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ABSTRACT 

Bipolar disorder is a chronic disabling psychiatric disorder marked by episodic disruptive 

mood swings, accompanied by disturbances in cognition and behavior. Without effective 

treatment, bipolar disorder can have devastating consequences, including suicide. Lithium has 

a unique and predominant role in the treatment of bipolar disorder, although the response 

varies considerably across individuals. Both the causes of bipolar disorder and the mechanism 

of lithium's therapeutic action remain only partially understood. The present thesis applied 

genetic epidemiological and pharmacoepidemiological designs to explore the etiologies of 

bipolar disorder and lithium response, the correlation between bipolar disorder and other 

mental disorders, and the effect of lithium medication for suicidal behavior in patients.  

In Study I, by using a population-based cohort, we extensively quantified the familial 

aggregation and heritability of bipolar disorder. The precise estimates of familial risks, which 

increased with genetic relatedness, in conjunction with the high heritability, added to the 

accumulative evidence for the importance of genetic predisposition in the etiology of bipolar 

disorder. Furthermore, to understand where bipolar disorder falls among the psychiatric 

disorders, we examined the familial co-aggregations and phenotypic correlations between 

them. The shared genetic determinants indicated pleiotropy for genes contributing to bipolar 

disorder and other psychiatric disorders. 

In Study II, we shifted focus to the two main subtypes: bipolar I disorder (BDI) and bipolar II 

disorder (BDII). Using a similar design for genetically informative data, we found a higher 

familial clustering within each subtype vs. across the subtypes. Risks for comorbid 

psychiatric conditions in each subgroup also yielded different patterns. Together with the 

estimated substantial genetic correlation, the results revealed a distinct but overlapped 

etiology between the two subtypes of bipolar disorder. 

In Study III, we examined the rates of suicide-related events during treatment with lithium 

and valproate among individuals with bipolar disorder. Using a within-individual study 

design, the observed rates of suicide-related events were reduced during lithium but not 

valproate treated periods. The suggestive difference between the two drugs supported the 

superiority of lithium against suicidal behavior. 

In Study IV, we performed genome-wide association studies (GWAS) for lithium response. 

Subsequent GWAS also tested the subgroup of individuals responding to lithium as cases and 

compared them with controls without bipolar disorder. No significantly associated genetic 

loci were identified or validated in both meta-analyses of GWAS. Nevertheless, for the latter, 

the estimated proportion of variance explained by common genetic variants (“SNP 

heritability”) is considerable. 

In conclusion, our work demonstrates the importance of genetic factors for the origins of 

bipolar disorder and lithium’s effects. Lithium may serve as a key in both treating and 

informing the underlying biology of bipolar disorder in future research. 
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1 INTRODUCTION 

Everyone has common mood fluctuations in daily life. However, for those with abnormally 

elevated and depressed states, there could be an underlying bipolar disorder. Also known as 

manic-depressive illness, bipolar disorder is a common and disruptive psychiatric disorder 

with symptoms documented across cultures throughout history.
1
 It is characterized by 

recurrent episodes of mania or hypomania, alternating with depression.
2
 As a lifelong 

episodic disorder, it affects more than 1% of worldwide population, with lifetime prevalence 

varying depending on different definitions.
3-5

 Bipolar disorder has been ranked as the second 

leading cause accounting for days out of role in society, in particular among young adults, 

connoting huge costs.
5
   

Development of effective treatments is highly sought after but hampered by the scant 

understanding of the pathophysiology of bipolar disorder. Among the existing 

pharmacological treatments, lithium is the oldest mood stabilizer and remains the first line 

treatment. For over sixty years, despite the introduction of new pharmaceutical agents and 

that lithium is not promoted by any major pharmaceutical company, it continues to be the 

mainstay medication for bipolar disorder.
6
 How lithium acts is complicated and not well 

understood. It remains a mystery why a drug with multiple therapeutics targets presents the 

most specific clinical effects. 

Epidemiology can be defined as describing how health and disease are distributed in a group 

of people and what factors influence the distribution. When genetic determinants are among 

the factors, the term of genetic epidemiology emerges. For studies of drug effects, 

pharmacoepidemiology arises. The present thesis captures investigations into the etiology of 

bipolar disorder, lithium’s effects for suicide-related events, and genetic variants for both 

bipolar disorder and lithium response. 

(by Yu Liu) 
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1.1 BIPOLAR DISORDER 

1.1.1 Characteristics 

Bipolar disorder, according to the current diagnostic system, refers to a recurrent mood 

disturbance that ranges from episodes of: (1) mania, characterized by elation/irritation in 

mood and related symptoms (e.g., increase in energy and reduce in need for sleep) or (2) 

hypomania, in which the symptoms are milder in severity or duration than in mania, and (3) 

depression, in which individuals experience low mood and related symptoms (e.g., reduced 

energy and loss of pleasure).
7
 In spite of the emphasis on mood elevation in nosology, 

episodes of depression occur more frequently than episodes of mania or hypomania.      

Figure 1.1 presents a classical life chart recording the mood changes in bipolar disorder. 

 

Figure 1.1. Life chart showing progression of bipolar disorder. (Reprinted from Grande I, Berk M, Birmaher B, 

Vieta E. Bipolar disorder. Lancet. 2016; 387:1561-72. with permission from Elsevier)
8
. 

 

Depending on severity, symptoms of mania and hypomania are registered above the state of euthymia (normal 

mood state), while symptoms of subthreshold depression and major depression are depicted below euthymia. A 

mixed state involves the coexistence of symptoms of depression and mania. One feature not shown in the figure 

is rapid cycling, defined as four or more episodes (either mania or depression) in 12 months. 

1.1.2 Diagnosis 

Like other psychiatric disorders, bipolar disorder is mainly diagnosed by assessments of 

behavior in combination with subjective reports of abnormal experiences, and it lacks of 

definitive and objective biomarkers.
9
 The most widely used diagnostic classification systems 

for psychiatric disorders are: the International Classification of Diseases (ICD) which is the 

official worldwide classification and the Diagnostic and Statistical Manual of Mental 

Disorders (DSM) which is the official classification in the United States (US). The current 

versions for each system are the tenth revision of the ICD (ICD-10) released in 1993
10

 and 

the fifth edition of the DSM (DSM-5) released in 2013.
11

 This thesis defines bipolar disorder 

mainly based on the ICD-10 from the Swedish National Patient Register and identifies 

subtypes from the Bipolar Disorder Quality Register based on the fourth edition of the DSM, 

Text Revision (DSM-IV-TR). 
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According to DSM-IV-TR, bipolar disorder can be grouped into four main subtypes: bipolar I 

disorder (BDI), bipolar II disorder (BDII), cyclothymic disorder and bipolar disorder not 

otherwise specified. Among these four subgroups, BDI and BDII capture the majority of 

patients with bipolar disorder. The core difference of diagnoses between BDI and BDII is the 

presence of a manic episode: for BDI, it is required to experience at least one episode of 

mania, while for BDII it is required to have no episodes with mania but at least one episode 

of hypomania. The difference between DSM-IV and ICD-10 for diagnosis of bipolar disorder 

is summarized in Table 1.1, modified from a recent review.
7
 

Table 1.1 Bipolar disorder and subtypes (modified from Phillips ML, Kupfer DJ. Bipolar disorder diagnosis: 

challenges and future directions. Lancet. 2013;381(9878):1663-71. with permission from Elsevier)
7
 

DSM-IV ICD-10 

 Diagnostic criteria: one episode of mania (or 

mixed mood), or one episode of hypomania plus a 

major depressive episode 

 Diagnostic criteria: requires two discrete mood 

episodes, at least one of which must be manic  

 BDI: at least one episode of full-blown mania or 

mixed episode (manic and depressive symptoms). 

Usually has at least one depressive episode 

 BDII: several protracted depressive episodes and 

at least one hypomanic episode, but no manic 

episodes 

 Cyclothymic disorder: several periods of 

hypomanic and depressive symptoms. Depressive 

symptoms do not meet criteria for depressive 

episodes 

 Bipolar disorder not otherwise specified: 

depressive and hypomanic-like symptoms and 

episodes that might alternate rapidly, but do not 

meet the full diagnostic criteria for any of the 

above disorders 

 No discrimination between BDI and BDII 

 

1.1.3 Genetics 

Bipolar disorder is thought to result from multiple factors including genes and environments 

interacting together.
12

 It is one of the most heritable psychiatric disorders, with a pattern of 

polygenic inheritance.
13

  

Classical genetic epidemiological studies using family, twin and adoption data since the 

1960s (when bipolar disorder and major depression disorder were considered separately)
14 

have suggested a genetic basis for bipolar disorder. Caution is needed when interpreting the 

results due to the variations in study populations, designs and diagnostic definitions. 

Indicative figures are summarized in Table 1.2. The recurrence risk for first-degree relatives 

of individuals with bipolar disorder is approximately 5-10%,15 corresponding to a relative risk 

(risk in first-degree relatives of patients with bipolar disorder compared with risk in the 

general population) of 6-10.16, 17 Estimates of heritability (i.e., the degree to which the 
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variation in a trait in a population is due to genetic variation) using family data range between 

59-93%.18-22  

The advent of molecular genetics and concomitant technological revolution have provided 

compelling insights into the genetics of bipolar disorder. Early studies investigating 

biologically plausible candidate genes were not very successful, probably owing to the 

inadequate understanding of the underlying pathogenesis of bipolar disorder.
23

 Genome-wide 

association studies (GWAS), which are hypothesis-free, have opened a new era with more 

robust and replicable findings about the etiology of bipolar disorder. The genetic architecture 

of bipolar disorder comprises many common variants of small effects (in conjunction with 

multiple rare variants of bigger effects),
13

 which could be part of the reason that early GWAS 

were usually underpowered to identify genome-wide associations. This sparked 

collaborations for meta-analyses and the formation of consortia that produced more fruitful 

findings. For example, the Psychiatric Genomics Consortium (PGC) has performed the 

largest GWAS to date and found genome-wide associated loci in the genes CACNA1C and 

ODZ4.
24

 Significant results from other GWAS are also listed in Table 1.2. Furthermore, the 

information from genome-wide single nucleotide polymorphisms (SNPs) enables the 

estimation of the so-called SNP heritability (SNP-h
2
) which could be considered as a lower 

bound of heritability by using common variants. The SNP-h
2
 for bipolar disorder is 

estimated as 25-53% on a liability scale.25, 26    

Table 1.2. Summary of the genetics of bipolar disorder (from independent studies or meta-analyses) 

Definition  Findings Reference 

Risk in general 

population 

(reference) 

0.5-1.5% for a narrow definition of bipolar 

disorder (equivalent to BDI in DSM-IV) 

Smith and Weissman (1992)
27

  

 

0.6% for BDI, 0.4% for BDII, 1.4% for 

subthreshold bipolar disorder, 2·4% for the 

bipolar disorder spectrum 

Merikangas et al. (2011)
4
 

Risk for first-

degree relative 

5-10% for a narrow definition of bipolar 

disorder (equivalent to BDI in DSM-IV) 

Craddock and Jones (1999)
15

 

 

8.7% for BDI and BDII Smoller and Finn (2003)
28

 

Relative risk for 

first-degree 

relatives 

6-10 Barnett and Smoller (2009)
16

, Lichtenstein 

et al. (2009)
17

 

Relative risk in 

adoptive relatives 

4.3 (95% CI: 2.0-9.5) in adopted away 

offspring whose biological parents have 

bipolar disorder  

Lichtenstein et al. (2009)
17

 

Heritability 59%-93% in twin studies Bertelsen et al. (1977)
18

, Kendler et al. 

(1993, 1995)
19, 20

, McGuffin et al. 
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(2003)
21

, Kieseppa et al. (2004)
22

 

59% using parent-offspring data Lichtenstein et al. (2009)
17

 

SNP heritability (on 

liability scale) 

0.25 ( Linear mixed model with GCTA 

software
29

) 

Cross-Disorder Group of the Psychiatric 

Genomics Consortium (2013)
25

 

0.53 (LD-score regression) Bulik-Sullivan BK et al. (2015)
26

 

Leading genetic 

variants from 

GWAS 

CACNA1C Ferreira et al. (2008)
30

, PGC-BD (2011)
31

, 

Green et al. (2013)
32

 

ANK3 Ferreira et al. (2008)
30

, Muhleisen  et al. 

(2014)
33

,  

ODZ4 PGC-BD (2011)
24

, Green et al. (2013)
32

,  

Muhleisen  et al. (2014)
33

 

SYNE1 Green et al. (2013)
32

 

TRPC4AP Green et al. (2013)
32

 

TRANK1 Chen et al. (2013)
34

, Muhleisen  et al. 

(2014)
33

 

MIR2113; POU3F2 Muhleisen  et al. (2014)
33

, Hou et al. 

(2016)
35

 

NCAN Cichon et al. (2011)
36

 

Abbreviations: SE, standard error, PGC-BD, The Psychiatric Genomics Consortium Bipolar Disorder Working 

Group, GCTA, Genome-wide complex trait analysis 

1.1.4 Etiological relationships with other psychiatric disorders 

The current classification of psychiatric disorders, or psychiatric nosology, is defined by 

clinical syndromes with etiologies only partially understood. In light of recent findings of 

genetic overlap between psychiatric disorders, the etiologic boundaries between them have 

been a major topic.
37

 Both studies using family and genetic data have suggested shared 

genetic factors for bipolar disorder and other psychiatric disorders, including schizophrenia,
17, 

37, 38
 major depressive disorder,

28, 37
 attention-deficit/hyperactivity disorder (ADHD),

37, 39, 40
 

and autism spectrum disorders.
41, 42

 Moreover, bipolar disorder is also observed to be 

comorbid with anxiety disorders,
43

 personality disorders,
44

 substance use disorders
45, 46

 and 

eating disorders.
47

  

These findings are likely to inform the future psychiatric nosology. Owing to the considerable 

familial and genetic overlap, the diagnostic classification of psychiatric disorders has been 

argued to favor a dimensional system. Moreover, studies are warranted to explore the shared 

pathophysiology across psychiatric disorders as well as common therapeutic mechanisms. 
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1.1.5 Etiological boundaries of subtypes 

Bipolar disorder has heterogeneous phenotypes. As stated in 1.1.2, BDII, for which diagnosis 

only requires hypomanic episodes, is differentiated from BDI for decades. Nevertheless, 

controversy exists about whether BDII should be treated as the same disorder of BDI, only 

with milder symptoms. In contrast to this point of view, BDII is observed to have more 

unfavorable illness features compared to BDI, including higher proportion of comorbidities 

and longer illness duration.
48

  

Studies focusing on each subtype or comparisons between them are relatively sparse. Early 

family studies suggest an overlap of BDI and BDII in etiology, although ambiguities 

remain.
49-52

 In addition, a recent GWAS provides evidence for a partial difference in the 

genetic basis of BDI and BDII.
53

 As the diagnostic criteria change over time, updated and 

more solid evidences to support the etiological heterogeneity of BDI and BDII, possibly by 

quantification of familial co-aggregation, are warranted. 

