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Specific Aims

Worldwide, neurodevelopmental disorders (NDDs) are rising in incidence, with evidence supporting
environmental risk factors contributing to the increase. Prior etiological research of NDDs has focused on the
roles of pre- and early postnatal exposures. However, emerging evidence suggests that the effects of
grandmaternal factors affecting early life development of the parent generation can subsequently influence NDD
risk in the grandchildren, possibly through inheritable epigenetic alterations of the germ cells and/or disparities
in important social determinants of health. Current multigenerational NDD risk research has been limited by the
lack of prospectively collected data that spans over several generations, and few grandmaternal exposures have
been studied (e.qg., diethylstilbestrol and smoking). The objective of this dissertation is to build on my previous
work — birth characteristics of the parents (i.e., grandmaternal delivery characteristics) and autism in their
offspring — and assess the multigenerational effects of two uninvestigated grandmaternal factors: educational
attainment and breastfeeding. Finally, from my previous research, | have discovered a specific type of selection
bias that may affect multigenerational analyses, which | propose to formally evaluate in my thesis.

Low grandmaternal educational attainment is of particular interest given its well-documented correlations with
environmental exposures and experiences during the early life of the immediate offspring and possible impacts
on disease risks across the lifespan. Despite the long tradition of education research, the understanding of
whether educational attainment may influence the third generation is limited, with the only evidence showing
associations with grandchildren’s preterm birth and lower birthweight (risk factors for NDDs). Another factor that
merits investigation is grandmaternal breastfeeding, a possible indicator of socioeconomic inequality, which may
influence grandchild health through epigenetic modulators. For instance, nutrition, enhanced infant attachment,
and gut microbiota have been recently suggested to play an important function in epigenome remodeling, raising
the possibility of multigenerational transmission of their effects. Further, although multigenerational analyses
require data from three generations, the consequences of selection bias that would arise from excluding those
who have not reproduced during the study period due to the exposure under study are not well understood.

Therefore, | propose to leverage two highly unigue and high-quality data sources, secured through Dr. Liew’s
laboratory and address these important gaps in research. The first is country-wide population data from Denmark
(1978-2017), a prospective register-based cohort with extensive follow-up. The second is survey data from the
Nurses' Health Study Il (1989-2009), one of the largest and longest cohorts in the U.S. that uniquely holds
detailed information on grandmothers’ breastfeeding. Analyses will be guided by directed acyclic graphs to adjust
for important covariates and assess possible mediating pathways. These studies will greatly expand the current
multigenerational literature in neurodevelopment and inform future intervention strategies that may have impacts
lasting over generations. To achieve this, my dissertation will carry out three specific aims as follows:

Aim 1. To evaluate the associations of grandmaternal educational attainment with grandchildren’s
neurodevelopment. | will evaluate the associations of educational attainment (before delivery and highest
achieved) among the grandmothers, with the diagnoses of three common NDDs — autism spectrum disorder,
attention deficit hyperactivity disorder, and intellectual disability — in ~500,000 grandchildren born in Denmark
(1994-2013). The joint effects of grandmaternal and parental education will be assessed; NDD risks in offspring
of discordant siblings of parents associated with grandmaternal education before delivery will be compared.

Aim 2: To evaluate the associations of grandmaternal breastfeeding with grandchildren’s
neurodevelopment. Many factors associated with breastfeeding have been recently suggested to have
epigenetic potentials (e.g., nutrition, enhanced attachment, and gut microbiota). However, no studies have
investigated the relation between grandmaternal breastfeeding and grandchildren’s NDD risks. This aim will
particularly examine whether breastfeeding in the grandmothers is associated with risk for autism spectrum
disorder and attention deficit hyperactivity disorder in their grandchildren, using data of ~47,000 nurses (and
their mothers) collected in the Nurses’ Health Study II.

Aim 3: To quantitatively assess and adjust for selection bias in multigenerational cohort studies. | will
conduct a case study to investigate the influence of selection bias in multigenerational studies by examining
whether such bias plays a role in the association between parental preterm birth and offspring ASD risk that was
found in my previous three-generational linkage study from Denmark. Specifically, | will investigate whether
individuals born preterm are less likely to have a child therefore not selected into the multigenerational cohort.
Results from Aims 1 & 2 will also be re-evaluated under this aim.



Significance

Neurodevelopmental disorders (NDDs) are a class of neurologic conditions characterized by affected brain
development and a delay or disturbance in the attainment of cognitive, social, language, and psychomotor
developmental milestones.! NDDs are considered to be a leading cause of morbidity in children
(affecting >15% children worldwide),? and because the impairments will oftentimes persist into
adulthood, these disorders bring enormous psychological and economic burden to the affected
individuals, their families, and society.®* Some of the most commonly diagnosed neurodevelopmental
disorders are autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD), and intellectual
disability,>¢ which will be the focus of the proposed research.

Specifically, ASD is characterized by impaired social communication and the presence of restricted and
repetitive behaviors and interests. The prevalence of ASD has increased dramatically in recent decades: in the
US, the prevalence increased by 240.9% between 2000 (0.7%) and 2018 (2.3%).” ADHD is another
neurodevelopmental condition, which is marked by difficulties in sustaining attention, hyperactivity, and
impulsivity, and associated functional impairment. As with ASD, ADHD has also seen a substantial increased
prevalence, which has increased by 20.5% between 2003 (7.8%) and 2016 (9.4%),%° and these increases
cannot be fully explained by changes in diagnostic criteria and parental awareness.° Finally, intellectual
disability is characterized by significant impairments in cognitive, language, motor, and social abilities that
“contribute to the overall level of intelligence”.!! The prevalence of intellectual disability, 2%, is lower than for
ASD and ADHD. All three of these disorders have an early age of onset in childhood, are more frequent in
boys, and have complex etiologies that remain obscure.*?

Although genetic factors play a role in many NDDs including ASD, ADHD, and intellectual disability,*? a
number of pre- and early postnatal factors have been suggested to contribute to the complex etiology
of these neurodevelopmental disorders. This is supported by the David Barker’s developmental origins of
health and disease (DOHAD) hypothesis that recognizes that the environment in which early life develops may
have a long-term impact on disease risks later In life.*® For instance, according to previous literature reviews,
exposures to a range of environmental toxins such as metals,'4 endocrine disrupting chemicals,® and air
pollutants'® during the prenatal period have been linked to many neurodevelopmental conditions including
ASD, ADHD, and intellectual disability. The effects of psychological and behavioral determinants of health
surrounding pregnancy, such as stress,'’ inadequate nutrition,*8 obesity,*° as well as smoking and alcohol
drinking also affect neurodevelopment while inutero.?° Among many factors that may influence
neurodevelopment, the importance of maternal socioeconomic status has been particularly highlighted
because it may affect children’s exposure to many of the aforementioned (physical) environmental and
psychological/ behavioral risk factors for neurodevelopment.?!

