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Popular science summary of the thesis 
Pregnant women are often excluded from medical trials, leaving the safety of 
medications used during pregnancy uncertain. This lack of data poses a challenge for 
both women and clinicians seeking reliable information. Epidemiologists play a crucial 
role in addressing this gap by examining and attempting to provide drug safety 

information from observational data. However, the success of these efforts often 

depends on whether complex methodological challenges can be overcome. 

One category of medications that has been the focus of much study is antiseizure 

medications, used to manage seizures in epilepsy and stabilize mood in certain 
psychiatric conditions. It is widely recognized that some of these drugs can adversely 
affect the developing fetus, potentially causing major malformations. Yet, the long-term 

effects on children of these medications are not as well understood. 

Within this thesis, I outline and discuss the methodological challenges that arise when 
attempting to study drug safety in pregnancy. I then explore potential approaches to 
resolve these challenges, using both theoretical examples and the applied case of 
antiseizure medications. The resulting findings may inform the development of 
observational research on this theme, and thus, potentially, to an increased 

understanding of drug safety during pregnancy. 

  



   

 

   

 

Abstract 
This thesis is driven by the overarching aim of elucidating methodological challenges 
inherent in pharmacoepidemiology during pregnancy, with a particular focus on 

antiseizure medications. In Study I, a substantial surge in antiseizure medication use in 
the United Kingdom is observed, notably linked to increases in psychiatric indications. 
This shift in the medication landscape raises questions about the predominant 
contributors to this rise and underscores the necessity of understanding evolving 
patterns in drug utilization during pregnancy. In Study II, a large-scale examination of 

associations between specific antiseizure medications and neurodevelopmental 
conditions across Sweden and the United Kingdom emphasizes the importance of 
considering drug classes and shared confounders, providing valuable insights into the 

possible causal effect of these drugs. 

Study III explores the intricate interplay between epilepsy and psychiatric conditions, 
unveiling a heightened risk of neurodevelopmental conditions in individuals diagnosed 
with epilepsy. These findings shed light on the complex within-individual links between 
these conditions, potentially explaining the observed higher likelihood of 
neurodevelopmental diagnoses in children of women using antiseizure medications in 

pregnancy. In Study IV, a critical evaluation of drug safety studies warns against 
indication-based sampling, advocating for comprehensive regression adjustments to 
mitigate biases. Finally, Study V introduces the marginalized between-within model, a 
novel approach to derive absolute measures of occurrence in sibling analysis, enhancing 

the interpretability of findings.  

This thesis, collectively, calls for a concerted effort to improve the methodology of 
pharmacoepidemiology during pregnancy, fostering a more nuanced understanding of 

medication risks, and ultimately enhancing maternal and fetal health outcomes.  
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1 Introduction 
Navigating drug safety in pregnancy is challenging. When a new drug enters the market, 
its potential risks to pregnant women and their children may not be well-understood. 
Since the use of these medications is important for managing chronic or acute 
conditions, not using the medication is often not a viable choice. This leaves clinicians 

and expectant mothers relying on preliminary evidence of safety or, in some cases, just 

hoping that the drug is safe. 

Although animal studies can offer insights into the safety profile before a drug is 
approved, these findings may not translate directly to humans. Human data is therefore 

crucial to determine if there are any safety concerns, but pregnant women are typically 

excluded from drug trials. 

Drugs are often monitored to detect any unintended consequences after they reach 

market1 (so-called adverse events). This evidence typically comes from observational 
studies where women do not receive the drugs randomly, but rather "self-select" to use 
the drug, based on their own decision and (typically) clinical recommendation. This 
introduces daunting methodological challenges when trying to study drug safety — are 
the women using the drugs comparable to those who are not using the drug? Perhaps 
women using the drug experience adverse events because they are sicker than women 

who do not use the drug, and the drug itself is not the causal factor? These challenges1, 
among others2, contribute to the obstacles faced by researchers aiming to draw 

conclusions about causal effects from observational data.  

To understand causal effects, it is crucial to consider the different reasons why two 
events might happen together2; the rooster’s crow frequently occurs with the sunrise, 
but that does not imply that the rooster caused the sunrise by its crow. When 
researchers inform clinicians and mothers about whether a drug causes adverse 
reactions or not, they must ensure they are not merely observing coincidences. Despite 

numerous methodological obstacles, researchers must attempt to determine what 
would have occurred if, contrary to the fact, the mother had not consumed the drug. 
Would her child have been born with a malformation even if she had not taken the drug? 

If not, then it seems likely that the drug is responsible for the child’s malformation. 

In this thesis, I deep-dive into the challenges faced by researchers examining drug 
safety in pregnancy. To contextualize these challenges, we will examine antiseizure 
medication use in pregnancy, and we shall attempt to determine if such medications 
used during pregnancy have a causal effect on neurodevelopmental conditions in 

offspring (see Figure 1). 

Briefly, antiseizure medications are crucial for managing seizures in epilepsy and 
stabilizing mood in psychiatric conditions but have been under close investigation due 
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to safety concerns during pregnancy3. While these drugs are often lifesaving for women 

who need them, certain ones, like valproic acid, are known to cause malformations in 

children, making some of them strongly discouraged for use during pregnancy4. 

Recent observational studies have indicated that children exposed to some of these 

medications in the womb are more likely to develop neurodevelopmental conditions5,6, 
such as autism, attention-deficit/hyperactivity disorder (ADHD), and intellectual 
disability. However, it is not entirely clear to what extent this is coincidental or a result of 
a causal effect of the drugs. Do these drugs genuinely cause these conditions in 
children, or are researchers detecting inherent differences between those who use the 

drugs and those who do not?  

In this thesis, I will initially provide a brief overview of epilepsy, the use of antiseizure 
medications in pregnancy, neurodevelopmental conditions, and the recent studies 
connecting the two. Subsequently, I will delve into the challenges encountered by 

researchers when conducting such studies, elucidating how these challenges may 
impact investigations related to antiseizure medications, and identify the areas that still 
require exploration for a comprehensive understanding of this question. Finally, I will 
present the design and outcomes of five interrelated sub-studies where we attempt to 
address these knowledge gaps. In the concluding section, I will discuss the implications 

of these studies and suggest future targets for research. 
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2 Literature review 

2.1 Epilepsy 

Epilepsy comprises a diverse spectrum of diseases, characterized by various causes 
and markedly different presentations7. The unifying symptom across this diverse array 
of diseases is recurrent unprovoked seizures (i.e., not originating from acute intoxication 

or withdrawal or recent trauma to the brain)7.  

Epilepsy is one of the most prevalent and serious neurological diseases globally, 
impacting approximately 50 million individuals worldwide8. In the United States, sudden 
unexpected death in epilepsy ranks as the second leading neurological cause of years of 

life lost9,10. Annually, about 5,500 individuals receive an epilepsy diagnosis in Sweden11, 
and it is estimated that one in twenty-five people in Europe might experience epilepsy 

at some point in their lives12. 

Although the precise global burden of epilepsy remains difficult to estimate due to 

challenges in surveillance and data collection7,13, when these conditions are collectively 
considered, it is apparent that individuals diagnosed with epilepsy bear a significant 
burden14,15. Specifically, individuals diagnosed with epilepsy in Sweden face a notably 
higher risk of premature mortality15,16. While confounding17 and lack of differentiation 
between epilepsy and status epilepticus18 sometimes contributes to the excessive 

mortality, the elevated mortality rates persist when comparing individuals with a 

diagnosis of epilepsy to their unaffected siblings15. 

Fortunately, effective symptomatic treatments exist for epilepsy. Antiseizure medication 
(formerly known as antiepileptic drugs or anticonvulsants) is routinely employed with 

considerable success in patients with epilepsy19,20. Approximately 70% of individuals 
experiencing the onset of epilepsy achieve long-term remission of seizures when 
treated with antiseizure medication19,20. Discontinuation of the antiseizure medication 
can be considered for selected patients after some years of seizure freedom, and can 
be accomplished without recurrence in more than 50% of these patients19,20. Individuals 

unable to achieve long-term seizure remission often grapple with drug-resistant 
epilepsy or necessitate polytherapy with antiseizure medication, or alternative 
treatments (e.g., epilepsy surgery)20. Nonetheless, the symptomatic treatment of 
epilepsy should be considered one of the notable successes of modern medicine. 
Today, clinicians can often tailor treatment choices, thanks to a significant increase in 

the number of antiseizure medications available over the last three decades21. 

The benefits of these medications are complicated by their teratogenic potential. That 
is, while the success of antiseizure medications in treating epilepsy is significant, their 
teratogenic effects have raised substantial concerns. Notably, as early as 1968, 
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antiseizure medications were identified as increasing the risk of congenital 

malformations (then referred to as anticonvulsants)22. Subsequent population studies 
have confirmed this, specifically highlighting a considerable risk of major congenital 
malformations among children exposed to antiseizure medications, particularly valproic 

acid (here after synonymous with "valproate")4.  

However, discontinuation of antiseizure medication is linked to an increased risk of 
uncontrolled seizures, which can lead to several adverse outcomes for both the mother 
and the fetus, including maternal and fetal death23. Balancing these benefits and risks 

presents a significant clinical challenge. 

2.2 Antiseizure medication teratogenicity 

In the initial letter to The Lancet in 1968, S. R. Meadow expressed concern that six 
children had recently been identified with severe orofacial clefts, all born to mothers 
using antiseizure medication in pregnancy22. However, this observation alone may not be 
a sufficient cause for concern. Interestingly, Meadow emphasized already in 1968, the 

importance of confirming whether this observation was the result of a causal effect 
(expressed using other terminology appropriate to the time). Meadow suggested not 

removing these "useful drugs" solely based on this report22.  

However, over the past fifty years, a significant number of studies have confirmed 
Meadow’s initial observation3. Several antiseizure medications have been linked to 
increased risks of congenital malformations, but mono- and polytherapy with valproic 
acid have the strongest teratogenic effect3. Particularly, a recent meta-analysis reported 
a 25.0% rate of congenital malformations (95% CI 6.0 to 44.0) in children born to 

women on valproic acid polytherapy – a stark contrast to the 3.3% rate (95% CI 1.4 to 
5.2) in children born to women without epilepsy3. The establishment of large-scale 
epilepsy registries, such as the International Registry of Antiepileptic Drugs and 
Pregnancy (EURAP), has provided valuable insights, emphasizing not only the relevance 
of the type of antiseizure medication but also the dosage24. While dose-response 
associations in observational studies could be because of a monotonic correlation with 

a confounder (e.g., disease severity influences prescribed dose, and disease severity 
monotonically increases the risk of the outcome)2, a dose-response association 
between certain antiseizure medications and major congenital malformations is evident. 
For example, an analysis of EURAP revealed that a high dosage of valproic acid (≥1500 
mg per day) confers the greatest risk of major congenital malformations (crude risk 

24.2%, 95% CI 16.2 to 33.9), while a low dose of lamotrigine (<300 mg per day)  presents 
the lowest risk (crude risk 2.0%, 95% CI 1.2 to 3.2; a covariate-adjusted Odds Ratio [OR] 

16.1 comparing high dose valproic acid to low dose lamotrigine, 95% CI 8.2 to 31.5)24. 

Although it is widely recognized that antiseizure medications, particularly valproic acid, 

have an immediate impact on congenital malformations, it is crucial to consider the 
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potential outcomes of discontinuing these medications. Recommending the withdrawal 

of antiseizure medication necessitates an awareness of the possibility of seizure 
recurrence and its implications for both mothers and children20. The possible 
consequences of a seizure during pregnancy include fetal intracranial hemorrhage, 
transient fetal bradycardia, miscarriage, trauma, and, in some cases, maternal and fetal 

death23. 

While the implications of a seizure during pregnancy can be severe, there has been 
some discussion regarding the frequency of seizures in pregnancy7,23. Although most 
women with epilepsy will not experience a seizure during pregnancy (66.6% in EURAP25), 

it is commonly reported that the frequency of seizures naturally increases during this 
time23. However, Gedzelman and Meador highlighted substantial variability in the 
reported rate of seizure increase during pregnancy (9–75%)23, which likely stems from 
different definitions of epilepsy, seizures, and seizure control7,23, and the natural 

fluctuations in seizure control over time (even in non-pregnant populations). 

Another factor contributing to an increased seizure rate during pregnancy is the 
variation in the effectiveness of antiseizure medication during this period23,25,26. For 
instance, it has been reported that lamotrigine is the least effective during pregnancy 
due to significant alterations in its serum concentration26. This complexity in treatment 

options is compounded by the fact that lamotrigine was identified as the least 

teratogenic in the previously mentioned analysis of EURAP24. 

The intricacy of managing epilepsy during pregnancy underscores the significance of 
comprehensive clinical guidelines. As per the Swedish recommendations for treating 

epilepsy during pregnancy, any withdrawal attempt of antiseizure medication should be 
performed in a controlled, planned, and supervised manner, and done well in advance of 
conception to allow an assessment of seizure control before pregnancy20. The guidelines 
also emphasize the importance of women with epilepsy collaborating with specialized 
experts, such as experienced neurologists, to plan their pregnancy effectively20. Yet, due 

to the frequent unplanned nature of pregnancies, adhering to ideal treatment programs 

may pose challenges. 

While clinical guidelines have addressed the immediate impact on the fetus, numerous 
uncertainties persist regarding the long-term effects of seizures and antiseizure 

medication on the neurodevelopmental conditions of offspring. 

2.3 Neurodevelopmental conditions - genetic phenotypes with 
environmental risk factors 

Before summarizing the studies examining the role of antiseizure medication in offspring 
neurodevelopmental conditions, I will briefly describe the current understanding of 

these conditions. Our focus will be on Attention-Deficit/Hyperactivity Disorder (ADHD), 



 

 7 

autism, and intellectual disability, as they represent the most prevalent and extensively 

studied neurodevelopmental conditions. Hereafter, when I refer to neurodevelopmental 

conditions, I refer to these three conditions, unless otherwise stated. 

All neurodevelopmental conditions are complex and diverse. Autism is characterized by 

impairments in social communication and interactions, accompanied by restricted and 
repetitive behaviors or interests27. ADHD, on the other hand, manifests through two 
domains of symptoms: hyperactivity/impulsivity and/or inattention, varying in their 
extent and presentation28. Intellectual disability involves deficits in both intellectual and 
adaptive functioning across conceptual, social, and practical skills, typically beginning 

during the developmental period29. Historically, intellectual disability was defined by an 
intelligence quotient lower than 70, but recent changes in diagnostic criteria have 
shifted from it being a strict criterion to being part of a more comprehensive 
assessment. Nonetheless, these conditions frequently co-occur30, and notably, they 
often co-occur with epilepsy31. The symptoms of these conditions often emerge at a 
young age but are commonly only "detectable" or diagnosed during school age or later 

(except in severe cases)27.  