1.1.6 Suicidal behavior in bipolar disorder 

Individuals with bipolar disorder are at hugely elevated risk of suicide, higher than both the 

general population and most other psychiatric disorders.
54, 55

 Epidemiological studies have 

reported that about a quarter to a half of people with bipolar disorder attempt suicide in their 

lifetime at least once, and that roughly 8–20% of attempts result in death (completed 

suicides).
56-59

 The risk of death by suicide can be up to 20 times compared with the general 

population.
54, 60

 

Factors significantly associated with both attempted and completed suicide, reported in meta-

analyses, include sex (females are more likely to attempt suicide, whereas males have higher 

rates of death by suicide) and a first-degree family history of suicide.
59

 Specifically, factors 

associated with suicide attempt involve early age at onset, depressive polarity of first, current 

or most recent episode, and comorbidities of anxiety, substance misuse and borderline 

personality disorders.
59, 61

 In contrast, specific bipolar subtypes (BDI and BDII) and history of 

psychosis are less likely to correlate with suicide risk.
10

 In addition, little research regarding 

mixed symptoms in relation to suicidal behavior has been conducted; nevertheless, the 

existing evidence suggests a highly elevated risk for suicide attempts at mixed states.
62-64

 

1.1.7 Pharmacological treatment 

Therapeutic approaches for bipolar disorder differ between mood states, which also adds 

complexity because the treatment that alleviates one symptom might cause a mood swing to 

the opposite direction (i.e., from depression to mania/hypomania or vice versa). Other factors 

influencing strategies of pharmacotherapy and psychotherapy pertain to medical and 

psychiatric comorbidities, treatment response, adherence and adverse effects. These factors 

should be considered in initiation of treatment to optimize efficacy while minimizing adverse 

effects and non-adherence. 



 

 7 

Treatment of bipolar disorder conventionally focuses on two phases: acute and maintenance 

management. The main aim for acute management is to get a patient in state of mania or 

depression to a stable euthymic mood, with clinical and functional recovery. The primary 

goal for long-term management is to prevent relapse, reduce subthreshold symptoms, and 

enhance functioning while optimizing treatment.  

The first-line pharmacological treatment for acute mania is the use of antipsychotics with or 

without combination of mood stabilizers.
65

 Such drugs, except for a few atypical 

antipsychotics, have limited efficacy in treating acute bipolar depression.
66, 67

 Alternatively, 

antidepressants are commonly used for bipolar depression, although the evidence of efficacy 

is scarce.
68, 69

 Moreover, controversy exists for its role because it is known that 

antidepressants may induce a switch from depression to mania, and an adjuvant therapy with 

mood stabilizers is recommended.
8, 70, 71

      

Long-term maintenance treatment is essential given the recurrent chronic nature of bipolar 

disorder. Pharmacotherapy could differ according to the patients’ predominant polarity of 

illness.
72

 Lithium is believed to be the best established long-term prophylaxis.
73

 Because the 

benefits of lithium are tempered by adverse effects and potential toxicity,
74

 anticonvulsants 

(also known as antiepileptic drugs), most commonly valproate and lamotrigine, are 

increasingly used as alternatives.
75

 However, equivalent efficacy is less often observed,
76, 77

 

and combined therapy with lithium is recommended.
78

   

True improvement in treatment of bipolar disorder has been hampered by our scant 

knowledge of the underlying biological mechanisms. Consequently, validated 

pharmacological targets are lacking. In fact, many newly introduced drugs are based on an 

expansion of use from other psychiatric disorders.
79

 One particular cornerstone is lithium. 

The unique therapeutic use in bipolar disorder makes it an important starting point. Research 

surrounding the mechanisms of lithium’s action is crucially valuable in the development of 

new targets and the consequent clarification of the illness biology.  

1.2 CONUNDRUM OF LITHIUM THERAPY 

1.2.1 A brief history of lithium: a drug of paramount importance 

The history of lithium goes back to its discovery as a new mineral (petalite) on the island of 

Utö in the Stockholm archipelago in 1800.
80

 It was later detected as a new element in 1817, 

by August Arfwedson during his working in the laboratory of Jacob Berzelius, a professor at 

Karolinska Institutet. Interestingly, lithium is believed to have existed for 13.8 billion years, 

as one of the few elements created by the Big Bang.
81

 

The use of lithium in medicine (including psychiatry) can be traced back to the nineteenth 

century,
82

 and it was reintroduced to modern psychiatric therapy in 1949 by John Cade in 

treating patients with mania.
83

 Now after almost 70 years, despite its varying degree of use 

across countries (e.g., gradually decreased in the US), lithium remains the first-line treatment 

for bipolar disorder.  
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Lithium has multiple clinical effects, including the mood stabilizing action to prevent manic 

and depressive episode recurrence (prophylaxis of bipolar disorder),
84

 treating acute mania
85

 

as well as reducing suicide risk in patients with bipolar disorder.
86

 It has also proven to be 

useful in the treatment of bipolar depression in combination with other drugs.
87

 

1.2.2 Anti-suicidal effects of lithium 

Lithium has a unique role in suicide prevention. Accumulated evidence suggests that lithium 

reduces risk of suicidal behavior in people with bipolar disorder compared with placebo and 

other pharmacological drugs,
88

 even in individuals with partial response to the treatment.
89-91

 

A few of the landmark studies or reviews are listed in Table 1.3. 

Notably, caution is required in the interpretation of lithium’s effects from the literature. The 

main source of evidence supporting lithium’s anti-suicidal effect consists of observational 

studies and meta-analyses rather than randomized controlled trials (RCTs).
89

 Adequately 

powered RCTs are commonly believed to provide the most reliable scientific evidence, in 

which a pronounced outcome can be assumed to be caused by the intervention.
92, 93

 However, 

owing to ethical and logistical issues (suicide is a rare and severe event), RCTs on effect of 

treatment on suicide are more difficult, and the results may be applicable only to selective 

groups. Therefore, observational studies with a wide range of people with treatment 

variability and unselected for suicidal risk are useful and powerful supplements. Because the 

non-random setting makes observational studies vulnerable to complex underlying factors 

that may lead to biased or invalid conclusion, approaches to handle the confounding are 

needed. More details regarding this issue are discussed in section 1.3. 

Given the increasing use of other mood stabilizers, particularly valproate,
94, 95

 examining its 

efficacy in reducing morbidity and mortality is important but currently not well known. 

Moreover, investigations between comparator medication groups of valproate and lithium 

could address the ethical concerns in RCTs as well as some confounding in observational 

studies (e.g., illness severity).96 Table 1.3 also lists several studies comparing lithium and 

valproate in relation to suicidal behaviors.     

Table 1.3 Summary of important studies for lithium (or compared with valproate) and suicidal behavior 

Literature Type of study Findings 

Lithium  

Cipriani et al. (2013)
88

 Systematic review and meta-

analysis of randomized 

controlled trials 

Lithium is effective in reducing the number of 

suicides and all-cause mortality compared 

with placebo in patients with bipolar 

depression. 

Kessing (2005)
97

 Observational study with 

Danish nationwide registers 

Continued lithium treatment, irrespective of 

diagnosis of bipolar disorder, was associated 

with reduced suicide risk. 
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Baldessarini (2006, 2008)
98, 99

 Meta-analyses of 

observational studies and 

randomized trails 

Risks of completed and attempted suicide 

were consistently lower, by roughly 80%, 

during treatment with lithium for patients with 

all major affective disorders (for an average of 

18 months).  

Lithium vs. valproate (or anticonvulsants) 

Oquendo (2011)
96

 A randomized controlled trial No difference between lithium and valproate 

use in time to suicide attempt or suicide 

events (power to detect relative risk ≥ 5). 

Goodwin (2003)
100

 Observational study with 

retrospective cohort in US  

Risk of suicide attempts and suicide deaths is 

lower during treatment with lithium than with 

valproate in patients with bipolar disorder. 

Sondergard  (2008)
101

 Observational study with 

Danish nationwide registers 

Similar reductions in rate of suicide are 

observed in lithium and anticonvulsants 

(including valproate), while switch or 

augmentation to lithium seems superior.   

Baldessarini (2009)
102

 Meta-analysis Rate of suicides or attempts during treatment 

with lithium are significantly lower versus 

anticonvulsants (carbamazepine, divalproex, 

or lamotrigine).  

The mechanism behind lithium’s potential superior anti-suicidal effect remains unclear. One 

possibility has been proposed that lithium reduces the risk of suicide by reducing depressive 

recurrences. Another alternative (or supplemental) mechanism is that lithium’s anti-suicidal 

effect may be associated with its serotonin-mediated effects that result in reduced aggressive 

behavior and impulsivity.
89, 103

 Study designs comparing between pharmacological agents or 

with psychotherapeutic treatments, could help examine the candidate hypotheses.
103

  

1.2.3 Lithium response 

Despite lithium’s superior beneficial effect on both acute stabilization and maintenance 

treatment of bipolar disorder, a number of patients show only partial or no response.
104, 105

 

Research is required to better delineate who could benefit from lithium medication and who 

cannot alleviate suffering or even be at high risk of adverse effects. 

1.2.3.1 A distinct subtype? 

Responders to lithium may represent a valid diagnostic subgroup. These individuals tend to 

have specific clinical features, including a typical course of complete remissions between 

distinctive affective episodes,
106

 a family history of bipolar disorder
107, 108

 and low rates of 

comorbid psychiatric conditions.
109

 Their response to lithium seems familial and stable over 

time.
110, 111

 Furthermore, clinical observational and neurobiological studies suggested that 

lithium responders distinctly differ from responders to other mood stabilizers in symptoms 
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(classical form vs. atypical form of illness).
112, 113

 Based on these characteristics, the response 

to long-term lithium treatment is speculated to define a distinct subtype of bipolar disorder – 

the “lithium-responsive bipolar disorder” (lithium-responsive BD).   

1.2.3.2 Predictors and potential mechanisms 

Given the remarkable value of prescribing lithium to patients with good response, and to 

tailor alternative effective treatments promptly to those without favorable response, a reliable 

predictor of lithium response is a research priority. Unfortunately, to date there are no clinical 

tools available to predict the prophylactic effect of lithium. The current method of prediction 

relies mainly on clinical features described above (i.e., an episodic clinical course, full 

remission, family history and low psychiatric comorbidity), and plausible biomarkers are 

absent. The difficulty to identify biological predictors is attributed to the complex set of 

lithium’s actions, involving cell membrane regulation, transportation and ion distribution, 

neurotransmission and intracellular signaling.
114, 115

 

How lithium acts in preventing episode recurrences remains only partially understood after 

decades of research. The current known mechanisms are summarized in Figure 1.2 

(conceptualized at multiple levels) by Malhi et al.
114

 One of the oldest and the strongest 

candidates for mechanism of lithium’s action is “Inositol depletion hypothesis”.
116, 117

 It is 

suggested that lithium’s therapeutic effect is mediated through the inhibition of two important 

enzymes in the process of recycling inositol in the phosphoinositide pathway, which 

indirectly influences the actions of downstream neurotransmitter receptors.
118

 The other most 

investigated targets of lithium include the G proteins, glycogen synthase kinase 3β, and 

adenylyl cyclase. 

 
 

Figure 1.2 Lithium actions. (Reprinted from Malhi GS, Tanious M, Das P, Coulston CM, Berk M. Potential 

mechanisms of action of lithium in bipolar disorder. Current understanding. CNS drugs 2013; 27(2): 135-53. 

with permission from Springer)
114

. AC, adenyl cyclase; bcl-2, B-cell lymphoma 2; BDNF, brain-derived 

neurotrophic factor; GSK, glycogen synthase kinase; MARCKS, myristoylated alanine-rich c kinase substrate; 

PKC, protein kinase C;     indicates increased;     indicates decreased. 
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1.2.3.3 Pharmacogenetics of lithium’s action: a field in its infancy 

As outlined previously, the features of familial clustering and multiple clinical effects suggest 

a polygenic basis of lithium response. The variation in response in population may be 

mediated by genetic factors, and a number of linkage and association studies have been 

performed to assess this possibility. Many are candidate gene studies, of which only a 

minority have reported findings observed in more than one study.
115, 119

 Accounting for the 

limited understanding of not only lithium’s pharmacodynamics but also the 

pathophysiology of bipolar disorder itself, the approach of GWAS that is hypothesis-free 

offers particular promise. 

The use of GWAS for lithium response is brand new, with only a few small investigations in 

the past few years. The International Consortium on Lithium Genetics (ConLiGen), using a 

large sample of more than 2500 patients for GWAS, has recently identified a response-

associated genetic region coding two long non-coding RNAs.
120

 Future GWAS will 

continue recruiting large cohorts of patients with long-term treatment assessment to boost 

power.
121

  

Another impetus to investigate the genetic factors of lithium response is to decipher the 

complex genetic variability underlying bipolar disorder. Lithium responders may suffer from 

a subtype of bipolar disorder that is more homogeneous in etiology, possibly caused by 

abnormal pathways involving direct or indirect targets of lithium.
122

 Therefore, GWAS on a 

less heterogeneous group, for instance lithium responders, may be more fruitful than the 

classic case-control studies of the illness’ genetics. 

1.2.3.4 Assessment of response to lithium: a challenge  

The response to lithium typically follows a bimodal distribution which has been suggested 

from studies evaluating long-term lithium treatment. By defining an “excellent” lithium 

response as a total prevention of future episodes on lithium monotherapy, approximately one 

third of patients belong to this “full responder” group.
106, 123

 A smaller group of partial 

responders will sometimes result in a distribution of lithium response with three peaks.
124

 It is 

unclear whether this group is similar to the full responders but varies in response because of 

non-optimized therapeutic level or inadequate adherence.
84

 Meanwhile, it should be 

acknowledged that, as stated above, patients with a typical form of bipolar disorder are more 

likely to be responders. In this respect, the reported loss of lithium efficacy in consecutive 

decades (which could result in decreased use) might be attributable to the expansion in 

diagnostic criteria for bipolar disorder.
125-127

  

A conceivable explanation for the paucity of convincing genetic findings of lithium response 

is the variety of response definitions across studies. In fact, a comprehensive measurement of 

response to long-term lithium treatment is complicated by the inherent factors related to the 

irregular clinical course of bipolar disorder. Another obvious factor is the varying treatment 

adherence. Indeed, treatment with lithium requires close monitoring.
128, 129

 The most 

validated assessment of lithium response used in the largest GWAS is the “Retrospective 
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Criteria of Long-Term Treatment Response in Research Subjects with Bipolar Disorder” (the 

so-called “Alda Scale”).
110

 This rating scale scores lithium’s prophylactic effect by 

quantifying the degree of prevention against episode recurrences. In addition, it takes into 

account the illness severity before and after use of lithium, the length and compliance of 

treatment and concurrent medications.  

1.3 A BIT OF EPIDEMIOLOGY FOR BIPOLAR DISORDER 

The present thesis consists of epidemiological studies surrounding the etiologies and 

consequences of bipolar disorder and lithium treatment. By far, observational studies play the 

most predominant role in practical epidemiology, while experimental studies are only a 

minority. Observational studies have advantages in ethical acceptability, cost efficiency and 

real-life applicability.
130

 However, as is well known, it is important to acknowledge that an 

observed exposure-outcome association does not imply a causal relationship. Epidemiology 

increasingly uses designs to test what causal hypotheses would best explain the observed 

correlation.
131

  

1.3.1 Genetic epidemiology: fusion of genetics and epidemiology 

In contrast to traditional epidemiology examining mostly environmental exposures, genetic 

epidemiology deals with “etiology, distribution and control of disease in groups of relatives 

and with inherited causes of disease in populations”.
132

  

Research on psychiatric disorders follows a chain of genetic epidemiology that consists of 

progressive questions: (1) is the disorder a familial trait? (2) If so, how can we explain the 

inheritance pattern and measure the magnitude of familial aggregation? (3) In what mode is 

the disorder transmitted across generations? (4) Where are the genes mediating transmission 

located? (5) To elucidate the mechanism of the disorder, what are the genetic variants 

conferring the risks?
133

  

Classical designs in genetic epidemiology using family, twin and adoption data are powerful 

tools to unravel the series of questions from the start in the chain. These studies examine 

whether a genetic component contributes to the disorder’s etiology, which lays the 

fundamental basis for subsequent questions.  