While earlier studies have primarily focused on neurodevelopmental risks among those directly exposed, a
recent extension of the DOHAD hypothesis has attracted attention.?? This hypothesis suggests that the effects
of certain pre- and early postnatal factors may be transmitted across generations and affect future
offspring.?®?4 One plausible mechanism underlying such transmission is disparities in important
socioenvironmental determinants of health, which may track across generations and result in elevated
disease risk.?®2* Recent evidence has suggested another possible mechanism, which is through gene-
environment interaction modulated via epigenetic modifications that leads to heritable changes in germline
gene expression (Figure 1).2222 For example, prenatal exposure to environmental toxins (e.g., bisphenol A,
smoke component benzopyrene) and maternal stress have been shown to impose multigenerational effects on
brain mMRNA and DNA methylation patterns, and increase mutation frequency in the germ cell.?>-?7 A few
epidemiological studies have examined the possibility of multigenerational effects in human populations and
linked several grandmaternal factors to increased neurodevelopmental risks in their grandchildren. The Nurses’
Health Study Il (NHSII) in the U.S. has associated elevated risks of attention-deficit/hyperactivity Disorder
(ADHD) in grandchildren with grandmaternal exposure to diethylstilbestrol during

pregnancy?® ,periconceptional grandmaternal weight,?® and smoking.3® The Avon Longitudinal Study of Parents
and Children has found associations between grandmaternal smoking during pregnancy with autistic traits
among grandchildren in south-west England.?! Two registry-based linkage studies from Sweden3? and
Denmark3 have reported that advanced grandmaternal age may influence ASD risk in their grandchildren.

Figure 1. A schematic of possible multigenerational effects of germline and early developmental
exposures on offspring neurodevelopment
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Within this multigenerational context, my master’s thesis based on population data from Denmark, provided
preliminary evidence that adverse grandmaternal delivery characteristics, i.e., birth characteristics of the
parents, specifically preterm birth (<37 weeks of completed gestational weeks) in the parent generation, are
associated with increased ASD risk in the third-generation children.®* However, owing to the limited
availability of multigenerational data, many other important factors that have been suggested to
influence the pre- and perinatal experiences of the parent generation, including important
socioeconomic status indicators of grandmothers, have not been explored yet, warranting the proposed
investigation. Multigenerational effects transmitted via the paternal line have also been suggested; however,
due to potentially different mechanisms underlying such transmission of effects, the current study will focus on
factors related to the grandmothers.

Project 1:

One factor that has not yet been explored is educational attainment, which has been suggested to be the
strongest and the most consistent predictor for health among the three most important indicators of
socioeconomic status (i.e., education, income, and occupation).3® Compared to income and occupation,
education may contribute more greatly to shaping critical personal (e.g., health literacy) and psychosocial (e.g.,
social support and self-efficacy) resources, and determining the utilization of preventative and therapeutic
healthcare services, the choice of more healthful environments in which to work and live, and the adoption and
continuation of healthy behaviors.3¢ Educational attainment among the grandmothers may also act as a proxy
for the effects of the overall socioenvironmental and environmental conditions that influence the pre- and early
postnatal experiences of the parent generation and neurodevelopment in the child generation through different
mechanisms.®’



| postulate that one of these mechanisms is that grandmaternal educational attainment may directly affect the
health of the grandchild via heritable epigenetic modifications, independent of later health outcomes of
the parents, given epigenetic reprogramming potentials of several aforementioned exposures.3 While
assessing the contribution of this pathway is beyond the scope of my dissertation, | will examine the second
plausible mechanism which is through the health and well-being of the parent generation. For example,
one factor most strongly associated with educational attainment is tobacco smoking, which is also an important
risk factor for adverse health outcomes in the immediate offspring.2® In addition, educational attainment is
related to (grand)parenting skills, rearing environment,*°41 psychological stress, as well as access to medical
care and economic security, which are all important determinants of healthy development of the parents and
are potentially risk factors for neurodevelopmental disorders.?! Furthermore, (grand)maternal education has
been associated with exposures to environmental toxins and stressors in the parent generation, such as heavy
metals,*? air pollutants,*® and endocrine disrupting chemicals that have been suggested to influence
neurodevelopment.*44% Thus, understanding the relationship between grandmaternal educational attainment
and grandchildren’s development is crucial for advancing knowledge on the potential longer-term
conseguences of low levels of education. Nevertheless, studies on whether educational attainment may
influence the third generation remain limited. Currently, three studies have shown that higher risk for lower
birthweight and preterm birth in grandchildren whose grandmothers had lower attained education,*-4 yet no
studies to date have specifically focused on neurodevelopment. Additionally, the understanding of the
total contribution of grandmaternal education to offspring neurodevelopment is important because it guides
future work to investigate the unique effect of specific socioenvironmental and environmental mediators.

Policy Implications: Besides its scientific value, this research will provide direct evidence to further support
policies that promote higher education particularly in women, which are likely to be important not only for
themselves but also for their potential future grandchildren.

Project 2:

Another factor requiring investigation is grandmaternal breastfeeding during the parent’s early life.
Breastfeeding, as a modifiable health behavior and a possible indicator of socioeconomic inequality,*°
has long been of great interest to individuals, clinicians, policymakers, as well as researchers.*®® There is ample
epidemiologic evidence for the potential benefits of breastfeeding to the mother 5152 and the immediate
offspring.5153 In detail, longer duration of breastfeeding has been associated with lower rates of breast and
ovarian cancer, metabolic syndrome, obesity and diabetes, hypertension, and adverse cardiovascular
outcomes®?5455 Breastfeeding has also been associated with better child health outcomes in the short and long
term, including decreased mortality and reduced risk for childhood obesity, asthma and other allergic diseases,
as well as neurodevelopmental disorders.51535657 Given its well-documented benefits, The World Health
Organization (WHO) has recommended exclusive breastfeeding for 6 months and continued breastfeeding for
at least 2 years, along with nutritionally adequate and safe complementary foods.® Although there have been
recent concerns over possible accumulation of persistent organic pollutants, pesticides, heavy metals, and
other contaminants in human breast milk, breastfeeding continues to be regarded as a health priority for
women and children because certain components (e.g., whey protein) in human milk are found to buffer
children from the potential effects of environmental toxicants and the net benefits of human milk can override
the potential adverse effects.>® Unfortunately, overall rates for breastfeeding initiation and continuation
have remained far below the WHO target across the world, including in the U.S. (only 58.3% of infants
were breastfeeding at 6 months).6° This may be due to various social (e.g., lack of support), economic (e.g.,
lower economic and political status®'), medical and health-care related factors (e.g., antenatal visits), and
personal constraints (e.g., the belief that breast milk cannot provide sufficient nutrition to infants).5862-64

