-
sions and more manic episodes per illness year. Contrary to previ-
ous evidence in a US (but not in a French) sample, we observed that
an earlier onset was associated with fewer episodes per illness year.*®
Of note, when not normalising for the illness duration, the AAO
was, as expected, positively correlated with the number of episodes
(see Supplementary Note 2).

Increased genetic scores for neuropsychiatric
phenotypes predict an earlier illness onset

Higher PGSs for schizophrenia, major depression, ASD and educa-
tional attainment were significantly associated with a lower AAO,
and none of the tested PGSs were significantly associated with
PAO. Our findings support the hypothesis that a general liability
for psychiatric disorders influences an earlier age of onset in
bipolar disorder. Alternatively, an earlier onset may also reflect
the broader phenotypic spectrum sometimes captured in early-
onset bipolar disorder. Unexpectedly, and in contrast to several
other disorders (for example multiple sclerosis), where the strongest
genetic risk factors for disease liability are also the most important
genetic factors associated with an earlier disease onset,”*” we did not
find a significant association between bipolar disorder PGS and the
age at bipolar disorder onset. Statistical power may have influenced
this result, as the sample sizes of both the schizophrenia and major
depression GWASs were larger than that of the bipolar disorder
GWAS, improving the predictive ability of these PGSs compared
with the bipolar disorder PGS.

The described significant relationship of higher educational attain-
ment PGS with an earlier AAO may seem counterintuitive. However,
several studies described a significant association, genetic correlation
and causal relationship between a higher educational attainment and
bipolar disorder risk.”**** Our findings demonstrate that a high educa-
tional attainment PGS is not only a risk factor for bipolar disorder but
also associated with an earlier onset of the disorder.

Lack of replication of the GWAS finding

We have conducted two GWASs to identify individual loci influen-
cing the age and polarity at bipolar disorder onset, possibly inde-
pendently of affecting lifetime disorder risk. Our discovery GWAS
prioritised a genome-wide significant locus associated with the
AAO. However, the lack of replication suggests that this finding
may have been false-positive. This failure to replicate could have
been because of insufficient statistical power in the replication
sample, as our power analysis did not account for the likely pheno-
typic and genetic heterogeneity across cohorts and may thus have
underestimated the necessary sample size. Importantly, the replica-
tion sample was more ethnically diverse than the discovery sample,
which reduced the statistical power. The PAO GWAS, with its lower
sample size and dichotomous phenotype, did not identify any
genome-wide significant locus.

We also calculated an AAO PGS using our GWAS and tested it
on our sample. Although the effect size of this PGS on the AAO was
substantial (0.23 years per unit change in the PGS), the association
was only nominally significant.

The heterogeneity of phenotype definitions

A striking finding of our study was the systematic difference in the
AAO distribution across cohorts, continents and assessment strat-
egies. Although the assessment strategies varied considerably by
continent, with diagnostic interview being mainly used in North
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America and impairment/help-seeking in Europe, we showed that
the continent-level differences were partially independent from
the AAO assessment strategy and that both factors contributed sig-
nificantly to the heterogeneity (Supplementary Table S6). However,
variations in the demographic structure of analysed populations
may have biased the assessed AAO of bipolar disorder, contributing
to the observed differences. Although prior research has identified
AAOQ differences across continents (for example the incidence
of early-onset bipolar disorder is higher in the USA than in
Europe)™ this study is the first to systematically assess this hetero-
geneity across many cohorts with different ascertainment strategies.
For the polarity at disease onset, the relative proportion of
patients reporting a depressive index episode did not differ across
continents but across instruments. A (hypo)manic onset was
more common if the onset was based on an impairment/help-
seeking instead of diagnostic interview phenotype definition.

Phenotypic heterogeneity affects genetic analyses

Interestingly, the systematic differences in AAO phenotypes across
cohorts are reflected in heritability estimates: we observed the
highest SNV-based heritability hény when onset was established
by diagnostic interview and the lowest when it was captured with
more health system-specific and subjective measurements, such as
item 4 of the Operational Criteria Checklist for Psychotic Illness
(impairment/help-seeking). Moreover, h3yy estimates approached
zero when all samples were combined in our primary analysis
(hnv = 0.05; 95% CI0-0.12), underscoring the strong impact of
phenotypic heterogeneity. For PAO-M/-X versus PAO-D, we
observed significant hény estimates, demonstrating that genetic
factors contribute to the polarity at bipolar disorder onset.

Thus, we not only showed systematic heterogeneity in a clinic-
ally relevant psychiatric phenotype across cohorts but also provided
direct evidence for how this heterogeneity can hamper genetic
studies. Similarly, a recent investigation demonstrated that the
phenotyping method (for example diagnostic interview versus
self-report) significantly influenced heritability estimates, GWAS
results and PGS performance in analyses of major depression sus-
ceptibility, with broader phenotype definitions resulting in lower
heritability estimates.” These results indicate that although increas-
ing samples sizes generally improves the power to detect significant
associations, larger samples are no silver bullet: careful phenotype
harmonisation and uniform recruitment strategies are likely at
least as important.

Limitations

In addition to diverse phenotype definitions originating from differ-
ent ascertainment methods, as described above, several factors may
have limited the cross-cohort comparability of the AAO and PAO.
These factors include differences in the definition and ascertainment
of the age at bipolar disorder onset and in how bipolar disorder
was diagnosed across cohorts and continents. Such differences can
lead to bias, affecting genetic analyses. For example, as patients
diagnosed with bipolar disorder type II show, on average, later
ages at onset than patients with bipolar disorder type ,** differing
proportions of bipolar disorder subtypes across cohorts may have
an impact on AAO analyses. Therefore, we included the bipolar dis-
order subtype as a covariate in our genetic analyses to control for this
confounder. Still, this cross-cohort heterogeneity has likely reduced
our statistical power.