Molecular genetic studies emerge when the epidemiological exposures are measured as 

genetic variants. Owing to the rapid advance in technology, interest has shifted from 

candidate gene analysis to GWAS, because the latter is remarkably attractive in investigating 

disorders with unclear pathology.  

For Question (3) and (4) listed above, it is well indicated from segregation and linkage 

studies that bipolar disorder, like most other psychiatric disorders, follows a multifactorial 

polygenic model, and no single gene has a major effect on its development.
134

 In this thesis, 

we examined question (1), (2) and (5) using population- and register-based family and 

genetic data.   
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1.3.2 Pharmacoepidemiology: strengths and limitations 

Pharmacoepidemiology, a marriage of pharmacology and epidemiology, applies 

methodology from the latter to study the use and effects (both intended and side effects) of 

medicines.
135

 The main difference from clinical pharmacology is that pharmacoepidemiology 

has an emphasis on adverse effects and generally studies a larger number of people, for 

instance, participants from surveys or registers.
136  

Pharmacoepidemiology in an observational setting cannot provide as strong evidence for 

causal effects as the “gold standard” RCTs. However, its naturalistic property has several 

strengths to inform the efficacy and safe use of medications. In comparison to RCTs, well 

designed observational studies with large scale data are usually more powerful, efficient and 

cost-effective, particularly in studying long-term treatment or rare or chronic outcomes.
137

 

Furthermore, study subjects can cover individuals that would not be recruited in RCTs due to 

ethical barriers (e.g., special situations like severe outcomes and pregnancy) or logistical 

reasons (e.g., real-word patterns like complicated simultaneous treatments, trends of drug 

prescription and compensation). In view of this, pharmacoepidemiology, with a broad 

generalizability, may provide unique value for research on special groups of people.
137, 138

  

Nevertheless, observational studies are vulnerable to bias; in particular due to confounding 

factors. In pharmacoepidemiology, one of the most susceptible factors is the “confounding by 

indication”, where the confounder is the indication for a prescription.
139

 This situation refers 

to the fact that the reason why a medication is introduced is associated with (“indicated by”) 

the outcomes of interest. For instance, how bipolar disorder is treated would be most 

probably based on past and current symptoms. The rate of suicidal behavior also relates to the 

illness course and severity. In this respect, it is likely to observe an increasing rate of suicide 

in lithium-treated individuals, partly or solely because patients deemed at high risk for suicide 

might be more often prescribed lithium for its reported anti-suicidal property. In contrast, 

clinicians might also hesitate to prescribe lithium to high-risk patients considering the toxic 

effects in case of overdose, which could conversely result in a reduced rate of suicide in 

lithium users than non-users.
96

 In both situations, the association between lithium treatment 

and suicide risk is confounded and no accurate conclusions regarding causality can be drawn.  

To address the methodological limitations, various study designs are derived from traditional 

cohort or case-control studies to eliminate or at lease reduce the effect of confounding factors. 

Promisingly and interestingly, new designs to handle the unrecognized or unmeasurable 

confounding (e.g., genetic predisposition, prenatal and childhood environment) can be 

addressed by genetic epidemiology. Genetically informative designs, for instance sibling 

comparisons or within-individual comparisons, are powerful strategies to study the 

environmental exposures (i.e., drug use) without or with minimized residual familial or 

genetic confounding.
137

 Notwithstanding the control for cluster-invariant factors, these 

designs are unable to account for unmeasured cluster-varying confounding. Moreover, the 

applications are limited by underlying assumptions (e.g., no carry-over effect in sibling 

comparison)
140

 and generalizability.
137
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2 AIMS 

The overall aim of this thesis was to increase the understanding of the etiologies of bipolar 

disorder and lithium response as well as the effect of lithium medication on suicidal behavior. 

Specifically, in the different studies we aimed: 

Study I: (1) to provide the estimates of the familial aggregation and heritability of bipolar 

disorder; (2) to investigate the relationship between bipolar disorder and other psychiatric 

disorders from the perspectives of co-aggregation as well as relative contribution of shared 

genetic and environmental factors.  

Study II: to explore the familial aggregation for bipolar I disorder (BDI), bipolar II disorder 

(BDII), the co-aggregation and genetic correlation between them. 

Study III: to examine the risk of suicide-related events during use of lithium and valproate 

medication for bipolar disorder.  

Study IV: (1) to investigate the associations between common genetic variants and response 

to lithium medication; (2) to identify common genetic variants associated with the risk of a 

“subtype” of bipolar disorder that responds to lithium medication.
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3 MATERIALS AND METHODS 

3.1 DATA SOURCES 

3.1.1 Swedish national registers 

Sweden has assigned every resident a personal identification number since 1947, which is 

used for unique identification for public administration.
141

 This also enables accurate linkages 

between Swedish national registers and forms the basis of population-based research.
142

  

A brief description of the Swedish national registers used in our studies is presented in    

Table 3.1.    

Table 3.1. Swedish national registers included in Study I-IV 

Register Administration Date of information Selected information Study  

National 

Patient 

Register 

(NPR)
143

 

National Board of 

Health and Welfare 

Inpatient care of somatic 

diseases since 1964, 

psychiatric disorders since 

1973, complete coverage 

of inpatient care since 

1987; 

Outpatient care since 

2001 and coverage 

approximately 80% 

Discharge date, a primary 

diagnosis and up to eight 

secondary diagnoses assigned by 

the attending physician according 

to the ICD system 

I, II, 

III 

Total 

Population 

Register 

(TPR) 

Statistics Sweden Established since 1968 Sex, date and place of birth, civil 

status, date of death 

I, II, 

III 

Multi-

Generation 

Register 
144

 

Statistics Sweden Based on TPR, 

Individuals born since 

1932, or living in Sweden 

since 1961 

Linkage between individuals and 

their biological and adoptive 

parents (which enables the 

identification of relatives) 

I, II 

Prescribed 

Drug 

Register 

(PDR)
145

 

National Board of 

Health and Welfare 

Since July 1, 2005  Drugs prescribed and dispensed 

in ambulatory care, classified 

according to the Anatomical 

Therapeutic Chemical (ATC) 

classification system; 

Date, item (substance, brand 

name, formulation and package), 

amount prescribed and dispensed    

III 

Cause of 

Death 

Register 

National Board of 

Health and Welfare 

Since 1952;  

Complete coverage since 

Primary and contributing causes 

of deaths, coded in accordance 

with the ICD system on all 

I, II, 

III 
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(CDR)
146

  1961 diseased individuals registered in 

Sweden at time of death 

Migration 

Register  

Statistics Sweden Based on TPR Date of immigration and 

emigration, grounds for residence 

and the reason to immigrate 

I, II, 

III 

Swedish 

Twin 

Registry 
147

 

Department of 

Medical 

Epidemiology and 

Biostatistics, 

Karolinska Institutet 

Twins contacted via 

multiple wave of 

questionnaires depending 

on birth-year cohort  

Twins born 1886-2008 (triplets 

and higher order multiples not 

included); 

Medical information from 

population registers, in addition 

to questionnaire/interviews from 

both parents and children 

covering a broad range of 

exposures and behavior
148

  

I, II 

3.1.2 Swedish National Quality Registry for Bipolar Disorder 

The Swedish Healthcare Quality Registries have been increasingly used in the past two 

decades, aiming to collect individualized disease-specific data which is lacking from the 

government-administered registries stated above.
149

 One of these registries is the Swedish 

National Quality Register for Bipolar Disorder (BipoläR), established in 2004. Patients are 

followed with annual follow-ups. BipoläR contains data for patients diagnosed with BDI, 

BDII, bipolar disorder not otherwise specified, or schizoaffective disorder of bipolar type 

according to the DSM-IV-TR and ICD-10. The diagnosis was assigned by professionals 

treating the patients with full access to patients’ clinical data (including longitudinal data on 

the natural history and course of illness). Participation in the registry is voluntary for the 

clinicians as well as the patients. There have, however, been incentives from healthcare 

providers to increase the clinicians’ rate of participation. BipoläR contains much more 

detailed phenotypic information and was used in Study II and III for identification of BDI and 

BDII and in Study IV for assessment of objective lithium response.   

3.1.3 The Swedish Bipolar Cohort Collection  

The Swedish Bipolar Cohort Collection (SWEBIC) research study is funded by the Stanley 

Medical Research Institute and the National Institute of Mental Health. The SWEBIC study 

includes approximately 7,300 patients who were mainly recruited from BipoläR (and partially 

from the NPR). Patients were contacted through an introduction letter, followed by a 

telephone interview. Written or oral informed consents were obtained from those who agreed 

to donate a blood sample.  

3.1.4 St Göran Bipolar Project  

The St Göran Bipolar Project (SBP), based on a clinical population of bipolar disorder in two 

defined catchment areas in Stockholm and Gothenburg, is a structured work-up program with 

annual follow-ups.
150

 It collects patients’ phenotypic data (diagnosis and neuropsychological 
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testing), biological samples (blood and cerebrospinal fluid) as well as magnetic resonance 

imaging scans of the brain. Diagnosis of bipolar disorder was determined by a Swedish 

version of the Affective Disorder Evaluation and the M.I.N.I.-international neuropsychiatric 

interview. SBP also recruits population-based controls matched by age and sex through 

Statistics Sweden. 

3.1.5 Bipolar Disorder Research Network 

The Bipolar Disorder Research Network (BDRN) in United Kingdom (UK) is a large 

ongoing program of research on the genetic and environmental determinants of bipolar 

disorder and related mood disorders (http://bdrn.org/). Participants were recruited via both 

systematic (UK National Health Service Community Mental Health Teams or lithium clinics) 

and non-systematic methods (website and patients support groups).  

3.2 MEASURES 

3.2.1 Bipolar Disorder 

The determination of diagnosis for bipolar disorder is performed by extracting information 

from the NPR for discharge codes and by applying an algorithm validated by our 

colleagues.
151

 Briefly, this algorithm requires at least two inpatient/outpatient admissions for 

a core diagnosis of bipolar disorder (Swedish version ICD-8: 296.0-296.3, 296.8, 296.9; ICD-

9: 296A-296E, 296W, 296X; ICD-10: F30, F31). It further excludes patients with sole 

diagnosis of depression (ICD-8: 296.2; ICD-9: 296B) and patients with more than one 

diagnosis of schizophrenia (ICD-8 & ICD-9: 295; ICD-10: F25).  

3.2.2 Subtypes of bipolar disorder: BDI and BDII 

The ascertainment of BDI and BDII is from BipoläR (stated in 3.1.2), where diagnoses were 

made by the treating professionals according to DSM-IV-TR. These patients are further 

filtered by excluding those ever diagnosed with both BDI and BDII at different time of 

follow-up and those not meet the diagnosis of bipolar disorder by the above validated 

algorithm. 

3.2.3 Other main psychiatric disorders 

Diagnoses of other psychiatric disorders are summarized in Table 3.2. To reduce potential 

misclassification, we required schizophrenia and major depressive disorder to have at least 

two diagnoses. Notably, in Study I we used a non-hierarchical diagnostic structure in the 

main analysis to enable the estimation of genetic correlation between bipolar disorder and 

schizophrenia. We relaxed the definition of bipolar disorder to not exclude patients with more 

than one schizophrenia diagnosis. These diagnoses were used in Study I-III. 
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Table 3.2. Diagnoses of main psychiatric disorders 

Psychiatric disorders ICD-8 

(1969-1986) 

ICD-9 

(1987-1996) 

ICD-10 

(1997-) 

Schizophrenia 
295.0-295.4, 295.6, 

295.8, 295.9 

295A-295E, 295G, 

295W, 295X 
F20 

Schizoaffective disorder 295.7 295H F25 

Major depressive 

disorder 
296.0, 300.4 296B, 300E, 311 F32-F39 

ADHD - 314 F90 

Eating disorders 306.5, 784.0 307B, 307F F50.0-F50.3, F50.9 

Autism spectrum 

disorders 
- 299 F84 

Substance use disorders 303, 304 303, 304, 305A, 305X F10-F19 except x.5 

Anxiety  disorders 300 except 300.4 300 except 300E F40-F42, F44-F45, F48 

Personality disorders 301 301 F60-F62, F69 

3.2.4 Suicide-related events 

In Study II and III we defined suicide-related events as attempted suicides (nonfatal) or 

completed suicides (fatal). We included events with both determined intents (ICD-8 & ICD-

9: E950-E959; ICD-10: X60-X84) and undetermined intents (ICD-8 & ICD-9: E980-E989; 

ICD-10: Y10-Y34). Patient diagnoses and the event dates were retrieved from unplanned 

hospital visits in NPR and death dates in CDR. 

3.2.5 Definition of treatment for bipolar disorder 

In Study III, where we investigated the effect of lithium’s suicide preventive properties, we 

defined medication status as a time-varying exposure (Figure 3.1). In Sweden, oral 

medications for psychiatric disorders are routinely dispensed no more than three months at a 

time. Therefore we defined an on-medication period as a time interval covered by a sequence 

of dispensed prescriptions (with the start at date of first dispensation and end at date of last 

dispensation), with no more than three months (92 days) between any two consecutive 

dispensations. If the gap between two dispensations was longer than three months, this period 

was defined as off medication. Consequently, the entire follow-up (1 October 2005 to 31 

December 2013) was divided into on and off medication time intervals. Since the PDR has a 

coverage started on 1 July 2005, we set the start of follow-up to 1 October 2005 to define if 

the individual was on/off medication initially. This design emphasizes the concomitant effect 

of medication.  
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Figure 3.1: Medication status as a time-varying exposure (follow-up between 2005-10-01 and 2013-12-31) 

The Anatomical Therapeutic Chemical (ATC) classification codes for drugs examined in 

Study III were: lithium sulphate N05AN01, sodium valproate/valproic acid N03AG01, 

lamotrigine N03AX09, antipsychotics N05A (excluding N05AN01), antidepressants N06A, 

anticonvulsants N03A (excluding N03AX09 and N03AG01) and thyroid hormones H03.  

3.2.6 Definition of response to lithium treatment  

The measurement of lithium response was conducted differently in Sweden and UK. Both 

have available subjective and objective assessments: information in Sweden was gathered 

though both interviews and register records; information in UK was collected retrospectively 

by interviews and clinical-notes reviews. In Study IV, we treated lithium response as a binary 

trait based on both subjective and objective measurements (details in Page 33 Figure 3.9). 

The aim is to gain a sufficient sample size and to attain a higher certainty of lithium response. 