Recent literature has suggested potential epigenetic effects of breastfeeding based on observed
associations between breastfeeding and differential DNA methylation patterns in their children.%%:66 Many
benefits of breastfeeding, such as nutrition,®” increased mother-child interaction and enhanced infant
attachment,® hormones, and microbiota,®® could also have an important function in epigenome
remodeling”-"4 and thus underlie a potential multigeneration transmission of breastfeeding effects. For
instance, infant gut microbiota, heavily influenced by breastfeeding,” has been shown to modify the germ cell
epigenome and regulates metabolism, immune responses, and behavioral outcomes across generations.”%-72
In addition, the effects of grandmaternal breastfeeding could influence their grandchildren through the
parental generation. Breastfeeding has been shown to protect against infectious diseases, reduces the risk of
chronic diseases (e.g., obesity and high blood pressure) and mental illnesses, and increase the likelihood of
breastfeeding in the immediate offspring, which have all been associated with offspring neurodevelopment.”®



No studies, however, have assessed the multigenerational association between grandmaternal
breastfeeding during the parents’ infancy and the neurodevelopment of the third-generation offspring,
warranting the proposed investigation.

Policy Implications: In addition to addressing a key knowledge gap in multigenerational research, the present
study may help form another compelling rationale for 1) increased advocacy and action to increase rates of
breastfeeding worldwide to optimize the health of current and future generations; and 2) concomitant public
investment to remove roadblocks to breastfeeding with timely policies (e.g., paid maternity leave and breaks
during the workday for breastfeeding or breast milk extraction’’) and interventions that support women who are
inclined to breastfeed.

Project 3:

Finally, | propose to investigate a unique methodological issue in multigenerational research that may
affect all cohort studies of multiple generations. As described above, there is growing epidemiological
interest in understanding whether the effects of pregnancy exposures and experiences among grandmothers,
namely the prenatal exposure of the parent generation, could persist to influence the child generation.32
Current research of multiple generations, however, faces various methodological challenges that may
undermine study validity.”® Several methodological issues have been previously described and studied,
including 1) exposure misclassification in the grandmaternal generation because exposure ascertainment
requires long-term recall or sometimes is reported by the parent generation,?°78-83 2) inadequate adjustment
for potential confounding variables33348485 gand 3) inappropriate adjustment of potential mediators (e.g.,
parental income, smoking status, or pre-pregnancy weight)&84 that could result in collider bias.®® However,
insufficient attention has been given to sources of selection bias in a multigenerational context.

Selection bias, which can distort the association between exposure and health outcome in the target
population due to differences in individuals who completed the study, is one of the primary methodological
challenges faced by all epidemiological studies, and those with multiple generations are no exception.®”

The term selection bias entails various issues surrounding study participation: volunteer bias, healthy worker
bias, non-response bias, and in case-control studies the incorrect selection of controls.® Notably, there is one
potential source of bias that is unigue to studies on the effects of grandmaternal factors, which is informatively
empty clusters in the following generations, discussed in two recent simulation studies.’®®° In other words,
while multigenerational analyses require information from three generations, selection bias could occur if the
parent generation not have a child within the study period due to adverse pre-and postnatal exposures and
therefore be excluded from the multigenerational cohort.®? One potential factor that may lead to this
specific form of selection bias is preterm birth status in the parent generation. Preterm birth in the
parents was associated with elevated child ASD risk in my previous work;3 however, it may be of concern to
all multigenerational research alike if it also leads to an empty child-generation cluster.”® This potential
issue has not been formally assessed, partially due to the lack of prospectively collected reproductive data that
spans generations, necessitating the proposed project. Upon completion, the results from this investigation
can be broadly applied to multigenerational research designs and inform strategies to evaluate and
mitigate the influence of such bias in future multigenerational cohort studies.

Data sources for the proposed research:

Through prior research and collaborations, | have secured access to two of the largest prospective data
sources, hamely the Danish Medical Birth Registry (DMBR) and the Nurses’ Health Study (NHS) I,
which will provide the basis for the proposed dissertation. Specifically, with whole population data from
Denmark (1978-2017), | will study the association of grandmaternal educational attainment with risk for ASD,
ADHD, and intellectual disability in their grandchildren. Using the Danish data, | will also explore one possible
source of selection bias unique to studies of multiple generations, which may arise from excluding the second-
generation individuals who were born preterm. In addition, the NHS II, one of the largest and longest cohorts in
the United States that uniguely holds information on grandmaternal self-reported breastfeeding, will allow me
to investigate the potential multigenerational effects of breastfeeding on neurodevelopment. Based on directed
acyclic graphs (under “Approach”), important demographic covariates will be identified and adjusted, and the
possible mediating role of second-generation health and third-generation perinatal conditions will be evaluated
for the assessment of grandmaternal educational attainment and breastfeeding practices. The specific
variable(s) included in each individual aim will be slightly different depending on the information available in the
corresponding database (more details can be found under “Approach”).



In summary, while the possibility of multigenerational transmission of disease risk has received increasing
research interest, hampered by inadequate data spanning over multiple generations, epidemiological evidence
in this area remains limited. The projects outlined in my prospectus will examine the relationship between two
important grandmaternal factors (i.e., educational attainment and breastfeeding) and their grandchildren’s
neurodevelopmental risk and evaluate one specific source of selection bias that could be relevant to all
multigenerational cohort analyses. The proposal is innovative in several ways: (1) it will use large
longitudinal cohorts spanning over three generations in two different countries; (2) it is interdisciplinary in
nature as it considers important socioenvironmental exposure factors and pre- and postnatal influences on
neurodevelopment in the third-generation; (3) it addresses three important research questions in
multigenerational research of neurodevelopment that have not been investigated; and (4) it employs both
advanced causal mediation and bias analysis that have not been applied in previous research in this field.

Upon completion, these studies will add to the limited literature concerning a recent hypothesis of
multigenerational neurodevelopmental effects of early-life exposures and experiences, point to important topics
for future mechanistic research, and inform future preventative public health policies and interventions to
promote optimal neurodevelopment for future generations.

Approach
Aim 1: To evaluate the associations of grandmaternal educational attainment on grandchildren’s
neurodevelopment.