Given that, for all included cohorts, the disease onset pheno-
types were assessed retrospectively, measurement errors associated
with interrater reliabilities and recall bias may have occurred across
cohorts. For example, hypomania was likely underreported, poten-
tially biasing the PAO towards depression. Notably, such potential

issues are not specific to the present study but may affect all retro-
spective analyses of psychiatric phenotypes. Nevertheless, differ-
ences in the diagnosis of bipolar disorder and the ascertained
phenotypes between cohorts might have exacerbated these
problems. Therefore, future studies should focus on compiling
clinically more homogeneous, phenotypically better-harmonised
data-sets instead of only assembling the largest possible sample.

Furthermore, the rank-based inverse normal transformation of
the AAO phenotype may have affected the GWAS and heritability
analyses. We conducted this transformation because, first, the ori-
ginal AAO distribution was highly skewed and thus not suitable
for linear regression and, second, the AAO differed significantly
between cohorts, which could have biased the meta-analysis.
However, by transforming the data, only the rank and not the abso-
lute differences in onset between patients was maintained, reducing
the interpretability of the phenotype and the genetic effects.

We performed both SNV-level and polygenic score associations
using a structured meta-analysis, which mitigates some of the noise
introduced by phenotypic heterogeneity. However, we were unable
to account for differences in the underlying genetic aetiology of the
phenotypes across cohorts. As described above, phenotypic hetero-
geneity is an important limitation of our study and should be
considered in future phenotype and genetic analyses. Our results
need to be interpreted in light of these limitations.

Implications

Phenotypes of bipolar disorder onset are clinically important trait
measures contributing to the well-known clinical and biological het-
erogeneity of this severe psychiatric disorder. Genetic analysis of
AAO and PAO may lead to a better understanding of the biological
risk factors underlying mental illness and support clinical assess-
ment and prediction. Our study provides evidence of a genetic con-
tribution to age and polarity at bipolar disorder onset but also
demonstrates the need for systematic harmonisation of clinical
data on bipolar disorder onset in future studies.
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Description of the individual study samples

The list below provides a detailed description (based on the original publications (1,2))
of all cohorts that were part of the present study.

1. Discovery samples

ume4 | Sweden

Clinical characterization of the patients included the Mini-International
Neuropsychiatric Interview (MINI), Diagnostic Interview for Genetic Studies (DIGS),
Family Interview for Genetic Studies (FIGS), and Schedules for Clinical Assessment
in Neuropsychiatry (SCAN). The final diagnoses were made according to the
Diagnostic and Statistical Manual of Mental Disorders, fourth edition, text revision
(DSM-IV-TR) and determined by consensus of 2 research psychiatrists.

hal2 | Canada

The case samples were recruited from patients longitudinally followed at specialty
mood disorders clinics in Halifax and Ottawa (Canada). Cases were interviewed in a
blind fashion with the Schedule of Affective Disorders and Schizophrenia-Lifetime
version (SADS-L), and consensus diagnoses were made according to the Diagnostic
and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) and Research
Diagnostic Criteria (RDC). Protocols and procedures were approved by the local
ethics committees, and written informed consent was obtained from all patients before
participation in the study.

top7 | Norway

In the TOP study (Thematically Organized Psychosis research), patients of European
ancestry who were born in Norway were recruited from psychiatric hospitals in the
Oslo region. Patients were diagnosed according to the Structured Clinical Interview
(SCID) for DSM-IV. All participants provided written informed consent, and the
Norwegian Scientific-Ethical Committee and the Norwegian Data Protection Agency
approved the protocol.

top8 | Norway
The TOPS bipolar disorder (BD) patients were recruited in the same way as the top7
cohort described above and recruited from hospitals across Norway.

may1| USA

Cases of BD were drawn from the Mayo Clinic Bipolar Biobank. Enrolment sites
included Mayo Clinic, Rochester, Minnesota; Lindner Center of HOPE/University of
Cincinnati College of Medicine, Cincinnati, Ohio; and the University of Minnesota,
Minneapolis, Minnesota. Enrolment at each site was approved by the local institutional
review board (IRB), and all participants had consented to use of their data for future
genetic studies. Participants were identified through routine clinical appointments,
among inpatients in mood disorder units, and by recruitment advertising. They were
required to be between 18 and 80 years old, be able to speak English and provide
informed consent and have DSM-IV-TR diagnostic confirmation of BD-I or BD-Il or
schizoaffective bipolar disorder, as determined with the SCID.
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edi1 | UK

This sample comprised Caucasian individuals contacted through the inpatient and
outpatient services of hospitals in southeast Scotland. A BD-I diagnosis was based on
an interview with the patient with the SADS-L, supplemented by case note review and
frequently by information from medical staff, relatives, and caregivers. Final
diagnoses, which were based on DSM-IV criteria, were reached by consensus
between 2 trained psychiatrists. The study was approved by the Multi-Centre
Research Ethics Committee for Scotland, and patients gave written informed consent
for the collection of DNA samples for use in genetic studies.