 

Fig 3.2 Questions regarding lithium response from SWEBIC interview questionnaire (drug names in Swedish) 



 

20 

3.2.7 DNA Genotyping, quality control and imputation 

3.2.7.1 DNA Genotyping in GWAS 

For the GWAS in Study IV, DNA was extracted from whole blood samples and SNP 

genotyping was conducted using genome-wide SNP chips. The genome-wide SNP chip (or 

SNP microarrays) is a small chip where hundreds of thousands of short primer DNA 

sequences (probes) are synthesized and arrayed on specific locations. Each probe is designed 

to hybridize to a fragmented sample DNA (target DNA) based on complementary binding of 

nucleotide bases. The generated signal will be measured with its intensity depending on the 

amount of target DNA and the hybridization affinity. These intensity measures are then 

processed into SNP genotype inferences. Details regarding the underlying technology can be 

found in comprehensive reviews.
152, 153

 The Affymetrix Genechips and Illumina’s Infinium 

Beadchips are the two most popular technologies used in GWAS currently. The former uses 

hybridization of allele specific matching and the latter relies on hybridization followed by 

base extension. Both platforms have high genotyping accuracy and were used in our study. 

3.2.7.2 Quality control for GWAS    

Rigorous quality control (QC) is highly important for GWAS data to produce reliable 

findings. Researchers have established standard protocols for pre- and post-genotyping QC 

which are summarized in Figure 3.3.
154

 Important steps involve the check of genotyping 

efficiency for markers and samples, sample relatedness, population stratification and Hardy-

Weinberg Equilibrium (HWE). After association analysis, the result should be evaluated for 

potential systematic bias. One way is to calculate the genomic inflation factor (also known as 

lambda λ).
155

 GWAS data are often re-utilized for pooled analyses, including mega-analyses 

which combine all individual data and meta-analyses which collect summary statistics. 

Consequently, the QC procedure should be adapted to specific research questions. 

3.2.7.3 Genotype imputation 

Genotype imputation refers to prediction or imputation of genetic variants that are not 

directly genotyped with good accuracy in a sample of individuals.
156

 This “in silico” (using 

computer software or simulation) method uses the structure of linkage disequilibrium (LD) 

among a dense set of SNPs (reference panel) to infer the missing markers in a study sample 

genotyped at a subset of the SNPs. Genotype imputation is particularly useful in GWAS. It 

increases the power of GWAS (more markers available for association scans), helps to 

evaluate the evidence for associations, and enables meta- and mega-analyses with markers 

genotyped on different platforms.
157

 

In Study IV, we attempted to confirm the imputed genotypes with genome-wide associations 

by direct genotyping with TaqMan assay.
153
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Fig 3.3 A flowchart overview of the quality control process of GWAS. 

Abbreviations: QC, quality control; HWE, Hardy -Weinberg Equilibrium, PCA, Principal component analysis   

3.3 OBSERVATIONAL STUDY DESIGNS 

3.3.1 Case-control studies 

A case-control study samples subject by the status of outcome rather than the exposures.
158

 

Cases refer to a group of individuals having the outcomes, while controls are selected from 

the same source of population (representing the population at risk of the outcome) but 

without the outcomes. Case-control designs are well suited for studies of outcomes that are 

rare or with long latency. Because the information of exposures is collected retrospectively, it 

allows for examination of multiple exposures. However, at the same time it is more 

susceptible to recall or information bias. The GWAS in Study IV is a case-control study with 

genetic variants as the exposures, thus GWAS are less vulnerable to these types of bias. 

3.3.2 Nested case-control studies 

A nested case-control design, defined as a case-control study nested within a specified cohort, 

selects controls for each case at the time of case occurrence. From then, the controls are at 

risk of becoming cases. Therefore, this design is sometimes called “risk set sampling”. 

Another name for this type of sampling is “incidence density sampling”, because it enables 
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the estimation of incidence rates (also called incidence densities). Compared to an ordinary 

case-control study that estimates the ratio of odds of prevalence, a nested case-control study 

estimates the ratio of odds of incidence. When the incidence rate is low, the incidence odds 

ratio (OR) will be a good approximation of the hazard ratio (HR). In Study I, we used nested 

case-control design and interpret the ORs as relative risk (incidence rate ratio).  

3.3.3 Cohort studies 

Cohort studies refer to epidemiological investigations that follow a group of subjects with 

defined characteristics to determine the incidence of specific outcomes. Depending on the 

direction of investigation in time, cohort studies can be either prospective or retrospective. A 

prospective cohort study collects information on exposures before the start of follow-up, and 

this approach has several advantages. For instance, by safely inferring the temporal 

relationship between exposures and outcomes, a prospective cohort design avoids reverse 

causation. Also, it has no recall bias for which the quality of exposure could be affected by 

the status of outcome. In contrast, a retrospective cohort ascertains the outcome status at the 

start of study and looks backwards to examine the potential related exposures. It encounters 

more sources of bias and confounding (e.g., selection bias). The general shortcomings of 

cohort studies include inefficiency for studying outcomes either rare or with long latent 

periods. Notably, these limitations do not apply to the population-based cohorts established in 

the present thesis. Using register-based data, there is no clear distinction between 

retrospective or prospective cohorts.     

3.4 RESEARCH APPROACHES 

3.4.1 Family studies 

Familial clustering arises from the phenomenon that the occurrence of a disorder among 

family members exceeds that in the general population. Studies demonstrating whether a 

disorder clusters in close family members (familial aggregation) are often undertaken as the 

first step to explore whether or not there is a genetic basis for the disorder, leading to “the 

chain of genetic epidemiological research” stated in section 1.3.1.
133

   

Although familial aggregation may be due to both genetic and environmental factors, the 

former are often presumed when the risk of disorder follows the pattern of genetic relatedness 

within a family.
159

 Figure 3.4 describes the structure of biological relatedness used in family 

studies. Familial aggregation studies can be extended to examine whether two disorders 

cluster together within families (familial co-aggregation) to investigate potential genetic or 

environmental factors shared between them.  
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Figure 3.4. Structure of biological relatedness within family 

The solid diamond represents the individuals initially selected in a family (probands). Other symbols with 

dashed box represent different biological relationships to the proband. Figures in brackets are the percentage of 

shared genetic makeup between the relative and the proband on average at population level (For example, full-

siblings share in average 50% of their segregating alleles makeup).                                                      

Abbreviations: MZ, monozygotic twin; DZ, dizygotic twin 

3.4.1.1 Familial aggregation of one disorder 

The most widely used approach is to evaluate the presence of a disorder in the relatives of 

individuals (initially selected in a family) sampled with and without the disorder.
160

 In 

practice, the case-control design is usually applied with OR as the measure of association by 

viewing the disorder status as a binary variable and using logistic regression models.
161

 

Compared with typical case-control studies, this design does not distinguish between 

exposure and outcomes, given that we are interested in the same disorder for probands and 

relatives. Moreover, this design can be used when the magnitude of association is the main 

interest regardless of the diagnosis order between the relative and the proband. From an 

etiological perspective, the case-control sampling design is rational if one believes that 

individuals’ genetic susceptibility to a disorder is set at birth but diagnosis could come later in 

life. 

3.4.1.2 Familial co-aggregation of two disorders 

Similar approaches (i.e., case-control sampling and logistic regression) were also used to 

evaluate the familial co-aggregation of two disorders. We assessed the strength of the 

relationship between the presence of one disorder in the relatives of probands conditioned on 

the other disorder. To explore whether two disorders share familial factors we use a directed 

acyclic graph (DAG) for illustration. In a DAG that consists of variables and arrows between 

them, A is a cause of B if there is a directional arrow from A to B. 
162

 In Figure 3.5 (modified 

from VanderWeele et. al.
163

), A and B represent disorder A and disorder B, and 1 and 2 

represent two individuals within the same family. The presence of A in individual 1 and 2 is 
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denoted by A1 and A2. Similarly, B1 and B2 denote the presence of B in individual 1 and 2. 

Let FA and FB represent familial causes unique for disorder A and B, respectively. Let Ei (i=1, 

2) represents certain factor which is the cause of both disorder A and B but is unique to 

individual i. Finally we let FA-B denote the (set of) factors common to both individuals and are 

common causes of both A and B. Our test of familial co-aggregation is a test for the presence 

of factor FA-B.  

 

Figure 3.5. A causal directed acyclic graph with familial co-aggregation  

According to Figure 3.5, three open paths: A1  FA  A2  B2 , A1  FA-B  A2  B2 and      

A1  FA-B  B2 may contribute to a statistical association between disorder A in individual 1 

(A1) and disorder B in individual 2 (B2). In the absence of direct effect between A and B, the 

first two paths will disappear and an observed positive association between A1 and B2 would 

be attributed to the third path, which provides the evidence of the presence of etiological 

overlap between disorder A and B. If there exists a direct effect between A and B, additional 

strategies are required to examine the presence of FA-B. For example, we could adjust for A2 

to close the first path when testing the association between A1 and B2. Moreover, we need to 

presume that factors unique to the disorder (FA and FB) and unique to the individual (E1 and 

E2) affect them in the same direction.
31

 The required assumptions are plausible in some 

settings according to the known biological mechanism or the main interest of research.
161

   

In Studies I and II we used Swedish national registers to conduct family studies on bipolar 

disorder and its subtypes. Compared to the family history method (that only interviews one or 

several family members per family), family studies using population-based data identify the 

disorder status in every family member. It provides a more reliable and detailed estimate of 

familial aggregation. Although the status of a disorder is based only on clinical diagnoses, it 

is often considered a satisfactory substitute for best-estimate diagnosis.
133, 164

  

However, family studies are not designed for, or capable of assessing the relative 

contribution of genes and environment. Instead, researchers turn to data from twins and 

extended family types to estimate the genetic and non-genetic influences on disorders as 

well as between disorders. 
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3.4.2 Methodology to quantify genetic contribution 

Several approaches have been developed to disentangle the relative contributions of genetic 

and environmental factors to the development of human complex traits or disorders. The 

degree to which the variation in a trait in a population is explained by genetic variation is 

measured as heritability.
165

 The estimated genetic correlation between disorders is one way to 

quantify their genetic overlap. The data used range from twins,
166

 extended family relatives 

(e.g., siblings with different degree of genetic relatedness) to unrelated populations.
29

  

3.4.2.1 Univariate model for one disorder 

Estimation of heritability is based on the assumption that multiple genetic loci have a 

combined effect on a trait, and variation at these loci contributes to the variation of the trait in 

a population. For traits defined as binary variables, like a disorder diagnosed as present or 

absent, a liability-threshold model is regularly used, which has the assumption that the 

disorder has a normally distributed underlying liability. Correlations (tetrachoric correlations 

for binary variables) between relatives are the basis in estimation of the attributed genetic and 

non-genetic components. To decompose the variance in the liability of traits, researchers 

often use the structural equation model (SEM) framework to model the covariance matrix.
167

 

The ACE model is commonly used to decompose the variance of a trait into three 

components: A, additive genetic factors which represents linear effects of all alleles; C, 

shared environmental factors (between family members); and E, non-shared environmental 

factors. The narrow sense heritability is defined as the proportion of phenotypic variance 

explained by additive genetic effects. This model was used in Study I and II. 

3.4.2.2 Bivariate associations across disorders 

We can explore the genetic overlap between two disorders by applying bivariate quantitative 

genetic models. The genetic correlation is often estimated to examine the extent to which 

genetic influences on one trait correlates with genetic influences on another trait (i.e., 

pleiotropy of genes). Notably, genetic correlation evaluates the overlap between genetic 

influences rather than their magnitude, which means that it is independent of heritability. Two 

disorders can have low heritability but still be highly genetically correlated. In bivariate 

models, the tetrachoric correlations between two disorders and the extent to which the genetic 

and environment factors contribute to the correlations can be estimated. These types of 

analyses were carried out in Study I and II.   

3.4.2.3 Genome-wide complex trait analysis (GCTA) 

With incorporation of molecular genetic data, researchers have developed the genome-wide 

complex trait analysis (GCTA) framework that takes advantage of information on unrelated 

individuals rather than relying on family members with genetic relatedness. GCTA was 

developed to address the “missing heritability” phenomenon,
168

 that is, the gap between 

variance explained by SNPs identified in GWAS and the much higher additive genetic 

variance estimated from classic twin and family designs. The basic concept of GCTA is to 
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construct a genetic relationship matrix derived from all genome-wide SNPs that are 

represented on the microarrays to estimate the genetic relationships between distantly-related 

individuals.
169

 Subsequently, GCTA implements the genomic-relatedness based restricted 

maximum-likelihood (GREML) approach, and it estimates the proportion of phenotypic 

variation that can be explained by genome-wide SNPs (the so-called SNP heritability, “SNP-

h
2
”).

29
 In Study IV, we used GCTA to estimate the SNP- h

2
 of bipolar disorder that responds 

to lithium treatment (“lithium-responsive BD”). 

3.4.3 Within-individual design 

A within-individual design can be used to control for unmeasured confounding in 

observational studies. For exposures that vary over time, a within-individual design compares 

the risk of outcome between exposed and unexposed periods within the same individual. 

Consequently, all confounders constant within each individual during the study period, such 

as genetic predisposition and baseline severity of illness, are automatically controlled for. In 

cases where RCTs have limited possibilities to study rare adverse outcomes, observational 

studies could constitute the main source of examining drugs’ effects. Consequently, 

controlling for confounding becomes crucially important and within-individual design is an 

attractive approach. In Study III where we explored the rate of suicide-related events during 

medication periods with lithium and valproate, we used within-individual comparisons as our 

main analyses. 

3.4.4 Genome-wide association studies 

Genome-wide association studies (GWAS) are hypothesis-free studies that test for the 

associations between a genome-wide set of common genetic variants and a trait.
170

 For 

complex traits where the location of causal genes are unknown, GWAS might be 

advantageous as an unbiased yet comprehensive approach.
170

  

GWAS are driven by some known basic genetic concepts and assumptions. First, common 

diseases are assumed to be caused by small effects accumulated by genetic variations which 

are common in the population (“common disease-common variant hypothesis”);
171

 the most 

common form is SNP. Second, based on linkage disequilibrium (LD, the non-random 

association of alleles at adjacent loci), the identified genetic variants associated with a trait 

might be among the functional variants or, in most cases, indirectly correlated with the 

functional variants. Last, the International HapMap project
172

 and SNP databases (e.g., 

dbSNP) provide dense genomic marker maps, which allow researchers to capture the genetic 

variation in SNPs and their locations across the human genome.  

The design of GWAS considers several aspects, including but not limited to precise 

characterization of phenotypes (case-control or quantitative definition), standardization of 

phenotype for data harmonization, population stratification and corrections for multiple 

testing.
173

 Some aspects are described in section 3.2.7 and discussed in section 5.2.2.   
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GWAS have evolved explosively since the first successful one was published 12 years ago.
174

 

Meanwhile, the knowledge of genetic architectures of psychiatric disorders has also advanced 

considerably. This is largely due to the rapid technological changes in genotyping, 

universally shared big data and newly established statistical methodologies. Following these 

advances, new hypotheses have emerged regarding the important contribution from rare 

variants, and these have also been tested.
175

 

3.5 STATISTICAL ANALYSIS 

3.5.1 Logistic regression and conditional logistic regression 

Logistic regression is commonly used to estimate the relation between a binary outcome and 

exposure(s).
176

 This model assumes that a transformation of the risk of the outcome, the log 

of odds of the outcome, has a linear relationship with exposure variables. The estimated 

regression coefficients for exposures are originally on a log scale, that is, the log odds ratio of 

the outcome for per unit increase in the exposure. In practice, the exponentials of the logistic 

regression coefficients, the odds ratios (ORs) are most commonly presented. They refer to the 

odds of being a case, given the presence of the exposure, compared with the odds of being a 

case, given the absence of the exposure. Logistic regression is often applied in case-control 

studies, and was used in Study II and IV. 