Rationale Education level is possibly the strongest socioeconomic predictor for health3® and a potential
composite indicator of lifestyle, socioenvironmental, and environmental risk factors that may affect disease
risks across generations. However, the only evidence in the field is associations between grandmaternal
educational attainment and fetal growth and gestational age in the grandchildren.*647.% |n order to investigate
the relationship between grandmaternal educational attainment and their grandchildren’s neurodevelopmental
outcomes, | propose to carry out a population-based registry study with high-quality socioeconomic and health
data from multiple Danish national registries. Specifically, | will investigate whether grandmaternal educational
attainment is associated with elevated risk for three childhood neurodevelopmental disorders — ASD, ADHD,
and intellectual disability — in their grandchildren. Joint effects of grandmaternal and parental education
(maternal and paternal education considered separately) on grandchildren’s neurodevelopment will also be
examined (e.g., the effects of changes in educational attainment from the grandmaternal generation to the
parental generation on neurodevelopment).

Study Setting and Design The proposed study will be a nationwide cohort study based on data from multiple
Danish nationwide registries.®* The source population will be identified from the Danish Medical Birth Registry
(DMBR) which has registered pregnancy and birth information for nearly all Danish residents since 1968
(computerized in 1973).%? Information on educational attainment will be obtained from Labour Market Research
(IDA) in Denmark.%3:%4, All neurodevelopmental diagnostic records reported by specialists in psychiatry will be
retrieved from the Danish Psychiatric Central Register (DPCR), which are established based on a thorough
evaluation with final conclusion by a child and adolescent psychiatrist.®® Covariate data will be obtained from
multiple registries detailed below. A unique civil registration number (CPR) assigned to each Danish individual
is used in all registries, which allows for accurate individual linkage of information across registries.®* The CPR
number of the newborn is also linked to the CPR number of the parents, which enables accurate linkage
across generations.!

Study Population Danish individuals with information on three generations (grandmother, mother/father, and
grandchild) in the DMBR will be included, specifically, women giving birth to a child between 1978-2001 will be
referred to as the grandmother generation; the children (of either sex) of these grandmothers will be referred to
as the parent generation (mother or father); children of the parent generation born during the period of 1994-
2013 will be referred to as the grandchildren in this study. Grandmothers and mothers/fathers whose
information on educational attainment is missing will be excluded (<2%, without significant biasing patterns).
The final analytical cohort will be further restricted to individuals from singleton live births, considering possible
differences in intrauterine experiences and development between singletons and multiplets.®® The expected
yield of grandmother-mother-child triads for analysis is 230,174, and the expected yield of grandmother-father-
child triads is 157,926.



Figure 2. An illustration of the multigenerational study design for Specific Aim 1, evaluating
associations of grandmaternal educational attainment on grandchildren’s neurodevelopment using
registry data from Denmark

Labour Market Research Danish Medical Birth Registry Danish Psychiatric Central Registry
(IDA) (DMBR) (DPCR)

Birth of the
parent

Grandmaternal
educational

attainment
(1980 to 2001)

generation
(1978-2001)

Grandmaternal Educational Attainment Information on educational attainment among the grandmothers will
be obtained from the Integrated Database for Labour Market Research (IDA) in Denmark.®3°* This database,
with high validity and coverage, has registered information on education (length and type), employment status,
workplace, as well as wages and income of (nearly) the entire Danish population yearly since 1980.%7:%8

In this study, grandmaternal education level at the time of delivery and highest education will be classified into
basic (primary and lower secondary education, <9 years), intermediate (upper secondary including vocational
upper secondary education, 10-12 years) and high (>12 years) education, based on the framework of the
International Standard Classification of Education (ISCED), 2011 version.®®

Grandchildren’s Neurodevelopmental Outcomes Grandchildren born between 1994-2017 will be assessed
for neurodevelopmental diagnoses using the International Classification of Diseases (ICD) 10th Edition codes
recorded in the Danish Psychiatric Central Registry (DPCR), which has collected electronic information on all
psychiatric hospital admissions in Denmark since 1969 and all outpatient visits since 1995.° The primary
neurodevelopmental outcomes are 1) pervasive developmental disorder, which has been used in Denmark to
denote a broad class of autistic disorders (ICD-10 code F84) based on the ICD-10 diagnostic classification
system;1% 2) ADHD (F90.0, F90.1,F90.2, F90.8, F90.9);°> and 3) intellectual disability (ICD-10 codes F70-F79).
The estimated prevalence of these specific NDDs in Denmark are: pervasive developmental disorders ~1.4%,
ADHD ~2.0%, and intellectual disability ~1% (lower than in the U.S.).10%.102

Covariates The following potential factors will be retrieved for the entire cohort from multiple Danish national
registries and treated as covariates based on Direct Acyclic Graphs (DAG, shown in Figure 3). The following
factors will be treated as confounders: grandmaternal age at delivery (12-19, 20-24, 25-29, 30-34, 35-39, = 40),
grandmaternal place of residence (Capital city [Copenhagen], other major cities [Aarhus, Odense, Aalborg],
and other), and grandmaternal country of origin (Denmark or others) registered in the Danish Civil Registration
Service;®, and calendar period of grandmaternal delivery (i.e., birth year of the parent generation, 1973-1977,
1978-1982, 1983-1987, 1988-2001) to control for possible cohort effects).

A range of variables that have previously been suggested to be consequences of low grandmaternal
educational attainment and risk factors for neurodevelopmental disorders will be evaluated as mediators.
These mediators will be grouped into several broad categories that reflect the health and well-being of
the parent and the grandchild generation: 1) parental perinatal outcomes, i.e., grandmaternal delivery
outcomes (preterm birth and low birthweight) obtained from the Danish Medical Birth Registry, 2) parental
socioeconomic status including educational attainment (primary and lower secondary, intermediate, high)
and income (five groups based on the sex-and calendar year specific income distribution (quintiles) of the
entire Danish population),'% obtained from the IDA 3) parental diagnosis of psychiatric illness (any
diagnosis of ICD-10 FO0-F99), obtained from the DPCR 4) maternal pregnancy diagnoses that may
influence the intrauterine environment for the third generation, including hypertension/cardiovascular
disease (any diagnosis of ICD-8 400-401, ICD-10 110, ICD-8: 390-459, or ICD-10 100-199) and obesity/diabetes
(any diagnosis of ICD-8 277, ICD-10 E66, ICD8 249, or ICD-10 E10-E14), ascertained based on information in
the Danish National Patient Registry; and 5) perinatal characteristics among the grandchildren (preterm
and low birthweight) recorded in the DMBR.