The reported global prevalence of ADHD is ∼6-8%32, autism ∼1.5-2%27, and intellectual 
disability ∼1-2%33, but with large geographical and temporal heterogeneity34. Sweden has 

one of the highest prevalences in the world and the incidence of these conditions has 
notably increased in recent decades, often attributed to diagnostic preferences and 

detection35. 

The etiology of these conditions is challenging to study. For instance, using twin and 

kinship designs, the heritability of autism, ADHD, and intellectual disability has been 
estimated to be as high as 90%36,37, 79%38, and 95%39, respectively. Despite that, and in 
contrast to a "fully genetic explanation", a body of literature has consistently found that 
factors during early life, such as preterm birth and parental age, are associated with 
neurodevelopmental conditions27. A complicating aspect is that these conditions often 

correlate with early life factors, but some of these correlations turn out to be non-
causal40. For example, infections during pregnancy have been linked to offspring 
neurodevelopmental conditions, but these correlations can generally not be identified 
when comparing siblings40,41, suggesting that this correlation is due to familial factors 
rather than a causal effect. Furthermore, it is challenging to reconcile the early life 

etiology of these conditions with estimates from familial co-aggregation studies42. 
Notably, using Swedish registry data, it has been estimated that the total variance 
attributed to maternal characteristics ranges between 0.4% and 1.6% for autism42, which 
can be quantified if one extends the twin design to cousins of different lineages and 
assumes shared environmental and fetal genetic equivalence between paternal and 
maternal lineages. Yet, it is difficult to understand whether the assumptions of 

heritability studies are reasonable (e.g., no shared environment across cousins and 
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independence between environment and genetic components), and the implications of 

the heritability measure43, especially as the conditions are so heterogenous and 

complex. 

The interpretation of studies linking antiseizure medication to offspring 

neurodevelopmental conditions should be considered within this complex, and at times 

contradictory, etiological framework. 

2.4 Antiseizure medications and offspring neurodevelopment 

Accumulating observational evidence indicates that antiseizure medications are linked 
to the long-term neurodevelopment of offspring44-58. As an early study in the field, the 
Neurodevelopmental Effects of Antiepileptic Drugs (NEAD) study found that children 
born to epileptic mothers who were exposed to high doses of valproic acid exhibited 
lower intelligence scores at age six compared to children treated with other seizure 
medications47. Although regarded as a landmark study59, an observational study 
involving only 49 exposed children, with limited control over potential confounders, 

could make it difficult to discern whether this is a causal effect. 

Following the first studies in the field, two comprehensive reviews assessing the impact 
of antiseizure medications on the cognitive development of offspring were published5,6. 

These reviews highlighted significant flaws within the literature, inhibiting definitive 
conclusions regarding the impact of antiseizure medication on neurodevelopmental 
outcomes in offspring5,6. Key issues identified in the studies included5,6: i) limited sample 
sizes in most studies – expected due to the rarity of both the condition and certain 
outcomes, ii) potential selection bias, likely arising from a significant portion of the 

research conducted on clinical cohorts of women enrolled through referrals, and iii) all 
studies contending with confounding – a common aspect of pharmacoepidemiology 

and epidemiology overall. 

More recent research (summarized in Table 1), including a large Nordic study56, has also 

raised concerns about risks associated with medications other than valproate50,53-58. The 
Nordic study reported a twofold increase in the rate of neurodevelopmental conditions 
among children born to mothers with epilepsy who were prescribed topiramate during 
pregnancy (Hazard Ratio 2.13, 95% CI 1.13 to 4.01)56. However, the limited number of 
children with neurodevelopmental conditions exposed to topiramate in this study 

(N=16)56, and others60, call for further investigation to validate these observations. 

That is, even with recent large-scale efforts (Table 1), a recurring issue is the lack of 
statistical power54. Despite using extensive electronic health records or nationwide 
registries, the number of exposed cases typically remains limited to tens. One approach 

to enhance statistical power is to analyze antiseizure medications as an entire drug class 
(e.g., as done in the Maternal Outcomes and Neurodevelopmental Effects of 
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Antiepileptic Drugs study using blood concentration53). However, this approach can lack 

informativeness because teratogenicity may be compound specific6,61. Another 
alternative is to investigate continuous phenotypes, as done by Ren et al. in their 
analysis of educational performance58. Nevertheless, it is not always apparent whether 
such findings can be translated into clinically adverse outcomes. Associations (e.g., 
mean differences) within the normal range of a continuous phenotype may exist without 

necessarily translating into clinically concerning differences at the tail of the distribution, 
and vice versa, there could be no difference within the normal range of the phenotype, 

but important differences at the tail of the distribution of a phenotype. 

However, insufficient statistical power is not the sole threat to the validity of these 
studies. To comprehend the challenges in interpreting these results, we will take a step 
back and consider the difficulties encountered in (modern) pregnancy 

pharmacoepidemiology. 
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2.5 Methodological challenges in pregnancy pharmacoepidemiology 

The lack of randomized controlled trials involving pregnant women with epilepsy 
complicates the task of estimating causal effects. I believe the absence of such trials 
deserves to be the focus of a doctoral project in medical ethics62. However, in the dearth 
of randomized trials, researchers investigating the teratogenicity of antiseizure 
medication have turned to observational data. Yet, employing such alternate sources of 
evidence comes with a substantial drawback, as it relies on untestable strong 

assumptions and dramatically hampers the ability to draw causal inferences. 

Neglecting to acknowledge the limitations of observational studies might partially 
account for what some have referred to as the shortcomings of aetiological 

epidemiology in the 20th century63. Skeptics of epidemiology have pointed out that its 
findings often fail to replicate in randomized controlled trials, a point highlighted in 
George Davey Smith’s and Shah Ebrahim’s inaugural editorial of the International Journal 
of Epidemiology titled "Epidemiology—is it time to call it a day?"63 (as highlighted by the 
depiction in Figure 2). This title led the editors of the BMJ to conclude, "Something surely 

must be wrong with epidemiology…"64.  

Clearly, "calling it a day" is not sufficient as a resolution for women with epilepsy seeking 
information on how treatments might impact their children. Given that randomized trials 
examining the teratogenic effects of antiseizure medication are unlikely to be 

forthcoming, observational evidence remains the sole foundation for clinical treatment 
decisions. However, it is important to recognize the potential shortcomings of 
observational studies, as the primary aim is to estimate causal effects under untestable 

(and possibly implausible) assumptions65. 
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Facing these challenges head-on, epidemiology has developed tools aimed at 
addressing some of the historical shortcomings66. (Post-)Modern epidemiology 
embraces formal language, graphical depictions of assumptions (e.g., directed acyclic 

graphs), and the triangulation of evidence66. Some, like Pearl67, categorize this transition 
as part of a domain-spanning causal revolution. Despite some criticisms of the rule-
based formalization of epidemiology68, it appears evident that these formalizations have 

been largely accepted within epidemiology66. 

Pregnancy pharmacoepidemiology operates at the intersection of perinatal 
epidemiology and pharmacoepidemiology. Within this intersection, several challenges 

come to the forefront, alongside considerations that are worth exploring. 

2.5.1 Challenge 1: Confounding by indication 

Defining confounders is a complex task, although it is often cited as the primary reason 
for generating "sporadic" associations in observational studies64. Graphically, 
confounding can be defined as the distortion of the relationship between two factors 
(typically exposure and outcome), stemming from an alternative causal pathway via a 

third factor2 (Figure 3) (sometimes called a backdoor path: X←U→Y). In terms of 
counterfactuals, it implies a difference in the likelihood of the counterfactual outcome 
between the exposed and unexposed groups2 (i.e., they are not interchangeable). A 
confounder is the factor contributing to such a difference in the counterfactual 
outcome propensity, by "opening" such a backdoor path2. While similar definitions have 

Figure 2. One view of the value of epidemiology. Davey Smith G, Ebrahim S. Epidemiology--is it time to call 
it a day? Int J Epidemiol. 2001;30(1):1-11, reprinted with permission from Oxford University Press. 
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been formalized in existing literature69, distinguishing confounding from other biases 

involves hypothetical reasoning, and the formalizations and definitions hinge largely on 

the proposed causal system. 

Figure 3. A directed acyclic graph that portrays U as a confounder of X and Y, creating a backdoor path 
and introducing a sporadic association between them. 

In pregnancy pharmacoepidemiology, the primary challenge often revolves around 
confounding by indication. Specifically, the indication (e.g., epilepsy) may confound the 
estimated association between drug use (e.g., antiseizure medication) and the offspring 
outcome. This is true if the indication influences the offspring outcome independently of 

the drug use (U→Y), as the case of confounding by indication is somewhat distinct from 
the broader context of confounding because we already recognize that at least one of 
the paths is causal (X←U is presumed to be true because the decision to treat [X] is 
based on the indication [U]). The critical question is therefore whether the indication 
itself is also causally linked to the outcome. In other words, we need to ascertain if 
epilepsy independently affects offspring outcomes without the mediation of drug use. If 

this is the case, then confounding arises when estimating the association between 

antiseizure medication and offspring outcomes. 

2.5.1.1 A contemporary solution to confounding by indication 

From a purely methodological perspective, it would be ideal to randomly assign 
maternal epilepsy to assess its influence on offspring outcomes to understand its 
potential to confound our observational study of antiseizure medication. However, this 
approach is neither ethical nor feasible. Nonetheless, modern epidemiological methods 
offer a possible solution that might approximate such a hypothetical trial, known as 

Mendelian Randomization70. In Mendelian Randomization, the random assortment of 
genetic information during meiosis is utilized to create "natures analog" to a randomized 
trial71. That is, rather than randomly assigning epilepsy, this method would use Mendelian 
laws to argue that alleles predisposing individuals to epilepsy are randomly assorted 

during meiosis70. 

Formally, Mendelian Randomization uses genetic variants (or scores) as instrumental 
variables (IVs) to estimate the causal effect of the exposure on the outcome70. To do 
this, the genetic variants must be valid instrumental variables. A genetic variant is a valid 
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instrument if i) the genetic variant is robustly associated with the exposure ("relevance"), 

ii) the genetic variant is not associated with any measured/unmeasured confounders of 
the exposure-outcome associations ("independence"), and iii) the genetic variant does 
not affect the outcome via other pathways than through the potential effect on the 
exposure of interest ("exclusion restriction")72 (Figure 4). Generally, these strong 
assumptions are not empirically verifiable and must be assumed, although there is an 

increasing number of sensitivity analyses that can assess the credibility of these 
assumptions. Nonetheless, given these assumptions, the causal effect of the exposure 
on the outcome can be derived by the ratio of the variant→exposure and 

variant→outcome associations. 

Consequently, it becomes feasible to compare the offspring of mothers with and 
without epilepsy-predisposing alleles. If differences are observed between these 

children, it provides a reasonable basis to attribute the dissimilarities to the epilepsy 
predisposition in the mothers, thereby suggesting that maternal epilepsy causally 
impacts the offspring's outcome. Another advantage of this approach is that maternal 
genes are fixed at conception, making them unaffected by later health behaviors and 

therefore robust against reverse causation73. 

This design, where maternal genomic information is utilized to examine the outcomes of 
offspring, has recently gained attention in the study of the developmental origins of 
health and disease, as proposed by the Barker Hypothesis74,75. Researchers 
implementing such designs have argued that the observational inverse association 

between birth weight and blood pressure is a result of bias rather than intrauterine 
programming74,75. However, these designs are contingent upon the existence of large-
scale intergenerational genomic consortia. This presents a challenge, particularly given 
that both epilepsy and the relevant offspring outcomes, such as autism, are relatively 
rare phenotypes, especially when compared to continuous phenotypes like blood 

pressure. 

While intergenerational consortia are not available to facilitate a within-family or cross-
generational Mendelian Randomization study, there are genomic consortia that focus on 

Figure 4. A directed acyclic graph illustrating an IV analysis of the effect of X on Y, highlighting the 
assumptions using dotted arrows. 
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individual traits. For instance, the International League Against Epilepsy (ILAE) has 

established the Consortium on Complex Epilepsies, which recently conducted a 
comprehensive genome-wide analysis of epilepsies76. Similarly, there are consortia that 
have documented the common genetic variations associated with conditions like 
autism77. Based on the relevant Mendelian assumptions73, it becomes feasible to 
delineate the causal effect of epilepsy on autism in an individual. While this would 

disregard the differences between mothers and children, it could offer insights into the 

potential causal relationship between epilepsy and the outcomes of interest. 

2.5.2 Challenge 2: Selection bias 

Determining who should be included in a specific observational analysis is more 
complex than it may initially appear. Studies often enroll patients who are willing to 
participate in a primary cohort, as informed consent is a prerequisite for enrollment2. 
However, this practice can present challenges, as individuals who participate in primary 
cohorts are generally not representative of the broader population2. Specifically, women 

with epilepsy who choose to participate in a primary cohort may not have the same 
characteristics as the entire population of women with epilepsy. If the women in the 
primary cohort differ due to a factor that alters the effect of interest (an effect 
modifier), the identified effect among the enrolled women with epilepsy may differ from 

that in the general population of women with epilepsy2. 

Moreover, prompt enrollment of pregnant women for early pregnancy monitoring often 
involves practical non-random recruitment in clinics. This approach typically informs 
women with epilepsy about the study through referrals, where clinicians inform the 
women about the possibility of participating in the research. While practical, this 

method might lead to a phenomenon similar to self-selection into cohorts (as previously 
discussed). Clinicians tend to successfully refer patients with specific characteristics 
(e.g., different severity), potentially resulting in a biased sample. Similar concerns could 
be extended to the EURAP registry24. Despite its substantial contributions to the study 

of antiseizure medication teratogenicity, it enrolls specific women from selected clinics. 

Formally, we can describe this using Berkson's bias2, where selection into the primary 
cohort acts as a collider. Briefly, colliders can be colloquially defined as factors that are 
influenced by at least two other factors in the causal system (in Figure 5, S is a collider). 
If one conditions on a collider (e.g., by regression adjustment, stratification, or sampling), 

it opens the paths between the two "parental nodes" (in Figure 5, the parental nodes are 
U and X) and introduces a correlation between the two. For instance, antiseizure 
medication (X) increases the probability of being selected for the cohort (S), while 
socioeconomic position (U) could affect both the likelihood of selection (S) and increase 
the risk of the outcome (Y) (i.e., X→S←U→Y). The highlighted concerns are pressing 

when evaluating the reliability of primary cohorts, as seen in the Maternal Outcomes and 
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Neurodevelopmental Effects of Antiepileptic Drugs (MONEAD) study50, which found no 

significant differences in the cognitive function of 2-year-olds born to mothers taking 

antiseizure medication compared to control women50.  