Conditional logistic regression is often used in individually matched case-control studies. In 

this model, the estimation of exposure effects is conditional on the number of exposed and 

unexposed observations within each matched set.
176

 The matching results in independence 

between the outcome and matching variables, with ORs estimated to be constant across all 

strata of the matched variables. Additional confounders can be included in the conditional 

logistic regression to further reduce bias. We used this model in Study I. 

3.5.2 Cox regression and stratified Cox regression 

Cox regression, or proportional hazards model, is most widely used in survival analysis.
176

 

This model estimates the hazard ratio (HR), i.e., the ratio of hazard (or incidence rate) in the 

exposed group versus unexposed group. Specifically, each time an event occurs, it compares 

the values of exposures for subjects who experience the event to that for all others who have 

not experienced the event and are still being followed (the “risk sets”). Cox regression is well 

applied when the research of interest is the ratio of incidence rate rather than the baseline 

shapes. This model assumes that the ratio of the hazards between groups is constant 

(“proportional”) throughout follow-up.  

In Study III, where we aimed to perform a within-individual analysis for the time-to-event 

data, a variant of Cox regression, the stratified Cox regression is used. The relation between 

stratified Cox regression and ordinary Cox regression is comparable to the relation between 

conditional logistic regression and ordinary logistic regression. The estimated coefficients of 

exposures in stratified Cox regression are within-cluster HRs (within-individual HRs in Study 

III).   
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It is noteworthy that in large data sets, like the population-based data in Study III, any minor 

violation of the proportional hazard assumption will be tested as statistically significant. 

Instead, in practice, we could use graphical residual plot to assess whether a proportional 

assumption is severely violated. This issue arises in general with all assumptions in all 

statistical models used to fit large scale samples. 

3.5.3 Variance component model 

Quantitative genetics is a branch of genetics analyzing complex traits; it is based on the 

assumption that the effects from multiple genes, where no allele is a necessary, nor sufficient 

cause, lead to a quantitative trait (in combination with environmental contributions).
177

 When 

we refer to traits with a dichotomous definition (e.g., psychiatric disorders), additional 

assumptions are applied. One is liability-threshold, which assumes that the risk for a disorder, 

i.e., the liability, is normally distributed but a disorder is not observed until above a certain 

threshold. The other assumption is that the disorders are indeed dimensional spectrums but 

are artificially classified into a dichotomy.
14

  

The variance components model is widely used in quantitative genetic analysis aiming at 

identifying the causes of phenotypic differences in a population.
14

 This model decomposes 

the variance of a trait in a population into sources of variation (genes and environments). 

Classically, no direct information on the genetic variants for each person is used; rather a 

sample of genetically related individuals is required. The methods help assess the strength of 

genetic factors for a trait. This method has also been expanded to molecular genetics (i.e., 

GCTA, see 3.5.2.3).
178

 

3.6 APPROACHES IN STUDY I-IV 

 

Table 3.3 Summary of study approaches in Study I-IV 

Study Exposure Outcome 
Study designs and Statistical 

analyses 

I 
Bipolar disorder in 

proband 

Bipolar disorder in relative 

Other psychiatric disorder in 

proband 

Other psychiatric disorder in 

relative 

Nested case-control 

Conditional logistic regression 

II 
BDI in proband 

BDII in proband 

BDI/BDII in relative 

BDI/BDII in relative 

Cohort study 

Logistic regression 

III 
Lithium 

Valproate 
Suicidal-related events  

Cohort study 

Cox regression 

Stratified Cox regression 

IV Genotype (SNPs) 
Lithium response 

Lithium responsive-BD 

Case-control study (GWAS) 

Logistic regression 



 

 29 

3.6.1.1 Study I 

For the study of comorbid psychiatric conditions for individuals with bipolar disorder, we 

established a population-based cohort by linking Swedish national registers. We used 

“incidence density sampling”. Each time an individual was diagnosed with bipolar disorder, 

we selected controls from the general population who were alive and not diagnosed with 

bipolar disorder at that time (but could become cases later during follow-up). For the study of 

familial risks, we linked the cases and controls with their first-, second- and third-degree 

relatives, mating partners and adoptive relatives. The study design is illustrated in Figure 3.6.       

 

Figure 3.6. Study designs for Study I 

a. By linking Swedish national registers, individuals diagnosed with bipolar disorder and the diagnosis dates 

were identified (Individual A, E and G are diagnosed with bipolar disorder, while B, C, D, F are not diagnosed 

with bipolar disorder);  

b. All possible combinations of relative pairs (with different relationships) are constructed (e.g., individual A and 

B are siblings and contributed two observations, one with sibling A as the case and B as the relative, the other 

with sibling B as the control and A as the relative;  

c. At the time an individual was first diagnosed with bipolar disorder (cases’ occurrence; solid dots), controls 

were sampled from the rest of cohort (“risk set”; open dots) who were alive and not diagnosed with bipolar 

disorder (e.g., when A was diagnosed with bipolar disorder, E and G have not been diagnosed with bipolar 

disorder, they belong to the control group and become cases later);  

d. Each proband-relative pair was matched to up to ten randomly selected control-relative pair. We matched on 

the proband’s year of birth, sex and counties of residence at the date the case was first diagnosed. We 

additionally matched the relatives of controls to the relative of the case by sex, birth year and biological/adoptive 

relationship. 

Conditional logistic regressions were fitted for the clustered binary data above. We estimated 

the ORs of comorbid psychiatric conditions in cases with bipolar disorder compared with 

controls not affected with bipolar disorder. Furthermore, we estimated the ORs of comorbid 

psychiatric conditions among their relatives. The 95% confidence intervals (CIs) were 
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calculated by using robust standard errors which accounted for the non-independence of data 

due to familial clustering. 

To study the heritability we established a cohort with siblings born 1958-1985 with follow-up 

time between 1973 and 2009. We included five types of siblings with different genetic 

relatedness: monozygotic (MZ) twins, dizygotic (DZ) twins, full siblings, paternal half-

siblings and maternal half-siblings. We applied ACE models (stated in 3.4.2.1). The amount 

of shared genetic factors was fixed to 1 for MZ, 0.5 for DZ and full-siblings and 0.25 for half-

siblings. The amount of shared environmental factors was assumed to be 1 for MZ, DZ, full-

siblings, and maternal half-siblings and was assumed to be 0 for paternal half-siblings. We 

first fitted a univariate model with adjustment for sex to estimate the heritabilities for each 

psychiatric disorder. Then we fitted bivariate models to estimate the phenotypic correlation 

between bipolar disorder and the other psychiatric disorders.  

3.6.1.2 Study II 

Unlike Study I, in the established population-based cohort, we defined controls as individuals 

not diagnosed with the disorder through the end of follow-up, and we adjusted for sex and 

birth year for cases and controls instead of matching them. These strategies are to compensate 

for the relatively small sample size of bipolar subtypes and model simplicity. 

For the examination of familial aggregation and co-aggregation, we focused more on the 

comparison between BDI and BDII. Figure 3.7 illustrates our research question.  

 

Figure 3.7. A causal directed acyclic graph (DAG) comparing familial aggregation between BDI and BDII  

Subscript 1 and 2 represent two individuals within one family. The presence of BDI in individual 1 and 2 is 

denoted by BDI1 and BDI2. Similarly, BDII1 and BDII2 denote the presence of BDII in individual 1 and 2. FBDI 

and FBDII represent familial causes for BDI and BDII, respectively. Ei (i=1, 2) represents certain factor 

contributes to both BDI and BDII but unique to individual i. Our test of familial aggregation is to test for the 

presence of path from FBDI to BDIi (the red solid arrow) and from FBDII to BDIIi (the blue solid arrow). Our test 

of familial co-aggregation is to test for the presence of path from FBDI to BDIIi (the red dash arrow) and from 

FBDII to BDIi (the blue dash arrow). Moreover, we want to compare the strength between the familial aggregation 

and co-aggregation (i.e., to compare the strength between solid path and dash path).   

We conducted pairwise comparisons of related individuals. For each type of relatives we used 

logistic regression to estimate the ORs and robust standard errors accounting for familial 
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clustering. Notably, the analyses were complicated by the fact that cases of BDI and BDII 

could only be identified from a subgroup of the patient population. Owing to this, we 

excluded the majority of patients with bipolar disorder who lacked information on status of 

subtype or with subtypes other than BDI or BDII. The exclusion resulted in the distortion of 

prevalence for cases but does not bias the estimated ORs.  

We estimated the following four ORs in each cohort of relatives: (1) the odds of BDI in a 

relative, given BDI in the proband (i.e. pair mate), compared to the odds of BDI in a relative, 

given no bipolar disorder in the control; (2) the odds of BDI in a relative, given BDII in the 

proband, compared to the odds of BDI in a relative, given no bipolar disorder in the control; 

(3) the odds of BDII in a relative, given BDII in the proband, compared to the odds of BDII 

in a relative, given no bipolar disorder in the control; (4) the odds of BDII in a relative, given 

BDI in the proband, compared to the odds of BDII in a relative, given no bipolar disorder in 

the control. Subsequently, we tested the difference between the two ORs of BDI as well as 

between the two ORs of BDII in post-estimation.  

The heritabilities of BDI and BDII were estimated using a sibling cohort and univariate 

model as in Study I. To explore the genetic correlation between these two subtypes, we 

modified the bivariate model. Since no individual can have both diagnoses concurrently, we 

excluded the contribution from the within-individual cross-disorder correlation to the 

likelihood and assumed no contribution from unshared environmental factors between 

disorders. 

3.6.1.3 Study III 

We followed an open cohort of individuals diagnosed with bipolar disorder. Subjects entered 

the cohort on October 2005, or on age 15, or at the date of diagnosis of bipolar disorder, 

whichever occurred first. They were followed until emigration, death or December 2013. 

Stratified Cox regression was fitted to control for time-invariant covariates within each 

individual. Follow-up time was split into consecutive periods (see Figure 3.8): a new period 

started after a medication switch or a suicide attempt occurred; the follow-up period was reset 

to baseline after a suicide attempt to set the underlying time-scale as the time since last event. 

HRs and 95% CIs for suicide-related events were calculated between on- and off-medication 

periods with adjustment for categorical age and previous number of suicide attempts. We 

further tested for the difference between HRs for lithium and valproate medication. 

We estimated the population-attributable fraction (PAF) to measure the proportion of suicide-

related events that could be eliminated if all individuals in the cohort would be medicated 

with lithium during the entire follow-up. We carried out a number of additional analyses to 

test the robustness of association between lithium medication and suicide-related events. We 

also performed ordinary Cox regression to estimate the HRs at the population level 

(“between-individual comparison”). 
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Figure 3.8. Data preparation for individual A (follow-up split by treatment status and suicide-related events) 

To test if our analyses were biased by unmeasured confounding, we performed additional 

analyses that included a comparison with “placebo medication”. We examined the risks of 

suicide-related events and completed suicides during use of thyroid medications which is not 

believed to have any effect on bipolar disorder or suicide. 

3.6.1.4 Study IV 

A summary of sample ascertainment is shown in Figure 3.9 as a flowchart. The detailed 

quality control for Swedish and UK samples are described in Figure 3.10.  
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a 

 

 

  

Figure 3.9. Sample ascertainment flow chart. (a) Subjectively defined lithium assessment. (b) Objectively 

defined lithium assessment  
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Figure 3.10. Flowchart of genotyping QC 

Abbreviations: QC, quality control; HWE, Hardy -Weinberg Equilibrium, MAF, minor allele frequency   

Swedish Wave 1 Swedish Wave 2 UK BDRN 

Per-sample QC 

 Genotype call-rate ≥  95% 

 Subject heterozygosity rate ≤ 90% 

 Ambiguous genetic sex exclusion 

 Random selecting one of subject pairs related 

with pi-hat ≥ 0.20 

 Excluding outliers by multidimensional scaling 

(MDS) 

Per-sample QC 

 Genotype call-rate ≥  98% 

 Subject heterozygosity rate ≤ 85% 

 Ambiguous genetic sex exclusion 

 Random selecting one of subject  from 

pairs related with pi-hat ≥ 0.10 

 Outlier excluded by MDS 

 

 Per-SNP QC 

 Genotype call-rate ≥ 95% 

 P-HWE ≥ 1× 10
-6

 

 MAF ≥ 0.01 

 differential missingness based on affection status 

with P ≥ 1× 10
-6

 

 differential missingness based on haplotype with 

P ≥ 1× 10
-10

 

 

 

Per-SNP QC 

 Genotype call-rate ≥ 98% 

 P-HWE ≥ 5× 10
-5

 

 MAF ≥ 0.01 

 differential missingness based on 

affection status with P ≥ 1× 10
-3

 

 differential missingness based on 

haplotype with P ≥ 1× 10
-10

 

 

 

Swedish Wave 1 

898 cases with bipolar 

disorder, 2215 controls, 

744,932 SNPs 

Swedish Wave 2 

1415 cases with bipolar 

disorder, 1271 controls, 

598,894 SNPs 

 

UK BDRN 

2577 cases with bipolar 

disorder, 5413 controls, 

393,635 SNPs 

 

Post-imputation QC 

Info score ≥ 0.6, MAF ≥ 0.01 

More than 8 million SNPs shared in three waves 

 

Genotype imputation (1000 Genomes Project, Phase 1 integrated data version 3) 
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4 RESULTS 

4.1 STUDY I 

4.1.1 Familial aggregation of bipolar disorder 

We identified 54,723 individuals with bipolar disorder. The familial risks measured by ORs 

for different biological and adoptive relatives are shown in Figure 4.1 (the OR is interpreted 

as relative risk (RR) in Paper I, as stated in 3.3.2). Consistent with previous studies, we 

demonstrated that bipolar disorder runs in families, and the risks for bipolar disorder in 

relatives decreased with the genetic relatedness between the relatives and the proband 

affected with bipolar disorder (ORfirst-degree> ORsecond-degree> ORthird-degree). We observed a 

higher OR for maternal half-siblings compared to that for paternal half-siblings as well as 

other class of second-degree relatives. 

Using the sibling cohort, we estimated the heritability for bipolar disorder at 58%, with 

remaining variance attributed to non-shared environment. 

 

Figure 4.1. Familial risks for bipolar disorder 

In addition, the risks for bipolar disorder were also increased in probands’ mating partners, 

biological relatives in an adopted-away relationship as well as adoptive relatives without 

biological relationship.  
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4.1.2  Bipolar disorder and other psychiatric disorders 

We observed increased risks of lifetime comorbid psychiatric conditions among individuals 

with bipolar disorder (ORs=9.7-22.9 as shown in Figure 4.2) and their first-degree relatives 

(ORs for full- and half-siblings are shown in Figure 4.2; results for other types of 

relationships can be found in online Supplementary Table 2-8 in Paper I). Throughout the 

comorbid psychiatric conditions, we observed a pattern that full-siblings experienced higher 

ORs than half-siblings, and maternal half-siblings had slightly higher ORs than paternal half-

siblings (except for schizophrenia). We also found increased risks for several comorbid 

psychiatric conditions among the adoptive siblings (see Table 3 in Paper I). 