ageu |Sweden

The patients with BD were identified in the Swedish National Quality Register for
Bipolar Disorders (BipolaR) and the Swedish National Patient Register (with a
validated algorithm that required at least 2 hospitalizations with a BD diagnosis). A
confirmatory telephone interview with a diagnostic review was conducted. Additional
patients were recruited from the St. Géran Bipolar Project (Affective Center at Northern
Stockholm Psychiatry Clinic, Sweden), which enrolled new and ongoing patients
diagnosed with BD by using structured clinical interviews. Diagnoses were made
according to the DSM-IV (BipolaR and St. Goran Bipolar Project) and ICD-10 criteria
(National Patient Register). All recruitment procedures were approved by the Regional
EthicaBl Committees in Sweden.

auom | Australia

For the current analysis, datasets from the following study sites were combined and
analyzed together:

Adelaide subsample (n = 58): Patients were collected as part of "The Cognitive
Function and Mood Study (CoFaM-Study),” which was conducted at the Discipline of
Psychiatry, University of Adelaide, Australia. Patients were diagnosed with the MINI
diagnostic interview version 6.0. These diagnoses were compared with medical
records and, for consistency reasons, the final clinical diagnosis was made following
to DSM-IV criteria. The study was approved by ethics committees of the University of
Adelaide and the Royal Adelaide Hospital. All participants provided written informed
consent before study procedures were performed.

Sydney subsample (n = 27): Patients were recruited at the Mood Disorder Unit, Prince
of Wales Hospital, in Sydney. All patients received a lifetime diagnosis of BD according
to the DSM-IV criteria on the basis of a consensus best-estimate procedure and
structured diagnostic interviews with the DIGS, FIGS, and SCID. Study protocols were
reviewed and approved in advance by the IRBs of the participating institutions. All
patients provided written informed consent.

euo2 | Italy

Patients were recruited among outpatients attending the Department of Psychiatry at
the University of Campania “Luigi Vanvitelli” in Naples. All patients received a lifetime
diagnosis of BD according to the DSM-IV criteria on the basis of a consensus best-
estimate procedure that considered all available information, including the Structured
Clinical Interview for DSM-IV Disorders (SCID-I)-Patient Edition (SCID-IP), medical
records, and a routine clinical interview. In addition, psychopathological rating scales
and the retrospective chart of the National Institute of Mental Health Life Chart Method
were used for detailed and longitudinal assessment of clinical aspects of BD. The
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study was approved by the local IRB. All participants provided written informed
consent.

euol | Italy

The sample comprised 181 unrelated patients with BD I. All patients were of Sardinian
ancestry for at least 3 generations. They were recruited at the outpatient unit (Lithium
Clinic) of the Clinical Psychopharmacology Center at the Department of Biomedical
Science, Section of Neuroscience & Clinical Pharmacology, University of Cagliari,
Cagliari, Italy, and Unit of Clinical Pharmacology, University Hospital Agency of
Cagliari, Cagliari, Italy. Lifetime consensus diagnoses according to RDC were made
by trained clinical psychopharmacologists on the basis of data from a personal semi-
structured interview and a systematic review of patients’ medical records. Informed
written consent to participate in the study was obtained from all patients. The study
was approved by the local ethics committee.

euoR | Austria, Czech Republic, France, Germany, Romania, Spain, Switzerland,
Sweden

For the current analysis, datasets from the following study sites were combined and
analyzed together:

Austrian subsample (n = 35): Patients were recruited at the Medical University of Graz,
Department of Psychiatry and Psychotherapeutic Medicine. All patients received a
lifetime diagnosis of BD according to the DSM-IV criteria on the basis of a consensus
best-estimate procedure that considered all available information, including structured
diagnostic interviews with the SCID, medical records, and personal medical history.
Study protocols were reviewed and approved in advance by the IRBs of the
participating institutions. All participants provided written informed consent.

Czech subsample (n = 45): Unrelated patients were recruited in in- and outpatient
units at the Prague Psychiatric Center, Psychiatric Hospital Bohnice, Psychiatric
Clinic, Czech Republic. Diagnoses were made on the basis of either a SADS-L
interview or on an unstructured clinical interview modified from SADS-L by using RDC
criteria. All patients signed an informed consent form approved by the IRBs of the
Prague Psychiatric Center.

French subsample (n = 46): The research sample comprised participants recruited
between 1995 and 2008 from 3 university-affiliated departments of psychiatry (Paris,
Bordeaux, and Nancy) in France. The inclusion criteria were that the individual (a) was
aged 18 years or older; (b) had a mood disorder that met DSM-IV criteria for BD-I or
BD-II or BD not otherwise specified (BDNOS); (c) currently met criteria for euthymia,
which was operationalized as scores below 5 on both the Montgomery-Asberg
Depression Rating Scale and the Bech Mania Rating Scale; and (d) was willing and
able to give written informed consent. Study protocols were reviewed and approved
by the IRBs of the participating institutions. Patients meeting the above inclusion
criteria were assessed by psychiatrists trained in the use of the French version of the
DIGS.

German subsample (n = 71): Patients were recruited from consecutive admissions to
psychiatric inpatient units at the University Hospital Wirzburg. All patients received a
lifetime diagnosis of BD according to the DSM-IV criteria on the basis of a consensus
best-estimate procedure that considered all available information, including semi-
structured diagnostic interviews using the Association for Methodology and
Documentation in Psychiatry (AMDP), medical records, and the family history method.
In addition, the Operational Criteria Checklist for Psychotic lliness (OPCRIT) was used
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for detailed polydiagnostic documentation of symptoms. Study protocols were
reviewed and approved in advance by the IRBs of the participating institutions. All
patients provided written informed consent.