3 Knowledge gaps 

3.1 Trends in antiseizure medications and their indications 

Growing awareness of teratogenic risks has prompted changes in the prescribing 
patterns of antiseizure medications. That is, emerging evidence concerning the potential 
risks of certain antiseizure medications during pregnancy has influenced prescribing 
practices in several countries. For instance, data from Germany78, Canada79, the United 

States80,81, the Nordic countries81,82, and Australia81 all point to changing trends in 
antiseizure medication prescribing. As Bensken and Sánchez Fernández highlighted in 
their editorial on the costs of antiseizure medications in the United States83, these 
changes are complex and multifaceted. However, some aspects warrant further 

examination. 

One noteworthy area deserving attention is the non-epileptic indications for antiseizure 
medications during pregnancy84. That is, antiseizure medications (sometimes referred to 
as mood stabilizers) are used in psychiatry as symptomatic treatment of several 
conditions, such as bipolar disorder, generalized anxiety disorder, and depression. 

Notably, it has been observed that the prevalence of indications other than epilepsy has 
increased and "predominated the observed patterns of use" between 2006 and 2016 in 
Norway and Finland81. This finding could be explained by a general rise in the prevalence 
of psychiatric conditions across many populations85. However, this trend could have 
implications for effective guidance on deprescribing and safety monitoring, particularly 
considering that women with psychiatric conditions might not be treated by the same 

specialties as those with epilepsy. Furthermore, women with psychiatric indications may 

Figure 5. A directed acyclic graph illustrating a collider (S), highlighting the correlations that are 
introduced when conditioning on the collider (e.g., setting S=1) using dotted arrows. 
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face different challenges than those with epilepsy. Despite this, women with epilepsy 

have typically been the study population in several important teratogenicity 

studies45,47,50,53. 

Another area worthy of further examination is the discontinuation of antiseizure 

medication during pregnancy, whether planned or sporadic. Several studies have 
described the prevalence of discontinuation of antiseizure medications throughout 
pregnancy81,86, but less is known about factors associated with discontinuation. Naive 
interpretation might suggest that the high discontinuation rates are a positive finding, 
considering the aforementioned safety concerns. However, if discontinuation observed 

in electronic health records is predictable based on "non-medical" factors (e.g., 
sociodemographic characteristics), it could highlight care inequalities rather than 

successful monitoring. 

3.2 Antiseizure medications and offspring neurodevelopmental 
conditions 

Recent research has raised concerns about the potential risks of drugs other than 
valproate (Table 1). However, the few children with neurodevelopmental conditions 
exposed to antiseizure medications in these studies warrant further investigation to 
confirm these findings. An attractive approach is to leverage data from older registries, 
allowing for a longer follow-up of children and consequently increasing the number of 
exposed cases. For instance, utilizing data from the late 1990s and early 2000s would 

ensure adequate follow-up into the ages when neurodevelopmental conditions are 
typically diagnosed. Unfortunately, most recent studies have been limited to more 

recent birth cohorts54-58. 

Additionally, confounding likely influences many studies examining the association 
between antiseizure medications and offspring neurodevelopment5,6, especially as 
randomized controlled trials are neither ethical nor practical for this hypothesis. 
Confounding is particularly concerning since the indications for antiseizure medications 
likely share a genetic architecture with neurodevelopmental conditions, which could 
transfer from parent to offspring. One way to address confounding arising from 

unobserved and residual environmental and genetic factors is through family-based 
designs2. Sibling comparisons87, for instance, implicitly control for all the factors shared 
between siblings (including both environmental and genetic factors). This design has 
proven extremely valuable in perinatal epidemiology2. However, sibling analyses are 
often subject to power constraints88 and other issues87, as only discordant siblings may 

contribute fully to the estimation89. To my knowledge, there have been no previous 
attempts to employ this method specifically for antiseizure medications and offspring 
neurodevelopmental conditions, although it has been successfully used to study early 
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life environmental risk factors for neurodevelopmental conditions40, including for other 

therapeutics in pregnancy, such as antidepressants90. 

3.3 The relationship between epilepsy and neurodevelopmental and 
psychiatric conditions 

To understand the role of maternal epilepsy and offspring neurodevelopment it is 
worthwhile to understand if these conditions are inherently linked. As Keezer et al. 

described91, two probable higher-order explanations for why epilepsy may co-occur 
with neurodevelopmental and psychiatric comorbidities are (bidirectional) causal 

effects and shared genetic architecture. 

For example, it is often suggested that the neurodevelopmental and psychiatric 
comorbidities in epilepsy are explained by bidirectional relationships,92 where the 
conditions increase the risk of epilepsy, and vice versa, that epilepsy increases the risk 
of the conditions. This notion is supported by a series of neurobiological pathogenic 
mechanisms (e.g., via induced abnormalities of cortical and subcortical structures).93 

Yet, the observational studies contributing to the hypothesis92 have typically been 
limited in sample size, liable to confounding, and/or have been restricted to clinical 
cohorts with limited generalizability. Genetically informed approaches, such as 
downstream analysis of genome-wide association studies (GWAS), could be informative 
about the relationship between epilepsy and neurodevelopmental and psychiatric 
conditions31,91. To the best of my knowledge, there have only been two prior Mendelian 

Randomization studies of epilepsy94,95. Among several intriguing findings in these two 
papers, it has been estimated that genetic predisposition to depression is linked to 

higher odds of epilepsy (OR 1.46, 95% CI 1.18 to 1.82)94. 

In addition to causal effects, there could be a shared genetic architecture between 
epilepsy and neurodevelopmental conditions31,91. That is, the same genes that 
predispose to epilepsy also predispose to neurodevelopmental conditions. Indeed, a 
genetic correlation between epilepsy and ADHD has been identified in recent work96,97. 
For example, a recent study on the co-aggregation of epilepsy and ADHD in Swedish 
families found a genetic correlation (rg=0.21, 95% CI 0.02 to 0.40)96. Unlike studies of 

kinship, single-nucleotide polymorphism (SNP)-based genetic correlations have 
typically only been estimated using smaller GWAS data97 and therefore have been 
restricted to genetic generalized epilepsy, which has a higher SNP-based heritability 
(32.1% for genetic generalized epilepsy and 9.2% for focal epilepsies in the 2018 ILAE 
GWAS98). However, a larger ILAE GWAS of epilepsy has recently been published (almost 

doubling the epilepsy cases from 15,212 to 29,944), which could pave the way for a more 
robust estimation of SNP-based cross-trait genetic correlation76. Notably, the recent 
ILAE GWAS identified some genetic correlations in common variants with certain 
psychiatric conditions76, but the investigation was restricted to a few conditions since 
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the focus was not specifically directed to neurodevelopmental and psychiatric 

conditions. 

Concerningly, the presence of a common genetic architecture between epilepsy and 
neurodevelopmental conditions could render it challenging to estimate a possible 

causal effect of antiseizure medications during pregnancy on offspring 

neurodevelopmental conditions using solely observational data. 

3.4 The bias originating from indication stratification 

If we were to conduct a Swedish registry-based study on the impact of antiseizure 
medication on offspring neurodevelopmental conditions, we could opt to investigate a 
broad group of women, often without incurring additional resource burdens. However, 
registry-based studies on this topic have mainly focused on women with epilepsy49,51. 
This "restriction" is typically motivated by two theoretical reasons. First, it aims to 
minimize potential confounding by indication by ensuring that the entire study 
population shares the same indication. Formally, this approach restricts the potential 

cohort to achieve exchangeability throughout the study population regarding the 
indication. Consequently, the indication cannot contribute to a difference in 
counterfactual risk. Secondly, there might be a clinical interest in such specific 
populations, and the intuition is that the best approach to estimate the causal target is 
by simulating a hypothetical target trial within that population (as posited in the target 

trial framework99,100). 

However, this restriction does not come without drawbacks. To illustrate the potential 
problems, consider recent research on statins and COVID-19 mortality101. In such 

research, restricting the sample to those with a clear indication for statin treatment, 
such as those with ischemic heart disease, might appear sensible. However, with this 
restriction, the comparison involves those with ischemic heart disease who dispense 
statins versus those with the same condition who do not. The latter group should 
probably not exist – considering that everyone with ischemic heart disease should be 
receiving statins. This group might therefore consist of individuals: i) who remarkably 

"recovered" from their indication to the extent that statins are unnecessary, or ii) who 
require statin treatment but, for some reason, fail to collect or receive it. Both these 
scenarios create a high likelihood that participants with ischemic heart disease are non-

exchangeable. 

The same challenge might affect studies of antiseizure medications; comparing women 
with epilepsy who do not use antiseizure medications to women with epilepsy who use 

antiseizure medications may introduce bias, as they may not be comparable.  

Interestingly, theoretical studies in the causal inference and propensity score literature 
have outlined that conditioning on strong determinants of the exposure, in the presence 
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of other confounders, may lead to bias amplification, also known as Z-bias102-107. 

Informally, bias amplification may be defined as any amplification of existing bias within 
a causal system, such as the amplification of existing confounding. However, it is not 
entirely clear how this concept translates to pharmacoepidemiology and how it applies 
to indication stratification, restriction, or sampling. For example, the issue of 
comparability, formally bias amplification, might be even more pronounced when 

comparing women with epilepsy who use and do not use antiseizure medication than 
when comparing women who use antiseizure medication to a randomly selected woman 

from the general population. 

3.5 The estimation of absolute measures from family-based analysis 

An issue in interpreting available teratogenicity studies lies in the reporting of relative 
risks (e.g., ORs or hazard ratios), as this can lead to misinterpretation of findings and 
hinder translation into clinical guidelines. For instance, the Medicines and Healthcare 
Products Regulatory Agency in the United Kingdom (UK) reported a 30-40% risk of 
neurodevelopmental conditions following valproate exposure108, either misunderstanding 

or miscommunicating absolute versus relative risks. Notably, both patients and 

researchers typically prefer absolute measures when assessing safety109. 

In addition to misinterpretation, ratio measures pose genuine challenges that impede 
clinical interpretability. Firstly, they are often not clinically informative because they fail 

to convey the difference in the underlying risk of the outcome. For example, consider a 
scenario where, during one year of follow-up, in population A, 0.005% of the exposed 
and 0.0025% of the unexposed experience the outcome, and in population B, 5% of the 
exposed and 2.5% of the unexposed experience the outcome. The OR after one year of 
follow-up is virtually the same for both populations (ORA=2.00 & ORB=2.05), which can 

be problematic as the populations have vastly different underlying absolute risks and 
risk differences. A second issue, especially common to hazard ratios110, is that they 
represent the weighted average of the ratio of hazards over the entire follow-up period. 
This can be easy to overlook and can result in incorrect interpretations. For instance, 
when mortality is the outcome, the hazard ratio is guaranteed to reach 1 after a sufficient 
length of follow-up time, as all the exposed and unexposed will eventually experience 

the outcome. 

Sibling comparisons, although a powerful tool for controlling unobserved family-shared 
confounders in perinatal epidemiology for both time-to-event and binary outcomes are 

typically summarized using ratio measures111-113. Sibling analysis is typically conducted via 
stratified Cox regression for time-to-event outcomes, while conditional logistic 
regression is often used for binary outcomes87. Unfortunately, these models limit the 
current utility of sibling comparison and family-based designs, especially when studying 
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antiseizure medications and their impact on offspring neurodevelopmental conditions, 

as they are unable to estimate the absolute occurrence of the outcome114,115. 

4 Research aims 
The overarching aim of this thesis is to characterize some of the methodological 
challenges inherent to pregnancy pharmacoepidemiology. As an illustration of these 
challenges, we will investigate the potential causal effect of antiseizure medications 
used during pregnancy on offspring neurodevelopmental conditions. Descriptive 
pharmacoepidemiological investigations will be conducted to explore patterns in 
antiseizure medication prescribing in the UK. Cross-country comparisons of the UK and 

Sweden will guide the etiological examination of antiseizure medications and offspring 
neurodevelopmental conditions, and contemporary molecular epidemiological methods 
will inform the investigation, particularly addressing confounding by indication and 
probing the possibility of a genetic basis for observed associations. The thesis will also 
include theoretical and simulation-based examinations to assess how biases might 

impact pharmacovigilance studies and include proposals for improvements in the 
reporting of family-based analysis. Comprising five interrelated sub-studies, the thesis 

aims to accomplish the following objectives: 

Study I Describe the patterns of antiseizure medication prescribing in pregnancy (i.e. 

continuation, discontinuation, initiation) in the UK, generally and across 
different indications, and identify potential associations with discontinuation. 

Study II Estimate the causal effect of different antiseizure medication use during 
pregnancy on offspring autism, ADHD, and intellectual disability. 

Study III Quantify the rate of comorbidity, cross-trait genetic correlation, and 

potential bidirectional causal effects between epilepsy and several 
(neuro)psychiatric conditions. 

Study IV Examine potential biases stemming from analytical decisions to stratify, 
restrict, or sample based on drug indications in pharmacoepidemiology. 

Study V Outline approaches for estimating absolute and clinically informative 

measures while simultaneously accounting for shared familial factors in both 

binary and time-to-event analysis.
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5 Materials and methods 
The material and methods sections are structured according to the sub-studies. 

5.1 Study I 

We conducted a population-based drug prescription study using UK electronic healthcare 
records. 

5.1.1 Data sources 

We extracted primary care data from Clinical Practice Research Datalink (CPRD) GOLD116, 
covering approximately 9% of the UK population. In brief, the CPRD is one of the world’s 
largest databases of longitudinal medical records from primary care116. CPRD is "clinic-
based" rather than "patient-based", unlike many of the Nordic registries. That is, 
participating practices have agreed to provide data for all patients registered with the 
practice (98% of the UK population is registered with a primary care general practitioner) 
unless the patient has opted out of data sharing. CPRD patients are broadly representative 

of the UK population in terms of age and sex116. 

The CPRD GOLD Pregnancy Register identified pregnancy episodes in women aged 11 to 
49117. In total, the register provides comprehensive information on pregnancy outcomes, 

drawing from diverse CPRD sources, including estimated delivery dates, the last day of the 
menstrual cycle, ultrasound dating scans, and prematurity records. Previous work, 
comparing the Pregnancy Register against linked electronic maternity records in Hospital 
Episode Statistics, has indicated overall good agreement, suggesting most pregnancies are 
well captured in the register117. However, a large proportion of pregnancies in the Pregnancy 

Register are uncertain, either having no identified outcome, or they overlap (referred to as 
“conflict”) with other pregnancies. In line with recommendations, we developed an 
algorithm to clean and recover some of these pregnancies118. We linked this data to 
hospital admissions and outpatient records from the Hospital Episode Statistics database, 
death certificates from the Office for National Statistics, and Index of Multiple Deprivation 

data. 