 

Figure 4.2. ORs for comorbid psychiatric conditions in individuals with bipolar disorder and their siblings 

(Risk for depression for individuals with bipolar disorder was not estimated regarding that depression is part of 

bipolar disorder and not a comorbid condition)  

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; ASD: autism spectrum disorders 

 

The phenotypic correlations between bipolar disorder and other psychiatric disorders are 

summarized in Figure 4.3. The correlations ranged 0.37-0.62, among which the highest was 

estimated to be between bipolar disorder and depression. Meanwhile, approximate one-half 

of the correlations were attributable to genetic factors.   
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Figure 4.3. Phenotypic correlations between bipolar disorder and other psychiatric disorders 

4.2 STUDY II 

4.2.1 Familial aggregation and co-aggregation for BDI and BDII 

We observed both familial aggregation for BDI and BDII and co-aggregation across these 

two subtypes. Figure 4.4 shows the ORs for BDI/BDII in first-degree relatives of probands 

affected with BDI/BDII compared to relatives of healthy controls. In general, the strength of 

familial aggregation for each subtype was higher than that of co-aggregation between them. 

The sex-adjusted heritability is estimated at 0.60 (95%CI 0.33-0.82) for BDI and 0.41 

(95%CI 0.13-0.65) for BDII. The genetic correlation between BDI and BDII was estimated at 

0.73 (0.60-1.00).  

Figure 4.4. Familial aggregation of BDI and BDII and co-aggregation between them 

The first column represents the relation to probands (for parents, offspring and full-siblings, respectively, and for 

first-degree relatives by combing them together). The “BDI” and “BDII” in second column represent the risk for 

the subtype of bipolar disorder in probands (exposure). Four ORs were estimated for each type of relative: (a) the 

odds of BDI in a relative, given BDI in the proband, compared to the odds of BDI in a relative, given no bipolar 

disorder in the control (blue in the left); (b) the odds of BDI in a relative, given BDII in the proband, compared 

to the odds of BDI in a relative, given no bipolar disorder in the control (red in the left); (c) the odds of BDII in a 
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relative, given BDI in the proband, compared to the odds of BDII in a relative, given no bipolar disorder in the 

control (blue in the right); (d) the odds of BDII in a relative, given BDII in the proband, compared to the odds of 

BDII in a relative, given no bipolar disorder in the control (red in the right). The P-value is calculated by testing 

the difference between two ORs in each group in post-estimation.  

 

Figure 4.5 shows the ORs for lifetime comorbid psychiatric conditions among individuals 

with BDI and BDII and the ORs for schizophrenia and major depressive disorders in their 

siblings, compared to the general population. Individuals with BDII showed significantly 

higher ORs for comorbid psychiatric conditions (except for autism spectrum disorders) and 

suicide-related events compared with individuals with BDI. Their full-siblings, unlike the 

full-siblings of BDI probands, did not show increased risk of schizophrenia.     

Figure 4.5. ORs for comorbid psychiatric conditions in individuals with BDI and BDII 

*Due to the hierarchical structure of psychiatric diagnoses (i.e., a patient diagnosed with schizophrenia is usually 

not diagnosed with bipolar disorder, and a patient diagnosed with bipolar disorder is usually not diagnosed with 

major depressive disorder), we estimated the ORs of schizophrenia and major depressive disorders in the 

patients’ full-siblings instead.  
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4.3 STUDY III 

4.3.1 Suicide-related events – analysis of repeated events 

A total of 51,535 patients entered the cohort from October 2005 to December 2013, among 

which 4,643 (9.0%) experienced suicide-related events (N=10,648) during 273,140 person 

years of follow-up.  

In the within-individual analyses, only individuals who change their exposure status and have 

suicide-related events during the follow-up contribute information; thus, 4,405 subjects were 

eligible for the within-individual analysis. Results are shown in Figure 4.6. 

The rate of suicide-related events decreased by 14% for periods on lithium treatment 

compared to off lithium treatment (HR 0.86, 95% CI 0.78-0.95). A similar result was also 

observed when we performed between-individual analysis among all the 51,535 patients. We 

further estimated the PAFs by using the estimated HRs from within- and between- individual 

analyses. Based on the exposure rate of lithium in the total population, 12% (95%CI 4%-

20%) of the suicide-related events could have been prevented if all the patients had taken 

lithium during the entire follow-up. Sensitivity analyses testing the robustness of the 

association between lithium treatment and suicide-related events showed no substantive 

difference from the main results (selected sensitivity analyses are shown in Figure 4.7).  

In contrast, the within-individual analysis found no significant difference in rates of suicide-

related events during periods on compared to off valproate treatment (HR 1.02, 95% CI 0.89-

1.15; Figure 4.6). The test of difference in HRs had P-value of 0.038 between periods treated 

with lithium and valproate.      

 

Figure 4.6. Rate of suicide-related events from 2005-10-01 to 2013-12-31 during medication periods compared 

to non-medication periods among patients with bipolar disorder in Sweden   

Stratified Cox regression was applied for within-individual analyses, with adjustment for time-varying covariates 

including categorical age, and previous number of suicide attempts. Ordinary Cox regression was applied for 

between-individual analyses, with adjustment for the same covariates as in stratified Cox regression and, 

additionally, with adjustment on time-fixed covariates including sex, length of baseline hospitalization periods 

due to psychiatric admissions and history of suicide-related events before entering follow-up.   
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Figure 4.7. Sensitivity within-individual analyses for association between lithium and suicide-related events 

Stratified Cox regression was applied for all analyses with adjustment for valproate medication (for medication 

with thyroid hormones, both lithium and valproate medication were adjusted), categorical age, and previous 

number of suicide attempts. Concurrent medications of other drugs (lamotrigine, antipsychotics, antidepressants, 

anticonvulsants) were defined using the same method as lithium and valproate.   

4.3.2 Completed suicides – analysis of non-repeated events 

This part was previously included in our Study III. However, when we performed additional 

analyses to address one comment raised by a reviewer, we decided to delete the separate 

analyses for completed suicide in the revised manuscript. Here we elucidate the approaches, 

results and the encountered problems.   

During the follow-up, 590 completed suicides occurred (5.5% of the total number of suicide-

related events). When we restricted the outcome to these non-repeated events, we used 

conditional logistic regression for within-individual comparison. Since prescriptions cannot 

be dispensed after death, we defined the end of each medication period with a prolongation 

with 30 days (different cut-offs, 14 and 90 days, were also tested in sensitivity analyses). We 

used the “case-time-control method”,
179

 in which the exposure and outcome are “swapped” in 

the conditional logistic regression model. Due to the symmetry of the OR, this procedure 

does not change the interpretation of the exposure-outcome OR, but it does enable adjustment 

for monotonically increasing time-varying covariates (i.e., categorical age and previous 

number of medication switches). We further split follow-up time into months (30 days) for 

adjustment. PAFs were also estimated for completed suicides.  
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As shown in Figure 4.8, we found substantially lower risks of completed suicides during both 

lithium (OR 0.45, 95% CI 0.30-0.65) and valproate medication (OR 0.31, 95% CI 0.16-0.61). 

The between-individual analyses showed similar results. Based on the ORs and the 

proportions of suicides occurring during medication, the PAFs were estimated as 50% 

(95%CI 16%-83%) and 67% (95%CI 44%-90%) for lithium and valproate, respectively. 

These suggest that 50% and 67% of completed suicides would be prevented if all patients had 

taken lithium and valproate, respectively. 

However, when we used thyroid medication as a comparison, we also observed significantly 

decreased risk of completed suicides during the medication periods (Figure 4.8), whereas this 

drug did not seem to have any effect on all suicide-related events (Figure 4.7). It was not 

clear whether the “protective effect” for completed suicides from the “placebo” comparison is 

due to methodological limitation (non-repeated events using case-time control design) or 

residual confounding. In either situation, the magnitude of decreased risks for completed 

suicide for lithium and valproate requires additional investigation. 

 

Figure 4.8. Risk of completed suicide from 2005-10-01 to 2013-12-31 during medication periods compared to 

non-medication periods among patients with bipolar disorder in Sweden   

A conditional logistic regression model, in which the exposure and outcome are “swapped”, was used in within-

individual analyses, with adjustment for time-varying covariates including categorical age, previous number of 

treatment switches and months. Ordinary Cox regression was used in between-individual analyses, with 

adjustment for the same covariates as for suicide-related events (Figure 4.6).   

4.4 STUDY IV 

We observed little evidence for inflation in each GWAS and in meta-analyses (genomic 

inflation factor λ =0.97-1.05). Table 4.1 shows the top regions of genetic associations for 

each meta-analysis of GWAS for: (1) lithium responders vs. non-responders by subjective 

assessment; (2) lithium responders vs. non-responders by objective assessment; (3) lithium 

responders vs. controls by subjective assessment; (4) lithium responders vs. controls by 

objective assessment (N.B., a database error discovered after publication led to mismatched 

phenotypes for the objective lithium response measures in the Swedish data; therefore, Table 

4.1 shows the updated results that are not the same as shown in the published Paper IV). 



 

42 

For analyses comparing lithium responders and non-responders, no SNPs achieved genome-

wide significance in each sample (except for one in GWAS for Sweden wave 2 with 

subjective assessment) and in the meta-analyses combining them.  

For analyses comparing lithium responders and healthy controls, the meta-analyses 

combining each GWAS together did not show supportive evidence for the genome-wide 

significant SNP found in one GWAS (in Sweden wave 1 with subjective assessment). 

Notably, it yielded another imputed variant with genome-wide significance (rs146727601, 

P=1.22×10
-9

, OR=4.12, for objective assessment of lithium response). However, validation 

genotyping attempts failed for this variant. 

The estimates of SNP heritability by using GCTA were 0.29 (95% CI 0.23–0.36, P < 0.0001 

for the null hypothesis of being non-heritable) and 0.41 (95% CI 0.19–0.63, P < 0.0001) for 

lithium-responsive BD with subjective and objective assessment, respectively.    

Table 4.1. Top regions of genetic association for each meta-analysis 

Chr Index SNP A1/A2 Freq OR P-value N Position KB Genes 

Responders vs non-responders, subjective assessments 

20 rs73918339 T/C 0.91 0.56 3.80×10-7 60 61150190-61213367 63 MIR133A2,MIR1-

1,C20orf200,C20orf166 

18 rs7240206 C/G 0.09 0.60 3.86×10-7 67 74393681-74447380 54 LOC105372213 

7 rs116927879 G/A 0.85 1.53 4.99×10-7 267 45588502-46011988 423 SEPT7P2,IGFBP3,IGFBP1,ADCY1 

4 rs78295376 T/C 0.90 0.57 6.77×10-7 26 76480371-76729937 250 USO1,TMSL3,G3BP2,FRG2,CDKL2

,C4orf26 

Responders vs non-responders, objective assessments 

7 rs144396936 G/A 0.93 0.38 1.12×10-6 127 26196902-26298095 101 NFE2L3,HNRNPA2B1,CBX3 

11 rs4279996 T/A 0.80 0.52 1.55×10-6 92 89067354-89204911 138 NOX4 

18 rs74536728 T/G 0.89 0.49 2.00×10-6 62 5647149-5856604 209 - 

7 rs3108017 G/A 0.23 0.55 3.55×10-6 272 67634121-67858864 225 - 

Responders vs controls, subjective assessments 

1 rs12144699 G/A 0.96 0.60 6.05×10-7 7 59605197-59863936 259 OR4F16,OR4F29,LOC729467,LOC

100133331,LOC100132287,FGGY 

3 rs9834970 T/C 0.50 0.82 7.88×10-7 153 36834099-37285522 451 TRANK1,MLH1,MIR4273,LRRFIP2,

GOLGA4,FRG2C,EPM2AIP1 
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3 rs12493050 G/A 0.20 1.27 8.78×10-7 276 182478533-182909924 431 MCF2L2,MCCC1,LAMP3,DCUN1D

1,ATP11B 

7 rs4947962 G/C 0.11 1.35 1.35×10-6 85 54906722-55161372 255 EGFR 

Responders vs controls, objective assessments 

11 rs146727601 -/TA 0.01 4.12 1.22×10-9 3 112118590-112343856 225 PTS, PLET1 

4 rs34470224 G/T 0.73 1.69 4.04×10-7 26 181922981-181965015 42 FRG2 

5 rs79002378 G/A 0.95 0.44 6.03×10-7 22 107512779-

108291790 

779 FER,FBXL17 

1 rs11801280 T/C 0.43 0.67 6.87×10-7 210 95343052-95586773 244 TMEM56,TMEM56-

RWDD3,SLC44A3,OR4F16, many 

genes 

LD clumping was used to define regions of association. Positions are given in hg19 coordinates (UCSC website).  

Abbreviations: Chr, chromosome; Index SNP, markers with the strongest association in the 

genomic region; A1/A2, alternate and reference alleles; Freq, frequency of alternate alleles; OR, odds ratio; N, number of 

SNPs in the reported region
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5 DISCUSSION 

5.1 FINDINGS AND INTERPRETATIONS 

5.1.1 Bipolar disorder runs in families 

With the largest cohort for bipolar disorder ever published, we confirmed that, as suggested 

by previous studies,
17, 28

 first-degree relatives of probands affected with bipolar disorder also 

had excess risk for bipolar disorder (ORs 6.4-6.8). Moreover, our data provide estimates for 

bipolar disorder among essentially all classes of relatives as well as mating partners and 

adoptive relationships.  

Genetic factors are suggested to play an important role in the etiology of bipolar disorder, 

which is supported from both the pattern of familial aggregation and the heritability estimate. 

This is also in line with molecular genetic studies of bipolar disorder.
25

  

On the one hand, evidences from family aggregation (e.g., higher risk in maternal vs. paternal 

half-sibling, aggregation in adoptive families) supported the contribution from shared 

environmental factors to the etiology of bipolar disorder. On the other hand, analyses of 

variance decomposition suggest that the remaining variance of phenotype is mainly attributed 

to non-shared environments. Previous twin studies have found no significant contribution 

from the shared environment,
20, 180

 while later a Swedish study using parent-offspring data 

reported a small but significant contribution of this component to the etiology of bipolar 

disorder.
17

 In conclusion, if shared environmental effects exist, they are likely very modest. 

5.1.2 Bipolar disorder is correlated to other psychiatric disorders 

In addition to the increased risks of other psychiatric disorders observed among individuals 

with bipolar disorder, we also found that these disorders were more prevalent in their family 

members. Shared genetic factors were estimated to contribute half or more to the 

considerable correlations between bipolar disorder and the other psychiatric disorders (Figure 

4.3). These convergent lines of evidence support the pleiotropic effects of genes contributing 

to the etiology of psychiatric disorders. Our findings, along with reports from molecular 

genetic studies, support treating psychiatric disorders as syndromes of “inter-related clinical 

phenotypes” from the perspectives of etiology.  

Moreover, our data suggest that bipolar disorder is probably closer to mood disorders rather 

than psychotic disorders based on the stronger correlation between bipolar disorder and 

depression.  