Romanian subsample (n = 8): Patients who had taken lithium for at least 2 years
(lithium treatment response evaluated with the Retrospective Criteria of Long-Term
Treatment Response in Research Subjects with Bipolar Disorder [Alda scale]) were
recruited from consecutive admissions to the Obregia Clinical Psychiatric Hospital,
Bucharest, Romania. Patients were interviewed with the DIGS and FIGS. Information
was also obtained from medical records and close relatives. The diagnosis of BD-I
was assigned according to DSM-IV criteria by using the best estimate
procedure. Patients were included in the sample if they had at least 2 documented
hospitalizations for illness episodes (1 manic/mixed and 1 depressive or 2 manic
episodes). All participants provided written informed consent. The study was
performed in accordance with the ethical principles of the Declaration of Helsinki.
Spanish subsample (n = 73): Cases were recruited from the Bipolar Disorder Program
of the Hospital Clinic of Barcelona and Mental Health Services from Oviedo, under the
umbrella of the Spanish Research Network on Mental Health (CIBERSAM).
Participants were selected only if they fulfilled the following inclusion criteria: (i) met
DSM-IV-TR criteria for BD-I or -Il, (ii) age over 18 years, (iii) met criteria for euthymia
for at least 3 months before inclusion, assessed by the Hamilton Depression Rating
Scale (HDRS) and the Young Mania Rating Scale (YMRS), and (iv) provided both
written and verbal informed consent. Exclusion criteria were as follows: (i) intelligence
quotient (1Q) lower than 70, (ii) the presence of any medical condition affecting
neuropsychological performance, and (iii) electroconvulsive therapy within the past
year. The study was approved by each institution’s ethics committees and was
performed in accordance with the ethical principles of the Declaration of Helsinki.
Swedish subsample (n = 80): The patients with BD were identified in the Swedish
National Quality Register for Bipolar Disorders (BipolaR) and the Swedish National
Patient Register (with a validated algorithm that required at least 2 hospitalizations
with a BD diagnosis). A confirmatory telephone interview with a diagnostic review was
conducted. Additional patients were recruited from the St. Goran Bipolar Project
(Affective Center at Northern Stockholm Psychiatry Clinic, Sweden), which enrolled
new and ongoing patients diagnosed with BD by using structured clinical interviews.
Diagnoses were made according to the DSM-IV (BipolaR and St. Géran Bipolar
Project) and ICD-10 criteria (National Patient Register). All recruitment procedures
were approved by the Regional Ethical Committees in Sweden.

Swiss _subsample (n_= 52): Patients with BD were recruited in the specialized
outpatient unit for mood disorders at the Division of Psychiatric Specialties of the
Department of Psychiatry in Geneva. Patients are referred to this unit by psychiatrists
or general practitioners for diagnostic assessment and care. Individuals diagnosed by
a trained psychiatrist or clinical psychologist with a DSM-IV diagnosis of BD-I or -II
were included in this study. Clinical and anamnestic data (medical histories, family
history, onset of the disorder, and previous treatments) were collected during the
interview. Patients with BD were evaluated with the French version of the DIGS or the
French version of the SCID (SCID I, version 2.0). They were also evaluated for
comorbid Axis | disorders with the DIGS. Treatment response to lithium was evaluated
with the Alda scale. All patients completed self-report questionnaires, including the
Barrat Impulsiveness Scale (BIS-10), State Anger Expression Inventory (STAXI), Beck
Hopelessness Scale (BHS), Childhood Trauma Questionnaire (CTQ), Brown-
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Goodwin Aggression Scale (BGA) and the Geneva Suicide History Form. All patients
provided written informed consent.

h66x| Germany, Poland

For the current analysis, datasets from the following study sites were combined and
analyzed together:

Polish subsample (n = 88): Patients were recruited at the Department of Psychiatry,
Poznan University of Medical Sciences, Poznan, Poland. All patients received a
lifetime diagnosis of BD according to the DSM-IV criteria on the basis of a consensus
best-estimate procedure and structured diagnostic interviews with the SCID. Study
protocols were reviewed and approved in advance by the IRBs of the participating
institutions. All subjects provided written informed consent.

German subsample (n = 4): Patients were recruited from consecutive admissions to
the in- and outpatient units of the Department of Psychiatry and Psychotherapy at the
Universities of Dresden and Berlin (Charité), Germany. DSM-1V lifetime diagnoses of
BD-I were assigned on the basis of a consensus best-estimate procedure that
considered all available information, including a structured interview with the SCID and
medical records. Study protocols were reviewed and approved in advance by the IRBs
of the participating institutions. All patients provided written informed consent.

naom | USA

For the current analysis, datasets from the following study sites were combined and
analyzed together:

Baltimore subsample (n = 11): Patients were recruited at the Johns Hopkins Hospital
in Baltimore, Maryland, USA. All patients received a lifetime diagnosis of BD-I
according to the DSM-IV criteria on the basis of a consensus best-estimate procedure
that considered all available information, including structured diagnostic interviews
with the Diagnostic Interview for Genetic Studies, medical records, and the family
history method. Study protocols were reviewed and approved in advance by the IRB
of the Johns Hopkins Hospital. All patients provided written informed consent.

lowa City subsample (n = 13): Patients were recruited at the University of lowa
Hospitals and Clinics in lowa City, lowa, USA. All patients received a lifetime diagnosis
of BD-I according to the DSM-IV criteria on the basis of a consensus best-estimate
procedure that considered all available information, including structured diagnostic
interviews with the DIGS, medical records, and the family history method. Study
protocols were reviewed and approved in advance by the IRB of the University of lowa,
Carver College of Medicine. All patients provided written informed consent.