5.1.2 Study population 

Completed pregnancies (live or stillbirth) with an estimated pregnancy start date between 
1995 and 2018 were included. Additionally, we required mothers to be registered at a 
practice deemed to have sufficient quality (referred to as "up to standard" in CPRD 
documentation) for a minimum of 365 consecutive days before the estimated start of 
pregnancy. This ensured sufficient time to record underlying health conditions and 
ensured pregnancies represented current pregnancies, rather than a retrospective 
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recording of historical pregnancies soon after women joined a new general practice117. Twin 

pregnancies were included, and an individual woman could contribute several pregnancies. 

5.1.3 Antiseizure medication and its indication 

We recorded antiseizure medication prescriptions (Anatomical Therapeutic Chemical 
code: N03A) from primary care records from 12 months before pregnancy until 12 months 
after pregnancy. The length of the prescription was calculated by dividing the total 
number of tablets by the number of daily doses. For each prescription, the daily dose in 
milligrams was derived by multiplying the number of tablets taken per day by the dose per 
tablet. The exposure was divided into three-month intervals, from 12 months before 

pregnancy until the end of pregnancy. If the start or end date of the prescription fell within 
the respective window, the woman was considered to have been exposed to an 
antiseizure medication during that specific period. During the first trimester of pregnancy, 
we also classified antiseizure medication prescriptions based on daily dose (low, medium, 
or high; the derivation of cut-offs using empirical distributions of dosages prescribed) and 

whether they involved poly- or monotherapy. Polytherapy was defined as prescriptions for 

more than two unique antiseizure medications during the first trimester. 

We identified the indications for antiseizure medication from recorded diagnoses before 
pregnancy. We identify epilepsy by either a single epilepsy diagnosis or two seizure codes 

that occurred more than 24 hours apart. In psychiatric care, antiseizure medications are 
approved for use in generalized anxiety disorders; however, there is widespread off-label 
use for many other conditions. Therefore, we created an indication category termed "other 
psychiatric conditions". Additionally, we recorded "other somatic conditions" as 
indications, encompassing restless leg syndrome, recurrent migraines, and neuropathic 

pain, where antiseizure medications are sometimes used. Each patient could have multiple 
indications, as it is not possible to differentiate the exact indication from the electronic 

health care records alone. 

5.1.4 Statistical analysis 

We calculate the annual prevalence of antiseizure medication prescribing for each 
calendar year. Furthermore, we calculate the proportion of pregnancies in which 
antiseizure medications were continued, discontinued, initiated, or switched. We repeated 

this analysis specifically among women prescribed valproate. 

Finally, logistic regression was employed to investigate factors associated with antiseizure 
medication pre-pregnancy discontinuation or late discontinuation during pregnancy, 
adjusting for pregnancy year. These factors included maternal age, ethnicity, social 
deprivation, smoking, body mass index, records noting alcohol problems, general practice 

consultation frequency in the year prior to pregnancy start, co-prescription of 
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antidepressants and antipsychotics in the year prior to pregnancy, estimated gravidity, 

illicit drug use, number of hospitalizations in the year before pregnancy, number of seizures 
in the year before pregnancy, antiseizure medication dose in the first trimester, and 
specific antiseizure medications. We addressed the issue of women contributing multiple 
pregnancies by utilizing cluster–robust standard errors. There was missing data for 
ethnicity, body mass index, and smoking. Given that these data are likely missing not at 

random, we conducted a complete case analysis. 

5.2 Study II 

We conducted two harmonized cohort studies based on electronic health records from 
the UK (1995-2018) and Sweden (1995-2020) and combined these using meta-analysis. 
Specifically, the protocols, definitions, processing, and analysis were harmonized across 

countries, and we pooled the two cohorts using fixed-effects meta-analysis. 

5.2.1 Data sources 

In the UK, and as in Study I, we used primary care data from CPRD GOLD116 with linkage to 
the CPRD Pregnancy Register117, the CPRD Mother-Baby link, the Hospital Episode Statistics 
database (including admitted patient care, outpatient, and accident and emergency data), 
Office for National Statistics death certificate data and Index of Multiple Deprivation data. 
In Sweden, we used the Swedish Developmental Origins of Health and Disease cohort, 
which is a registry study linking several national electronic data sources encompassing 

perinatal care, inpatient care, and specialized outpatient care (from 2005- onwards) 

throughout the entire country. 

5.2.2 Study population 

In the UK, we included all liveborn children in the pregnancy register born between January 
1, 1995, and December 31, 2018 (followed until July 20, 2021) who were linked to maternal 
information through the "mother-baby link". Additionally, as in Study I, we required "up to 
standard" data for a minimum of 365 consecutive days before pregnancy, and they 
needed to remain registered until the end of their pregnancy. In Sweden, we included all 

liveborn children born between July 1, 1995, and December 31, 2020 (followed until 
December 31, 2021). Unique personal identifiers were used to link mothers and babies, and 
no selection filter was applied due to the high quality of the linkage (the Swedish Medical 
Birth Register covers 98% of all pregnancies in Sweden119). The final analytical cohort 

consisted of 518,047 children in the UK and 2,666,272 children in Sweden. 

5.2.3 Exposure: maternal antiseizure medication 

Our primary exposure was specific antiseizure medications at any time during the 
pregnancy period. In the UK, we identified prescriptions from primary care records that 
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either started or ended at any time during pregnancy or, in theory, spanned the entire 

pregnancy (see Study I). In Sweden, we identified self-reported maternal use of 
antiseizure medications during pregnancy between 1995 and 2019 from the Medical Birth 
Register, which contains detailed pregnancy and delivery information on virtually all 
deliveries in Sweden119. Early drug exposure information was prospectively collected during 
the first antenatal visit (typically occurring at 8-10 weeks of gestation), where midwives 

conducted structured interviews and examinations, recording any use of medications. 
Additional medication use throughout pregnancy is documented by the midwife and 
doctor within antenatal records. These data are later translated into Anatomical 
Therapeutic Chemical codes by the National Board of Health and Welfare. From July 1, 
2005, we supplemented these data with the Prescribed Drug Register, covering all 

prescription dispensations in Sweden. 

5.2.4 Outcome: offspring neurodevelopmental conditions 

We defined the diagnoses of autism, ADHD, and intellectual disability as our primary 
outcome measures. In the UK, diagnoses were obtained from primary care records using 
Read codes for all patients and from inpatient and outpatient Hospital Episode Statistics 
using International Classification of Diseases (ICD)-10 codes where data linkage was 
available. In Sweden, inpatient and specialized outpatient diagnoses were obtained using 
ICD-9 and 10 codes from the National Patient Registry. To further identify cases of ADHD, 
we also incorporated prescription information on licensed ADHD medications (recorded 

using Anatomical Therapeutic Chemical codes at both sites), including methylphenidate, 

dexamfetamine, lisdexamfetamine, and atomoxetine. 

5.2.5 Covariates 

The putative confounders included in the adjusted analyses comprised characteristics 
suspected or known to be associated with antiseizure medications during pregnancy and 
neurodevelopmental conditions in offspring. These covariates encompassed maternal 
characteristics, including the presumed indication for antiseizure medication use 
(including epilepsy, psychiatric, and somatic conditions), age at the birth of the child, 

residential region, evidence of hazardous drinking or illicit drug use during pregnancy, 
gravidity, health care utilization, and seizure events in the year before pregnancy, use of 
antipsychotics and antidepressants in the year before pregnancy, and vomiting or 
antiemetic prescriptions during pregnancy. In the UK, we controlled for the Index of 
Multiple Deprivation quintiles, while in Sweden, household disposable income (quintile) and 

the highest household education (categories) were utilized as proxies for socioeconomic 
position. We further adjusted for the year of birth to account for changes in prescribing 

practices and neurodevelopmental diagnoses over time.  
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5.2.6 Main analysis 

We describe the distribution of maternal characteristics at each site, stratified by any 
antiseizure medication exposure status during pregnancy. We estimate the unadjusted 
and adjusted ORs (and 95% CIs) for each offspring neurodevelopmental condition 
associated with each antiseizure medication during pregnancy using logistic regression 
with cluster-robust standard errors (to account for clustering of children within families) at 
each site separately. To improve clinical interpretability and shed light on the baseline risk 

of neurodevelopmental conditions in these populations, we also calculate the absolute 
adjusted risk from these models (formally, the counterfactual marginal probability). We 

pool all results across sites using fixed-effects meta-analysis. 

5.2.6.1 Secondary analysis 

We performed two additional analyses to investigate whether the associations we 
detected were causal and clinically relevant: 1) We employ sibling analysis to account for 
unobserved genetic and environmental factors shared between siblings87. We employ 
conditional logistic regression with cluster-robust standard errors at each site and pool 

these results using fixed-effects meta-analysis. 2) We use lamotrigine as an active 
comparator, which is typically considered the safest antiseizure medication. This aids 
clinical interpretability as it provides a more relevant treatment reference; no antiseizure 
medication use is often not a realistic alternative for patients prescribed antiseizure 

medication. 

5.3 Study III 

In this study, we triangulate the relationships between epilepsy and (neuro)psychiatric 
conditions. First, using Swedish health registers, we characterize the rate of comorbidity of 
different psychiatric conditions in people diagnosed with epilepsy. Second, we investigate 
whether any comorbidities can be attributed to a shared underlying genetic architecture 

by assessing genetic correlation through cross-trait linkage disequilibrium score 
regression120,121. Finally, we examine the possibility of bidirectional effects using Mendelian 

randomization, also exploring the direction of effects70. 

5.3.1 Swedish population-based registries 

To estimate the population-level co-occurrence of epilepsy and psychiatric conditions we 
derived a nationwide cohort of 7,628,495 individuals born between 1954 and 2011 from the 
Swedish population registries. Using the Total Population Registry and the National Patient 
Registry (initiation 1969, end of follow-up 2016) we collected information on vital statistics, 

immigration status (born in Sweden or outside Sweden), birth year, and any inpatient 
diagnosis (and specialized outpatient after 1997) of the investigated psychiatric conditions 
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and epilepsy (recorded using ICD 8/9/10 codes). We also identified quintiles of disposable 

income for each year between 1968 and 2016 and retained the highest quintile obtained 
throughout life from the Income and Taxation registry, which we conceptualized both as a 
socioeconomic proxy and as a measure of resilience to morbidity manifestation. Those 
born after 1996 with missing values of disposable income were designated as a distinct 

category, as they were probably too young to have accumulated any disposable income.  

The National Patient Registry records the date of diagnosis and not the date of onset. We 
therefore focused solely on estimating the lifetime comorbidity of epilepsy and 

psychiatric disorders in a national population.  

5.3.1.1 Statistical methods 

We used logistic regression to estimate the crude and conditional OR and 95% CI of a 
lifetime diagnosis of psychiatric conditions among individuals ever diagnosed with 

epilepsy (N=94,435), as compared to those never diagnosed (N=7,534,060), controlling for 
birth year, sex, highest achieved disposable income, and immigration status. We also 
estimated the crude and counterfactual probability of the outcomes (holding all 
covariates at their initial value). We hereafter refer to this quantity as the adjusted lifetime 
prevalence, as it captures the estimated prevalence among those with epilepsy if they 
were experiencing the same covariate distribution as those without epilepsy, and vice 

versa. In the primary analysis, we did not separate types of epilepsy as it is often not well 
characterized in the National Patient Registry, and because many people with epilepsy 
often have multiple seizure types. However, in a complementary analysis, we classified 
individuals based on the most recent instance where they received either a focal 
(N=24,430, 25.9%) or generalized epilepsy diagnosis (N=19,199, 20.3%), although some 

individuals remained uncharacterized (either unspecific [N=32,468, 34.4%] or never coded 
with sufficient detail [N=18,079, 19.1%]). We chose not to classify 259 (0.3%) individuals who 
were discharged with both focal and generalized ICD codes on their most recent visit. In 
principle, there should be no missing in the analyzed variables (reporting mandated by 
Swedish law). However, there was some missing data in disposable income (≈3%), and we 

treated these as a distinct income category. 

5.3.2 Genome-wide associations data sources and phenotypes 

We retrieved summary statistics from the, to date, largest European ancestry GWAS of 
epilepsy performed by the ILAE Consortium on Complex Epilepsies76. In brief, all epilepsy 
cases were classified according to the ILAE standard, and all phenotypes were assessed 
by epilepsy specialists at each individual site. Controls (persons without epilepsy) were 
derived from available population-based datasets within the Consortium on Complex 
Epilepsies, and partially screened for the presence of neurological conditions. Extended 
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phenotypic information is available in the original publication76. To reduce bias from 

population stratification, we limited our investigation to the European ancestry sample, 
identified using principal component analysis in the original GWAS76. Given the phenotypic 
and genetic heterogeneity of epilepsies we retrieved summary statistics separately for 
epilepsy (any type) (N cases = 27,559), focal epilepsies (N cases = 14,939), and genetic 
generalized epilepsies (N cases = 6,952) (see Table 2), per diagnoses of epilepsy 

specialists in the original GWAS76. 

We then extracted summary statistics from European ancestry GWAS of commonly 
studied psychiatric comorbidities of epilepsy (Table 2). These included GWAS of anorexia 
nervosa,122 anxiety,123 ADHD,124 autism,77 bipolar disorder,125 depression,126 intelligence,127 

obsessive-compulsive disorder,128 schizophrenia,129 suicide attempts130 and tic-disorders 
(Tourette syndrome)131. A detailed description of the phenotypes and GWAS analyses can 

be found in the original publications77,122-131. 
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5.3.3 Genetic correlations – cross-trait linkage disequilibrium score regression 

To quantify the genetic correlation between epilepsy and its psychiatric comorbidities 
we employed cross-trait linkage disequilibrium score regression (LDSC).120,121 LDSC 
leverages the pattern of linkage disequilibrium among common genetic variants to 
estimate the genetic correlation across phenotypes.121 We obtained precomputed 

linkage disequilibrium scores based on the 1000 Genomes Project European reference 
panel. We estimated the LDSC with an unconstrained intercept to allow for sample 
overlap and population stratification. Univariate LDSC criteria for consistent estimation 
appeared to be generally satisfied (heritability Z-score>1.5, mean χ2>1.02, single-
nucleotide polymorphism heritability intercept 0.9 to 1.1).132 A Bonferroni correction of 

11×3 tests was applied for the genetic correlation analysis (α=0.001515). 

5.3.4 Mendelian Randomization 

To assess the potential effect of epilepsy on psychiatric conditions, and these 
conditions on epilepsy, we employed bidirectional two-sample Mendelian 
Randomization. In two-sample Mendelian Randomization, the single nucleotide 
polymorphisms (SNP)-exposure and SNP-outcome estimates are extracted from two 
independent GWAS's of the same underlying population.72 In bidirectional Mendelian 
Randomization, the procedure is repeated in both postulated directions in separate 

analyses.  