Figure 3. The directed acyclic graph (DAG) for the study variables for Specific Aim 1
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Statistical Analysis The distributions of grandmaternal education and included sociodemographic covariates
have been compared according to grandchildren’s ASD status in the initial phase of the project (Table 1la. and
Table 1b). The preliminary data suggests a higher proportion of grandchildren diagnosed with ASD were
descendants of grandmothers with lower educational attainment or grandmothers with younger (<25) or older
(>35) age at the time of the delivery of the parent generation. These results are limited to ASD and have not
adjusted for potential confounding factors. Logistic regression models will be used to estimate odds ratios (OR)
and corresponding confidence intervals (Cls) for neurodevelopmental disorders of interest, respectively (i.e.,
ASD, ADHD, and intellectual disability), with generalized estimating equations to account for inclusion of more
than one grandchild from each grandmother (detailed below).'% Each disorder will be analyzed as an
independent outcome. Both crude and adjusted odds ratios will be estimated (the adjusted model is detailed
below). As described previously, grandmaternal age at delivery, grandmaternal place of residence,
grandmaternal country of origin, and calendar period of grandmaternal delivery (i.e., birth year of the parent
generation, 1973-1977, 1978-1982, 1983-1987, 1988-2001) will be included as covariates in the adjusted
estimates.

4

1
uij = EQij), g(uij) = [Xu| B
Where y;; is the marginal response of y;;, whether grandchild i having ASD at time point j or not, X;; is the
exposure, C;; is a p = 1 vector of covariates and g is a (p + 2) = 1 vector of regression coefficients.

In addition, the joint effects of grandmaternal and maternal or paternal level of education will be assessed.
Because | am interested in understanding the effects of intergenerational changes in educational attainment
from the grandmaternal generation to the parental generation, | will additionally compare the effect estimates



(i.e., odds ratios) for neurodevelopmental diagnoses between children of mothers/fathers who have attained
different and equivalent education levels as their grandmothers.

The analyses will then be stratified according to the sex of the grandchildren to examine potential sex
differences, and further be restricted to first-born grandchildren to eliminate potential effects of parity on fetal
development.1% To further adjust for unmeasured confounding by shared genetic, environment, and familial
risk factors, additional sibling analysis will be carried out to compare NDD risks in children of discordant
siblings of parents for grandmaternal educational attainment achieved before delivery. Concerning the
possibility that the pre-selected confounders do not suffice to control for potential mediator-outcome
relationship,%® mediation of the dichotomous form of aforementioned mediators will be assessed using a
stabilized inverse-probability-weighted marginal structural model under the counterfactual framework described

by VanderWeel and Robins et al 1971% Specifically, | will estimate the controlled direct effect, which indicates
the effect of grandmaternal education on offspring neurodevelopment, conditional on the covariates, when the
pre-identified mediators is fixed to the reference. | will also estimate the natural indirect effect, which indicates
the effect of the exposure through the pre-specified mediator. Each of the mediators will be evaluated
separately, with adjustment of the same covariates as before by adding exposure-covariate product terms into
the models. Sensitivity analyses for the causal mediation effects will be additionally performed, taking into
consideration of possible presence of exposure-outcome, exposure-mediator, and mediator-outcome
confounders.109:.110

Additionally, the interrelationships, and the independent and joint effects of grandmaternal income and
occupation will be assessed to investigate the multigenerational effects of other financial and social resources
on offspring health that may not be captured by education alone,3*!1! given that different socioeconomic
indicators (i.e., education, income, and occupation) could measure related yet different aspects of
socioeconomic status and may affect health in unique ways.3¢ Gross maternal income (wages, pensions,
unemployment benefits, social security benefits and bank interest) during the calendar year of the birth of the
parents (as a crude measure of income during F1’s early life) will be divided into three levels: low (<150,000
DKK), medium (150,000—<300,000 DKK), high (>300,000 DKK) (US $1 or 1 Euro corresponds to
approximately 7.5 DKK).'? Information on occupation (unemployed, student, receiving public assistance,
employed, receiving a pension (i.e., disability benefits), and self-employed (including working at spouse’s
company) will be classified based on Statistics Denmark classification of occupation and labour market
status.13

Assuming two-sided alpha = 0.05, this aim will have sufficient power (>0.99) to detect an
effect size of 1.2, 1.4. 1.6, or 1.8 when estimating odds ratios for all neurodevelopmental outcomes of interest
therefore a detailed power calculation table is not presented here.

Complete-case analyses will be performed given the very low level (<1.7%) of missing covariate data (Table
la. and 1b.) All analyses will be performed using SAS statistical software, version 9.4 (SAS Institute, Cary,
NC).

Limitations The proposed study has some limitations. First, information on several factors related to the
exposures in the parent generation that may impact neurodevelopment in the subsequent generation, such as
prenatal smoking and maternal body mass index is not available in Denmark until more recent years to be
evaluated in this study.®?> Moreover, the Danish population during the study period is predominantly of White
ethnic/racial origin, which may limit the generalizability of this study to more ethnically diverse populations.
Further, this study uses educational attainment in the grandmothers as a socioeconomic indicator for the
totality of effects of (physical) environmental, social, and behavioral/psychological factors that may influence
their offspring. If associations found, future studies are encouraged to disentangle the role of individual
exposure factors on third-generation neurodevelopmental outcomes.

Strengths Despite the limitations, this proposed nationwide registry study will be the first assessment of the
potential multigenerational effects of educational attainment among grandmothers on the risk of developing
three common childhood neurodevelopmental disorders among their grandchildren. Both grandmaternal
education at the time of delivery and the highest-completed education that may better reflect the final
socioeconomic level reached will be studied. Information on educational attainment and third-generation
neurodevelopmental diagnoses used for study analysis will be from nationwide data collected in routine
registers in Denmark that have high quality and completeness.®293103114 The estimations of effect sizes will be



based on both hospitalization for neurodevelopmental disorders and less severe cases diagnosed and treated
in outpatient care.?’” The analysis in the proposed study will be adjusted for several important
sociodemographic confounders, as well as age at delivery and calendar period that addresses influences of
cohort effects, potential mediating pathways underlying the potential association will be evaluated, and the
effects of two other important socioeconomic indicators (income and occupation) will be assessed. Upon
completion, this study will expand the small body of current literature in the field of multigenerational research
on neurodevelopment, and the study results will highlight the importance of women’s educational attainment,
which should be further uplifted through national and regional policies.

C2. Aim 2. To investigate whether grandmaternal breastfeeding during mother’s infancy is associated
with lower grandchildren’s ASD and ADHD risk.