NIMH subsample (n = 17): Patients were recruited in the same way as those in the
gain cohort. Study protocols were reviewed and approved in advance by the IRBs of
the participating institutions. All patients provided written informed consent.
Rochester subsample (n = 26): Cases of BD were drawn from the Mayo Clinic Bipolar
Biobank. Enrolment sites included Mayo Clinic, Rochester, Minnesota; Lindner Center
of HOPE/University of Cincinnati College of Medicine, Cincinnati, Ohio; and the
University of Minnesota, Minneapolis, Minnesota. Enrolment at each site was
approved by the local IRB, and all participants had consented to the use of their data
in future genetic studies. Participants were identified through routine clinical
appointments, among inpatients admitted in mood disorder units, and by recruitment
advertising. Participants were required to be between 18 and 80 years old and be able
to speak English and provide informed consent and have DSM-IV-TR diagnostic
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confirmation of BD-I or -l or schizoaffective bipolar disorder, as determined with the
SCID.

San Diego subsample (n_= 92):. Patients were recruited from individuals at the
University of California, San Diego, as described for the gain samples below.

dub1 | Ireland

Samples were collected as part of a larger study on the genetics of psychotic disorders
in the Republic of Ireland, under protocols approved by the relevant IRBs and with
written informed consent that permitted repository use. Patients were recruited from
hospitals and community psychiatric facilities in Ireland by a psychiatrist or psychiatric
nurse trained in using the SCID. Diagnosis was based on the structured interview and
supplemented by case note review and collateral history, where available. All
diagnoses were reviewed by an independent reviewer.

wtccc | United Kingdom

Patients were all over the age of 17 years, living in the UK, and of European descent.
Recruitment was undertaken throughout the UK and included individuals who had
been in contact with mental health services and had a lifetime history of high mood.
After providing written informed consent, participants were interviewed by a trained
psychologist or psychiatrist with a semi-structured lifetime diagnostic psychiatric
interview (SCAN) and available psychiatric medical records were reviewed. On the
basis of all available data, best-estimate life-time diagnoses were made according to
the RDC. In the current study, we included cases with a lifetime diagnosis of RDC BD-
I, BD-Il, or schizoaffective disorder, bipolar type. All patients were recruited under
protocols approved by the appropriate IRBs and gave written informed consent.

bmau | Australia

Patients were recruited at the Mood Disorder Unit, Prince of Wales Hospital in Sydney.
All patients received a lifetime diagnosis of BD according to the DSM-IV criteria on the
basis of a consensus best-estimate procedure and structured diagnostic interviews
with the DIGS, FIGS, and SCID. Study protocols were reviewed and approved in
advance by the IRBs of the participating institutions. All patients provided written
informed consent.

rom3 | Romania

Patients with BD-lI (n = 233) were recruited from consecutive admissions to the
Obregia Clinical Psychiatric Hospital, Bucharest, Romania. Patients were interviewed
with the DIGS and FIGS. Information was also obtained from medical records and
close relatives. The diagnosis of BD-I was assigned according to DSM-IV criteria on
the basis of the best estimate procedure. All patients had at least 2 hospitalizations for
illness episodes. All participants provided written informed consent. The study was
performed in accordance with the ethical principles of the Declaration of Helsinki.

bmpo | Poland

Patients were recruited at the Department of Psychiatry, Poznan University of Medical
Sciences, Poznan, Poland. All patients received a lifetime diagnosis of BD according
to the DSM-IV criteria on the basis of a consensus best-estimate procedure and
structured diagnostic interviews with the SCID. Study protocols were reviewed and
approved in advance by the IRBs of the participating institutions. All patients provided
written informed consent.
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gain | USA

Genetic Association Information Network (GAIN)/ The Bipolar Genome Study (BiGS)
The BD sample was collected under the auspices of the NIMH Genetics Initiative for
BD (http://zork.wustl.edu/nimh/), genotyped as part of GAIN and analyzed as part of a
larger GWAS conducted by the BiGS consortium. Approximately half of the GAIN
sample was collected as multiplex families or sib-pair families (waves 1-4), and the
remainder was collected as individual cases (wave 5). Patients were recruited at 11
sites: Indiana University; John Hopkins University; the NIMH Intramural Research
Program; Washington University at St. Louis; University of Pennsylvania; University of
Chicago; Rush Medical School; University of lowa; University of California, San Diego;
University of California, San Francisco; and University of Michigan. All investigations
were carried out after the review of protocols by the IRB at each participating
institution. At all sites, potential patients were identified from screening admissions to
local treatment facilities and through publicity programs or advocacy groups and
evaluated with the DIGS, FIGS, and information from relatives and medical records.
All information was reviewed through a best-estimate diagnostic procedure by 2
independent and non-interviewing clinicians and a best-estimate diagnosis was
reached. In the event of a disagreement, a third review was performed to break the
tie.

tgco2 | USA

Patients were recruited from individuals at the 11 US sites described for the GAIN
sample as part of FAT2, FaST, BiGS, and TGEN cohorts. Eligible participants were
aged 18 or older and met DSM-IV criteria for BD-I or BD-Il by consensus diagnosis
based on interviews with the Affective Disorders Evaluation (ADE) and MINI. All
participants provided written informed consent, and the study protocol was approved
by the IRB at each site. Collection of phenotypic data and DNA samples was
supported by NIMH grants MH063445 (JW Smoller); MH067288 (PIl: P Sklar),
MH63420 (PI: V Nimgaonkar), and MHO78151, MH92758 (PI: J. Kelsoe). The samples
were independent of those included in the GAIN sample.