To derive instruments for our Mendelian Randomization analyses, we pooled the 
exposure and outcome GWAS data and excluded any non-overlapping SNPs. To retain 
the greatest number of SNPs we repeated this procedure for each psychiatric GWAS 

separately. From these datasets, we then extracted all variants with a p-value<5×10−06, a 
threshold employed to maximize power. This inclusive approach may, under some 
scenarios, lead to a conservative estimate in two-sample Mendelian Randomization 
because of weak instruments (so-called weak instrument bias) – assuming the absence 
of sample overlap between GWASs. The same p-value threshold has previously been 

employed in the study of psychiatric phenotypes133. The identified variants were 
clumped using PLINK Linkage Disequilibrium-clumping, with an R2<0.01 and a 10 000 kb 
window, based on the 1000 Genome European phase 3 reference panel. SNPs from the 
epilepsy GWAS were then extracted from the GWAS of each outcome and harmonized 

to ensure that effect estimates were expressed on the same allele134. 

As the primary analysis, we employed the Inverse-Variance Weighted (IVW) method, 
which estimates the causal effect under the assumption that all instruments are valid 
instruments.72 Specifically, the IVW method is the ratio of the SNP-exposure and SNP-
outcome associations weighted by their relative precision. Since the assumptions of 

IVW are strong135 (e.g., no horizontal pleiotropy), we performed a series of standard 
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sensitivity analyses to assess the robustness of the IVW estimates. A Bonferroni 

correction of 11×3×2 tests was applied for the Mendelian randomization (α=0.00075758). 

5.4 Study IV 

In this study we provide a description of bias amplification under indication-based 
sampling, which we highlight using simulations of varying levels of confounding and 

applied examples from pharmacoepidemiology, overall and in relation to effect-
heterogeneity. To guide applied analysts, we contrast the amount of bias amplification 
under indication-based sampling to that of standard regression adjustment in an 

unrestricted sample.  

5.4.1 Theoretical framework 

Indication-based sampling is a procedure commonly performed in 
pharmacoepidemiology where one selects a cohort of individuals with an indication for 
drug use, and sometimes the absence of contraindication, either from a larger data 

frame (e.g., electronic health/medical records data)136-139 or by enrolling participants into 
a primary cohort.47 Such an approach is sometimes colloquially referred to as restriction 
or stratification, here we coin the term indication-based sampling to emphasize its 
orientation around drug indication. The motivation for performing indication-based 
sampling is often to make individuals exposed and unexposed to the drug under study 

near-identical regarding the indication (exchangeable), thereby reducing the potential 

for confounding by indication. 

As such, using indication-based sampling, researchers aim to ensure a perfect balance 
on a key determinant of drug use. We must then ask ourselves, however – why are some 

individuals with the indication using the drug? And why are some not? There must be a 
factor(s) that drive this difference, assuming it is not purely stochastic. If the factor(s) 
has some independent effect on the outcome (i.e., meet the criteria of a classic 
confounder), the researchers will have unwittingly amplified its potential to bias the 
drug-outcome association as the exposed and unexposed are more likely to be 

discordant on it. In other words, by removing the information in the exposure that is 
explained by the indication, we amplify the influence of other, potentially unknown 
factors, that influence the exposure and potentially the outcome. Such a phenomenon is 
known as bias amplification.102 Importantly, this phenomenon occurs even if the 
indication for drug use is a classic confounder.102 That is, the bias amplification potential 

of selection on the indication is independent of the confounding originating from the 
indication. In fact, this amplified bias may distort associations between treatment and 
outcome to a larger extent than confounding by indication itself. This is particularly true 
when the unobserved confounding of the treatment and the outcome outweighs the 
confounding from indication, as one might expect in studies where the outcome is 

unintended.   
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The bias from indication-based sampling can be appreciated if one conceptualizes 

indication as an IV (i.e., a factor that has a causal effect on the exposure and that does 
not influence the outcome of interest except via the exposure). Specifically, it is possible 
to conceptualize drug indication as an instrumental variable (Z) of the exposure (Figure 
6), regardless of whether it is a perfect instrumental variable or not. It has been 
demonstrated in theoretical work102-107 and reiterated in epidemiological literature,2,140-143 

that conditioning on IVs induces bias amplification of unobserved confounders (U). That 
is, the bias from U on the exposure-outcome association becomes amplified. 
Importantly, bias amplification will arise in all circumstances where one condition on an 
IV in the presence of an unobserved confounder, irrespective of whether a stratification, 
weighting, matching, regression, or propensity score-based approach is used. It has 

been further shown that this is true even when the IV has some non-zero effect on the 
outcome of interest (a so-called "Near-IV"140), making them indistinguishable from 

informal definitions of confounders (Figure 3). 

Pearl102 provides an intuitive description of bias amplification under the same directed 

acyclic graph as in Figure 6. According to Pearl, if we allow Z (the indication) to vary 
freely, Z will explain some of the differences in X (drug use). However, if we constrain Z=z, 
a larger share of the variation in X must be due to U (an unmeasured confounder). As 
such, we are now under maximized confounding from U. In other words, part of the 
difference in drug use will be due to indication and some will be due to the unmeasured 

confounder. If we remove the influence of the indication through indication-based 
sampling, we increase the share of variation in drug use that is explained by the 
unobserved confounder – maximizing its potential to bias our estimate. Yielding an 
answer to our initial question: why are some individuals using the drug? Simply because 

they differentially experience the confounder under indication-based sampling. 

It is also possible to reason about bias amplification from a collider perspective.144 
Specifically, drug use (X) is a collider because of the effect of the indication (Z) and the 
unmeasured confounder (U) on drug use. When attempting to estimate the causal 
effect of drug use on the outcome we condition on drug use (e.g., by fitting a regression 

model). However, drug use is a collider, and we thus induce a correlation between the 
indication and the unmeasured confounder. This induced bias is smaller in magnitude 
and in the opposite direction of the original confounding from the unmeasured 
confounder. When conditioning on indication we are removing such offsetting collider 
bias. This, in turn, leads to a net bias which is greater than had we not conditioned on 

indication. We refer the readers to Wyss et al. 144 for an elegant description of how bias 
amplification arises due to offsetting effects under collider stratification. Importantly, 
this offsetting collider mechanism is invariant of the indication's possible influence on 
the outcome. As such, this bias mechanism is present independently of whether or not 
the indication qualifies as a classic confounder, leading to the conclusion that the 



 

34 

offsetting collider bias should be weighed against the possible confounding introduced 

by the indication.102 

 

Figure 6. A directed acyclic graph illustrating Z (drug indication) as a "near-IV" of X (drug use) and 
demonstrating X as a collider of Z and U (an unobserved confounder). 

5.4.2 A hypothetical real-world example: Statins and lung cancer 

We consider a hypothetical real-world example of the causal structure in Figure 6, 
where the confounding by indication from a measured indication (Z) pales in 
comparison to an unobserved confounder (U), resulting in a great amount of bias 

amplification.  

We want to study the effect of statin use (X) on incident lung cancer (Y), as others have 
done145, using Swedish registries. We have a clinical interest in the patient population 
with familial hypercholesterolemia (Z), an autosomal dominantly inherited disorder 

resulting in elevated low-density lipoprotein cholesterol for which statins are indicated. 
Patients diagnosed with familial hypercholesterolemia are typically treated with high 
doses of high-intensity statins or the maximum tolerated dose.146 Therefore, we perform 
indication-based sampling and only study those with a recorded diagnosis of familial 
hypercholesterolemia (Z=1). Unfortunately, as is often the case when using electronic 

health databases, we have no information on smoking (U) – a strong confounder in our 

relationship of interest. 

Given that we are performing our study in Sweden, we expect the baseline risk of lung 
cancer to be 1 per 1 000 person-years (approximately the rate in adult Swedes147), statin 

use to have a prevalence of ~15% (approximately the use among adult Stockholmers101) 
and smoking to have a prevalence of ~10% (approximately the percent smokers among 
adult Swedes148). Familial hypercholesterolemia has a prevalence of ~1:200 and statin 
use has been reported to be ~50% in clinical cohorts of this population (therefore, 
Relative Risk [RR]: Z→X=3.33).149 For simplicity, we will assume that those with familial 

hypercholesterolemia smoke at the same rate as the general population of Sweden. As 
the indication is genetic, we assume that there is no effect of any confounder on the 
indication (RR: U→Z=1) – just as in Figure 6. We have limited a priori reason to believe 
that the indication affects lung cancer incidence (beyond that of through the postulated 
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effect of statins). Nonetheless, we will assume that there may exist some weak 

independent effect (RR: Z→Y=1.30), as certain studies have implicated low-density 
lipoprotein cholesterol in cancer incidence. Therefore, we have some confounding by 
indication. Furthermore, we know that smoking has a strong effect on lung cancer (RR: 
U→Y=10), and we know that smokers are more likely to develop arteriosclerosis and thus 
receive statins (U→X=1.75). For this hypothetical scenario, there exists no true effect of 

statins on the outcome (RR: X→Y=1) – as is also supported by recent work on statins and 
non-small-cell lung cancer.145 For computational speed and ease of interpretation, we 
analyze the example using a modified Poisson regression, but the example is largely 

model invariant. 

5.4.3 Simulations of bias amplification 

Considering that potential bias amplification is dependent on the magnitude of different 
relationships in a causal system, we performed simulations with different scenarios 
under the directed acyclic graphs above (Figure 6). Specifically, we perform simulations 

of scenarios with varying 1) effect of Z on Y, 2) effect of U on Y, and 3) prevalence of Z 
and U. Scenario one examines the effect of Z on Y as the primary driver of confounding 
by indication (seeing as Z→X is a priori known to be strong), scenario two reflects the 
weighing of amplification concerns against confounding control of Z, and scenario three 
examines the impact of sample size as potentially compromised by indication-based 

sampling and the relevance of Z and U as their influence is minimized at the extremes of 

prevalence (i.e., 0% prevalence or 100% prevalence).  

Except under the scenario where we vary the relevant parameter, we simulate our 
datasets so that there exists a great effect of the indication on drug use (RR Z→X=10), no 

effect of the drug on the outcome (RR X→Y=1), no direct effect of the indication on the 
outcome (RR Z→Y=1), and modest confounding from U on the drug-outcome 
relationship (RR U→X=1.5 and U→Y=1.5). Except in the simulation where we vary the 
prevalence, we simulate the data so that drug use has a baseline prevalence of 5%, the 
outcome has a baseline risk of 1%, and both the indication and the confounder have a 

prevalence of 50%. In favor of simplicity, we assume that there are no other sources of 
systematic bias than confounding and the arising amplification (e.g., no measurement 

error or selection bias). 

For each scenario, we simulated K=1 000 datasets, each with a sample size of N=1 000 

000. In each dataset, we fit a modified Poisson regression. We then obtained the 
arithmetic mean of the coefficients and 95% CI upper and lower bounds over the 
datasets. As a measure of intra-scenario variability, we obtained the standard deviation 
of the coefficients over the K datasets (i.e., the Monte Carlo error on log[RR] scale). To 
ease interpretability, we exponentiated the obtained mean coefficients to relative risks 

and their corresponding 95% CI. 
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5.5 Study V 

In this study, we describe the conditional logistic regression and stratified Cox 
regression as traditional models for binary and time-to-event sibling analysis. We then 

outline the between-within framework and its marginalized form, illustrating how one can 
reformulate conditional logistic regression and stratified Cox regressions using the 
marginalized between-within framework. Ultimately, we showcase how the approach 
enables the estimation of absolute and clinically informative measures while 

simultaneously accounting for shared familial factors. 

5.5.1 Traditional models for sibling analysis 

The most widely used binary outcome model in epidemiology is logistic regression, 
typically employed as conditional logistic regression in sibling analysis: 

𝑃(𝑌𝑖𝑗|𝑋𝑖𝑗, 𝑍𝑖𝑗) =
𝑒𝑥𝑝(𝛼𝑗 + 𝛽1𝑋𝑖𝑗 + 𝛽2𝑍𝑖𝑗)

1 + 𝑒𝑥𝑝(𝛼𝑗 + 𝛽1𝑋𝑖𝑗 + 𝛽2𝑍𝑖𝑗)
 

Where 𝑃(𝑌𝑖𝑗|𝑋𝑖𝑗 , 𝑍𝑖𝑗) is the conditional probability of the outcome of the ith individual 

from the jth family, 𝛼𝑗 is the intercept of the 𝑙𝑜𝑔(𝑜𝑑𝑑𝑠) for each cluster (family), 𝑒xp(𝛽1) is 

the OR of the outcome associated with a 1 unit increase in the exposure (𝑋) conditional 
on family-shared factors, and 𝑍𝑖𝑗 a measured confounder that varies between siblings. 

While this model is straightforward to implement in most statistical software (e.g., clogit 
in Stata), it is complicated by the fact that 𝛼𝑗 is a local intercept per cluster. This makes 

it difficult to estimate absolute measures and, therefore, also difficult to estimate 

clinically useful measures (e.g., the number needed to treat). 

The most widely used survival model in epidemiology is the Cox proportional hazards 
model150, which can be used for sibling analysis by formulating it as a stratified Cox 

regression: 

𝑙𝑜𝑔(𝜆𝑖𝑗[𝑡|𝑋𝑖𝑗, 𝑍𝑖𝑗])  = 𝑙𝑜𝑔(𝜆0𝑗[𝑡])  + 𝛽1𝑋𝑖𝑗 + 𝛽2𝑍𝑖𝑗 

Where 𝜆𝑖𝑗(𝑡|𝑋𝑖𝑗)  is the conditional hazard function, which is related to the survival 

function by 𝑆𝑖𝑗(𝑡) = 𝑒𝑥𝑝(−𝜆𝑖𝑗(𝑡|𝑋𝑖𝑗)), and 𝜆0𝑗(𝑡) is the family-specific baseline hazard 

that absorbs the family-level confounding. In Cox regression, the baseline hazard 
cancels out, and we retain 𝑒𝑥𝑝(𝛽1) which is the hazard ratio of the outcome associated 

with a 1 unit increase in the exposure (𝑋) conditional on family-shared factors. 