Rationale Breastfeeding has many well-documented health benefits, to mothers and their children, both in the
short term and the longer term.55115116 Recent evidence has suggested potential multigenerational effects of
breastfeeding, 7*74 through mechanism such as improved nutrition,’®”?> enhanced infant attachment,” and
stabilized infant gut microbiota’®’! that may have the potential to induce epigenetic remodeling of germ cells.
However, no study to date has evaluated whether the effects of breastfeeding among grandmothers can
influence the neurodevelopment of their grandchildren.

Therefore, | propose to investigate whether grandmaternal breastfeeding is associated with decreased risk for
two of the most common childhood neurodevelopmental disorders, ASD and ADHD, in their grandchildren. |
will utilize data on grandmother-reported breastfeeding practices and on ASD and ADHD diagnostic status in
children of the nurses enrolled in the Nurses' Health Study Il (NHS II). The NHS Il is one of the largest and
longest cohorts in the U.S. that has uniquely collected detailed information on grandmaternal breastfeeding
practices of the nurses’ mothers as part of the Mother’'s Questionnaire and diagnosis of ASD and ADHD in
their children reported by the nurses.

Study Setting and Design The Nurses’ Health Study (NHS) Il is a nationwide prospective cohort consisted of
116,430 American female registered nurses who were at 25-42 years of age and living in the 11 most populous
statues in the United States in 1989. Since 1989, the nurses were followed-up biennially every odd calendar
year to report demographic and lifestyle factors and as well as their child’s health status including diagnosis of
two neurodevelopmental disorders of interest (i.e., ADHD and ASD).**-%5 In March 2001, mothers of nurses in
NHS Il (the grandmothers of the index grandchild) who were alive and free of cancer were invited to participate
in the Nurses' Mothers' Cohort Study to answer mailed questionnaires about their pregnancy and early-life
experiences of their nurses daughters.** NHS Il and the Mothers’ Cohort can be linked, providing data on
grandmaternal and grandchildren’s neurodevelopment, as well as rich information on sociodemographic
covariates and potential mediators.1118

Figure 4. An illustration of the study setting and design of the NHS Il cohort for Specific Aim 2
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Study Population A total of 35,830 (76.5%) nurses whose mothers participated in the Nurses' Mothers' Cohort
Study and reported data on the entire lifespan of the nurse from conception to adult life will serve as the source
population.*® Nurses who have had a child from 1989-2009 (~80%) will be identified.'*® Nurses and their
children who were adopted, and families with missing data of grandmaternal breastfeeding practices or the
grandchildren’s diagnostic status of ASD and ADHD will be excluded from the final analytical cohort. Only
singleton-born individuals will be included in the study.

Grandmaternal Breastfeeding Grandmothers participated in the Nurses' Mothers' Cohort Study were asked
whether they ever breastfed their nurse daughter [yes, no] and the duration of breastfeeding of their nurse
daughters [less than one week, 1 week-3 months, 3-6 months, 6-9 months, 9-12 months, and one year or
more]. Grandmothers were also asked whether they ever fed the nurse daughter infant formula, evaporated
milk, commercial infant formula, soy-based infant formula, regular cow’s milk, and solid food, and if so, the time
of introduction and duration. The effects of the status of formula feeding, mixed feeding, and exclusive
breastfeeding will be compared (not supplementing with formula, evaporated milk, or solid food). Duration of
exclusive and partial breastfeeding will be additionally calculated using the information on breastfeeding and
supplemental feeding and the possible effects of the duration of breastfeeding will be assessed only among
those who have ever breast-fed their daughters, considering potential sociodemographic and health
differences among those who have never breastfed. My preliminary results show that the ever-breastfed rate
among the grandmothers in the study cohort is 47.12%.

Grandchildren's ADHD and ASD The outcomes of interest are mother (nurse) reported ASD diagnosis
(Autism, Asperger’s, and other ASD not listed) in their children born 1989-2009 (the third generation in this
cohort), assessed in the 2005 and 2009 questionnaires and mother (nurse)-reported ADHD diagnosis in
children, assessed in the 2005 and 2013 questionnaires. Both mother-report ASD and ADHD in the NHS |l
have found to be reliable. Diagnosis of ASD has been validated by telephone administered Autism Diagnostic
Interview—Revised (ADI-R) to 50 randomly selected nurses, with 86% of the nurses who completed the ADI
met full criteria for a clinical diagnosis of ASD.?° A prior validation study with 92 participating nurses who
reported ADHD diagnosis in their children has found that their children scored high on the ADHD Rating Scale-
IV (all girls scored above 90%, 81.1% of boys scored above 80%, and 63.8% of boys scored above 90%).81121

Covariates Mothers of the nurses (i.e., grandmothers in the cohort) provided information on their
sociodemographic and pregnancy-related factors that will be examined as covariates. These factors will
include 1) sociodemographic characteristics: grandmaternal education level at the birth of the nurse
daughter [high school or less, some college, college or above] and grandmaternal occupation during



pregnancy with the nurse daughter (professional, executive/manager, sales/clerical work, mechanic/skilled,
machine operator/driver, service worker, laborer/unskilled work, farming, or house maker); 2) lifestyle and
health-related factors: grandmaternal pre-pregnancy body mass index [<18.5, underweight; 18.5-24.9,
healthy; 25.0-29.9, overweight; = 30.0, obese] and grandmaternal smoking [yes, no], 3) grandmaternal
conditions diagnosed during pregnancy (e.g., diabetes and high blood pressure), and grandmaternal
medication (for nausea, sleep, or DES) used during pregnancy [yes, no]; and 4) grandmaternal delivery
characteristics: grandmaternal age at delivery [<=20, 21-24, 25-29, 30-34, 35-39, = 40], delivery method
[vaginal delivery, cesarean section), preterm and low birthweight status of the delivery (i.e. the birth of the
nurse), as well as grandmaternal year of delivery, namely the birth year of the nurses, to account for secular
trends that may influence breastfeeding practices,!8

Potential Mediators To understand the pathways through which grandmaternal breastfeeding practices
influence grandchildren’s neurodevelopment, a range of variables will be considered as mediators based on
current evidence. These variables include: 1) nurses’ pregnancy related complications (i.e., preeclampsia
or toxemia, pregnancy-related high blood pressure, or gestational diabetes; yes or no); 2) nurses’ lifestyle
factors, specifically smoking and drinking during pregnancy; 3) nurses’ own breastfeeding status during the
child’s infancy (ever/never and duration); as well as 4) the child’s perinatal characteristics: preterm birth
(less than 37 completed weeks of gestation) and low birthweight (less than 5 pounds, 8 ounces [2,500 grams])
status

Statistical Analysis The distributions of some sociodemographic covariates by grandmaternal breastfeeding
status have been generated in the initial phase of the project and presented in Table 2. All analyses will be
guided by a DAG that has been developed a priori (Figure 5). Logistic regression models will be used to
estimate the associations between grandmaternal breastfeeding and odds with 95% confidence intervals (Cl)
for ADHD or ASD diagnoses in grandchildren adjusting for potential confounders. Three exposure
classifications will be compared: ever breastfeeding [yes vs. no], duration of breastfeeding among those who
have ever breastfed [less than one week, 1 week-3 months, 3-6 months, >6months], and methods of
breastfeeding [formula, mixed vs. exclusively breastfeeding]. Both unadjusted and adjusted odds for ASD and
ADHD diagnosis in grandchildren according to grandmaternal breastfeeding of the nurse mothers will be
estimated, with previously described covariates included in the adjusted models.