Nevertheless, these findings should be interpreted with caution. First, our results are based on 

the diagnoses of psychiatric disorders with a non-hierarchical structure. For example, we 

allow an individual to be diagnosed with both schizophrenia and bipolar disorder. This is to 

enable our evaluation of comorbid psychiatric conditions and tetrachoric correlations within 

individuals. Second, the tetrachoric correlation implies phenotypic correlation, which is 
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higher between bipolar disorder and depression. This does not mean that the genetic 

correlation between them is also high. In fact, studies have suggested that bipolar disorder has 

higher genetic correlation with schizophrenia than with major depressive disorders.
25, 181

 

5.1.3 Differences exist in the etiology between BDI and BDII 

Similar to earlier family studies,
49-52

 we consistently found familial aggregation of BDI and 

BDII. More importantly, the strength of aggregation for each subtype was higher than co-

aggregation across subtypes within families. Furthermore, the comorbid psychiatric 

conditions in patients with BDI and BDII revealed distinct patterns. These findings 

cumulatively offer evidence that BDI and BDII do not merely represent different levels of 

severity but also different (albeit overlapping) entities etiologically. Although our estimate of 

the genetic correlation between BDI and BDII using sibling data did not reject a complete 

correlation (the 95%CI included 1), a recent paper using genetic data reported the observation 

of genetic heterogeneity between BDI and BDII.
53

 

Nevertheless, we should be cautious about the extent to which we can address the 

heterogeneity between BDI and BDII based on our findings and our exclusive definitions of 

BDI and BDII (i.e., individuals with diagnosis of both BDI and BDII at different time point 

were excluded).  

5.1.4 Reduced suicidal behavior during lithium but not valproate use 

With the largest sample ever published and up to eight years of follow-up, we found 

decreased rates of suicide-related events during periods on lithium but not on valproate 

medication. The suggestive between-drug differences imply potentially unequal effects 

between lithium and valproate against suicidal behavior.  

Since within-individual comparisons exclusively draw information from those who ever 

attempted suicide during follow-up, the association we observed demonstrated that, even 

among high-risk patients (who were unlikely to be studied in RCTs), suicide-related events 

were reduced while on compared to off lithium medication. 

In addition, we estimated that, in the absence of potential confounding, more than 10% of 

suicide-related events could have been prevented if all patients had been treated with lithium 

during the entire follow-up. Note however that this estimation is based on the exposure rate in 

the study population and will vary depending on prescription rates and medication adherence. 

Although observational studies can never prove causality, we attempted to exclude a number 

of alternative explanations for the association between lithium and reduced suicide-related 

events. Moreover, by comparing treated and untreated periods within the same individual, we 

automatically controlled for all time-invariant confounders. Consequently, the likelihood of 

confounding by indication — the big threat in observational studies — is reduced. Therefore, 

the observed association supports the hypothesis that lithium is protective against suicidal 

behavior. 
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Additional issues should be considered when interpreting the results. First, compared to 

previous studies which performed analyses on a population level (between-individual 

comparisons), our findings, by design, emphasize the short-term effect of drugs. Second, we 

did not test whether the mechanism of lithium’s potential anti-suicidal effect is through 

reducing impulsive aggression. Moreover, alternative explanations for the associations can 

never be ruled out. For example, we cannot exclude a potential lithium-specific effect due to 

the required routine blood tests during lithium treatment to monitor for rare side-effects. It is 

also possible that those who quit medication may have done so because they face concurrent 

stressor events that lead to an increase risk of suicide events beyond the contributions from 

medication. Finally, the analyses for completed suicides were inconclusive regarding the 

magnitude of association. In fact, few studies have focused exclusively on completed suicide, 

largely because of its rarity and inherent difficulty, which makes it less amenable to firm 

conclusions. 

5.1.5 Lithium responders represent a homogenous group within bipolar 
disorder 

Our GWAS failed to identify (or validate) any common genetic variants associated with 

lithium response and lithium-responsive bipolar disorder. One concern is the heterogeneous 

assessments of lithium response in Sweden and the UK. Despite of careful harmonization of 

measures across sites, potential phenotypic misclassification cannot be ruled out, and is a 

possible reason why loci with significant association in separate sample failed to hold in the 

following meta-analyses. As a result, a more elaborate assessment in lithium response might 

yield positive results. The other concern is the limited sample size by GWAS standards. To 

some extent, the different results between the analyses of responders vs. controls and 

responders vs. non-responders could reflect reduced power beyond the underlying biology.  

Nevertheless, when we defined a subtype of bipolar disorder by lithium response, the extent 

of genetic contribution (from common genetic variants) to the subtype’s variance was 

estimated at 0.29-0.41 (using subjective and objective assessments, respectively). This 

suggests that the subtype of bipolar disorder defined by lithium response is modestly 

heritable. In addition to increasing sample size, to define a homogeneous subgroup of 

complex traits by treatment response may serve as a productive approach to identify 

susceptible alleles. It could provide further understanding of the pathophysiology of the 

disorder and the lithium mechanism of action. 

5.2 GENERAL CONSIDERATIONS 

5.2.1 Challenges using register-based data for family studies   

Unlike typical family studies where probands are clearly delineated (e.g., consecutive 

admissions to an inpatient facility), the assignment of proband in a register is arbitrary 

because the ascertainment is fundamentally complete. Moreover, the family pedigrees 

derived from these data are complicated, with number of affected individuals, family sizes 

and relationship types varying across each family. To accommodate these analytical 
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challenges, we designated each individual in turn as the selected person (proband) from each 

family and constructed all possible relative pairs. As a consequence, non-independence 

between data appeared due to family clustering and would affect the standard error. We took 

account for this by using a robust sandwich estimator. In fact, the calculation of standard 

errors with and without the robust sandwich estimator yielded similar results owing to the 

very large sample size. 

One should bear in mind that individuals may have varying possibility to be diagnosed with 

one disorder in our study population. The reason is related to: (1) left truncation at the start 

time (i.e., the natural time origin of event is before individuals come under observation), (2) 

right censoring in the end of follow-up (i.e., individuals leave the study before the events 

occur), and (3) the changes in diagnostic criteria for psychiatric disorders. For example, for 

bipolar disorder with onset in late adolescence and adulthood, people with dissimilar birth 

year will be at different risk of diagnosis from 1973 through the end of follow-up.  

In Study I and II, we focused on the magnitude of familial liability for one disorder or 

between two disorders rather than the causal relationship between them. For this reason, we 

simplified our analysis by defining the disorder status as a binary variable with lifetime 

diagnosis. However, due to the left truncation and right censoring in register-based data, we 

lack the information for lifetime occurrence for all subjects. We used different approaches in 

Study I and II to account for this situation as well as to emphasize the main research interest. 

In Study I, where we aimed to estimate the familial recurrence risk for bipolar disorder, we 

used the nested case-control design and estimated the ratio of incidence risks (so-called 

“relative risk” in Study I). This method accommodated the structure of the register-based 

data. Without regard for when the cohort was drawn, it reduced bias caused by left truncation 

due to the different entry age of individuals into the population registers. It would have been 

possible to perform a time-to-event analysis by estimating the incidence rate ratios for the 

relatives of probands compared to relatives of controls. We used an alternative approach; we 

estimated the relatives’ total time-at-risk by matching on the year of birth, sex and living 

counties at the year of the case’s diagnosis. These variables could affect the probability of 

diagnoses of disorders, but by matching on them, we ensured approximately equivalent time-

at-risk for the cases and controls. The advantage of matching is to preserve most of the 

informative data (all observations for disorder occurrence) and considerably reduce the 

analytic sample size (only a sample of control observations). This only slightly reduced the 

precision of estimates but substantially decreased the computing time. 

In Study II, we aimed to compare the degree of familial aggregations of BDI and BDII. 

Considering the limited sample size, we adjusted for sex and birth year instead of matching 

on them to keep all information from the entire cohort. One may argue that such design does 

not consider the left truncation and right censoring of data structure; however, factors caused 

by such data structure are unlikely to confound our comparison between ORs for BDI and 

BDII for the relatives. As is shown in Figure 3.7, factors unique to one individual (e.g., sex 

and birth year) do not correlate with the case status in his/her relative.     
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5.2.2 Threats to validity in observational studies 

5.2.2.1 Selection bias caused by left-truncation and right-censoring 

In general, the register-based data largely eliminate the potential selection bias. However, the 

left-truncation before the start of register and the right-censoring at the end of follow-up (or 

due to migration) could possibly introduce selection bias. We discussed in the previous 

section how we account for this source of bias in family studies.  

When using sibling designs to estimate the heritability, the observed sibling correlation in 

psychiatric disorders could be affected by different birth years that introduce different time-

at-risk for the identification of cases from registers. To compensate for this, we defined a 

sibling cohort born within a time period. For example, in Study I, we defined the sibling 

cohort with individuals born during 1958-1985 and followed them during 1973-2009, during 

which time the psychiatric diagnoses can be captured by the register. These individuals were 

older than 24 years old at the end of follow-up —a period approximately covers the mean age 

at onset. 

5.2.2.2 Misclassification of exposure and outcome  

Misclassification can be induced from the use of sub-optimal measurement of exposures and 

outcomes using register data. Non-differential (random) misclassification usually dilutes the 

true association. Differential (non-random) misclassification, whose degree varies depending 

on the status of the exposure and/or the outcome, can either drive up or pull down the 

association.  

Quality of psychiatric diagnosis 

For ascertainment of psychiatric disorders, numerous factors can introduce the 

misclassification and thus affect the observed association in different directions. (1) The 

validated algorithm we used to define bipolar disorder decreases the false-positive rates but 

increases the probability that individuals with bipolar disorder may be misclassified as 

unaffected. (2) Although medical records identified from the entire Swedish population 

substantially reduced the risk of recall and reporting biases, it raised potential 

misclassification by the weaker sensitivity of disorder ascertainment. Compared to survey-

based studies, register-based data capture only treatment-seeking individuals. (3) Physicians 

may be influenced by family history in assessing diagnosis, which could induce the 

diagnostic bias for relatives of probands. If so, the familial risks estimated in our studies 

could be biased upwards. (4) In a similar vein, if the physician’s assessment for one disorder 

is affected by the appearance of another one, the evaluation of comorbid psychiatric 

conditions also may not reflect the true magnitude of associations.  

Ascertainment of suicide-related events 

A universal standard definition of suicidal behavior is difficult, and measures vary across 

studies. The definition of suicide-related events in Study III includes cases with both 



 

 49 

determined and undetermined intent. This helps to reduce the underestimation of cases and 

generalize our findings for all suicides. Meanwhile, it is argued that events without suicidal 

intents may have a different etiology. Therefore we also present the results for events with 

determined and undetermined intents separately. 

We included both fatal (completed suicide) and non-fatal deaths (suicide attempt) in our 

analyses. On the one hand, as previously discussed, more difficulties arise in within-

individual comparisons for non-repeated events. On the other hand, attempted suicides and 

completed suicides are believed to represent the same behavior (with different consequences 

depending on severity and situations), and we obtained similar results when restricting the 

outcomes to suicidal attempts only.  

Measurement of treatment status 

Potential misclassification of exposure to medication in Study III is unavoidable since we 

never know the actual consumption of drugs. We carefully addressed the possible bias 

resulting from the misclassification of lithium medication from the following aspects. (1) 

Individuals may not take the drug as prescribed and dispensed. Nevertheless, the non-

adherence can be considered in a similar manner as intention-to-treat analyses in RCTs that 

allow for non-compliance after protocol allocation. If anything, the reported association 

would be a conservative estimate. (2) The reduced HR could be underestimated for several 

reasons. First, we conservatively classified individuals as untreated since the date when the 

last prescription was dispensed, while they could be truly on medication for some time. 

Second, we treated individuals with only one dispense date as off medication throughout the 

follow-up, although some may actually had taken the drugs. To test to what extent the 

association was biased downwards, we used alternative definitions of exposure time and 

observed no material differences in association. 

Assessment of lithium response 

One of the most crucial issues for pharmacogenetic studies is a reliable assessment of 

treatment response. However, the irregular clinical course of bipolar disorder, and difficulty 

in accurately measuring treatment adherence are only two of the reasons that make the 

assessment of lithium response complicated and ambiguous. In Study IV, we thoroughly 

utilized all available information from both self-assessment and clinical records. For 

subjective self-assessment, we distinguished patients with a clear good response to lithium as 

responders from those with partial or no response. This measurement corresponded 

approximately to the dichotomous definition used by ConLiGen consortium and has been 

proven to have moderate to substantial inter-rater reliability.
124

 For objective assessment, we 

measured the efficacy of lithium treatment in assessing affective episodes annually by using 

the clinical notes from the Swedish Bipolar Quality Register. In this way, we defined a more 

homogenous subgroup as full responders to lithium with follow-up time over two years. This 

is comparable to the UK-BDRN subgroup with excellent and beneficial response to lithium 

for at least three years.  
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In addition to measuring the clinical improvement level, a refined evaluation should also 

consider relevant factors to determine whether the reduction of illness activity is actually due 

to the treatment. We have tried to take into account complementary evaluations including the 

number and frequency of episodes, the length and severity of symptoms before and during 

lithium medication, the length and compliance of lithium use and additional treatment. For 

those defined as lithium responders and with available information, over 80% have used 

lithium as the sole mood stabilizer, among whom two thirds have not taken any 

antidepressant or antipsychotic; more than 85% have been assessed with stable serum lithium 

level within the intended therapeutic range.  However, due to the considerable missing rate of 

data, we did not include these criteria in the assessment because of the trade-off between 

precise certainty of response and sufficient sample size. Moreover, the absence of detailed 

retrospective data which hampers the contrast between pre- and post-treatment course further 

affected the accuracy of response assessment.   

Therefore, the negative findings for common genetic markers for lithium response here may 

be due to the potential misclassification of lithium response.  

Meanwhile, the evaluation of heterogeneity is crucial for meta-analyses. Our study only 

consists of two samples from Sweden and the UK, which presents strengths compared with 

studies of multicenter collaborations. To assure the proper use of fixed-effects models, we 

also checked the Q-test of heterogeneity for the highest associated markers and none has 

shown significant evidence of heterogeneity. However, a major limitation is the degree of 

correspondence between the responsiveness phenotype in these two samples. It also suggests 

caution in interpretation of the negative findings in meta-analyses.  

5.2.2.3 Confounding 

The observed association between two factors can be that one causes the other, or they share 

a common cause or both. Confounding can be viewed as the presence of common causes 

(directly or indirectly) to the exposure and the outcome. For observational studies where 

randomization is not available, control for confounding is extremely important for study 

design and analysis, followed by the consideration of residual confounding in the 

interpretation of association.  

In Study I and II, we examined whether shared familial factors contribute to the association 

between the occurrence of one disorder in the individual and recurrence of the same disorder 

(or co-occurrence of another disorder) in the family members. With the implementation of 

causal diagrams, it is easier to distinguish the potential confounders related to our research 

question. Interestingly, age and sex as the common confounders that are adjusted in many 

studies actually do not confound our analyses. The reasons that we adjusted for them are due 

to concerns regarding the structure of register-based data. Nevertheless, the structure of a 

causal diagram is derived depending on subjective knowledge. For example, considering that 

bipolar disorder may affect the development (or ascertainment) of another disorder, we 
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adjusted for the status of bipolar disorder in the siblings when estimating their risks for other 

psychiatric disorders. 