5.5.2 The Between-Within framework 

Unlike conditional logistic regression and stratified Cox regression, the between-within 
framework actively decomposes the causal effect (within-effect) from the shared-

family effect (between-effect). The conditional between-within model can be 

formulated as: 
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𝑔[𝑌𝑖𝑗|𝑋𝑖𝑗, 𝑍𝑖𝑗 , �̅�𝑗 , �̅�𝑗] = 𝛼𝑗 + 𝛽1𝑋𝑖𝑗 + 𝜃1�̅�𝑗 + 𝛽2𝑍𝑖𝑗 + 𝜃2�̅�𝑗  

Where �̅�𝑗 and �̅�𝑗 represents the jth family’s average of the exposure and non-shared 

confounder, 𝛼𝑗 is the jth family’s intercept, and 𝑔 some link function. The latter is 

assumed to have a normal distribution with constant mean μ and variance σ2. Under this 
model, 𝛽1 represents the association between the outcome and a 1-unit increase in the 
exposure, controlling for the observed confounder Z and all family-shared factors (e.g., 
family confounders). This is often referred to as the within-effect. In contrast, 𝜃1�̅�𝑗 and 

𝜃2Z̅𝑗 absorb the family-level confounding, which is sometimes referred to as the 

between-effect(s). Unfortunately, estimating 𝛼𝑗 (sometimes referred to as shared frailty) 

is computationally intensive and can result in unstable estimates.87,115 Therefore, it is 

useful to instead formulate a marginal between-within model89 as: 

𝑔[𝑌𝑖𝑗|𝑋𝑖𝑗, 𝑍𝑖𝑗 , �̅�𝑗, �̅�𝑗] = 𝛼 + 𝛽1𝑋𝑖𝑗 + 𝜃1�̅�𝑗 + 𝛽2𝑍𝑖𝑗 + 𝜃2�̅�𝑗 

Where 𝛼 represents a fixed intercept that is common to all clusters. The marginal 
between-within model can be conceptualized as an approximation to the conditional 
between-within model,115 although they are not strictly the same. One important 

difference between them is that the marginal between-within model also circumvents 
some of the generalizability problems of sibling analysis that may arise when only 
discordant sibling pairs contribute to the model.89 However, the marginal between-
within model will be equal to the conditional between-within model if the variance in 𝛼𝑗 

is small89 and there is no selection bias due to discordance.115 

5.5.3 Applied example: Maternal Smoking and Infant Mortality 

To illustrate the utility of the marginal between-within framework, we employ it to 
examine the association between maternal smoking and infant mortality. Despite the 
well-established dangers of maternal smoking151, confounding shared among siblings, 
such as maternal morbidity and socioeconomic factors, may affect both maternal 

smoking and infant mortality. To address this, sibling analysis could be employed.  

We identified all live-born children born between 1980 and 2020 with recorded 
maternal smoking status at the first antenatal visit (self-reported), using the Swedish 
Medical Birth Registry. From this cohort, we identify 2,820,308 children who had a full 
sibling born during the same period, originating from 1,215,626 families. We linked these 

individuals to the Swedish Cause of Death registry to determine any recorded date of 
death and define the follow-up period as the time from birth until one year of age, death, 
or December 31st, 2021, whichever came first. Between 1980 and 2020, we observed 
9,573 infant deaths (0.34%). Of the 2,820,308 children, 3,229 were exposure and 
outcome discordant. For simplicity, we will analyze this example as both a binary 

outcome and a time-to-event outcome. To do this we employ the marginalized 
between-within analog of logistic regression and stratified Cox regression. In all models, 
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we employ cluster-robust errors to account for the correlated nature of the 

observations. 

6 Results 
The results section is organized based on the sub-studies, providing concise summaries 
of what I perceive as the most compelling findings. A full description of all the results is 
included in each manuscript attached at the end. For an overarching summary of the 

totality of the findings, I recommend referring to the initial section of the discussion. 

6.1 Study I 

In this study, we describe the patterns of antiseizure medication prescription in 
pregnancy (i.e. continuation, discontinuation, initiation) in the UK, generally and across 
different indications, and identify potential associations with discontinuation, using the 

CPRD. 

The prevalence of antiseizure medication prescriptions during pregnancies increased 
from 0.5% in 1995 to 1.6% in 2018 (a relative increase of 250%). This increase was 
primarily attributed to non-epileptic conditions, notably bipolar disorder. A higher 
proportion of women using antiseizure medications had a recorded psychiatric 
diagnosis (66%) compared to those identified with epilepsy (62.5%). This could be 

attributed to the database's primary care focus but may have implications for drug 
safety analysis using the database. The discontinuation pattern of antiseizure 
medications during pregnancy also varied based on indications, with a notably higher 

discontinuation rate among women with bipolar disorder compared to epilepsy. 

Discontinuing antiseizure medications was most prevalent in the second trimester. 
Among women who used valproate during pregnancy, discontinuation was infrequent. 
However, since 2015, no instances of valproate initiation during pregnancy were 

recorded in CPRD, signaling a change in prescribing patterns. 

Several demographic characteristics were associated with discontinuing rather than 
continuing antiseizure medications. Factors such as age ≥35 years (OR 1.20, 95% CI 1.01 
to 1.42), mixed ethnicity (OR 3.10, 95% CI 1.11 to 8.70), being in the most deprived quintile 
according to the Index of Multiple Deprivation (OR 1.47, 95% CI 1.21 to 1.80), and having 

lower parity (e.g., second pregnancy OR 0.70, 95% CI 0.61 to 0.81) were all linked to 

discontinuation of antiseizure medications during pregnancy. 

These findings collectively contribute valuable insights into the complex landscape of 

antiseizure medication use during pregnancy. 
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6.2 Study II 

In this study we attempt to estimate the causal effect of different antiseizure 
medications during pregnancy on offspring autism, ADHD, and intellectual disability, 

using the CPRD and Swedish registries. 

6.2.1.1 Descriptive statistics 

Among the 3,182,776 participants, 17,240 were exposed to antiseizure medications. 
antiseizure medication users had more health care visits, co-prescription of 
antidepressants and antipsychotics, and were more likely to give birth in more recent 
years. Out of 3,182,776 children, 78,442 were diagnosed with autism, 155,329 were 

diagnosed with ADHD, and 26,787 were diagnosed with intellectual disability. 

There were differences in the covariate distributions between the CPRD and the 
Swedish registries, highlighting the opportunity for cross-country triangulation. For 
example, more women in the UK had an identifiable indication (11% vs 2.6% of antiseizure 
medication users had no identifiable indication in Sweden and the UK respectively), and 
Sweden had more women with a before-pregnancy seizure diagnosis (18.3% vs 7.2% 

among antiseizure medication users in Sweden and UK respectively). 

6.2.1.2 Antiseizure medication use and offspring neurodevelopmental conditions 

At an average age of 12 years, and after adjusting for differences in covariates between 
children unexposed and exposed to antiseizure medications in utero, the expected 
absolute risks of autism, ADHD, and intellectual disabilities were 1.50% (95% CI: 1.48 to 
1.52), 1.03% (95% CI: 0.99 to 1.08), and 0.53% (95% CI: 0.51 to 0.54), respectively, for 
children unexposed to antiseizure medications. In contrast, children exposed to 
antiseizure medications had an expected absolute risk of autism, ADHD, and intellectual 

disabilities of 1.79% (95% CI: 1.63 to 1.97), 1.62% (95% CI: 1.48 to 1.78), and 0.77% (95% CI: 

0.67 to 0.89) (Figure 7).  

Children exposed to valproate and carbamazepine were more likely to be diagnosed 

with autism (OR 1.97, 95% CI: 1.64 to 2.37 & 1.29, 95% CI: 1.16 to 1.89, respectively), 
intellectual disability (OR 2.80, 95% CI: 2.20 to 3.56 & 1.48, 95% CI: 1.16 to 1.89, 
respectively), and ADHD (OR 1.36, 95% CI: 1.15 to 1.62 & 1.16, 95% CI: 1.01 to 1.34, 
respectively). Similarly, children exposed to topiramate were more frequently diagnosed 
with autism (OR 1.61, 95% CI: 1.09 to 2.39) and intellectual disability (OR 3.21, 95% CI: 1.97 

to 5.21), and children exposed to levetiracetam were more likely to be diagnosed with 
autism (OR 1.39, 95% CI: 1.01 to 1.92) and intellectual disability (OR 1.47, 95% CI: 0.90 to 
2.41), although there were some uncertainties in these estimates. Conversely, children 
exposed to lamotrigine, pregabalin, and gabapentin were not more likely to be 
diagnosed with neurodevelopmental conditions, as compared to children not exposed 

to antiseizure medications. 
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6.2.1.3 Sibling analysis and active comparator 

Comparing each drug to lamotrigine reinforced that carbamazepine, topiramate, and 
valproate are associated with neurodevelopmental conditions in offspring (Table 3). 
Levetiracetam use during pregnancy was associated with a higher likelihood of offspring 
autism as compared to lamotrigine (OR 1.43, 95% CI: 0.96 to 2.11), but the confidence 

interval included the null. 

Children exposed to antiseizure medications as a class of drugs exhibited similar rates 
of neurodevelopmental conditions after accounting for unobserved environmental and 
genetic factors shared among siblings (Table 3). However, children exposed to 

topiramate were still more likely to be diagnosed with autism (OR 3.61, 95% CI: 1.29 to 
10.07), although this sibling analysis could only be performed in Sweden. Similarly, 
children exposed to valproate were more likely to be diagnosed with intellectual 
disability (OR 2.26, 95% CI: 0.98 to 5.21), although the confidence interval did not 
exclude the null. These findings should be interpreted with caution as they have less 

statistical power than the main analysis, but they highlight the influence of unobserved 

environmental and genetic confounders. 

Figure 7. Absolute risk (%) of offspring neurodevelopmental conditions by antiseizure medication 
prescription during pregnancy at an average age of 12 years. Pooled estimates across UK and Sweden 
using fixed-effects meta-analysis and adjusted for all covariates. Gray lines indicate 95% confidence 
intervals. 
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6.3 Study III 

In this study, we investigate an alternative explanation for the associations between 
antiseizure medications in pregnancy and offspring neurodevelopmental conditions. 
Specifically, we consider the possibility that epilepsy naturally co-occurs with these 
conditions, potentially explaining the observed relationship. To address this, we formally 
quantify the rate of comorbidity using Swedish registry data, estimate the cross-trait 
genetic correlation in common genetic variants, and explore potential bidirectional 

causal effects between epilepsy and various (neuro)psychiatric conditions using two-

sample Mendelian Randomization. 

6.3.1.1 Rate of comorbidity in Sweden 

We found that there was substantial psychiatric morbidity among people with epilepsy. 
Almost half of all individuals diagnosed with epilepsy were also diagnosed with a 
(neuro)psychiatric condition in their lifetime (adjusted lifetime prevalence [%] 44.1, 95% 
CI 43.8 to 44.4), as compared to 15.5% among those with no diagnosis of epilepsy 

(Adjusted lifetime prevalence [%] 15.5, 95% CI 15.5 to 15.5). 

The greatest relative co-occurrence was observed for autism (OR 6.1, 95% CI 5.9 to 6.3) 
and intellectual disability (Table 4). Intellectual disability was twenty-seven times more 
common among those with epilepsy (adjusted lifetime prevalence [%] 11.1, 95% CI 10.9 to 

11.3; OR 27.5, 95% CI 26.9 to 28.1), as compared to those not diagnosed with epilepsy 

(adjusted lifetime prevalence [%] 0.5, 95% CI 0.5 to 0.5). 

The lifetime comorbidity seemed to not vary much between men and women, or 

between focal and generalized epilepsy, and was not limited to recent birth cohorts. 

6.3.1.2 Cross-trait genetic correlation in common genetic variants 

We observed a positive genetic correlation between epilepsy and ADHD (rg=0.18, 95% CI 
0.09 to 0.27, p-value=1.29×10−4) (Figure 8). This genetic correlation between epilepsy and 
ADHD was more pronounced for focal epilepsy (rg=0.23, 95% CI 0.09 to 0.36, p-
value=7.99×10−4). Furthermore, we identified a negative genetic correlation between 

epilepsy and intelligence (rg=−0.20, 95% CI −0.28 to −0.13, p-value=2.09×10−7), which was 

Table 4. Observational analysisa of epilepsy and neurodevelopmental 
conditions in Swedish registries. 
 Estimated 

lifetime prevalence 
 

Phenotype 
General 

population 
Diagnosed 

with epilepsy OR (95% CI) 

Autism 1.0% 5.5% 6.1 (5.9-6.3) 
Intellectual disability 0.5% 11.1% 27.5 (26.9-28.1) 
ADHD 2.2% 5.8% 2.8 (2.8-2.9) 
aAdjusted for birth year, sex, highest achieved disposable income, and birth country 
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also more pronounced for focal epilepsy (rg=−0.24, 95% CI −0.36 to −0.12, p-

value=7.92×10−5) (Figure 8). The negative genetic correlation between epilepsy and 
intelligence may be consistent with the observational association between epilepsy and 
intellectual disability since the scale of intelligence is inverse to intellectual disability. We 
observed modest to weak genetic correlations between the remaining psychiatric 

disorders and epilepsy, regardless of the type of epilepsy. 

6.3.1.3 Bidirectional Causal Effects using Mendelian Randomization 

In Mendelian randomization analyses, there was limited evidence of an association 
between epilepsy and any of the considered psychiatric conditions after Bonferroni 
correction. There was also limited evidence of an association between most of the 
studied psychiatric conditions and epilepsy. The exception was intelligence. Genetically 
predicted higher intelligence was associated with a lower risk of epilepsy (OR 0.89, 95% 
CI 0.85 to 0.93, p-value=1.60×10−8), as well as the focal (OR 0.88, 95% CI 0.84 to 0.92, p-
value=1.09×10−8) and generalized subtypes of epilepsy (OR 0.87, 95% CI 0.87 to 0.94, p-

value=4.53×10−4). 

The findings were mostly consistent in sensitivity analysis. The Egger intercepts did not 
suggest that the selected genes are invalid instruments through an independent effect 

on the outcome (violation of the third Mendelian Randomization assumption: exclusion 

restriction).
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6.4 Study IV 

In this study, we examine how bias amplification behaves under indication-based 
sampling. To showcase this, we begin by examining the hypothetical real-world example 

of statins and lung cancer. 

6.4.1 Hypothetical example of statins and lung cancer 

We have bias in our crude estimate (RR 1.39) (Table 5), our familial hypercholesterolemia 
conditional estimate (RR 1.39), our estimate when we select only individuals without 
familial hypercholesterolemia (RR 1.38), and our estimate when we select only individuals 
with familial hypercholesterolemia (RR 2.39) – as we would expect since we have not 

controlled for smoking. We have no bias in the estimate where we only control for 
smoking status, as familial hypercholesterolemia is rare enough to not exert any 
confounding in that analysis before the second decimal (where Z is not rare, we would 
expect to see more bias in this analysis). In all analyses using real-world available data 
(that is, not including smoking status), we would erroneously conclude that statin use 

has some effect on lung cancer. 