To assess the possibility that breastfeeding effect is an artifact of residual confounding,'?? a third set of logistic
regression models only including grandmaternal education and occupation will be constructed and the effect
estimates will be compared to those obtained from the main analyses and stratified analyses by grandmaternal
education and occupation will be performed, respectively. To further understand the possible relationships
between the grandmaternal and grandchild variables of interest, the potential effect modification by
grandmaternal mode of delivery [vaginal delivery, caesarean section] and grandchildren’s sex will be
additionally evaluated by stratified analysis. Test of heterogeneity will be performed by assessing the P value
and corresponding CI for the interaction term. To what extent the potential association between grandmaternal
breastfeeding and grandchildren’s ASD and ADHD can be explained by the previously described mediators will
be examined using a regression-based mediation analysis approach (detailed description of the approach can
be found under Specific Aim 1). Complete case analysis will be conducted given the low level of missingness
in covariate data in the NHS Il (< 8.1%).

The estimated power to detect an odds ratio of 0.90 is 0.89 and >0.99 for odds ratios < 0.85 for ADHD; for
ASD, the estimated power to detect an odds ratio of 0.90, 0.85, 0.80 and 0.75 is 0.27, 0.54, 0.79, and 0.94,
respectively, assuming two-sided alpha = 0.05. All statistical analyses will be performed using SAS version 9.4
(SAS Institute Inc.).

Figure 5. The directed acyclic graph (DAG) for the study variables for Specific Aim 2
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Limitations The proposed study has several limitations to be noted. First, the cohort of the mother of the
nurses is only a subset of NHS-Il, making selection bias possible, although a recent study on ADHD has
shown that such bias may be minimal as they have found little difference in grandchildren’s ADHD prevalence
by grandmother’s participation status in the study.?® Second, misclassification of grandmaternal breastfeeding
practices is also possible as a result of self-report and long-term recall. Nevertheless, such misclassification is
most likely to be non-differential by the grandchildren health, and it has been previously shown that events
surrounding pregnancy and birth, including breastfeeding, are special in a mother's life and likely to be
accurately recalled even after many decades.*?® As previously described, the extent to which inaccurate recall
may influence the study results will also be evaluated in this study by comparing the effect size estimates
among grandmothers who only had one child to those who had several children. Further, although a variety of
sociodemographic confounders will be adjusted, residual confounding from unknown and unmeasured factors
is still likely. Finally, the generalizability of the study results will need to be determined with future research as
the NHS Il participants are predominantly Caucasians.*®

Strengths This nationwide, prospective cohort of nurses provides a unique opportunity to investigate the
relation between grandmaternal breastfeeding and grandchildren’s ASD and ADHD risk, which is of important
public health relevance yet has not been studied. The ascertainment of ASD and ADHD in this study has been
found to be reliable in previous validation studies.'?*124 Further, a rich set of covariates directly obtained from
the grandmothers allows for more reliable effect estimates, and data on the pregnancy and life-style factors of
the nurses enables exploration of the possible mediating paths that may underlying the hypothesized
associations. If associations are found, this will be the first study to suggest that grandmaternal breastfeeding
may influence ASD and/or ADHD in their grandchildren. This study will help identify and prioritize future
research directions in the field (e.g., replication and reevaluation from cohort studies with prospectively
collected breastfeeding and offspring neurodevelopment data), and potentially call for additional social,
economic, and political efforts to ensure breastfeeding support to all women.



C3. Aim 3. To assess selection bias in multigenerational studies that arise from excluding individuals
who have not reproduced during the study follow-up

Rationale Research spanning multiple generations is subject to many methodological challenges that are
shared in all epidemiological studies, e.g., exposure misclassification, residual confounding, and inappropriate
adjustment for potential mediators.?52829. 71-78 Notably, there is one potential source of bias that is unique to
studies on the effects of grandmaternal factors, which is informatively empty clusters in the following
generations, as pointed to in two recent simulation studies and considered in an epidemiological study on
periconceptional weight in grandmothers.?>7%82 This issue has also been discussed in my previous work, which
has recognized preterm birth of the parents (i.e., delivery characteristics of the grandmothers) as a possible
contributor to empty clusters in the third generation that may result in selection bias. To formally assess this
potential issue, | propose to carry out a case study using my previous three-generation linkage study on
parental preterm birth and offspring ASD. Specifically, | will first investigate whether individuals born preterm
are less likely to have a child and thus not selected into the multigenerational analysis, compared to their non-
preterm counterparts. Then, | will use inverse probability weighting to assess if the association observed
between preterm birth status in the parent generation and elevated risk for ASD is affected by such bias.

Study Setting and Design From the Danish Medical Birth Register (DMBR), | will identify all singleton births
(parent generation) in Denmark during the period of 1978-2001 for follow-up until August 10, 2017. The
DMBR has collected detailed records of pregnancy and delivery characteristics (e.g., gestational age and
birthweight) that are registered by the midwife immediately upon delivery*?> for more than 98% births in
Denmark since 1973.126 All individuals registered in the DMBR have been assigned to an unique 10-digit civil
registration identifier, and will be mother’s or father’s identifier if they have ever had a birth recorded in the
DMBR, allowing for accurate construction of familial relationships.*?” Age at which the index individuals have
had their first child was also recorded in the child’s civil registration file that feeds into the DMBR.®*127 The 10-
digit personal identifier also allows for linkage across registries,*?” such as the Danish Psychiatric Central
Registry (DPCR) to obtain ASD diagnostic records of the child.

Study Population Women and men needed to be at reproductive age (15-49, in accordance with the definition
by Statistics Denmark)*?® at the end of study follow-up. A total of 662,966 women and 699,697 men with
complete and realistic information on gestational age (20-45 completed weeks) will be included in the final
cohort for analysis.

Exposure Variables The primary exposure variable of interest is preterm birth. Gestational age estimated
based on reported last menstrual period and clinical evaluation at delivery until 1999 in the DMBR*?° will be
used to classify birth characteristics of the index individuals into preterm (born before 37 completed weeks of
gestation'®0), very preterm (born before 32 completed weeks) and the non-preterm reference (37-45 completed
weeks).