butr | Bulgaria

All patients were recruited in Bulgaria from psychiatric inpatient and outpatient
services. Each patient had a history of hospitalization and was interviewed with an
abbreviated version of the SCAN. Consensus best-estimate diagnoses were made by
2 researchers according to DSM-IV criteria. All participants gave written informed
consent, and the study was approved by local ethics committees at the participating
centers.

swa2 | Sweden

The patients with BD were identified in the Swedish National Quality Register for
Bipolar Disorders (BipolaR) and the Swedish National Patient Register (with a
validated algorithm that required at least two hospitalizations with a BD diagnosis). A
confirmatory telephone interview with a diagnostic review was conducted. Additional
patients were recruited from the St. Géran Bipolar Project (Affective Center at Northern
Stockholm Psychiatry Clinic, Sweden), which enrolled new and ongoing patients
diagnosed with BD with structured clinical interviews. Diagnoses were made according
to the DSM-IV (BipolaR and St. Goéran Bipolar Project) and ICD-10 criteria (National
Patient Register). All recruitment procedures were approved by the Regional Ethical
Committees in Sweden.
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fran | France

Patients with BD-I or BD-Il were recruited as part of a large study on the genetics of
BD in France (Paris-Creteil, Bordeaux, Nancy) with a protocol approved by the
relevant IRBs and with written informed consent. Patients were of French descent for
more than 3 generations and were assessed by a trained psychiatrist or psychologist
with structured interviews, supplemented by medical case notes, mood scales, and a
self-rating questionnaire that assessed dimensions.

uclo | United Kingdom

The UCL sample comprised Caucasian individuals who were recruited by and
received clinical diagnoses of BD-l from UK National Health Service (NHS)
psychiatrists at interview on the basis of the criteria of the ICD-10. In addition, patients
with BD were included only if both parents were of English, Irish, Welsh, or Scottish
descent and if 3 out of 4 grandparents were of the same descent. All patients read an
information sheet approved by the Metropolitan Medical Research Ethics Committee,
which also approved the project for all NHS hospitals. Written informed consent was
obtained from each patient.

bonn | Germany

Patients for the BOMA-Bipolar Study were recruited from consecutive admissions to
the inpatient units of the Department of Psychiatry and Psychotherapy at the University
of Bonn and the Central Institute for Mental Health in Mannheim, University of
Heidelberg, Germany. DSM-IV lifetime diagnoses of BD-| were assigned on the basis
of a consensus best-estimate procedure that considered all available information,
including a structured interview with the SCID and SADS-L, medical records, and the
family history method. In addition, the OPCRIT checklist was used for the detailed
polydiagnostic documentation of symptoms. Study protocols were reviewed and
approved in advance by the IRBs of the participating institutions. All patients provided
written informed consent.

bmg2 | Germany

Patients were recruited from consecutive admissions to psychiatric inpatient units at
the University Hospital Wirzburg. All patients received a lifetime diagnosis of BD
according to the DSM-IV criteria on the basis of a consensus best-estimate procedure
that considered all available information, including semi-structured diagnostic
interviews with the AMDP, medical records, and the family history method. In addition,
the OPCRIT system was used for the detailed polydiagnostic documentation of
symptoms. Study protocols were reviewed and approved in advance by the IRBs of
the participating institutions. All patients provided written informed consent.

bmg3 | Germany

Patients were recruited at the Central Institute of Mental Health in Mannheim,
University of Heidelberg, and other collaborating psychiatric hospitals in Germany. All
patients received a lifetime diagnosis of BD according to the DSM-IV criteria on the
basis of a consensus best-estimate procedure that considered all available
information, including structured diagnostic interviews with the AMDP, Composite
International Diagnostic Screener (CID-S), SADS-L, and/or SCID, medical records,
and the family history method. In addition, the OPCRIT system was used for the
detailed polydiagnostic documentation of symptoms. Study protocols were reviewed
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and approved in advance by the IRBs of the participating institutions. All patients
provided written informed consent.

bmsp | Spain

Patients were recruited at the mental health departments of the following 5 centers in
Andalusia, Spain: University Hospital Reina Sofia of Cérdoba, Provincial Hospital of
Jaen; Hospital of Jerez de la Frontera (Cadiz); Hospital of Puerto Real (Cadiz);
Hospital Punta Europa of Algeciras (Cadiz); and Hospital Universitario San Cecilio
(Granada). Diagnoses were made on the basis of the SADS-L, OPCRIT, a review of
medical records, and interviews with first- and/or second-degree family members with
the Family Informant Schedule and Criteria (FISC). Consensus best-estimate BD
diagnoses were assigned by 2 or more independent senior psychiatrists and/or
psychologists and according to the RDC and DSM-IV. Study protocols were reviewed
and approved in advance by the IRBs of the participating institutions. All patients
provided written informed consent.

ucla | Netherlands

The case sample consisted of in- and outpatients recruited through psychiatric
hospitals and institutions throughout the Netherlands. Patients with DSM-IV BD,
determined after interview with the SCID, were included in the analysis. Ethical
approval was provided by UCLA and local ethics committees, and all participants gave
written informed consent.

usc2| USA

Genomic Psychiatry Consortium (GPC) patients were recruited via the University of
Southern California healthcare system. Diagnoses were based on DSM-IV-TR criteria
and were established with the OPCRIT on the basis of a combination of focused, direct
interviews and data extracted from medical records.