The crucial issue is that, even though indication-based sampling eliminates the 
confounding from familial hypercholesterolemia when only analyzing individuals with 
familial hypercholesterolemia (Z=1), it still exhibits higher bias than crude analysis (139% 

vs. 39%). This emphasizes how conditioning on a confounding variable may lead to an 
overall rise in bias. Lastly, despite the presence of confounding by indication, indication-
based sampling is more biased than a regression adjustment for familial 
hypercholesterolemia (139% vs. 39%). These findings have implications for the 
interpretation of antiseizure medication safety studies that isolate their investigation to 

epilepsy. 
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6.4.2 Simulations of bias amplification 

The findings of each simulation are reported in the manuscript152, here I summarize the 
findings briefly. 

6.4.2.1 Increasing magnitude of confounding by indication 

Because there would be more confounding by indication, one might be tempted to 
assume that indication-based sampling will be more appropriate in the presence of a 

stronger effect of the indication on the outcome (direct effect: Z→Y). However, in our 
indication-based sample analysis, the bias in our estimate of the exposure on the 
outcome solely depends on the unobserved confounder (U). The change in the effect of 
the indication on the outcome does not introduce more bias into our estimate of the 
effect of the exposure on the outcome since we have explicitly ensured that the 

exposure and the indication are independent (via indication-based sampling). 
Consequently, the unobserved confounder and any bias amplification, which is also 
constant for all indication on outcome magnitudes (direct effect: Z→Y), account for all 
residual bias in our indication-based sample. As noted in the hypothetical example of 
statins and incident lung cancer, indication-based sampling is generally more biased 

than standard regression adjustment for the indication. 

6.4.2.2 Increasing confounding from the unobserved confounder 

At all levels of the unobserved confounder (U), indication-based sampling and 
regression adjustment for indication (Z) are more biased than crude analysis when there 
is no confounding by indication (i.e., when Z is a perfect IV). This is to be expected as the 
crude analysis is biased by the unobserved confounder, but indication-based sampling 
and regression adjustment are biased by both the unobserved confounder and the 
amplification of the unobserved confounder. When there is confounding by indication, 

the crude analysis is often more biased. In particular, the methods addressing the 
indication are biased by the unobserved confounder and amplification of the 
unobserved confounder, but the crude analysis is biased by both the unobserved 
confounder and confounding by indication. Nonetheless, under our specific simulation, 
any magnitude of the unobserved confounder on the outcome (direct effect: U→Y) 
larger than an RR of approximately 3.5 will result in a larger bias in indication-based 

sampling and regression adjustment compared to crude analysis. This occurs as the 
advantage of controlling for indication does not equal the imposed amplification of the 
unobserved confounder. Regardless of the impact of the unobserved confounder on the 
outcome, and the presence of confounding by indication, indication-based sampling is 

more biased than standard regression adjustment. 
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6.4.2.3 Shifting prevalence of the indication and the unobserved confounder 

The regression-adjusted and indication-based approaches typically exhibit the highest 
degree of bias as the prevalences of the indication and the unobserved confounder 
approach 50%, irrespective of the presence or absence of confounding by indication. All 
estimates will be close to the true causal effect at the extreme tails of the prevalence 
distributions (0% vs. 100%). This happens because of exchangeability over the exposure 
when everyone experiences both the indication and the unobserved confounder, or 

nobody does. Indication-based sampling (Z=1) cannot, of course, be performed in the 
latter extreme since no one satisfies that requirement. However, when the unobserved 
confounder and the indication is rare, indication-based sampling may be dramatically 
biased. This is because there are only a limited number of people who have the 
indication (Z=1), which may lead to an inflation of chance imbalances, amplification 

magnitude, and random error. That is, the analyses are highly influenced by fluctuations 
in all bias parameters (including random noise) as we restrict to Z=1 when the prevalence 

of Z is low.  

The systematic component of bias amplification, which has an expected direction and 

magnitude based on the true relationships within a causal system (i.e., the data-
generating mechanism), differs from the random error component of amplification in 
finite samples. This scenario has implications for indication-based sampling, particularly 
in pharmacoepidemiology for indications with relatively low population prevalence, such 
as epilepsy. Notably, regression adjustment for the indication does not suffer the same 

volatility as indication-based sampling, although the model will fail to estimate the 
indication coefficient in circumstances where the indication is extremely rare (and 

positivity may be violated). 

6.5 Study V 

In this study, we outline the marginal between-within analogs of conditional logistic 
regression and stratified Cox regression. To showcase the capabilities of these models, 
we estimate the absolute risk of infant mortality among infants exposed or not exposed 
to maternal smoking in pregnancy while controlling for all factors shared between full 
siblings. Additionally, we calculate the attributable fraction and the number needed to 

harm (the number needed to treat for hazardous exposures), based on these full sibling 

models; a feature which may be useful for pharmacovigilance studies. 

6.5.1 Marginal between-within logistic regression 

Instead of the conditional logistic regression for binary sibling analysis, it is possible to 

specify a marginal between-within logistic model: 

𝑃(𝑌𝑖𝑗|𝑋𝑖𝑗 , �̅�𝑗, 𝑍𝑖𝑗 , �̅�𝑗) =
𝑒𝑥𝑝(𝛼 + 𝛽1𝑋𝑖𝑗 + 𝜃1�̅�𝑗 + 𝛽2𝑍𝑖𝑗 + 𝜃2�̅�𝑗)

1 + 𝑒𝑥𝑝(𝛼 + 𝛽1𝑋𝑖𝑗 + 𝜃1�̅�𝑗 + 𝛽2𝑍𝑖𝑗 + 𝜃2�̅�𝑗)
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With a fixed intercept 𝛼 that is common to all clusters and within (𝛽1𝑋𝑖𝑗, 𝛽2𝑍𝑖𝑗) and 

between terms (𝜃1�̅�𝑗, 𝜃2�̅�𝑗), separately. Adding within and between terms to the 

standard logistic regression transforms it into a family model115. This is useful because it 

implies that sibling analysis can be performed while avoiding the computationally heavy 
shared-frailty models (as described above). We also obtain a stable estimate of the 
intercept and can compute pertinent clinical measures with greater ease. For instance, 
we can calculate the number needed to treat, the attributable fraction, and the average 

treatment effect while simultaneously controlling for confounders at the family level. 

6.5.2 Marginal between-within Cox regression 

The challenge with the stratified Cox regression is that the baseline hazard is not directly 
estimated, making it difficult to derive the absolute occurrence of the outcome. One 

way to circumvent this is to employ a cluster-specific frailty term and assume that the 
baseline hazard has a specific functional form (as Dahlqwist et al. 111 do for the 
conditional between-within model through a gamma-Weibull shared-frailty). Another 
way is to use Breslow’s estimator of the cumulative hazard function (𝜆0(𝑡) =

∫ 𝜆0[𝑢]d𝑢
𝑡

0
)153. We can then define the marginal between-within Cox regression:  

𝑙𝑜𝑔(𝜆𝑖𝑗[𝑡|𝑋𝑖𝑗 , 𝑍𝑖𝑗 , �̅�𝑗, �̅�𝑗])  = 𝑙𝑜𝑔(𝜆0[𝑡])  + 𝛽1𝑋𝑖𝑗 + 𝜃1�̅�𝑗 + 𝛽2𝑍𝑖𝑗 + 𝜃2�̅�𝑗 

With a baseline hazard common to all clusters 𝜆0[t] and within (𝛽1, 𝛽2) and between 

terms (𝜃1, 𝜃2) separately. Like the stratified Cox regression, in its standard configuration, 

the marginal between-within Cox model assumes proportional hazards. 

The benefits of using this approach, as compared to the stratified Cox model, are 
particularly apparent when considering its clinical utility. That is, by using the marginal 

between-within Cox model, it is possible to compare the counterfactual rate through 
time 𝑡, assuming that all non-shared confounders have been controlled for. For instance, 
we can ask what the difference in the cumulative risk (1-survival) of the outcome at time 
𝑡 would be in a population where everyone is exposed (𝑋1) versus a population where 
everyone is unexposed (𝑋0), after controlling for all factors shared between siblings. The 

contrast between these two estimates is the average treatment effect. Finally, as with 
the marginal between-within logistic regression, it is possible to estimate many clinically 

informative measures when the intercept is available. 

6.5.3 Applied example of maternal smoking and infant mortality 

To showcase this utility, we applied the models to the example of maternal smoking and 
infant mortality (Figure 9). We found that smoking during pregnancy was associated 
with a higher rate of infant mortality (Hazard Ratio 1.95, 95% CI 1.70 to 2.24). After 365 
days of follow-up, we observed an absolute mortality difference of 0.29% (95% CI 0.21 
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to 0.37) (Table 6). The estimated attributable fraction was 10.40% (95% CI 8.69 to 12.11), 

and the number needed to harm was 346 (95% CI 254 to 438) at 365 days of follow-up. 

However, it should be noted that this causal interpretation assumes, as in any sibling 
analysis, the absence of non-shared confounders and other forms of bias. This 

assumption is unlikely to be true, considering that we have not accounted for any non-

shared confounders in this applied example. 
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7 Discussion 
In this thesis, I have reviewed some of the challenges in pregnancy 
pharmacoepidemiology. Facing these challenges with the use of contemporary 
epidemiological methods, I examine antiseizure medications and their impact on 
offspring neurodevelopmental conditions. Below, I summarize the findings of the five 

sub-studies, connecting them to existing literature. I then approach these studies from a 
critical perspective and conclude with a section outlining what I believe are intriguing 

future research targets. 

7.1 Summary of the findings from the sub-studies 

We observe a 250% relative increase in the use of antiseizure medications in the UK 
(Study I), aligning with findings from previous studies in other countries78-81. Furthermore, 
there seems to be a shift in the landscape of antiseizure medications in the UK, with 
psychiatric conditions contributing predominantly to the rise, similar to what was 
observed in Norway and Finland81. Interestingly, these conditions appeared to be more 
prevalent than epilepsy as a discernible indication the UK. Additionally, the findings 

indicate that most women do not discontinue antiseizure medication before pregnancy, 
and the highest discontinuation rates occur in the second trimester. This may suggest 
that discontinuation often was a consequence of pregnancy rather than being planned 
in anticipation of it. We also find that valproic acid is no longer initiated among 
pregnancies in the CPRD, in line with preliminary data from 60 million individuals across 

England and Wales, which found only a few instances where a woman dispensed 
valproic acid during pregnancy154. Moreover, socioeconomic and demographic factors, 
such as deprivation index and maternal age, were associated with discontinuation rather 
than continuation. This correlation may stem from varying therapeutic needs, but it also 
raises the possibility of a social gradient in access to pregnancy care and appropriate 

monitoring.  

We observe consistent associations between valproic acid, topiramate, and 
carbamazepine and offspring neurodevelopmental conditions (Study II). These 
associations were consistent across Sweden and the UK, despite differences in 

covariate distributions and data structures. However, when considering antiseizure 
medications as a class, vulnerabilities to confounders shared between full siblings 
became apparent. The class of drugs, as a whole, was no longer associated with 
neurodevelopmental conditions, and some drug-specific associations attenuated 
toward null. Surprisingly, valproic acid was no longer associated with autism, which was 

one of the first identified links in the literature49. However, valproic acid, topiramate, and 
carbamazepine seemed to pose a higher risk for at least some outcomes, if not all, when 
compared to lamotrigine and when considering unobserved confounding shared among 
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siblings. Consequently, lamotrigine is likely to remain the safest choice in terms of 

offspring neurodevelopmental conditions. 

However, these findings need to be interpreted considering the natural co-occurrence 
of epilepsy and neurodevelopmental conditions (Study III). We observed that in 

Sweden, nearly half of all individuals diagnosed with epilepsy were also diagnosed with a 
psychiatric condition. Moreover, they were six times more likely to be diagnosed with 
autism and twenty-seven times more likely to be diagnosed with intellectual disability. 
The within-individual link between these conditions may, in part, explain why women 
using antiseizure medications in pregnancy are more likely to have children who are 

diagnosed with neurodevelopmental conditions in observational studies. 

We also find some evidence of shared common genetic variants, particularly between 
epilepsy and ADHD, as well as between epilepsy and intelligence. However, we do not 
find consistent support for the notion that epilepsy causally increases the risk of 

psychiatric conditions, or vice versa, that psychiatric conditions cause epilepsy. 
Therefore, in the absence of widespread common genetic correlations and causal 
effects, it may be that some of these links are explained by shared environmental 

factors or rare genetic variants. 

Findings from Study IV suggest that drug safety studies, which sample, stratify, or 
restrict to a specific indication, may inflate bias instead of mitigating it. This may be 
concerning as some drug safety studies enroll participants based on a single indication, 
or actively exclude pregnant individuals without a recorded indication. For instance, 
some recent studies51,57, and the NEAD study47, only sampled women with epilepsy when 

investigating antiseizure medications (Table 1). Given the limited reasons to believe that 
the teratogenic effect is exclusive to a specific indication, such indication-based 
sampling could have magnified some of the identified associations. For example, the 
work by Bjork et al. 56 includes two primary sets of analysis, one in the "total cohort" 
which includes the entire pregnancy population and does not appear to be adjusted for 

maternal epilepsy, and one analysis stratified on maternal epilepsy. These results56 (ref 
56) may be difficult to interpret considering the findings of Study IV, since the former 
may be confounded by maternal epilepsy, and the latter may suffer from bias 

amplification. 

I thus suggest, based on our findings in Study IV, that performing regression adjustment 
for all identified indications, and conducting analyses on all individuals eligible for the 

drug, may often be the more appropriate strategy. 

One further challenge with interpreting the findings of antiseizure medication studies is 
that relative risks are not always a suitable measure of an association. It may be better 
to use absolute measures of occurrence, and possibly their contrast. To aid such 
estimation we have showcased that the marginalized between-within model can be 
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employed to derive absolute measures of occurrence from sibling analysis (Study V). 

We propose that this facilitates the interpretation of findings and can be more easily 
translated into clinically informative measures. Notably, this approach might help 
mitigate some of the miscommunications regarding the risks associated with certain 

antiseizure medications108. 

7.2 The findings from a critical perspective 

7.2.1 Everything correlates in observational studies 

The challenges facing observational studies are many2. For example, one could argue 
that the assumption of no confounding is unrealistic, and that the expectation is 
therefore that all measurable human phenotypes should correlate (Figure 2), assuming a 
sufficient sample size. Skeptics of observational studies may point out that several high-

profile cases in epidemiology largely failed to replicate in randomized controlled trials63. 
As early as 1995, Kenneth Rothman, then editor of Epidemiology, stated, "We are pushing 
the edge of what can be done with epidemiology"155. Referring to multivariable 
regression, the then state-of-the-art, famous statistician Norman Breslow also noted, 
"One of the dangers of having all these fancy mathematical techniques is people will 

think they have been able to control for things that are inherently not controllable"155.  