In Study III, many efforts were taken to minimize bias from different source of confounding. 

First, to rule out a reverse causation that the medication is introduced because of the 

occurrence of suicidal behavior, we used a prospective longitudinal design and set the 

underlying time scale as time since last event. Second, we used multivariable regression 

analysis to adjust for potential confounders (both time-invariant and time-varying variables); 

nevertheless, regression models can only control for measured confounders, given that they 

are measured correctly.  

Most importantly, to reduce one of the biggest threats in pharmacoepidemiological studies, 

the “confounding by indication”, we employed a time-series within-individual comparison 

that controls for unobservable time-invariant confounding for each person during the follow-

up. However, within-individual designs cannot exclude the potential existence of unmeasured 

time-varying confounding within each person, such as varying severity of symptoms of 

bipolar disorder (e.g., rapid cycling and mixed states), frequency of hospital visits, treatment 

site and other types of concomitant treatment.  

Alternatively, one can use negative controls to detect the absence of confounding or to 

estimate the magnitude of residual confounding.
182

 Analyses are repeated to examine the 

associations by using a negative control, either an exposure control presumed not to be 

causally associated with the outcome, or an outcome control that is not presumed to be 

causally associated with the exposure. If an association is observed in the primary analysis 

but not in negative controls, the causal interpretation of the association between the exposure 

and the outcome in the initial analysis is strengthened. Conversely, if a similar association is 

also observed in the analysis using negative controls, the initial analysis is likely to be biased. 

In Study III, we repeated our analyses by using thyroid hormone therapy as a negative control 

and found it was also associated with decreased rate of completed suicides. Therefore the 

residual confounding is not ignorable, and it threatened the validity for analyses of completed 

suicide.  

5.2.2.4 Multiple testing and false positives  

When numerous statistical tests are performed, the possibility to observe a rare event just by 

chance increases, which will increase the likelihood to reject the null hypothesis incorrectly 

(“Type I error”). In Study IV, where we investigated the statistical associations for millions of 

genetic variates in parallel, it is crucial to guard against spurious discoveries due to false 

positives. The most widely used method is to correct the significance threshold by the 

number of tests performed— the so-called Bonferroni correction. Although Bonferroni 

correction has been criticized as being strict, researchers have adopted this adjustment in 

GWAS to reduce false positive findings by accounting for the number of relatively 

independent haplotype blocks in the genome. Type I error is particularly problematic in 

“omics” studies. Even after correction, it is still commonly seen that many significantly 
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associated variants reported fail to replicate. Meanwhile, we should bear in mind that the 

failure to replicate findings across populations may also be due to different LD patterns 

between SNPs. 

5.2.3 Generalizability  

Generalizability, also called external validity, refers to the extent to which the findings of a 

study can be generalized to subjects other than the study population or in other situations.   

In Study I and II, the familial aggregations we tested are based on the whole Swedish 

population with register data. Considering the diagnostic criteria and social and genetic 

backgrounds varying across countries and districts, our estimates might be more 

representative to North Europeans but less transferable to other places distant from Sweden.   

In Study III, several issues should be kept in mind regarding the generalizability.  

(1) The estimated association of lithium and valproate medication could be dissimilar in 

Nordic countries and the United States. As discussed in the introduction, lithium is less 

prescribed in the US. Compared to Sweden, physicians in the US are more likely to be 

concerned about lithium’s toxicity and possible lethal outcomes in overdose when prescribing 

mood stabilizers to patients at high risk of suicide, which makes the confounding by 

indication more complicated.  

(2) The estimate of PAF only applies to our study population during the eight year period, 

since PAF estimates are based on exposure proportion and thus will vary depending on 

prescription rates and medication adherence.  

(3) The within-individual comparison also alters the generalizability. On the one hand, the 

estimation was based on individuals discontinuing their medication and having suicidal 

behavior during the follow-up. We don’t know how representative they are to the rest of 

patient group. On the other hand, logistic (or probit) regression for dichotomous outcomes, 

conditioning (stratifying or adjusting) on covariates associated with the outcome but not with 

the exposure, will probably increase the regression coefficient. This property is called “non-

collapsibility”. It is not a bias but implies different interpretations for the population average 

estimates (marginal effects) and cluster-specific estimates (conditional effects).  

For GWAS, most of the overwhelming number of findings so far have been discovered in 

populations of European ancestry. The associations found in one European population are 

often more replicable in other European populations but are less successful when replication 

is attempted in subjects of non-European descent. This can be explained by many factors, 

such as low MAF markers, reduced portability of tag SNP and lower accuracy of genotype 

imputation in non-European populations. 
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5.2.4 Ethical considerations 

Studies included in this thesis mainly raise ethical considerations regarding the balance 

between the protection of personal integrity and the public health benefit. Study I-III used the 

national register data that do not require informed consent for research purposes in 

accordance to the current Swedish law. To study such data, researchers must submit ethical 

applications clarifying the specific research purpose.
183

 Only data related to the research 

questions will be derived from the registers and anonymized before access to the researcher. 

The linkage for encryption is destroyed afterwards and no direct contact is allowed between 

the researchers and participants.
141

 In the GWAS in Study IV, all projects involved obtained 

written or oral informed consent from the participants before the donation of blood samples 

and access to medical records. Only by gaining public confidence through safeguarding 

personal data and vulnerable participants can we keep the national register data as a 

sustainable goldmine for medical research. 

(by Yu Liu) 

“ I see a universe consists of facts, logic and rationality, glowing in the darkness of unknown and underneath the disorder of 

sensitivity chaos, with the endless power of curiosity. ”     

Yu Liu’s illustration for the front cover, A Bipolar Universe
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6 CONCLUSIONS 

 Bipolar disorder aggregates in families, with the strength increased with increasing 

genetic relatedness between relatives and the proband. For the etiology of bipolar 

disorder, both the pattern of aggregation and heritability estimation confirmed the 

important role of genetic factors.  

 Several psychiatric conditions co-occur with bipolar disorder within individuals, and 

co-aggregate with bipolar disorder in their close relatives. Together with the estimated 

correlations, our results suggest pleiotropic effects of shared genetic determinants 

across different psychiatric disorders. 

 Bipolar disorder is in both the mood and psychotic spectra, but our results suggest a 

closer relationship to mood disorders. 

 Familial co-aggregation and genetic correlation confirmed the overlap in etiology 

between BDI and BDII. More importantly, each subtype was more likely to run in 

families than to cross subtypes within a family, which demonstrated that BDI and 

BDII exhibit differences in etiology but not merely in severity.  

 Medication with lithium but not valproate is associated with reduced rates of suicide-

related events. By controlling for all confounders constant within each individual 

during the study period, the association suggested a special anti-suicidal effect of 

lithium. 

 No common genetic variants have been identified to be associated with response to 

lithium through our GWAS.  

 When we used lithium response to define a subtype of bipolar disorder (“lithium-

responsive BD”), one imputed variant reached genome-wide significance but failed in 

genotyping validation. Nevertheless, the considerable extent of variance explained by 

common genetic variants (SNP-h
2
) showed that the lithium-responsive BD is 

modestly heritable. 

The precise feature of familial risks encourages the initiation of preventive family-based 

screening in primary care. It is increasingly acknowledged that genetic overlap is present 

between psychiatric diagnoses. The magnitude of shared genetic factors might contribute to 

establishing a more informative diagnostic system; thus yielding better treatments and 

medications for patients.  

Lithium should be considered for individuals with bipolar disorder with suspected suicidal 

intentions, although risk for suicide is only one of many concerns when providing clinical 

care. It may provide new insights into the pathophysiology of bipolar disorder by studying the 

specific response to lithium.      
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7 FUTURE PERSPECTIVES 

The complexity of bipolar disorder offers numerous puzzles in psychiatry. We only looked 

into a few of these and explored from specific directions with specialized approaches. Every 

time we move a step forward, we encounter more questions and are inspired with more ideas. 

During the course of this thesis, several questions are raised and hopefully could be continued 

in the future, with combinations of register-based data and genetic data. 

To provide a more complete understanding for each subtypes of bipolar disorder, I want to 

further examine the genetic correlations between each subtype and other psychiatric disorders 

(especially schizophrenia and major depressive disorder). This will, like Study I, facilitate 

understanding of the correlation between genetic overlap and overlap in clinical 

phenomenology. BDII is more likely to be misdiagnosed as major depressive disorder. 

Hopefully, future work could help refine this distinction and potentially improve the 

treatment strategies. 

The putative effect of lithium against suicidal behavior remains to be thoroughly investigated. 

It would be interesting to compare lithium with other drugs based on their specific efficacy. 

This could help understand the underlying mechanisms for lithium’s potential anti-suicidal 

effect. Moreover, GWAS on suicide in individuals with bipolar disorder will provide new 

insights. 

GWAS for lithium response invite follow-up. First, we aim to develop a better assessment of 

lithium response, possibly with dimensional measures combining the quality register, self-

report surveys and more detailed dispense records. Second, in the future information 

collection, how to harmonize our phenotype definition with others to promote collaborations 

is an important concern. Finally, individually associated alleles for lithium response may 

confer only modest effect, but the combined effect of all associated variants could be 

substantial. SNP profiling using a polygenic risk score may become clinically useful in 

prediction for therapeutic responses. Incorporating information on family history and 

environmental risk factors could further help population risk stratification and screening 

programs. 
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CHINESE SUMMARY（后记） 

生而为人，我们都有情绪的起伏变化。然而有大约 1%的人群，可能无缘无故地长期

处于极端的情绪状态（躁狂或抑郁）：情感高涨时，言多语快，亢奋少觉，思维奔逸，

对事物丧失正常判断；情感低落时，思维迟滞，失眠忧郁，消极厌世，间或有自杀倾

向。这两种极端情绪往往交替出现，发作时可持续至少一周或两周以上，在医学上被

称为双相情感障碍 ( bipolar disorder )，又称躁郁症（manic-depressive illness）。 

双相情感障碍是非常严重的精神疾病（仅次于精神分裂症）。它和其他精神障碍一样，

被称为“失调”或“紊乱”(disorder)，即破坏正常功能的症状，而不是有着明确病

理生理学的“疾病”(disease)。因此，对精神障碍的诊断方法也不同于一般的内科疾

病，目前仍主要依靠医生的主观判断，甚至可说是基于症候群及病程的一种统计学归

类。“天才在左，疯子在右”，这正常与疯狂相隔的一线，也因为精神疾病诊断与统

计手册（美国精神医学的 DSM，或国际健康通用的 ICD）的一版再版而不断变迁。 

现代精神病学的首要目标之一，就是探索潜藏在这些“紊乱”背后复杂的病理生理学。

“先天还是后天”（nature vs. nurture）的争论已基本达成共识，基因和环境的相互作

用是对精神障碍的成因最笼统的解释。我在博士期间的工作便始于对双相情感障碍的

病因学探索。 

流行病学（epidemiology，源自希腊语，epi=upon，demos=common people，logy=study）

是研究疾病（或健康状况）在特定人群中的分布及其决定因素的一门学科。北欧国家

是流行病学研究的天堂。在瑞典，对人口的注册制度可以追溯到 17世纪的地方教会,

而自上世纪中叶建立的国家医疗健康注册系统，累积达到 1500万世代人口，这一天

然形成的全民数据库，使瑞典走在了预防和循证医学的研究前沿。 

遗传流行病学是流行病学的一个新兴分支，它利用流行病学的方法研究疾病的遗传或

环境因素与宿主的遗传易感性之间的交互作用。编者论文的前两个课题，通过数据库

建立起家系、同胞与养子队列，证明了双相情感障碍的家族聚集性。双向情感障碍患

者的一代亲属（父母，兄弟姐妹，子女）患同样疾病的概率是健康人群一代亲属的 7

倍左右。根据不同亲属关系的遗传相关度，我们估算出遗传因素对双向情感障碍的病

因影响程度高达 60%。有趣的是，影响双相情感障碍的遗传变异多具有“基因多效

性”：其中的很大一部分也影响了其他精神障碍，如精神分裂症、抑郁症的发生。环

境因素对双向情感障碍的影响也不容忽视，寄养子家庭中亲属的高患病率佐证了这一

点。 

药物流行病学是临床药理学和流行病学的结合，多用于研究药物在大规模人群中的使

用、疗效及其副作用。编者的课题三是研究锂治疗对双相情感障碍患者的自杀倾向的

影响。 
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也许很多人都知道锂电池，却不知道锂也是一种药物。作为在宇宙大爆炸之初就合成

的三大元素之一，锂直到 1800 年才在斯德哥尔摩附近的群岛上以新矿石（透锂长石）

的身份被发现。1817 年，卡罗琳斯卡医学院教授，“现代化学之父”Jöns Jacob 

Berzelius 的私人实验室里，化学家 Arfwedson 从矿石中检测到了这个新元素的存在。 

碳酸锂是治疗双向情感障碍的最古老也最主流药物。1949 年澳洲医生 John Cade偶然

发现锂能使具有攻击行为的豚鼠变得安静，而将其带入现代精神治疗药物的视野。70

年过去，其他类别的精神治疗药剂大都有了长足的发展，而对于双向情感障碍的治疗

却进步甚微。不同于其他精神药物的多适用性，锂专用于双相情感障碍的维持治疗。

这一介导多种信号传导、具有复杂药理作用的药物，却在精神病学中有着最特异的临

床应用，这像一个悖论，又像能解开双向情感障碍复杂生理机制的一把钥匙。 

锂似乎具有独特的“抗自杀效果”，我们的第三个研究结果支持了这一观点。值得一

提的是，观察性研究不同于随机对照实验，事物的相关性并不能代表因果性

("Association is not causation")。例如，双向情感障碍患者中，接受锂治疗的病人往往自

杀率也很高，但这可能是因为医生们对有自杀倾向的病人会更多地采用锂治疗。在流

行病学中，我们往往需要发挥无限的想象力，假设是否有外部因素的存在，掩盖甚至

歪曲了研究因素与事件之间的真实关系。我们更需要多样化的实验设计，对可能的假

设进行检验，对潜在的混杂因素进行控制。流行病学对严密逻辑思维的需求使它被喻

为“医学中的哲学”。 

课题四是全基因组关联分析（genome-wide association studies，GWAS），旨在探索人

类基因组中可能影响到锂治疗效果的遗传变异。准确来讲，这是一个失败的研究。原

始数据库的一个错误在文章发表后的一年被发现，曾经的候选基因与锂治疗效果不再

具有统计学意义上的关联。这一打击使我对自己的科研素质产生怀疑，对今后的研究

结果往往保持更谨慎的结论。局限性（limitation）已成为写论文稿最喜欢的部分，写

及此处，恨不得把整个分析过程中累积的问题和不确定性一股脑“跃然纸上”。 

这本论文浓缩了我自 2012 年秋来到斯德哥尔摩后，在卡罗琳斯卡医学院（Karolinska 

Institute, KI）开展的工作。KI建校于 1810 年，自 1901 年起担任诺贝尔生理医学奖的

评审工作。我所在的医学流行病学与生物统计系（MEB）是 1997 年成立的新科系，

已从最早的 40 人发展成为 300 人的宏大科研队伍，并负责采集和维护瑞典的生物样

本库和双胞胎信息，后者是世界上最大的双胞胎数据库。 
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