mich | USA

The Pritzker Neuropsychiatric Disorders Research Consortium (NIMH/Pritzker)
patients were from the NIMH Genetics Initiative Genetics Initiative Repository.
Patients were diagnosed according to DSM-IIl or DSM-IV criteria by diagnostic
interviews and/or medical record reviews. Cases with low confidence diagnoses were
excluded. From each non-Ashkenazi European-origin family available from wave 1-5,
2 siblings with BD-I were included, when possible, and the patients was preferentially
included, if possible (n = 946 individuals in 473 sibling pairs); otherwise, a single
patient with BD-l was included (n = 184). The sibling pairs with BD were retained within
the NIMH/Pritzker sample when individuals in more than 1 study were uniquely
assigned to a study set.

stp1| USA

The Systematic Treatment Enhancement Program for Bipolar Disorder (STEP-BD)
was a 7-site, national US, longitudinal cohort study designed to examine the
effectiveness of treatments and their impact on the course of BD. The study enrolled
4361 participants who met DSM-IV criteria for BD-I, BD-Il, BDNOS, schizoaffective
manic or bipolar type, or cyclothymic disorder on the basis of diagnostic interviews.
From the parent study, 2089 individuals with BD-I or -ll diagnoses who were over 18
years of age consented to the collection of blood samples for DNA. BD samples with
a consensus diagnosis of BD-I were selected for inclusion in STEP1.
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mé&m'‘s | Germany, Austria

PsyCourse subsample (n_= 365): The samples form part of a multi-site
German/Austrian longitudinal study (www.psycourse.de).(3) Diagnoses were made
according to DSM-IV. Study protocols were reviewed and approved in advance by the
IRBs of the participating institutions. All patients provided written informed consent.
The current analyses are based on the v3.1. version of the data set.

FOR2017 subsample (n = 88): In- and outpatients (aged 18-65) were recruited as part
of an ongoing multi-center (Universities of Marburg and Minster, Germany) cohort
study (DFG research group FOR2107, www.for2107.de). Trained psychologists
conducted semi-structured interviews for DSM-IV axis | disorders (SCID-I). The study
protocols were approved by the ethics committees of the Medical Schools of the
Universities of Marburg and Miinster, following the Declaration of Helsinki, and all
participants provided written informed consent.

2. Replication samples

bdtrs | Germany

The Bipolar Disorder Treatment Response Study (BP-TRS) comprises inpatients with
BD and screened controls of Caucasian background. A trained psychologist or
psychiatrist conducted a face-to-face interview with SCID or MINI 6.0 to ascertain the
presence of BD according to DSM-IV criteria. Patients aged 18 years and older were
included if a current or lifetime diagnosis of BD was determined in this structured
diagnostic interview. Other assessments, including symptom ratings, psychiatric
history, treatment history, and treatment response, were based on an interview by
trained psychologists/psychiatrists. All patients provided written informed consent.

ukwa1 | United Kingdom

The UCL sample comprised Caucasian individuals who were recruited by and
received clinical diagnoses of BD-l from UK National Health Service (NHS)
psychiatrists at interview on the basis of the criteria of the ICD-10. In addition, patients
with BD were included only if both parents were of English, Irish, Welsh, or Scottish
descent and if 3 out of 4 grandparents were of the same descent. All volunteers read
an information sheet approved by the Metropolitan Medical Research Ethics
Committee, which also approved the project for all NHS hospitals. Written informed
consent was obtained from each volunteer.

dutch | Netherlands

The case sample consisted of in- and outpatients recruited through psychiatric
hospitals and institutions throughout the Netherlands. Patients with DSM-IV BD,
determined after interview with the SCID, were included in the analysis. Ethical
approval was provided by UCLA and local ethics committees, and all participants gave
written informed consent.

bmrom | Romania

The sample bmrom (N = 225 BD-I cases) also included patients from the ConLiGen-
Romania sample who did not overlap with the Romanian PGC2 sample bip_rom3_eur.
Patients with BD-I were recruited from consecutive admissions in the Obregia
Psychiatric Hospital of Bucharest, Romania. Patients were interviewed with the DIGS
and FIGS. Information was also obtained from medical records and close relatives.
The diagnosis of BD-I was assigned according to DSM-IV criteria by the best estimate
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procedure. Patients were included in the sample if they had at least 2 documented
hospitalizations for illness episodes (1 manic/mixed and 1 depressive or 2 manic
episodes). All participants provided written informed consent. The study was
performed in accordance with the ethical principles of Declaration of Helsinki. Patients
in the ConLiGen-Romania study were recruited in the same manner as the other
patients in the bmrom sample and were required to have taken lithium for at least 2
years; lithium treatment response was evaluated with the Alda scale.

jsts| USA

The study included unrelated patients with BD-l from 6 clinical trials (IDs:
NCT00253162, NCT00257075, NCT00076115, NCT00299715, NCT00309699, and
NCT00309686). Janssen Research & Development, LLC (formerly known as Johnson
& Johnson Pharmaceutical Research & Development, LLC) recruited participants to
assess the efficacy and safety of risperidone. Patients were diagnosed with BD
according to DSM-IV-TR criteria. The diagnosis of BD was confirmed by the Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Present and
Lifetime Version (K-SADS-PL) in NCT00076115, by the SCID in NCT00257075
and NCT00253162, and by the MINI in NCT00299715, NCT00309699, and
NCT00309686. Additional detailed descriptions of these clinical trials can be found at
ClinicalTrials.gov. Only patients of European ancestry were included in the current
analysis.

col1| Colombia

Patients with BD-I and -Il were recruited as part of a larger cohort of patients with
severe mental illness through psychiatric hospitals in the Paisa region of Colombia.
Protocols and procedures were approved by the local and UCLA ethics committees,
and written informed consent was obtained from all patients before participation in the
study. Phenotyping included diagnostic interview (NetSCID-5, Spanish version),
additional assessments of individual symptoms, and a neurocognitive battery.
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Supplementary Methods

Phenotype analyses: Statistical analysis

We analyzed the relationship of age at onset and polarity at onset with disease
characteristics only in patients with BD-I. To optimize comparability between studies,
we dichotomized the following variables: lifetime delusions, lifetime hallucinations,
suicidal ideation, suicide attempt, educational attainment, current smoking, and living
together with a partner (all variables were dichotomized as yes/no except for
educational attainment, which was dichotomized as lower/higher; see Supplementary
Table S9). We considered the number of manic and depressive episodes as
continuous variables. However, to adjust for illness duration we calculated the
frequency of episodes per year as: ((number of episodes) / (years of illness + 1)).
Then, we rank-normalized these variables for analysis.