The formalizations brought in by (Post-)Modern epidemiology have offered many 
solutions to paradoxes and provided contemporary epidemiologists with new tools. For 
example, epidemiologists now often speak of colliders with ease. In perinatal 

epidemiology, two frequent colliders are birth weight and gestational age156,157. In the 
Reproductive Epidemiology chapter of the fourth edition of Modern Epidemiology 
Weinberg, Wilcox, and Jukic describe that birth weight and gestational age are often 
colliders in reproductive epidemiology158, and adjusting for either should be avoided in 
most settings. This reasoning has arguably helped resolve some previously paradoxical 

findings concerning birth weight, made famous by the "birth weight paradox," where low 
birth weight infants, among, for example, smoking mothers, had lower mortality159. 
However, brought to the fore by the COVID-19 pandemic160, colliders still plague many 
studies and should always be carefully considered. Despite recent formalizations and 
heightened awareness of these issues, I find it challenging to ascertain the extent of this 

problem in epidemiology.  

7.2.2 Genetic confounding could explain many early-life risk factors for 
neurodevelopmental conditions 

The study of neurodevelopmental conditions following early-life risk factors is complex. 
Many correlations between these factors and offspring neurodevelopmental conditions 
do not replicate in designs that are robust to unobserved confounders, such as twin and 
sibling analysis40. One might argue, considering this and the high heritability of these 
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conditions36-39, that it is close to impossible to estimate a credible causal effect from 

observational data on these conditions. 

However, it is not clear whether heritability estimates of neurodevelopmental conditions 
are accurate. These analyses typically assume the absence of interaction between the 

environment and genetics, and there are instances where heritability estimates are 
inflated43. Furthermore, it is important to note that the absence of evidence is not 
evidence of absence161; an argument that can be put forward against underpowered 

causal designs of offspring neurodevelopmental conditions. 

It may be interesting to consider the findings presented by Havdahl et al. 162, who used 
the Norwegian Mother, Father, and Child Cohort Study to provide direct empirical 
support for genetic confounding. They demonstrated that genetic liability to 
neurodevelopmental conditions in the mother, which is transmitted from mothers to 
children, is associated with several pregnancy-related factors162. This may suggest that 

many of the previously assumed causal relationships between early-life factors and 

offspring neurodevelopment may be explained by genetic confounding162. 

I postulate that as the years pass and studies grow larger, employing analyses robust to 

unobserved confounders, we might observe increasing levels of attenuation of most 
identified links between antiseizure medications and offspring neurodevelopmental 

conditions (Figure 10).  

Figure 10. An illustration highlighting a possible trajectory of observational studies examining associations 
between antiseizure medications and offspring neurodevelopmental conditions. 
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7.2.3  Population-level explanations may not apply to individuals 

It could be argued that epidemiological assessments of population-level risks hold 

limited relevance in guiding clinical decision-making163. 

Counterarguments may assert that clinical guidelines, by their nature, are designed for 
the broader population rather than individual cases. Consequently, following these 

guidelines can effectively mitigate identified population-level risks. Nevertheless, it is 
crucial to recognize the limitations in inference; a risk identified at a population level 
does not necessarily apply directly to an individual, making explanations at one level 
non-transportable to those at another level163. In contemplating an individual’s health, 
one may conclude that a significant role is played by chance events, stochasticity, and 

various non-traceable processes, as discussed in the "Gloomy Prospect"163. 

However, adverse events might be specific and tractable to certain patients through 
variations in drug-metabolizing enzymes, transporters, and targets, largely influenced by 
genetic diversity164. In an era of precision medicine, the development of 

pharmacogenomic testing for expectant mothers could be beneficial. This approach 
might assist clinicians in identifying women particularly susceptible to teratogenic 
effects, prompting careful consideration to either attempt a drug switch, modify the 
dosage, or intensively monitor the drug usage and serum concentration. For example, 
Dutch165, Canadian165, and American guidelines166 recommend pharmacogenomic testing 

for lamotrigine and carbamazepine to identify the *15:02 allele in the human leukocyte 
antigen B gene in patients of Asian descent165, which is associated with sometimes life-
threatening inflammatory adverse reactions166. However, this does not imply 
individualization of guidelines. Instead, genomic profiling could be incorporated into 
standard guidelines, akin to other biological markers165. Pharmacogenomic profiling is 

therefore more aligned with stratified rather than personalized medicine. Nonetheless, 
the implementation of genomic profiling requires comprehensive testing in large-scale 
randomized controlled trials to confirm both its efficacy and real-world cost-

effectiveness164. 

7.3 Future research 

7.3.1 Complex genomic architecture may link epilepsy and neurodevelopmental 
conditions 

In Study III, we examined broad overlap in common genetic variants to explain some of 
the within-individual co-occurrence of epilepsy and neurodevelopmental conditions, 
but it could be that other genetic mechanisms explain the co-occurrence of these 

conditions31. 

As described by Peall et al. 167 in a recent review, rare genetic brain disorders leading to 
diverse presentations are typically clinically classified as either neurological or 
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psychiatric. However, these phenotypic expressions are inherently complex, 

multifaceted, and often overlapping. For example, SCN1A variants have been associated 
with both seizures and symptoms consistent with autism167. The phenotypic expression 
may also vary with developmental stages, even if the pathogenic variant and underlying 
mechanisms remain the same or overlapping167. Unfortunately, much of the current 
genomic data is based on single phenotypes, lacks the scale to examine rare variants, 

and is typically designed to be "disease-specific"167. This stands in contrast to recent 
suggestions that epilepsy and neurodevelopmental conditions may lie on a single 

(genetic) continuum31. 

Although "single-gene diseases" phenotypically expressed as seizures and 
neurodevelopmental conditions may seem unlikely to explain the high co-occurrence 
observed in Sweden in Study III, the "genetic load" of rare variants may offer an 
explanation. For instance, recent research on autism has found that rare variants may 
account for a similar amount of variance as common variants168,169, and preliminary work 
from the Epi25 consortium, using whole-genome sequencing in presumed genetic 

epilepsies, has found similar patterns for some epilepsies (e.g., non-acquired focal 
epilepsy)170. I am unaware of any published work that integrates these data and findings. 
Whole-genome sequencing across phenotypes, utilizing representative biobanks171, may 
shed light on rare variants underpinning the co-occurrence of epilepsy and 

neurodevelopmental conditions. 

In addition to whole-genome sequencing for rare variants, copy number variations, and 
non-coding regions, there may be a need to go beyond the broad common genetic 
correlation estimated via LDSC. Genome-wide genetic correlations provide an average 
measure of how genetic effects are related across the genome, typically among 

common variants. As such, they may not fully capture local and diverse pleiotropic 
effects, especially when multiple underlying genetic pathways are involved. Therefore, it 
may be important to explore the existence of local effects and pinpoint the specific 
tissues where biological mechanisms contribute to the observed co-occurrence 
between epilepsy and neurodevelopmental conditions. One way to do this is to partition 

the genetic correlations into different regions of the genome172. Another complementary 
way is to stratify genetic covariance based on the broad tissue types (e.g., brain, 
immune system, etc.)173. These methods are principally distinct from the recently 
developed tissue-partitioned Mendelian Randomization174, where the intention is to 
identify the tissue-specific pathways by which one phenotype has a causal effect on 

another. Instead, by examining local and tissue-specific genetic correlations, one could 
gain insights into the complex genetic effects that may constitute the shared genetic 
architecture between epilepsy and neurodevelopmental conditions. Notably, employing 
local genetic correlation estimation has shed light on the complexity of the genetics 
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linking autism and cognitive ability172, where it appears that there are two distinct genetic 

regions with local correlations in opposite directions172. 

7.3.2 Sibling analysis with complex functions could be developed 

The marginal between-within Cox model outlined in Study V assumes proportional 

hazards, and this might be interesting to relax. 

The main strength of Cox regression is that it does not require direct estimation of the 
baseline hazard, because it uses the proportionality assumption (or absence of time-

varying hazard ratios). Unfortunately, the proportional hazard "assumption" is sometimes 
misinterpreted as a limitation of these models, and it is frequently said that researchers 
must "test" whether hazards are proportional175. As Stensrud and Hernán note, there are 
rarely reasons to believe that the hazards will be proportional,175, and any statistical test 
to assess them is likely unnecessary because failing to reject a null hypothesis of 

proportional hazards is probably just due to the test being underpowered. The 
"assumption" might be better viewed as the genius insight of Dr. David Cox150; by saying 
that we are interested in the average ratio across the follow-up, letting the hazard be 
what they are, we can sidestep the challenge of defining the functional form of the 
baseline hazard. If the ratio of the hazards across the follow-up (i.e., the proportional 

effect) is an interesting quantity is a different discussion, often contingent on whether 
the weighted average across the entire study period is causally interesting110, but not 

something that should be "tested". 

It may be that we find it interesting to examine the time-varying effect of the exposure 

on the outcome. In other words, we might want to explore point-specific effects instead 
of the weighted average across the entire follow-up (i.e., the proportional hazard). For 
instance, it may be the case that the impact of antiseizure medications on 
neurodevelopmental conditions is not apparent until children enter school age, and we 
want to allow the effect to become more pronounced at that point. We might also not 

expect any differentiation in cumulative incidence before school age. 

One way to do this is to allow for an interaction between the exposure and follow-up 
time. I believe that it should be possible to reformulate the marginal between-within Cox 
model to include an interaction term between exposure and follow-up time. However, 

for it to be a sibling model, this interaction function also needs to be separated into 

within (𝜔1) and between terms (𝜔2): 

𝑙𝑜𝑔(𝜆𝑖𝑗[𝑡|𝑋𝑖𝑗 , �̅�𝑗, 𝑋𝑖𝑗(𝑡), �̅�𝑗(𝑡)])  = 𝑙𝑜𝑔(𝜆0[𝑡])  + 𝛽1𝑋𝑖𝑗 + 𝜃1�̅�𝑗 + 𝜔1(𝑋𝑖𝑗(𝑡)) + 𝜔2(�̅�𝑗(𝑡)) 

The challenge inherent to this model lies in the cluster discordance on the interaction 
term, a requirement that will likely require substantially larger sample sizes. That is, for a 

cluster to be fully informative the discordance must be across all terms; however, the 
level of "informativeness" will vary across different degrees of discordance. Furthermore, 
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this model extends the assumptions of sibling analysis, such as non-shared 

confounders, to be valid for the interaction term (i.e., valid for each time-varying point of 
the hazard ratio). The complete delineation of the nuanced causal structures and the 
statistical application of this model remains to be outlined. These prospective 
developments related to interactions in sibling analysis may also be interesting for both 
binary and continuous outcomes. I believe that the marginalized between-within 

framework could be particularly valuable in navigating the intricacies of these analyses. 

7.3.3 Target trial emulations in pharmacovigilance may need clarification 

The use of target trials has become frequent in pharmacoepidemiology. The premise of 
the target trial framework is that a hypothetical pragmatic target trial should be outlined, 
and the observational analysis should be mapped to this hypothetical trial99,100. The 
argument put forth for this framework is that it may resolve some of the inconsistencies 
between observational studies and randomized trials. For example, some 
inconsistencies may be explained by self-inflicted biases, such as immortal time bias, 

when the target trial is not appropriately emulated. 

One possibly interesting implication of Study IV is that "naïve" target trial emulation may 
result in bias amplification because the target trial emulation may unnecessarily restrict 

the indication.  As exemplified in the manuscript152, a naïve target trial of antiseizure 
medication safety in pregnancy may only enroll pregnant women with epilepsy. It is 
sometimes suggested such restrictions in pharmacovigilance will increase the internal 
validity1. However, since teratogenicity is generally not believed to be specific to 
indications (formally, there is no effect heterogeneity across indication on the adverse 
safety outcome), the findings of Study IV suggests that this will inflate bias beyond 

regression adjustment for the indication in observational settings. I believe the key to 
resolving this issue for the target trial framework of pharmacovigilance will be to clearly 
state whether there are reasons to believe that there is true effect heterogeneity. 
Importantly, as described in Study IV, it is typically not empirically possible to discern 
the existence of effect heterogeneity, as it cannot be differentiated from bias 

amplification. Therefore, one must speculate, relying on expert knowledge, about the 
presence of true effect heterogeneity. For example, a study investigating topiramate use 
in early pregnancy and its potential association with oral cleft malformations estimated 
the relative risk to be 2.90 (95% CI 1.56 to 5.40) after adjusting for indications for 
topiramate and other observed confounders in the entire sample. However, within the 

subgroup of women with epilepsy, the relative risk was 8.30 (95% CI 2.65 to 26.07) after 
adjusting for the same observed confounders (but not epilepsy status). Study IV may 
suggest that this discrepancy in estimates is indicative of bias amplification resulting 

from selecting on indication. 
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Given that effect heterogeneity is likely to be specific to the outcome, target trials may 

need to explicitly address this for each outcome. For example, in pharmacovigilance, the 
causal question may revolve around compound teratogenicity, regardless of the reason 
for using the compound, and there may be limited reasons to believe that there will exist 

effect-heterogeneity across indications. 

8 Conclusions 
In this thesis, I have characterized some of the methodological challenges inherent to 
pregnancy pharmacoepidemiology and demonstrated how they may apply to the study 
of the putative causal effects of antiseizure medication during pregnancy on offspring 

neurodevelopmental conditions. The sub-studies indicate that it is challenging to 
definitively conclude on any such effect, including of the antiseizure medication valproic 
acid, without considering that epilepsy naturally co-occurs with neurodevelopmental 
conditions. There is still much to learn about the pregnancy safety of antiseizure 
medications, and unraveling the complexities linking them to offspring 

neurodevelopmental conditions will likely require triangulation of further evidence from 

studies applying contemporary methodologies. 

Despite the challenges outlined in this thesis, there is undoubtedly a continued role for 
observational studies in causal inference. I believe that many of the challenges facing 

contemporary pregnancy pharmacoepidemiology will come to the fore with recent 
emphasis on and requests for real-world evidence for drug comparative effectiveness 
and safety analysis176. The importance of observational studies in examining unintended 
outcomes, such as adverse events and drug repurposing, will likely continue to grow with 
increasing methodological approaches and large-scale high-resolution data. One 

important aspect of the "causal inference revolution" is its domain-spanning nature, and 
various disciplines will likely, both separately and in synergy, be able to address many 

contemporary challenges facing pregnancy pharmacoepidemiology. 

I eagerly look forward to following the unfolding chapters of post-modern pregnancy 
pharmacoepidemiology and the broader landscape of epidemiology. The trajectory 
ahead holds the promise of innovative methodologies and evolving perspectives that 

will undoubtedly redefine our approach to safeguarding maternal and fetal health. 
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