Subsequent Reproductive Outcomes Amongst Index Women/Men Women and men in the study cohort
will be classified into ever versus never giving a live birth to or fathered a child based on whether they have
had a birth registered in the DMBR. According to the number of existing records, individuals will be further
divided into three groups: having one child, two children, and more than three children.

Covariates Sociodemographic characteristics in index women and men and their mothers (i.e., the
grandmothers in the study) are selected as covariates a priori. Covariate data are retrieved from multiple
national registers in Denmark. These variables include: birth year of the index individuals (1978-1982, 1983-
1987, 1988-2001), maternal parity status (1,2, = 3), maternal age at delivery (12-19, 20-24, 25-29, 30-34, 35-
39, = 40) and maternal place of residence (Capital city [Copenhagen], other major cities [Aarhus, Odense,
Aalborg], and other) registered in the Danish Civil Registration Service;®* and maternal education level (primary
and lower secondary, upper secondary education and academy profession degree, bachelor and above)
collected in the Integrated Database for Labor Market Research (IDA).%*

Statistical Analysis First, sociodemographic characteristics among individuals in the baseline cohort and the
selected cohorts are compared for women and men, respectively. Some pilot study results comparing
sociodemographic characteristics among individuals in the baseline cohort and the selected cohorts have been
obtained and are presented in Tables 3a and 3b. Overall, 463,415 women and 544,374 men had never had a



live birth registered during the follow up, while 84,457 women and 74,226 men had one birth, 89,650 women
and 64,791 men had two births, and 25,444 women and 16,306 men had more than three. Individuals who had
not had any child (therefore not selected into the multigenerational analysis) at the end of study follow-up were
more likely to be born to mothers with lower education and age at delivery younger than 25.

Then, | will construct logistic regression models to evaluate whether the exposure, namely the preterm birth
status in the parent generation (women and men, respectively), influence reproduction later in life and
ultimately their selection into multigenerational analyses. | will estimate the odds ratios (ORs) and 95%
confidence intervals (Cls) for the binary reproductive status (ever/never) and total number of children
(compared to those with no recorded live birth) according to the exposure status (yes/no being born preterm
birth) in the index individuals.

To account for potential selection bias that rises when only population with available child data is included,
stabilized inverse probability of selection weights will be estimated using a two-step approach:# 1)
calculating the probability of being selected into the analytical cohort, conditional to the aforementioned
covariates; and 2) taking the inverse of the conditional probability in logistic regression analyses among the
selected, i.e., index individuals who have had children within the specified study period. This weighting created
a pseudo population in which the distributions of measured factors represent the unselected study source
population.8 Further, using my previous multigenerational work that has reported associations between F1
preterm birth and elevated third-generation ASD risk as a case study,!? | will assess the influences of potential
selection bias due to never having a live-born child among individuals born preterm by comparing the results
with or without accounting for such selection. Finally, under guidance of Dr. Liew and Dr. Rogne, | will develop
DAGs of possible scenarios showing hypothesized relationships among study variables after inverse
probability of weighting adjustment.

Several sensitivity analyses are planned. To evaluate the effects of potential exposure misclassification, | will
estimate ORs for the very preterm birth group comparing to the non-preterm birth reference, given the
suggested higher validity of the classification of gestational ages less than 32 weeks.*! We also limited our
study population to those without congenital malformations through linkage with the National Patient
Register3? and re-evaluated our results. Congenital malformations were defined as having any diagnoses
made based on the International Statistical Classification of Diseases and Related Health Problems, eighth
revision (ICD-8, prior to 1994) and tenth Revision (ICD-10, since1994), codes 740-759 in ICD-8 and Q00-Q99
in ICD-10. All effect size estimates were adjusted for birth year of the F1 individuals and maternal (FO)
pregnancy-related factors, including parity status, age at delivery, place of residence, and education level. Only
individuals with complete covariate data were analyzed, given the small number of missing values (<1.5%).

Under Aim 3, I will also use the inverse probability of selection weighting method to re-evaluate the
results obtained from Aims 1 & 2 by comparing the effect estimates for the association between
grandmaternal educational attainment/breastfeeding and grandchildren’s neurodevelopment before and after
adjustment for selection bias associated with the exposures and the preterm status of the parent generation.

All statistical analyses will be performed using SAS statistical software, version 9.4 (SAS Institute, Cary, NC).

Limitations Several possible limitations should be pointed out. First, this study focuses on selection bias
related to preterm birth. Selection bias structures due to other pre-and postnatal exposures as well as later
health outcomes and events (e.g., emigration and death) should be evaluated in future research. In common
with other studies involving age of gestation, there might be some misclassification in preterm birth status
based on gestational age.'33 Nevertheless, the misclassification is probably non-differential and the analyses of
very preterm birth, which are less prone to misclassification,3! will likely provide evidence on the robustness of
study results. Further, the estimations of effect size may be under the influence of unmeasured
sociodemographic or environmental factors such as maternal smoking, which is only available until late 1997 in
Denmark therefore cannot be controlled for in this study.?’

Strengths The proposed study involves nationwide data coverage (~98% of Danish individuals), long-term
prospective data collection and follow-up (~40 years), and comparison between women and men. Moreover,
data collected in the Danish data registries is overall high in quality and validity.*3* Because of the low
emigration rate in Denmark,*3® bias introduced by differential loss to follow-up was also expected to be very



minimal. Furthermore, linkage across generations and registries was highly accurate with the use of the unique
personal identifier, and the linkage of registry data additionally prevented recall and reporting biases. Taken
together, this will be the first study to formally study the presence and effects of potential selection bias that are
unique in multigenerational research. Knowledge of this sources of bias will inform future studies to
appropriately address it when estimating effects of grandmother-related factors.

D. Estimated Timeline

The approximate timeline for my dissertation process is presented in the table below. Access to the Danish
Medical Birth Registry (DMBR) and other national Danish registries has been secured through existing
collaborations with Dr. Jiong Li, who is a reproductive epidemiologist and an associate professor at
Department of Epidemiology, Aarhus university, Denmark. Access to the Nurses’ Health Study (NHS) Il has
been obtained through collaborations with Dr. Marc G. Weisskopf, who is a professor of Environmental
Epidemiology and Physiology, Environmental Health at Harvard University. To deepen my understanding of
the Danish registry data that is an essential part of my proposed dissertation research, a three-month research
stay at Aarhus University, Denmark will take place in early 2023, during which the statical analysis and a part
of my writing for Specific Aim 1 will also be completed.
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