We analyzed the associations of age at onset and polarity at onset with
dichotomous illness characteristics by logistic regression analysis. The various
dichotomous iliness characteristics were used as the outcome, and either age at onset
or polarity at onset was used as the determinant. In addition, we analyzed the
associations of age at onset and polarity at onset with the frequency of episodes per
year by separate linear regression analyses. Sex was included as a covariate in all
analyses. Regression analyses were performed in SPSS 25.0. Results from both
datasets were then combined by a fixed-effects meta-analysis in R (package Metafor).
We applied the Bonferroni-Holm method to correct for multiple testing.
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Supplementary Notes

Supplementary Note S1. References to published methods

Method / Tool

PGC Rapid Imputation and Computational
Pipeline for GWAS (RICOPILI)

SHAPEIT

IMPUTEZ2

PLINK
METAL

PRS-CS
GCTA GREML

LDSC (Linkage disequilibrium score regression)

Reference
Lam et al. 2020 (4)

Delaneau et al. 2013 (5)
Howie et al. 2009, Howie et. al
2012 (6,7)

Purcell et al. 2007, Chang et
al. 2015 (8,9)

Willer et al. 2010 (10)

Ge etal. 2019 (11)

Yang et al. 2010, Yang et al.
2011 (12,13)

Bulik-Sullivan et al. 2015 (14)

Supplementary Note S2. Secondary phenotype analyses

Since our finding that a later AAO was associated with a higher frequency of episodes
per year of illness were contrary to previous findings in other studies (Etain et al.), we
conducted secondary analyses in which we used the normalized age at onset and
gender as predictors and the untransformed number of episodes (not controlled for
years of illness) as outcome variables. The distribution of the residuals of these models
did not follow a normal distribution. Therefore, these results should be interpreted with

caution.

In the Dutch study, the association of the age at onset with less manic episodes
was not significant (3=-0.41, SE=0.25, p=1.01x10""). However, a later age at onset
was significantly associated with fewer depressive episodes (3=-1.04, SE=0.41,
p=1.03x10"2). In the German dataset, a later age at onset was significantly associated
with fewer manic (B=-1.48, SE=0.46, p=1.35x103) and depressive episodes (B=-2.04,

SE=0.56, p=3.72x10).
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Supplementary Figures

Supplementary Figure S1. Proportions of each category of polarity at onset by
continent and definition of age at onset

Categories of polarity at onset (PAO): D, depression before mania/hypomania; M,
mania/hypomania before depression; Mixed, mixed episodes or first manic and
depressive episode in same year.

A: Proportions of PAO by dataset and continent
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Supplementary Figure S2. Forest plots from the GWAS on age at onset

A: Forest plot of the results of the discovery-stage analysis of the top-associated
variant rs1610275. The effect size beta is relative to the minor allele G. The color
scheme corresponds to the colors used in Fig. 1

B: Forest plot of the results of the replication-stage analysis of variant rs1610275
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Supplementary Figure S3. Results of the GWAS on polarity at onset

A: Manhattan plot of the primary PAO (PAO-M/-X [n=2888] vs. PAO-D [n=3885])
GWAS
B: Manhattan plot of the secondary PAO (PAO-M [n=1350] vs. PAO-D [n=3599])
GWAS

Abbreviations: PAO-M, mania/hypomania before depression; PAO-X, mixed
episodes or first manic and depressive episode in same year; PAO-D, depression
before mania/hypomania.
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Supplementary Figure S4: Results from analyses of polygenic scores with the
polarity of onset

A: Associations of polygenic scores (PGSs) with the polarity at onset (PAO-M and
PAO-X vs. PAO-D). A higher odds ratio (OR) thus indicates an association with
PAO-D.

B: Associations of the PAO (PAO-M and PAO-X vs. PAO-D) with the top vs. bottom
PGS quartiles. A higher OR indicates an association with PAO-D.

Significance levels: n.s., P>0.05; Nominal, P<0.05; Bonferroni, below the
Bonferroni-corrected significance threshold corrected for 96 tests (P<5.2x10-4).

For detailed results, see Supplementary Table S8.

Abbreviations: ADHD, attention deficit/hyperactivity disorder; ASD, autism
spectrum disorder; MD, major depression; SZ, schizophrenia; EA, educational
attainment; PAO-M, mania/hypomania before depression; PAO-X, mixed episodes or
first manic and depressive episode in same year; PAO-D, depression before
mania/hypomania.
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o
PAO 1x10"' I > | PAO 1x107' I O
0.90 0.95 1.00 1.05 1.10 06 07 08 09 10 11 12 13 14
OR of PAO-D per PGS unit (SD) + 95% CI OR of PAO-D for top 25% PGS + 95% CI
Significance: ) Bonferroni © Nominal @n.s. Significance: ) Bonferroni © Nominal @n.s.
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